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EDITORIAL

The present issue of Acta Biologica Hungarica is partly devoted to the honor and celebra-
tion of Professor Péter Kasa, head of the Alzheimer’s Disease Research Centre of the Al-
bert Szent-Gydrgyi Medical University in Szeged, at the occasion of 25 years activity of
this specialised, unique laboratory. Some of the papers presented here are original re-
search communications while others bear a review character, and together with the “Re-
flections” written by Prof. Késa they not only demonstrate the recent activity and earlier
achievements of this group, but also give a comprehensive outlook on present knowledge
concerning mostly the possible role of cholinergic mechanisms in Alzheimer’s disease.

Independent research laboratories are not common at Medical Universities in Hungary,
even research groups maintained and supported by the Academy of Sciences belong usu-
ally to ordinary Departments. To develop an originally technical unit equipped with indi-
vidual hightech instruments for the service of the University into a research unit with its
own scientific program requires a leading person of strong character with definite scien-
tific ideas, able to recruit, inspire and direct young fellows successfully in order to
achieve new and original results in the chosen topic. During the past 25 years Professor
Késa proved to be such a personality. He combined luckily his earlier, mainly morpho-
logical experiences with new methodical approaches to study Alzheimer’s disease and
could stimulate a group of colleagues to join, follow, support and develop further his re-
search initiatives.

With publishing these papers in one issue we join to the jubilee commemoration, and
congratulate to the Laboratory and its Founder, member of our Editorial Board, wishing
further successes in their internationally recognized research activity.

JANOS Salanki
Editor

Akadémiai Kiad6, Budapest
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REFLECTIONS

Péter KASA

Alzheimer’s Disease Research Centre, Albert Szent-Gyodrgyi Medical University,
Szeged, Hungary

It is not an easy task to look over a quarter of a century (1973-1998), a period which has
included both hard times and pleasures, but | hope it has not been a failure. It is now 25
years since | was appointed head of the Central Research Laboratory (CRL) at the Medi-
cal University, in Szeged. Clearly, if someone is attempting to recall the various events,
the subjective elements in his memory will always be mixed in with the objective facts. |
will therefore strive to attempt to remain with the facts, rather than focus on my subjective
feelings.

In 1959 | started to work at the Department of Anatomy, Histology and Embryology,
Medical University, Szeged, where Professor B. Csillik guided my first steps in the re-
search work. It was 1973 when | took over the leadership of a small unit, the CRL, from
Professor F. Guba, then Dean of the Medical University. This laboratory had been created
in 1958 by the Ministry of Health with the primary goals of helping the University re-
search workers with the instruments available in the laboratory, teaching students and car-
rying out independent research work. However, it was not an easy task to satisfy these re-
quirements. The research staff numbered only 3 and the instruments were very out of date
(some of them were 15 years old). The number of scientific publications achieved by the
CRL from 1958 up to 1973 was 3.

As a relatively young leader (at that time | was 38 years old), my background was
based most firmly on the 2 years of research work | had done abroad as a Welcome Re-
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4 P. KASA

search Fellow (in Cambridge, England) and 4 papers | had published in Nature (England)
on the cholinergic system (Nature 208, 695-696, 1965; Nature 218, 1265-1267, 1968;
Nature 226, 812-814, 1970; Nature 226, 814-816, 1970).

As head of the CRL, | thought that my main programme should be:
a) to attract talented young research workers into a well-planned multidisciplinary re-
search laboratory,
b) to set up a laboratory with the most important and newly-developed research equip-
ment, and
¢) to start work on a scientific problem which was equally of importance for basic science
(cholinergic system) and from a clinical aspect (a neurodegenerative disorder, Alz-
heimer's disease), and to be accepted internationally by other laboratories. Overall, with
the help of my staff and the University leadership, | wanted to transform the small unit
into an internationally accepted research laboratory.

I knew that the attainment of this goal was dependent on numerous objective and sub-
jective factors. The objective elements were only partially under my control, while the
subjective ones (optimism, enthusiasm, determination, desire, persistence and commit-
ment) depended largely on myself and my colleagues. At the beginning of the organiza-
tion of the laboratory, | was full of doubts as to how | could accomplish this task. | have
to admit, however, that | received tremendous help from my colleagues in our University,
from friends in Hungary and from a good number of scientist abroad.

Ad a) Fortunately, at the beginning of my leadership | was granted a possibility to in-
crease the number of the research staff. Young and enthusiastic, well-qualified postgradu-
ates joined me (among them D. Budai, K. Gulya, M. Pakaski, Z. Rakonczay and
P. Szerdahelyi). 1 am delighted that Karoly Gulya is now professor and head of the De-
partment of Zoology and Cell Biology at Jozsef Attila University in Szeged, and Dénes
Budai has been appointed head of the Juhdsz Gyula Teacher Training College Department
of Biology. Later on, it was possible for these young researchers to go abroad (especially
to the USA), where they worked for several years in various high-level research laborato-
ries. My co-workers have spent altogether 27 years abroad (23 years in the USA and 4
years in Germany, Italy or Finland). In consequence of the scientific connections with dif-
ferent laboratories, we have had opportunities to cooperate with well-known scientists in
10 different countries (Australia, Czechoslovakia, England, Germany, Finland, France, Is-
rael, Japan, Norway and the USA), and within these countries with 25 different laborato-
ries and departments. Members of the CRL have been trained by and enjoyed long col-
laboration with, among others, S. Appel (Houston, USA), S. Duckies (Irvine, USA), A.
Fisher (Ness-Ziona, Israel), C. Geula (Boston, USA), E. Giacobini (Minnesota, USA), I.
Hanin (Chicago, USA), C. O. Hebb (Cambridge, England), A. Lajtha (New York, USA),
M. B. Lees (Boston, USA), A. Silver (Cambridge, England), P. Riekkinen (Turku, Fin-
land), H. Yamaguchi (Gunma, Japan), H. Yamamura (Tucson, USA) and J. R. Wolff
(Géttingen, Germany).

Ad b) During my leadership, | have set up a number of laboratories with different
functions (a neurochemical laboratory, a tissue culture laboratory, a human neuropa-
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Reflections 5

thological laboratory, an electrophysiological laboratory, a neuropharmacological labo-
ratory, a laboratory for trace element research and an isotopic laboratory). These labora-
tories were fitted out with important research equipment such as a scanning electron mi-
croscope equipped with the EDAX analytical system, light microscopes equipped with a
video recorder, computerized gas chromatograph, ultracentrifuges, different spectropho-
tometers, an atomic absorption spectrophotometer, a radio isotopic counter and various
microwave equipment. This research equipment became the basis of our scientific work.

Ad c) After spending 2 years at the Department of Physiology in Cambridge (Eng-
land), my research interest became focussed on study of the distribution of cholinergic
neurons and their axon terminals, and particularly their function in the central nervous
system. The main achievement of my work in Cambridge was the development of a histo-
chemical technique for the demonstration of cholineacetyltransferase activity in choliner-
gic neurons and cholinergic axon terminals. Although this technique suffered from some
degree of non-specificity, this was the very first method for the visualization of choliner-
gic neurons and cholinergic axon terminals at the light-microscopical and electron-
microscopical levels (Nature 226, 812—814, 1970; Nature 226, 814-816, 1970), On re-
turning to Szeged and becoming head of the CRL, | decided to change the life and the
function of the laboratory. As regards the function, my purpose was not only to help the
university research workers with the available equipment, but also to involve the labora-
tory staff very actively in the scientific life and to stimulate them to do their own research
work as well. At the beginning, our main research task was to map the cholinergic neu-
rons in the brain of different species (Prog. Neurobiol., 1986), and in human (Prog. Neu-
robiol., 1996) and to study their functions in health and disease (concentrating our studies
on Alzheimer's disease). During the 25 years under my leadership, we have published 197
papers in different scientific journals, with a cumulative impact factor of 581.011. Ac-
cording to the Science Citation Index (SCI), our papers have been cited 2527 times. Six
of the laboratory staff have received the Ph.D. degree and 3 the D.Sc. degree. Most re-
cently, 3 have been awarded Széchenyi Professorships and 1a Bolyai Stipendium.

In 1994, the local university politics changed radically. The CRL was wound up; luck-
ily, however, with the financial help of the World Bank (350,000 USD), an Alzheimer’s
Disease Research Centre was created instead, and | became head of this research labora-
tory. Other activities:

Since our scientific interest concentrated on Alzheimer’s disease in 1991, we have or-
ganized the First Hungarian Conference on Alzheimer’s Disease (Szeged, 1991), and
have also taken part in the organization of a conference, Research on Alzheimer’s Disease
in Hungary (Debrecen, 1994). With our involvement, the 3rd Hungarian Congress on
Alzheimer’s Disease was organized in Budapest (1996) and the 4th Hungarian Confer-
ence on Alzheimer’s Disease and Related Disorders will be held in Szeged this year
(1998).

It is a great honour for us that the main organizers of the International Conferences of
Alzheimer’s Disease and Related Disorders (1996: Osaka, Japan; and 1998: Amsterdam,
The Netherlands) have invited us to be among the members of the International Scientific
Committee.

Acta Biologica Hungarica 49, 1998



6 P. KASA

These are some of our main achievements during the past 25 years. | leave it to the
reader to judge the level of our achievements.

Overall, 1 am a little proud that, during my leadership, the CRL and nowadays the Alz-
heimer’s Disease Research Centre have grown out of a small unknown laboratory into a
reasonably internationally accepted site of Alzheimer’s disease research, which plays a
role in Hungarian work on Alzheimer’s disease.

I know that without my many helpers this result could not have been achieved. 1would
therefore like to thank all of my co-workers, both those still with me and those who have
left the laboratory, my colleagues and friends both abroad and in Hungary, for all their
enormous help during my leadership. It is a wonderful feeling to know that during the past
25 years there have been so many participants who have been able to share in our results
and our joy, and | wish to express my most sincere thanks to so many who have played a
part in the development of our laboratory.

Acta Biologica Hungarica 49, 1998
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BIOLOGICAL ACTIVITIES
OF AMYLOID PRECURSOR PROTEIN*

K. Gulya

Department of Zoology and Cell Biology, University of Szeged, Szeged. Hungary

Received: 1998-06-12; accepted: 1998-06-26)

Amyloid precursor protein (APP), a transmembrane glycoprotein, is the source of amyloidogenic B-
amyloid peptide (BAP), the major constituent of the peptides deposited in senile plaques. Normally-
cleaved forms of APP exert potent neuroprotective action. Accumulating data suggest that an altered ex-
pression and/or post-translational processing of APP is responsible for the neuropathological changes
observed in Alzheimer’s disease and related disorders. This review discusses the metabolism and secre-
tion of APP, the biological activities of the various APP forms, and the physiological, pathophysiological
and experimental circumstances that affect the APP metabolism.

Keywords: Alzheimer’s disease - amyloid - precursor - protein - physiology

INTRODUCTION

A variety of pathological changes, including senile plaque formation, the presence of
neurofibrillary tangles, neuronal cell loss, gliosis and a reduced level of the neurotrans-
mitter acetylcholine have been described so far as hallmarks of Alzheimer’s disease
(AD). Whereas most of these abnormalities are frequently to be found in other neuropa-
thological disorders, high densities of senile plaques in the extracellular space of the
brain tissue are detected almost exclusively in patients with AD. The major component
of the senile plaques is a group of peptides composed of 38-43 amino acid residues,
called B-amyloid peptides (BAP) [35, 51, 68], proteolytic products of amyloid precursor
protein (APP).

‘Dedicated to Professor Peter Kasa on the occasion of the 25th anniversary of his appointment as Head
of the Central Research Laboratory and the Alzheimer’s Disease Research Centre.

Send offprint requests to: Prof. K. Gulya, Department of Zoology and Cell Biology, University of
Szeged, H-6722 Szeged, Egyetem u. 2, P.O. Box 659; e-mail: gulyak@bio.u-szeged.hu.
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ALTERNATIVE PROCESSING OF APP

APP, a membrane-spanning 695-770 amino acid glycoprotein, encoded on chromosome
21, is the source of RAP [54]. APP is a type-1 transmembrane protein [26] with a small
C-terminal cytoplasmic domain with three phosphorylation sites, one transmembrane do-
main and a large N-terminal extracellular domain with two glycosylation sites [127]. RAP
generally consists of a 40~-2 amino acid segment of APP that resides in part in the extra-
cellular space and in part within the cell membrane. Thus, the RAP domain is partially
embedded, as part of the transmembrane domain of APP, within the phospholipid bilayer
of the plasma membrane, protecting it from proteolytic cleavage.

Several forms of the precursor peptide for RAP exist, including one form lacking
(APP695) and two forms containing (APP751 and APP770) a Kunitz protease inhibitor
domain in the amino terminal region [26, 87, 123]. A number of alternative pathways of
the APP metabolism have been identified so far that result in different end-products se-
creted from the cell. However, the identities and the regulatory elements of the proteases
involved in the process, known as a-, - and y-secretases, are unclear. Two constitutive
enzymatic cleavages occur near the cell surface [27, 111] that liberate secreted forms of
APP (secAPP). Cleavage through one secretory pathway occurs within the BAP sequence
by the as yet unidentified enzyme a-secretase, generating secAPP and non-amyloidogenic
peptide fragments, and also resulting in a membrane-bound 10 kDa C-terminal fragment
[88]. Cleavage by a-secretase occurs at position 17 of the BAP domain, thereby prevent-
ing amyloid formation [27]. In a recent study, Chen [20] proposed that a-secretase could
be a calcium-dependent protease. Moreover, there is evidence which indicates that this
pathway is regulated by protein kinase C (PKC)-mediated events [67]. An additional traf-
ficking pathway, involving reinternalization of the uncleaved precursor and targeting to
endosomes and lysosomes, was demonstrated by Haass et al. [43] and Yamazaki et al.
[129]; this pathway has also been claimed to be involved in the generation of RAP [40,
60]. Although the identity of a-secretase is unknown, recent evidence suggests that the
enzyme is probably closely related to zinc metalloproteases, such as the angiotensin con-
verting enzyme secretase [94]. Gelatinase A (matrix metalloproteinase 2, a 72 kDa type
IV collagenase), however, probably does not play an essential role in the generation and
release of soluble derivatives of APP under physiological conditions [50], since mice de-
void of gelatinase A activity in consequence of gene targeting or fibroblasts without the
enzyme activity secreted APP that was cleaved within the BAP region. Interestingly, a re-
cent study by Haass et al. [39] raised the possibility that proteases from the coagulation
cascade may contribute to APP proteolysis since factor Xa was found to cleave APP after
Arg 102, 268, 510, 573 and 601 (APP695 numeration), and generated six potentially
amyloidogenic fragments.

An alternative cleavage, presumably within the endosomal-lysosomal pathway [36,
40], results in the generation of intact RAP by R-secretase at the amino terminal of the
BAP sequence. This cleavage generates an intact BAP as part of a potentially amyloido-
genic COOH-terminal fragment of APP remaining in the cell membrane. The B-secretase
cleavage occurs in a late endosomal compartment in SY5Y cells [95]. A recent study by
Chyung et al. [21] demonstrated a novel B-secretase cleavage of APP in the endoplasmic

Acta Biologica Hungarica 49, 1998
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reticulum/intermediate compartment of NT2N neurons derived from a human embryonal
carcinoma cell line (NT2). These cells constitutively process APP to BAP; the amino-
terminal fragment of APP generated by R-secretase cleavage was not abolished by trypsin
digestion of the intact cells at 4 °C. The intracellular production of B-secretase-cleaved
APP was characteristic of postmitotic neurons and was not detected in several non-
neuronal cell lines. As senile plaques contain lysosomal enzymes, and the production of
some of the amyloidogenic intermediates is inhibited by lysosomotropic agents, it has also
been suggested that cathepsins are involved in amyloidogenesis. In accordance with this
notion, Austen and Stephens [9] demonstrated that a synthetic 31-residue peptide over-
lapping the R-secretase cleavage site was found to be digested at two mutually exclusive
sites, one and three residues on the N-terminal side of the N-terminal Asp residue of RAP.
Coupled with the action of amidopeptidases, lysosomal and endosomal cathepsin D could
therefore be responsible for the generation of N-terminal BAP in vivo.

Since it has been suggested that acetylcholinesterase (AChE) possesses both putative
proteolytic activity against APP, and a capacity to accelerate the assembly of BAP into fi-
brils, purified AChE from bovine brain was studied to establish whether the enzyme does
display these characteristics. It was found that, although brain AChE did promote RAP
aggregation, it did not hydrolyze APP in vitro [18]. Cholinesterase inhibitors were also
tested as regards their effects on the secretion of secAPP in cell cultures [61, 62]. Treat-
ment of neuroblastoma, pheochromocytoma, HeLa cells and fibroblast cells with a high
dose of either 3,4-diaminopyridine, metrifonate, or physostigmine did not inhibit the se-
cretion of secAPP. Treatment of these cells with tacrine, however, reduced the release of
secAPP. Interestingly, treatment of glioblastoma cells with either 3,4-diaminopyridine or
metrifonate led to an increased secretion of secAPP. Although the difference in action of
these inhibitors was independent of their anticholinesterase activities, the noncatalytic
functions of cholinesterase inhibitors can alter the metabolism of APP [61, 62].

The third, still hypothetical, enzyme involved in the generation of BAP is y-secretase
[45]. This enzyme generates the C-terminal of BAP, and cleaves within the transmem-
brane domain of APP, preferentially after BAP residue 40 (BAP40), but also after residue
42 (RAP42). BAP42 is the major constituent of the plaques in AD. According to data ob-
tained on SY5Y cells, y-secretase cleavage occurs in early endosomes [95]. This is in
harmony with data indicating that increased neuronal endocytosis and protease delivery to
early endosomes in AD constitutes a potential mechanism by which the genesis of RAP
may become accelerated [19]. Since the position of y-secretase cleavage is crucial for an
understanding of the pathogenic pathway, Lichtenthaler et al. [65] investigated the differ-
ent point mutations at Thr43 on y-secretase specificity. They concluded that the mutations
altered y-secretase specificity, but that different BAP and other fragments can be gener-
ated by the enzyme’s cleavage activities with a similar enzymatic mechanism. The release
of non-transmembrane full-length APP from the lumenal surface of chromaffin granule
membranes was recently demonstrated by Tezapsidis and coworkers [120]. Full-length
APP within the granules was shown to exist as three different populations:
1 transmembrane, 2. membrane-associated/non-transmembrane, and 3. soluble. The ex-
istence of non-transmembrane populations suggested that putative y-secretase cleavage
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10 K. Gulya

sites of APP, assumed to be buried within the lipid bilayer, could be accessible to prote-
olysis in a soluble intravesicular environment.

Interestingly, a facilitated reduction of APP by synthetic oligonucleotides in COS-7
cells expressing a hammerhead ribozyme targeted to bases APP mRNA 133-148 has been
demonstrated [24]. The results implied that deoxyoligonucleotides targeted immediately
upstream from a ribozyme binding site of APP mRNA could work cooperatively in vivo.

Because of its similarity to the systems of mammalian cells, the yeast secretory system
has recently provided important clues concerning the possible secretory pathways of APP.
For example, when expressed in Saccharomyces cerevisiae, APP is processed by enzymes
that possess the specificity of the a-secretases of multicellular organisms [131]. Two
yeast aspartyl proteases, Yap3 and Mkc7, are a-secretases which act on APP in the late
Golgi. Deletions of genes encoding these enzymes resulted in a decreased proteolytic ac-
tivity, suggesting that these aspartyl proteases may be involved in the processing of APP
in mammalian tissues.

APP is subject to N- and O-glycosylation and potential Tyr sulfation, following protein
synthesis. The cleavage of APP by secretases occurs after O-glycosylation of APP in the
protein secretory pathway during these post-translational modifications [122]. APP is
cleaved by the secretases in a step(s) during the transport of APP through the Golgi com-
plex, where O-glycosylation occurs, or in compartments subsequent to the trans-Golgi of
the APP secretory pathway. Sulfated glycoconjugates attached to APP might also play a
role in the substrate specificity of APP for proteases [69].

Apart from APP, there are two, similarly highly conserved transmembrane glycopro-
teins: the amyloid precursor-like proteins (APLP1 and APLP2), which complement the
superfamily of APPs, and whose functions are unknown. In a recent study, Lyckman et
al. [66] shed light on the post-translational processing and turnover kinetics of presynapti-
cally targeted amyloid precursor superfamily proteins in the central nervous system. Five
post-translationally modified, full-length species of APP and at least one APP-like protein
(APLP2) are transported by fast axonal transport to the mature presynaptic terminal,
where they are subsequently rapidly cleared [66]. The mean half-life of these proteins is
about 3.5 h. The turnover of the most rapidly arriving APP species is accompanied by a
delayed accumulation of a 120 kDa APP fragment lacking the C-terminal, consistent with
presynaptic APP turnover via constitutive proteolysis. A single 150 kDa APLP2 species
containing the Kunitz protease inhibitor domain was the major amyloid precursor super-
family protein transported to the presynaptic terminal. Presynaptic APP and APLP2 are
sialylated and N- and O-glycosylated, and some also carry chondroitin sulfate glycosami-
noglycan and/or dermatan sulfate glycosaminoglycan. As pointed out by Lyckman et al.
[66], the rapid Kinetics for the turnover of presynaptic APP and APP-like protein predicts
a sensitive balance of synthesis, transport and elimination rates that may be critical for
normal neuronal functions and metabolic fates of these proteins. In the nerve terminals of
the cholinergic neurons from the electric ray electric organ, the cDNA of APP was iso-
lated [47]. This peptide form consisted of 699 amino acids, and the cytoplasmic domain
contained three phosphorylation sites, similarly to the form found in humans. Its BAP
domain exhibited 80.7% similarity with the human APP695 isoform, and a completely
preserved cytoplasmic domain. APP 699 in the presynaptic terminal existed exclusively in
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the mature form. The phosphorylated form of mature APP699 was found in the nerve
terminals as well as in cell bodies. The immature APP699 was not subject to phosphory-
lation [47].

In a recent study, lkezu et al. [48] presented both biochemical and histochemical evi-
dence that the caveolae, e.g. plasma membrane invaginations, where key signaling ele-
ments are concentrated, are necessary for the release of a-secretase-mediated APP.
Caveolin-1, a principal component of the caveolae, was found to be physically associated
with APP, and the cytoplasmic domain of APP participates in this binding directly. The
characteristic C-terminal fragment that results from APP processing by a-secretase was
also localized within these caveolae. Further analysis by cell surface biotinylation re-
vealed that this cleavage event occurred at the cell surface. Recombinant overexpression
of caveolin in intact cells resulted in enhanced a-secretase processing, but caveolin de-
pletion using antisense oligonucleotides effectively prevented this cleavage event. In an-
other study, however, Parkin et al. [93] could not demonstrate the presence of APP in
caveolae-like, detergent-insoluble membrane microdomains prepared from either the
mouse cerebellum or the human neuroblastoma cell line SH-SY5Y, and concluded that
APP is not normally present in these membrane microdomains.

A characterization of the compositions of soluble and membrane-bound isoform popu-
lations of APP in the porcine brain has established at least three types of secAPPs and
membrane-bound APP with molecular masses ranging from 86 kDa to 116 kDa [23]. In
that study, CD and infrared spectroscopy were used to determine the overall secondary-
structure content of APP. The infrared spectra of soluble and membrane-bound AAP sug-
gested that their overall secondary structures were roughly identical, while the CD spectra
indicated the presence of a-helix structures in both forms of APP.

Alternative processing, presumably in an acidic intracellular compartment, of full-
length APP or C-terminal fragments can result in the liberation of intact RAP in low
amounts from neurons, glia or other cells [44, 114]. BAP circulates in minute quantities in
the cerebrospinal fluid and blood under physiological conditions. Moreover, through use
of a novel antiserum, human APLP1, a 650 amino acid glycoprotein with both N- and @
linked glycans, was identified in human cerebrospinal fluid [92]. It is believed that muta-
tion, an altered APP gene expression and/or the processing of BAP occurs in AD and re-
lated disorders, such as Down’s syndrome, leading to an increased liberation of BAP from
the cells [70, 81,110], and that this could result in neuronal degeneration by compromis-
ing a normal neuroprotective function of APPs.

MUTATIONS OF APP, TRANSGENIC MODELS OF AD

Mutations are found in some families, with familial AD mapped to the APP gene. These
mutations are localized in a very characteristic pattern close to the cleavage sites of all
three secretases [38]. In a Swedish family, a double mutation was found at the N-terminal
of the BAP domain, exactly at the B-secretase site [79], resulting in a 3- to 6-fold over-
production of BAP. Another mutation was mapped to the middle of the BAP domain, very
close to the a-secretase cleavage site [46]. This mutation inhibited the secretase activity,
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thereby resulting in a modest increase in the amount of BAP and in the generation of N-
terminal-truncated BAP-like peptides [42]. A third set of those mutations is localized
close to the y-secretase site [81]. These three types of familial AD mutations directly in-
fluence the formation of RAP, either by causing an enhanced production of RAP or by in-
creasing the rate of aggregation of the peptides [38].

McPhie et al. [74] screened five different AD mutations of APP that were expressed in
neurons via recombinant herpes simplex virus vectors, and the levels of APP metabolites
were quantified. The neuronal expression of these proteins caused the intracellular accu-
mulation of a potentially amyloidogenic and neurotoxic C-terminal fragment containing
both the BAP and cytoplasmic domains.

In recent years, transgenic animals have started to emerge as animal models of AD
[80]. When human APP751 containing these mutations was expressed in the brains of
transgenic mice, a 2-fold overexpression of APP with the Swedish double mutation at po-
sitions 670/671, combined with the V7171 mutation, caused RAP accumulation in the
neocortex and the hippocampus of 18-month-old transgenic mice [119]. In mice with a 7-
fold overexpression of human APP harboring the Swedish mutation alone, typical plaques
appeared at 6 months, and increased with age. The plaques formed were positive for
Congo-red, accompanied by neuritic plaques and dystrophic cholinergic fibers. The pla-
ques were also immunopositive for hyperphosphorylated tau-protein. In general, these
mice displayed major features resembling those of AD pathology, strongly suggesting a
central role of BAP in the pathogenesis of the disease. Transgenic mice were also used to
examine the spatial and temporal regulation of the APP gene promoter region in vivo
[28]. A 2.9 kb DNA fragment encompassing the APP gene promoter was fused to a re-
porter gene or a partial cDNA encoding the potentially amyloidogenic C-terminal 100
amino acid region of APP. Expressions of these transgenes occurred primarily, but not
exclusively, in the brain and testis in multiple independent lineages of transgenic mice.
The temporal expression of the reporter gene during development parallelled that found
for the endogenous APP gene. This study suggested that a central nervous system-re-
sponsive cis-acting element may exist in the promoter/5°-flanking region of the APP gene
[28]. Ischemic brain damage was found in transgenic mice overexpressing the Swedish-
type mutation of APP695 [130]. The effect probably involved a BAP-induced disturbance
in endothelium-dependent vascular reactivity that led to more severe ischemia. Aging mice
transgenic for the C-terminal of APP underwent an age-dependent neuronal and synaptic
degeneration [89]. A 100 amino acid-long C-terminal sequence of APP was expressed in
these mice. The animals (18-28 months old) exhibited a profound degeneration of the neu-
rons and synapses in Ammon’s horn and the dentate gyrus of the hippocampal formation.
The numerous degenerating axonal profiles contained increased numbers of neurofila-
ments and accumulations of debris resembling secondary lysosomes near the cell body.

Missense mutations in two related genes, termed presenilin 1 (PS1) and presenilin 2
(PS2), cause dementia in a subset of early-onset familial AD. Familial AD-linked prese-
nilin variants influence the processing of APP, leading to elevated levels of RAPI-42
preferentially deposited in the brains of AD patients. It was recently shown that the pro-
files of APP and PS2-like proteins are correlated during development in the hypothalamus
of the mouse [3]. An overexpression of wild-type PS1 in transfected cultured cells, how-
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ever, increased BRAP secretion [2]. By contrast, familial AD-linked mutants of PS1 trig-
gered an increased secretion of both RAPI-40 and BAPI-42, but clearly favored the pro-
duction of the latter species in the same study. It was also demonstrated that an overex-
pression of the wild-type PS1 augmented the a-secretase-derived C-terminally truncated
fragment of APP recovery, whereas transfectants expressing mutated PS 1 secreted drasti-
cally lower amounts of APP as compared with cells expressing wild-type PS1 [2]. These
data indicated that PS1 mutations linked to familial AD not only triggered an increased
ratio of BAPI-42 over total RAP secretion, but concomitantly down-regulated the pro-
duction of APP cleaved by a-secretase.

Transgenic animals that coexpress a familial AD-linked human PS1 variant and a chi-
meric mouse/human APP harboring mutations linked to Swedish familial AD kindred
(APPswe) developed numerous amyloid deposits much earlier than age-matched mice ex-
pressing APPswe and wild-type human PS1 or APPswe alone [15]. The fact that amyloid
deposition is accelerated in the brains of transgenic mice coexpressing mutant PS1 and
APP provided new evidence that one pathogenic mechanism by which familial AD-linked
mutant PS1 causes AD is via acceleration of the rate of BAP deposition in the brain. This
notion was confirmed when PS1 was shown to bind directly to APP in two-hybrid inter-
action assays between these proteins in yeast cells [126].

PHYSIOLOGICAL FUNCTIONS OF APP

Several putative functions have been ascribed to the membrane-associated and secreted
forms of APP in non-neuronal cells. For example, APP751 is identical to protease nexin
Il [87, 123], a potent inhibitor of serine proteases. This peptide can also function as a
growth factor for fibroblasts [102, 104], as an inhibitor of blood coagulation factor Xla
[116], or as a substrate for factor Xa [39], at least under in vitro circumstances. Secreted
forms of APP regulate cell proliferation in non-neuronal cells [104, 107]. Furthermore,
APPs are suspected of participating in signal-transduction processes as well, since mem-
brane-associated APP molecules have been shown to form complexes with a member of
the G-protein family, GO [83], and may function as cell surface receptors [54]; in har-
mony with this notion, high-affinity binding sites for [123]secAPP751 were found on in-
tact fibroblast cells [52]. Moreover, there are data showing that both membrane-asso-
ciated and secreted APPs may participate in cell-cell and cell-substrate adhesion [108].
For example, a down-regulation of APP synthesis by antisense oligonucleotides was de-
monstrated to reduce neuronal adhesion to specific substrates [22]. APP probably medi-
ates a substrate-specific interaction between neurons and extracellular matrix components
collagen type 1, laminin and heparan sulfate proteoglycan, but not fibronectin or poly-L-
lysine [22]. It remains to be established whether this effect is a direct result of APP-
matrix interactions, or whether an intermediate pathway is involved. In primary cultured
rat cells, the colocalization of APP with integrins was reported by Yamazaki et al. [128].
APP was colocalized with alB1 and a5RB1 integrin heterodimers in rat hippocampal pri-
mary neurons. In rat cortical astrocytes, however, both cell surface APP and Bl integrin
were located at the cell periphery in the spreading stage shortly after plating. In flattened
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astrocytes cultured for several days, APP was found in punctate deposits called point
contacts [128]. In these sites, APP was colocalized with al 1, but not with a5R1 integrin
heterodimers. In both neurons and astrocytes examined after shearing, clathrin and a-
adaptin were colocalized with APP on the surface in direct contact with the substrate.
Thus, APP either interacts with selected integrans or shares similar cellular machinery to
promote cell adhesion.

Secreted APPs protect neurons from glucose deprivation and glutamate toxicity in
cultured rat hippocampal and septal neurons, and in human cortical neurons [73]. For ex-
ample, APP695 and APP751 protect neurons against hypoglycemic damage, and the neu-
roprotection is abolished by antibodies to a specific region common to the two peptide
forms. These APPs cause a rapid and prolonged reduction in intracellular free Ca2+con-
tent ([Ca24j) that mediates hypoglycemic damage [73]; the secreted forms of APPs are
also effective in protecting neurons against glutamate neurotoxicity, effectively raising the
excitotoxic threshold and stabilizing [Ca2Hj [72]. SecAPP modulates calcium responses to
glutamate in cultured embryonic hippocampal neurons [71]. Recent data suggest that se-
cAPPs mediate the [Ca2qr lowering effects on cultured hippocampal neurons through in-
creases in cGMP levels [11]. However, inhibition of the formation of nitric oxide or car-
bon monoxide does not affect the ability of secAPPs to lower intraneuronal Ca“+ levels
rapidly or elevate cGMP, suggesting that secAPPs do not activate a soluble (cytosolic)
guanylyl cyclase [13]. In this study, a dose-dependent stimulation of cGMP formation by
secAPP was observed in brain membrane preparations, and the stimulation was also de-
pendent on the presence of ATP. These data indicate that secAPP activates a membrane-
associated guanylyl cyclase. Moreover, Furukawa and Mattson [33] reported that secAPP
selectively suppressed N-methyl-D-aspartate (NMDA) currents in cultured embryonic rat
hippocampal neurons. Whole-cell patch-clamp data confirmed that the rapid and reversi-
ble suppression of the NMDA current by secAPP was mediated by cGMP. Moreover, K+
channel activation and suppression of neuronal activity by secAPP were verified in cul-
tured hippocampal neurons [32]. Whole-cell perforated patch and single-channel patch-
clamp analysis of hippocampal neurons was used to demonstrate that secAPPs suppress
action potentials and hyperpolarize these neurons by activating high-conductance, cha-
rybdotoxin-sensitive K+ channels. Activation of K+ channels by secAPP695 was mim-
icked by a cGMP analog and sodium nitroprusside and blocked by an antagonist of
cGMP-dependent kinase and a phosphatase inhibitor. These data suggested that the effect
was mediated by cGMP and protein dephosphorylation. Calcium imaging studies con-
firmed that the activation of K+ channels mediated the ability of secAPPs to decrease
[Ca2Hj levels. As pointed out by Furukawa et al. [32], this sort of neuronal excitability
could be a major mechanism by which APP regulates developmental and synaptic plas-
ticity in the nervous system.

Further evidence for an excitoprotective role for APP has been provided by Schubert
and Behl [106], who demonstrated that a clonal neuron-like cell line transfected with APP
was more resistant to glutamate neurotoxicity than was the parent cell line lacking ex-
pressed APPs. In arecent report, Tominaga et al. [121] demonstrated that the human APP
holoprotein gene introduced into cultured rat hippocampal neurons by an adenoviral vec-
tor enhanced the responsiveness of the neurons to applied glutamate as compared with the
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non-expressing control neurons, and speculated that one function of APP may be the
regulation of glutamate receptors in APP-expressing neurons.

The secreted APP forms promote neuronal survival in cultured cerebral cortical neu-
rons [4, 73] and neuritic outgrowth [71, 76]. For example, membrane-bound APP was
shown to enhance neuron viability, axogenesis and arborization and modulate neuronal
polarity, while the secreted forms of APP modulated axon growth, dendrite branching and
numbers in hippocampal neuronal cultures [96]. Highly purified human APP751 induced
the outgrowth of neurites in PC12 cells [124]. The neurotropic activity was inhibited by
an antibody that was directed to the C-terminal portion of secAPP, but not by an antibody
directed to the Kunitz protease inhibitor domain. This neurotropic activity of APP was in-
dependent of the TrkA nerve growth factor (NGF) receptor because neither phospholipase
Cyl nor TrkA exhibited tyrosine phosphorylation on APP treatment. The a-secretase-
derived secAPP forms increased the number of neurites per cell and enhanced the level of
tyrosine phosphorylation [77]. The secreted forms of APP were also shown to induce the
activation of the signaling pathways through a stimulation of the phosphoinositide-PKC
cascade. For example, secAPP695 activated PKC and phospholipase Cyl in cultured em-
bryonic rat neocortical cells, where a dose- and time-dependent phosphorylation of en-
dogenous substrates was demonstrated by Ishiguro et al. [49]. Microglial activation by se-
CAPP has also been reported [12]. Both amyloidogenic and non-amyloidogenic forms of
secAPPs induced inflammatory reactions in microglia that enhanced their production of
neurotoxins. Microglia activation was blocked by prior incubation with apolipoprotein
E3. Thus, increased amyloidogenic processing could adversely affect the balance of se-
CAPP activities that determine neuronal viability. SecAPP was even proposed to act as an
autocrine growth factor mediating the proliferative effect of thyrotropin on neighboring
thyroid epithelial cells [97].

Not surprisingly, secAPP functions in synaptogenesis. For example, Morimoto et al.
[78] demonstrated that, as more and more neurons formed synapses with each other in a
hippocampal neuronal culture, increasing numbers of neuronal cells displayed synchro-
nized spontaneous oscillations in [Ca2Hj. The number of such neurons was significantly
lower when culturing was performed in the presence of monoclonal antibody against the
N-terminal portion of APP. Moreover, incubation with excess amounts of either the se-
CAPP form or the N-terminal fragment of APP also inhibited the increase in number of
neurons with synchronized spontaneous oscillations of [Ca24]j.

Recently, APP (and some of its amyloidogenic metabolites) have been shown to alter
cellular ionic activity and movements, either through interaction with existing channels or
by de novo channel formation [5-8, 29, 32]. Intracellular application of APP770 to
Xenopus oocytes activated a smooth, non-selective ionic current with full recovery, and
probably without Ca2+involvement [30].
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(PATHO)PHYSIOLOGICAL AND EXPERIMENTAL CONDITIONS
THAT AFFECT APP LEVELS

Since the glucose metabolism and consequential ATP production are depressed in AD, a
number of studies have investigated the possible role of a hypometabolism in the patho-
genesis of AD, using animal models [98] or cell cultures [34, 112]. A reduction in cere-
bral energy metabolism by occlusion of the carotid and vertebral arteries altered the for-
mation of APP due to cerebral hypoperfusion in the rat cerebral cortex and hippocampus
[98]. Rat primary cortical astroglial cells, incubated for 2 h to 4 days in a medium de-
prived of 95% of its glucose, demonstrated an enhanced expression of APP mRNA. Hy-
poglycemia caused a time-dependent increase in APP mRNA that peaked at 24 h of hy-
poglycemia. It was noteworthy that hypoglycemia favored the alternative splicing that in-
cludes the exon 7 segment encoding a Kunitz-type serine protease inhibitor domain. Thus,
hypoglycemia in AD might contribute to an increased APP mRNA expression and the
processing of APP mRNA to a form that might deposit in the brains of AD patients. An
energy shortage and energy-related metabolic (oxidative) stress were linked to the amy-
loid metabolism in COS cells [34]. Glucose deprivation of the cells by incubation of 2-
deoxy-D-glucose in glucose-free medium reduced APP secretion. Similarly, inhibition by
sodium azide of cytochrome ¢ oxidase, a member of the mitochondrial electron transfer
chain, decreased secAPP; treatment of COS cells with the antioxidant glutathione fully
antagonized the inhibitory effect of azide and consequently elicited secAPP release over
the basal level [34]. In spite of the seemingly contradictory data emerging from these
studies, a clear connection between energy metabolism and APP processing could be es-
tablished.

There is mounting evidence that the activation of PKC regulates the processing and
catabolism of APP into its soluble forms and BAP [25, 31, 75]. In many cell lines and ro-
dent primary neuron cultures, phorbol ester activation of PKC increased the secretion of a
large N-terminal fragment of APP and decreased BAP release. For example, the microbial
alkaloid toxin staurosporine, a PKC inhibitor widely used in signal-transduction research,
blocked the increase in APP in rat pheochromocytoma PC 12 sympathetic neuron cultures
[31]. In partial harmony with these results, the activation of PKC in human primary neu-
rons increased the rate of secAPP release and the production of APP C-terminal frag-
ments, but it also increased the release of the 4 kDa form of RAP [63]. Since species- and
cell type-specific regulation of the APP metabolism cannot be ruled out, this result might
curtail the potential use of PKC activators in controlling human BAP levels. Normally, the
turnover rate of APP is high [105]. When an excess amount of BAP is expressed in mice,
an intracortical injection of phorbol ester, 6 h after treatment, effectively reduces the
amounts of BAP and some N-terminal APP fragments [105]. Thus, an elevation of the
PKC activity for the reduction of RAP may be useful for therapeutic purposes. However,
only sporadic data are available as concerns the intermediate steps between PKC activa-
tion and the modulation of APP metabolism. The stimulation of PKC by phorbol ester
rapidly induced secAPP secretion through a mechanism involving activation of the mito-
gen-activated protein (MAP) kinase cascade in various cell lines [25]. In PC12-M1 cells,
activation of MAP kinase by NGF was associated with the stimulation of secAPP release.
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Conversely, M| muscarinic receptor stimulation, which is known to act partly through a
PKC-independent pathway, increased secAPP secretion in this experimental setup mainly
through a MAP-kinase-independent pathway. A MAP inhibitor (PD 98059) antagonized
the NGF stimulation of both APP production and extracellular signal-regulated protein
kinase (ERK) activation. Moreover, PD 98059 inhibited the phorbol ester stimulation of
APP production and the activation of ERK in both human kidney cells and cortical neu-
rons. The overexpression of a kinase-inactive MAP mutant inhibited the phorbol ester
stimulation of APP secretion and the activation of ERK in human embryonic kidney cell
lines [75]. Thus, MAP and ERK may be involved in the PKC and NGF regulation of APP
processing, and the MAP-activated protein kinase cascade could provide a novel target
for altering the catabolic processing of APP.

APP secretion, via a-secretase activity, was stimulated by epidermal growth factor re-
ceptors, this being partly dependent upon the PKC activity [115]. These receptors possess
intrinsic tyrosine kinase activity, and are known to be coupled to a variety of effectors, in-
cluding phosphoinositide-specific phospholipase Cy. In A431 cells, epidermal growth
factor caused time- and dose-dependent increases in the formation of inositol phosphates
in cultures pretreated with myo-3H-inositol, and in the release of APP into the cell culture
medium. A specific PKC antagonist decreased the effect of epidermal growth factor that
also abolished the stimulation of APP. In arecent study, Benussi et al. [14] presented evi-
dence that PKCa is the only PKC isoform involved in controlling the secretion of secAPP
in human skin fibroblasts. The specific PKCa inhibitor Go-6976 reduced basal APP se-
cretion and completely abolished the effect of phorbol ester-mediated PKC stimulation on
SecAPP release.

Heparin oligosaccharides that pass the blood-brain barrier were shown to inhibit APP
secretion and heparin binding to a short form of RAP [64]. Chemically depolymerized
low-molecular-weight (LMW) heparin did not have a significant effect on APP secretion.
However, LMW heparin fragments, especially heparin disaccharides, efficiently inhibited
the stimulatory effect of heparin on APP secretion. LMW heparin derivatives also inhib-
ited the binding of heparin to the BAPI-28 peptide in that study. Since LMW heparin
fragments pass through the blood-brain barrier, their derivatives or analogs might be ef-
fective as therapeutic agents for AD.

Increases in APP levels were demonstrated after injury to the brain, even in the early
stage of the damage [55]. APP-like immunoreactivity was upregulated during olfactory
nerve regeneration in adult rats [118]; in that study, subcutaneous diethyldithiocarbamate
was used to lesion the olfactory epithelium reversibly and it was found that the APP-like
immunoreactivity significantly decreased after the lesion, then increased, reaching almost
5 times the normal levels 6 weeks after the treatment. Immunocytochemical techniques
identified APP immunoreactive perikarya and fibers in and around the glomeruli 3-7 days
after the lesion, and upregulation of the immunoreactivity in the mitral cells and dendrites
at 5 weeks [118].

APP accumulated within axonal swellings in human brain lesions [86], in experimen-
tally induced diffuse axonal injury in rats [16], or in the ibotenic acid-lesioned rat hippo-
campus after injection [82]. A selective induction of APP mMRNA was demonstrated after
persistent focal ischemia in the rat cerebral cortex [1]. After transient ischemia, however,
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the mRNAs of the Kunitz protease inhibitor-bearing isoforms were increased, whereas
that of APP695, which lacks this domain, was decreased in the rat cerebral cortex [57]. In
a rabbit spinal cord ischemia model, the effects of reversible (15-min) and irreversible
(60-min) ischemia were tested on the endogenous levels of APP at both mRNA and pro-
tein levels [58]. A transiently increased APP level, without an increase in APP mRNA
level, was observed after 15 min of reversible ischemia. The APP level was normal after
60 min. The increased levels of APPs, and particularly the soluble form, could support the
possibility that APPs may play a neuroprotective role as stress-induced proteins in this
type of ischemia model. In contrast, failure to maintain the increased APP levels or to in-
crease the mRNA, as seen in the 60-min ischemia samples, could be one of the causal
factors that induce necrosis and neuronal death, leading to an irreversible neurological
impairment [58]. Since the APP gene promoter region contains a heat-shock element, an
abnormal APP heat-shock response could increase the accumulation of RAP. Moreover,
BAP production is affected by PS1 mutations. Johnston et al. [53] tested this hypothesis
and found that heat-shock influenced APP mRNA synthesis in lymphoblastoid cell lines
bearing PS1 mutations. However, the increase in mRNA content was not influenced by
the PS1 mutations of the cells [53].

APP immunoreactivity was observed in damaged axons and reactive glial cells in the
rat brain shortly after a needle stab injury [90]. Molecules normally participating in the
cell-cell signaling processes, such as NGF [108], basic fibroblast growth factor [108] and
interleukin-1 [37], were demonstrated to increase APP levels. Moreover, APP expression
is upregulated in response to growth factors and cytokines [99, 101], as additional evi-
dence of a role for APPs in the response of the brain to injury. Interestingly, Quon et al.
[99] detected the effects of fibroblast growth factors on the induction of APP mRNA
synthesis only in glial, but not in neuronal cells.

The functions of secAPP in neurons under normal or physiological conditions are
largely unknown. However, one possible role for synaptic proteins is involvement in neu-
ronal plasticity. Indeed, after exposure to an enriched environment as compared with im-
poverished conditions, rats exhibited a superior cognitive capacity and expressed up to 4-
fold amounts of APP isoforms (APP695 and APP751/770) in cortical and subcortical tis-
sues, as detected by immunocytochemical techniques [10]. Full-length APPs undergo fast
anterograde axonal transport to the terminals [59], where they may be released, suggest-
ing a possible function in synaptic transmission [109]. For example, Nitsch et al. [84, 85]
reported that APP and its derivatives can be released from presynaptic terminals either by
activation of muscarinic acetylcholine receptors or by electrical depolarization. Moreover,
both the muscarinic and nicotinic cholinergic systems are involved in the regulation of
APP metabolism. Alterations in the mainly M1 muscarinic receptor population of the rat
neocortex by saporin-induced partial immunolesion of the cortical cholinergic system af-
fected the amount of secAPP [103]. While the total APP levels in cortical homogenates
were unaffected by cholinergic deafferentation, a significant reduction in secAPP and
concomitant increases in membrane-bound forms were also demonstrated. The changes
were reversed in immunolesioned rats subsequently transplanted with NGF-producing fi-
broblasts. Additionally, a transient decrease was found in the ratio of cortical APP tran-
scripts containing the Kunitz protease inhibitor domain (APP770 and APP751) versus
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APP695 in rats with cholinergic hypoactivity. Nicotine enhanced the release of secAPP
from PC 12 cells [56], implying that nicotinic receptor agonists might be beneficial in the
treatment of AD, not only by supplementing the deficient nicotinic cholinergic neuro-
transmission, but also by stimulating the release of beneficial secAPP forms.

Another example of receptor-mediated secAPP release was the demonstration of bra-
dykinin-induced APP secretion [100]. The mechanism by which APP was released from
human skin fibroblasts was via bradykinin 2 receptors and was found to be PKC-
independent. APP secretion after bradykinin treatment in fibroblasts from patients with
sporadic AD, however, did not differ from that from control cells and was parallelled by
equivalent levels of inositol trisphosphate production. Melatonin also altered the metabo-
lism of APP in the neuroendocrine cell line PC12 [117]. Normal levels of secretion of
secAPP into conditioned media were severely inhibited by treatment of the cells with
melatonin, an effect that could be reversed by washing-out of the agent. Melatonin also
decreased the amounts of mMRNA encoding APP, B-actin and glyceraldehyde-3-phosphate
dehydrogenase in PC 12 cells, whereas the treatment did not have any effect on these tran-
scripts in human neuroblastoma cells. Melatonin potentiated the NGF-mediated differen-
tiation in PC 12 cells. Overall, this study demonstrated that melatonin regulated the me-
tabolism of APP and other housekeeping genes in a cell-type specific manner, and that
melatonin accelerated the early process of neuronal differentiation [117].

APP potentiates the neurotrophic activity of suboptimal concentrations of NGF on
PC12 cells [124]. APP stimulated the tyrosine phosphorylation of a number of proteins,
including the insulin receptor substrate-1 (IRS-1). It was found that incubation of native
cells with antisense oligonucleotides to IRS-1 mMRNA resulted in dramatic reductions in
IRS-1 levels and inhibition of APP-stimulated neurite outgrowth. Additionally, phospha-
tidylinositol 3-kinase became associated with IRS-1 and was activated upon APP stimu-
lation [125]. ERK 1 and ERK 2 phosphorylation was also detected. The potentiation of
NGF activity was reflected in a correspondingly synergistic elevation of tyrosine phos-
phorylated ERK. The pattern of signal transduction targets indicated that APP potentiated
the neurotrophic effects of NGF via activation of the IRS-1 signaling pathway [125].

The distribution of APP was investigated after kainic acid-induced seizures in the rat
cortex [113]. Seizures were associated with a decrease in neuronal, but an increase in glial
APP-like immunoreactivity. The increase in glial APP-like immunoreactivity was far
more extensive in adult than in young rats, and the anatomical distribution of this immu-
noreactivity was grossly correlated with concomitant c-fos-like immunoreactivity.

Mild acidosis was sufficient to alter the neuronal processing to APP into potentially
amyloidogenic forms and increased certain fragments bound to the substrate in embryonic
rat hippocampal neurons [17]. Lactic acid-elicited acidosis increased cellular BAP immu-
noreactivity and the amounts of some membrane-bound, N- and C-terminal forms but did
not affect the secretion of BAP or its derivatives into the medium. APP production was
slightly reduced by acidosis, without an effect on the maturation or proteolytic processing.
Similar acidotic processes that may stimulate an extracellular deposition of amyloids in
aging brain cannot be ruled out.

The possible role of aluminum (Al) in the pathogenesis of AD was much discussed in
the past. Two novel pathologically critical processes that Al influences, protein turnover
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and aggregation, were recently implicated in the disease [91]. In that study, Al was shown
to induce secondary structure alterations into APP. APP consequently became resistant to
proteases such as trypsin, a-chymotrypsin and calpain, possibly promoting protein aggre-
gation.

CONCLUSION

APP is certainly best known as the source of RAP that accumulates in neuritic plaques in
AD and related age-associated dementias and other disorders. However, various benefi-
cial roles have been ascribed to AP and its numerous proteolytic forms in normal brain
functioning. A proteolytic processing alternative to that which generates BAP liberates
most of the extracellular portion of the protein. This soluble APP exerts numerous benefi-
cial effects on a wide variety of cell physiological phenomena, including the ionic homeo-
stasis, the enhancement of mitogenesis, or the neurite outgrowth and survival, the synapse
formation and synaptic plasticity in the nervous tissue. At least some of these effects re-
sult from cell signaling processes that include receptor-activated signal-transduction
mechanisms. Moreover, APP synthesis, processing and metabolism are all closely related
to the cell’s general physiological status which, when changed, can modulate the effects
of APP and its metabolites in numerous (patho)physiological conditions.
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This report describes the laminar distribution of acetylcholinesterase-positive structures in the human ol-
factory bulb of control and Alzheimer’s disease brain samples. Light microscopic histochemistry re-
vealed the enzyme-positive neurons and nerve fibres. No acetylcholinesterase staining was present in the
olfactory nerve layer, the glomerular layer or the external granule cell layer. A few enzyme-positive
(cholinergic) nerve fibres were detected in the external plexiform layer and the white matter. A large
number of cholinergic axons were present in the internal plexiform layer and the internal granule cell
layer. Acetylcholinesterase-positive nerve fibres and cells were present in the mitral/tufted cell layer and
the anterior olfactory nucleus. In Alzheimer’s disease brain samples, a weak and patchy acetylcholines-
terase staining appeared in the internal plexiform layer and the internal granule cell layer. In the anterior
olfactory nucleus, enzyme-positive neurofibrillary tangles and senile plagques were found. The neuropa-
thological changes were studied with silver impregnation techniques and immunohistochemistry revealed
a diffuse amyloid staining in the olfactory nerve layer and in the external plexiform layer, and large num-
bers of senile plaques in the glomerular layer and the anterior olfactory nucleus. The presence of amyloid
positivity in the olfactory nerve layer and in a number of glomeruli suggests that no correlation exists
between the cholinergic structures and the neuropathologic alterations in the human olfactory bulb in
Alzheimer’s disease.

Keywords: Alzheimer’sdisease -olfactory bulb - acetylcholinesterase - cholinergic structures - amyloid

INTRODUCTION
Neuropathological changes in Alzheimer’s disease

The characteristic neuropathological alterations in Alzheimer’s disease (AD) brain sam-
ples are the neurofibrillary tangles (NFTs), the senile plaques (SPs) and the extensive re-
duction in the number of cholinergic neurons. The main component of the NFTs is the
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hyperphosphorylated tau protein, while in the SPs among others it is the amyloid beta
protein (AR).

Alzheimer’s disease and cholinergic system

The pathomechanism of AD is still not known. There are several hypotheses as concerns
the aetiologic factors (Table 1), but none of them is sufficient. The diagnosis of AD is ge-
nerally established clinically, with a variable degree of uncertainty, by excluding other
causes of dementia. The diagnosis is generally confirmed by the pathological findings at
autopsy, including atrophy of the brain, the presence of NFTs, (neuritic) SPs [1], the pre-
sence of AR deposits and the loss of cholinergic elements [12]. Damage to the cholinergic
system in AD is a complex process [31]: the acetylcholine (ACh) level [57] and synthesis
[62] and the high-affinity choline uptake [59] are decreased. Nevertheless, the number of
cholinergic receptors (AChRs) such as the muscarinic and nicotinic AChRs, decrease or
may decrease [23, 38], while the activities of cholinergic enzymes either synthetizing
ACh, e.g. choline acetyltransferase [12] (ChAT) or hydrolysing Ach, e.g. acetylcholines-
terase (AChE) are significantly reduced in the different parts of AD brain [53]. The se-
vere damage to the cholinergic system in AD led to the development of the principle
known as “cholinergic hypothesis” [6, 9, 12]. Since this hypothesis proved insufficient
[25, 45] to answer certain key problems, other hypotheses have evolved (Table 1). Al-
though the cholinergic system is not the aetiologic factor responsible for the development
of AD, the role of the cholinergic system in the development of AD is indisputable.

Table |
Some of the possible aetiologic or risk factors which may cause AD

Aectiologic/risk factor References
Chronic exposure to aluminium [10]
Cytoskeletal protein pathology [71]
Signal transduction abnormalities [63]
The “cholinergic hypothesis” [12]
Overactivation of the calcium and/or inositol pathways [42]
Glutamate toxicity [22]
Constitutive cleavage of amyloid precursor protein [15]
Inflammatory and immune processes [44]
Mitochondrial DNA mutation [51]
Amyloid cascade hypothesis [24]
Apolipoprotein E4 genotype [64]
Infection of spirochetas [47]
Acetylcholinesterase hypothesis [60]
Mutation of presenilin 1gene [ml
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The olfactory bulb in Alzheimer's disease

It is well known that in AD the olfactory function decreases much more than during nor-
mal aging [14, 56]. Nevertheless, the brain regions connected with the olfactory system,
such as the hippocampal formation [4], the entorhinal area [5], the amygdaloid nuclei [27,
29], the anterior olfactory nuclei [2, 16, 61, 74], the prepiriform cortex [55] and the basal
forebrain [70], are the most affected sites in AD. The early and severe damage to the ol-
factory system and olfactory bulb (OB) (Table 2) in AD, together with findings in animals
of the active transport mechanisms of viruses along the olfactory pathways [3] and the ab-
sent blood-brain barrier between the nose and the brain [69], suggested that the olfactory
pathways may be the site of initial involvement in the disease [39, 40, 52]. Roberts has
proposed that AD may begin in the olfactory system, with toxins entering sensory neurons
of the nose and spreading transneuronally to the olfactory-related areas of the brain [58].

Objectives

Despite the fact that AD is one of the most studied topics in modern neurobiology, results
from previous studies on neuropathological alterations in OB in AD seemed contradic-
tionary. The main objective of our work was therefore to study the cholinergic system as
concerns the neuropathological alterations in the human OB, as in order to clarify whether
the extensive damage to the cholinergic system is connected or not with the classical neu-
ropathological changes of AD. To detect the cholinergic elements and AD-related neuro-
pathology, we applied histochemical, enzyme histochemical methods and highly specific
immunohistochemical methods. The application of immunohistochemistry may be special
interest, because this method has not been used extensively to date in studies of the hu-
man OB in AD.

Table 2
Neuropathological changes in the OB in AD

Neuropathological changes References
Cell loss, SPs, NFTs in the AON, the OB and the olfactory tract (OT) [2]
Cell loss, NFTs in the AON [16]
SPs in the AON, NFTs and NTs in the AON and all layers except the ONL [50]
SPs and NFTs in the OB, but it is less affected than the amygdala or hippocampus [40]
Mitral cell degeneration without NFTs, periglomerular AR-like immunoreactivity [65]
Cell loss, SPs, NFTs in the AON [67]
All the alterations listed above and diffuse amyloid in the ONL, GL, EPL [36]
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MATERIALS AND METHODS
Samples

Seventeen OBs were taken from AD patients (mean age: 75.4 yr.+3.6 SEM, range: 48-98
yr.) at autopsy, selected in accordance with clinical and neuropathological criteria [28,
32]. The 17 control OBs were also taken at autopsy from sex-matched cases of similar
age (mean age: 76.1 yr. + 4.1 SEM, range: 20-90 yr.) in whom there had been no history
of neurological or psychiatric disorders. The post-mortem delay ranged from 3 to 24 h.

Methods
Tissue processing

OBs obtained from autopsy were fixed by immersion in 4% paraformaldehyde (Merck) in
a 0.01 M phosphate buffer (pH 7.4) containing 0.9% NaCl. For cryoprotection, all OBs
were immersed in a 30% sucrose solution overnight at 4 °C. After this, 24-p.m thick
frontal or horizontal consecutive sections were cut on a freezing microtome (Reichert-
Jung).

Cresy] violet staining

Free-floating sections were immersed for 2 min in a solution containing 200 ml of 0.2 M
acetic acid (Reanal), 133 ml of 0.2 mM sodium acetate (Merck) and 67 ml of 0.1% cresyl
violet acetate (Sigma). The sections then were mounted, and dehydrated in an ethyl alco-
hol series and cleared in Histoclear Il (National Diagnostics). The tissue was subsequently
coverslipped, using Histomount mountant medium (National Diagnostics).

Acetylcholinesterase histochemistry

For light microscopy, a specific and sensitive method [66] was used.

Silver impregnation techniques

For the demonstration of AR-containing diffuse SPs, a methenamine-silver stain [73] was
applied. To detect the neuropathological alterations in the various layers in the human
control (non-AD) and AD OB samples, the Galiyas silver impregnation method [18] was

used for the demonstration of primary SPs and mainly NFTs, a physical developer solu-
tion being applied [19].
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Immunohi stochemi stry

Free-floating sections were immunostained with antibodies to a synthetic peptide con-
sisting of residues 1-28 of AR [72], or x-2 (Sigma). Briefly, the tissue was pretreated with
formic acid (99%) (Merck) for 5 min at room temperature to enhance the immunostaining
of tau protein and AR [34] and rinsed in 5% normal sheep serum (Sigma) and 5% normal
bovine serum (Gibco) in PBS. The sections were incubated for 48 h at room temperature
in AR (1:16000) rabbit or x-2 (1:8000) mouse antiserum. Sections were rinsed 3 times for
10 min each in PBS, followed by 5% normal sheep serum in PBS for 30 min. The tissue
was then incubated for 90 min in biotin-SP-conjugated goat anti-rabbit or sheep anti-
mouse immunoglobulin (Jackson) diluted 1:1000, and subsequently for 90 min in horse-
radish peroxidase-conjugated streptavidin (Jackson) diluted 1:1000. All antibodies were
diluted with PBS containing 5% normal sheep serum (Sigma). Each of the above steps
was followed by rinsing in PBS. The antibody was visualized by a 5-min incubation with
3’3’-diaminobenzidine (Sigma) (50 mg/100 ml) as chromogen, nickel chloride (Reanal)
(150 mg/100 ml) and 0.003% H20 2 If it was needed to amplify the end-product of immu-
nohistochemistry, a modified [20] silver-gold intensification procedure was performed
[13].

RESULTS

Acetylcholinesterase alterations in the human olfactory bulb
in Alzheimer’s disease

To understand the location of the neuropathological changes in the OB in AD, it is useful
to view the structural localization of the layers (Fig. 1A) and the AChE patterns in these
layers in the normal OB (Fig. IB).

In the OB of AD brain samples, AChE has disappeared from the different layers, or
remains diffusely restricted to small areas, without any well-defined neuronal structures
(Fig. 1C). Staining was found in the diffuse SPs present in the internal plexiform layer
(IPL), internal granule cell layer (IGCL) and in the white matter (WM) (Fig. 1C, D). The
most severe damage was detected in the anterior olfactory nucleus (AON), from where
most of the AChE-positive fibres had disappeared. In numerous NFTs and SPs, enzyme
staining could be revealed (Fig. IF; Table 3).

Neuropathological alterations in the human olfactory bulb
in Alzheimer’s disease

With the silver impregnation technique, SPs could not be found in the control OBs (Fig.
2A). In the AD brain samples, amyloid staining was present in the olfactory nerve layer
(ONL) (Fig. 2B) and in diffuse SPs present in a large number of glomeruli (Fig. 2B-F)
and external plexiform layer (EPL) (Fig. 2F). In other layers, we found very few if any
diffuse SPs. However, primary and diffuse SPs were numerous in the AON (Fig. 2G, 1).
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F/g. 1. Horizontal section of the control human (A) OB stained with cresyl violet, revealing the various
layers: olfactory nerve layer (ONL), glomerular layer (GL), external granule cell layer (EGCL), external
plexiform layer (EPL), mitral/tufted cell layer (MCL) and internal plexiform layer (IPL). Laminar distri-
bution of AChE in the human OB (B). There were no AChE-positive axons in the ONL, the GL, the
EGCL or the outer part of the EPL. In contrast, AChE-positive structures were present in the inner part
of the EPL, the MCL, the IPL and the internal granule cell layer (IGCL). (For better visualization of the
enzyme staining, Nomarski optics were applied.) In the OB of AD victims, most of the enzyme positivity
has disappeared from the various layers and only some AChE staining in a patchy form can be seen in the
IGCL (C). Various SPs showing AChE-positivity were found in the IPL, the IGCL and the white matter
(WM) (arrowhead) (D). The most dramatic loss of cholinergic fibres was revealed in the AON of AD
brain compared to the control samples (E). AChE-positive NFTs (arrows) and SPs (arrowheads) are
present instead of stained cholinergic fibres (F). Scale bar = 100 pm
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Table 3
Summary of pathological changes
in the histochemical localization of AChE
in the human OB

Human OB AChE

OB layers  Control Pathology
ONL

GL - -
EGCL - -
EPL + -
MCL . -

IPL ++ Diffuse plaque
IGCL +++ Diffuse plaque
WM ++ Diffuse plaque
OAN ++ NFTs + diffuse plaque

ONL: olfactory nerve layer, GL: glomerular layer,
EGCL: external granular cell layer, EPL: external
plexiform layer, MCL: mitral cell layer, 1PL: in-
ternal plexiform layer, IGCL: internal granular
cell layer, WM: white matter, OAN: anterior ol-
factory nucleus, NFT: neurofibrillary tangle

+ :found, - :not found

Both in the control and in the AD samples, NFTs were scarcely to be found in the mitral
cell layer (MCL). In contrast, a great number could be demonstrated within the AON in
the AD samples (Fig. 2H, 1). The neuropathologic alterations in the different layers are
outlined in Table 4.

DISCUSSION
Neuropathology of the human olfactory bulb in Alzheimer’s disease
Neuropathology of the cholinergic system

Investigation of the neuropathologic alterations in the cholinergic structures in the human
OB revealed that in an advanced stage of AD the AChE positivity is weaker in the differ-
ent layers, and is restricted to certain areas or disappears totally from the various layers.
When and where the enzyme activity was present, the borders of AChE-stained areas
were blurred or indistinct. The integrity of the cholinergic neuronal structures demon-
strated that the density of AChE-positive axons was reduced, and the axons were beaded
and dystrophic. Similarly as for the AON in the WM, AChE-positive diffuse SPs were
detected. An estimate of the number of NFTs in the AON on the basis of the AChE histo-
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Fig. 2. Neuropathological changes of the human OBs in AD. In the control OB, AR-positive structures
cannot be observed either in the GL or in the other layers (A). In the AD samples, AR staining is shown
to be present in the ONL (white star) (B) and within a large number of glomeruli by either the silver im-
pregnation technique (B-D) or immunostaining (E, F) (arrows), while it is absent from some others (ar-
rowhead). At higher magnification, a characteristic diffuse AR staining can be better seen within the
glomeruli (D, E). Diffuse AR staining was also found in the EPL when the immuno method was applied
(white star) (F). In the advanced stage of AD, a number of SPs (arrowheads) (G,I) or NFTs (arrows)
(H, 1) or both (I) are present in the AON. Scale bar = 100 pm
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Table 4
Summary of neuropathological changes
in the various layers of the control human
(non-AD) and AD OBs

OB Human control Human AD
layers  SPs NFTs SPs NFTs
ONL - - * -

GL - - + -
EGCL - - + -
EPL - - ++ -
MCL - - - Rare

IPL - - - -
IGCL - - - -
WM - - + -
AON + - +++ +++

ONL: olfactory nerve layer, GL: glomerular
layer, EGCL: external granular cell layer,
EPL: external plexiform layer, MCL: mitral
cell layer, IPL: internal plexiform layer,
IGCL: internal granular cell layer, WM:
white matter, AON: anterior olfactory nu-
cleus, SP: senile plaque, NFT: neurofibril-

lary tangle
+: relative occurrence of neuropathologic
alterations, neuropathologic alterations

not found *: diffuse amyloid staining found

chemical technique indicated fewer positive neurons than with the silver impregnation
staining. In the different layers, no NFTs were revealed, but in extremely rare cases NFTs
were discovered in the MCL. In the OBs of non-AD patients, NFTs could not be detected
with either AChE histochemistry or silver impregnation techniques.

Neurofibrillary tangles and amyloid beta protein deposits in human
olfactory bulb

Our previous findings [31, 35-37, 75] were similar to those reported by other authors [2,
16, 17, 50, 65, 67] in that the most numerous primary and diffuse SPs were present in the
AON, but they differed in that we could demonstrate AR deposits in the ONL, the EPL
and the GL [31, 35-37, 75]. Further, the number of NFTs was highest in the AON, where
there is a strong AChE activity in non-AD brain samples, which is severely reduced in
AD. Additionally, we detected diffuse AR staining in the ONL, GL and EPL, inside a large
number of glomeruli where no cholinergic axons are present [31, 35-37, 75]. In this re-
spect, our findings support the suggestion [41, 48] that the presence of AR is not a conse-
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quence of cholinergic hypoactivity. The diffuse AR staining correlates rather with the lo-
calization of amyloid precursor-like protein [68] (APPLP2) which is present in the ONL.

Cholinergic system and amyloid beta protein localization in human
olfactory bulb

As concerns the close relationship between the AR deposits and AChE-positive fibres in
the same cortical laminae of the AD brain samples, some authors [7, 8, 49] have sug-
gested that AR deposits could degenerate cholinergic neurons and/or their axons. In con-
trast, others [41, 48] have demonstrated that the distribution of the cholinergic fibres and
the deposition of amyloid SPs are independent.

CONCLUSIONS

These results suggest that the deposition of amyloid SPs in some brain areas may not
cause the degeneration of cholinergic neuronal elements. As regards the laminar distribu-
tion of cholinergic structures and neuropathologic alterations in AD OBs, our results
strongly suggest that it is not only the cholinergic hypoactivity which is responsible for
the production of AR; some other factors, e.g. free radicals [26, 30] or changes in calcium
homeostasis [21, 33, 42, 54], may play a role. This suggestion is supported by the fact
that, in the olfactory glomeruli, where a large number of AR deposits could be demon-
strated, no cholinergic axons are present. Our histochemical and neuropathological find-
ings lend further support to the suggestion [35-37, 41, 48, 75] that there is not a close
correlation between the AR deposition and the cholinergic hypoactivity in some areas of
AD brain samples.
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Alzheimer’s disease is primarily characterized by neurofibrillary tangles, senile plaques and a choliner-
gic hypofunction. In this study, the morphological signs of toxicity of amyloid 8 (AR) 1-42 and short
amyloid peptide fragments corresponding to amino acids 31-35 and 34-39 were investigated on choli-
nergic, cholinoceptive and GABAergic neuronal populations of basal forebrain cultures.

The applied AR fragments were toxic to cholinergic, cholinoceptive and GABAergic neurons. In cho-
linergic and cholinoceptive neurons, the toxic effect caused a redistribution of the acetylcholinesterase
within the cells; the characteristic morphological changes in the GABAergic neurons involved the frag-
mentation and disappearance of the processes.

These results suggest that the vulnerability of neurons to AR toxicity does not depend on their trans-
mitter content, but the morphological manifestation of this vulnerability differs in the various neuronal
populations. The results of experiments with short AR fragments led to the conclusion that Leu3 and
Met3IB may be responsible for the toxicity of amyloid peptides.

Keywords: Alzheimer’s disease - amyloid - neuronal culture - GABA immunocytochemistry - acetyl-
cholinesterase - vesicular acetylcholine transporter

INTRODUCTION

Alzheimer’s disease (AD) is characterized by the extracellular deposition in the brain and
its blood vessels of insoluble aggregates of the amyloid B (AR) peptide. AD can also be
related to damage to the basal forebrain cholinergic system, and in particular the nucleus
basalis of Meynert, which undergoes significant neuronal loss in AD [2, 4]. Although the
GABAergic population is typically spared from severe neuronal loss in AD, the evidence
does indicate the presence of neuritic abnormalities in these cells [25]. Previous studies
have also demonstrated deficits of other neurotransmitters, including the GABA system,
in patients with AD [15, 22].
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AR has been shown to be toxic to neurons in vitro [3, 18, 26] and to rats and aged pri-
mates in vivo [10, 11]. Although the relationship between AR toxicity and the cholinergic
system was investigated in vivo [5, 6], we have little information about in vitro findings
[17]. Another interesting question is how GABAergic neurons react to AR. Earlier inves-
tigations provided controversial results concerning the resistance [19] and vulnerability
[7, 8] of GABAergic neurons in response to AR neurotoxicity.

The major protein component of the amyloid core of the senile plaques is the 40-42
amino acid residue AR. Earlier reports concluded that AR25-35 causes morphological in-
dications of neuronal degeneration similar to those of the full-length AR1-42. It has been
suggested that this 11-amino acid internal sequence of amino acids is the biologically ac-
tive fragment and may be responsible for the toxic effect of AR 1-42 [26]. Further analysis
of a series of peptides derived from the proposed active fragment of AR revealed that
AR29-35 is necessary for the neurotoxicity [20]. With regard to the cited data, the pri-
mary purpose of this study was to investigate the in vitro toxic effect of AR on cholinergic
or cholinoceptive neurons in embryonic rat basal forebrain cultures; a second aim was to
re-examine the morphological changes in the GABAergic neurons after AR treatment.
Cholinergic or cholinoceptive neurons were identified by means of acetylcholinesterase
(AChE) histochemistry and vesicular acetylcholine transporter (VAChT) immunohisto-
chemistry. GABAergic neurons were demonstrated by GABA immunohistochemistry.
These morphological methods were used to investigate the structural changes in the cho-
linergic, cholinoceptive and GABAergic neurons after AB1-42 treatment. After initial
characterization of the activity of full-length AR 1-42, the toxicities of shorter fragments,
such as AR31-35, AR34-39 and AR33-35, were compared. To prove the neuronal dam-
age by biochemical means, measurements were made on the mitochondrial dehydrogenase
activity (MTT) reduction and lactate dehydrogenase (LDH) release into the medium.

MATERIALS AND METHODS
Tissue culture

Since the basal forebrain is a region typically affected in AD, primary basal forebrain
cultures were utilized in our experiments. Basal forebrain tissue from embryonic rat pups
on days 16 or 17 (E16-17) was dissected and then digested for 10 min in 0.25% trypsin
(Gibco) at 37 °C. Following mechanical dissociation of the tissue, the suspension was
settled for 10 min at 1000 x g. The cell pellet was resuspended in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco) containing 10% fetal bovine serum (FBS) (Gibco), 100
U/ml penicillin and 100 p.g/ml streptomycin. Cells were plated onto coverslips coated
with poly-L-lysine (Sigma) at a density of 3.54 x 104 cells/cm2and were grown in a hu-
midified incubator at 37 °C in 5% CCb-
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Peptide solutions

Human AR was synthesized in the Chemical Department of our University by a solid-
phase technique involving Boc chemistry, purified by HPLC, and subjected to electro-
spray mass spectral analysis [12]. ABI*I2, AR31-35, AR34-39 or AR33-35 was solubi-
lized in 35% acetonitrile plus 0.1% trifluoroacetic acid (ACN/TFA). Peptide solutions
were diluted into the growth medium immediately after solubilization to yield a final con-
centration of 20 pM for ARs as described by Yankner et al. [26]. Peptides were added to
cultures on 4 day in vitro (DIV 4) after plating. Control cultures were maintained in
DMEM/10% FBS for 4 days, and then supplemented with vehicle alone. Morphological
changes in the cells were monitored on days 1 (DIV 4+1), 3 (DIV 4+3) and 5 (DIV 4+5)
after treatment.

AChE histochemistry

To visualize the signs of AR toxicity on cholinergic and cholinoceptive neurons, the cul-
tures were fixed in 4% paraformaldehyde for 20 min and then stained for AChE by the
technique of Tago et al. [23]. Ethopropazine (10’4 M) was always used as non-specific
cholinesterase inhibitor. After incubation with a reaction mixture containing acetylthio-
choline iodide (1 mg/ml) as substrate, the reaction product was detected with 3,3’-
diaminobenzidine tetrahydrochloride and NIClz. During the microscopic examination,
300 AChE-positive neurons were counted both in the control and in the ARI-42-treated
cultures and they were classified according to their size and the staining pattern.

VACHhT immunohistochemistry

For a more exact identification of cholinergic neurons, the cultures were immunostained
for VAChT. The cells were fixed in 4% paraformaldehyde for 20 min and were incubated
with 0.1% Triton X-100 and 5% normal rabbit serum (NGS) in Tris-buffered saline
(TBS) for 2 h. The polyclonal antibody against VAChT (1:32 000, Chemicon, USA) was
applied for 48 h. This was followed by incubation in rabbit-anti-goat IgG-biotin (1:200,
Jackson Immunores. Lab., USA) for 1 h, and then in streptavidin-horseradish peroxidase
(2:500, Zymed, USA) for 1 h. The cultures were washed twice with 0.1 M TBS (pH 7.4)
for 10 min between sera. The peroxidase reaction was developed by using 3,3’-diamino-
benzidine tetrahydrochloride and NiCl-.

GABA immunohistochemistry
To assess the neuronal damage caused to the GABAergic neurons by the ARs, the cultures
were immunostained for GABA by the peroxidase-antiperoxidase method. After fixation
in 1% glutaraldehyde for 20 min, the cells were permeabilized and the non-specific

staining was blocked by incubation with 0.2% Triton X-100 and 5% normal bovine serum
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(NBS) in TBS for 4 h. The monoclonal antibody against GABA (1:3000; Immunotech,
France) was applied overnight at 37 °C. Goat-anti-rabbit secondary antibody (1:30, Jack-
son Immunores. Lab., USA) and rabbit peroxidase-antiperoxidase complex (1:200, Nor-
dic Immun. Lab., Germany) were applied consecutively for 1 h at room temperature.
Staining was revealed with a solution containing 3,3’-diaminobenzidine tetrahydrochlo-
ride, NiCb and LLCL in Tris-HCI. In immunocytochemical control experiments, immu-
nostaining was blocked by deletion of the GABA antibody. The results of morphological
observations were quantified by image analysis. A Leica Q500 MC colour image analyser
(Germany) was employed to measure the numbers of GABAergic cells in the control and
AR-treated cultures after different time intervals.

Biochemical investigations

As one of the early indicators of toxicity of ABs [23], the MTT reduction was measured 2
and 6 h after AR treatment. 200 pl/culture of 5 mg/ml MTT (3-[4,5-dimethylthiazol-2-yI[-
2,5-diphenyltetrazolium bromide) stock was added and, after a 4 h incubation, 300 pi of
reaction solution containing 50% dimethylformamide and 20% SDS was added to solubi-
lize the insoluble formazan precipitates produced by MTT reduction. The next day, the
absorbance of the purple dye was read at 570 nm.

After a longer incubation with ARs (DIV4+3; DIV4+4 and DIV 4+5), the LDII activ-
ity in the culture medium was evaluated by measuring the rate of disappearance of NADH
(after addition of pyruvate and NADH), monitored spectrophotometrically at 340 nm by
the method of Wroblewski and LaDue [25].

RESULTS

Demonstration oftoxicity of Al3s on cholinergic
and cholinoceptive neurons

In the control cultures, two types of neurons could be distinguished on the basis of their
morphological features after AChE histochemistry. The majority of the AChE-positive
neurons (66%-76%) were small and bipolar, but this basal forebrain culture contained a
relatively large number of multipolar neurons with extensively arborized processes (24%-
34%). The specific staining for AChE was localized on the perikarya and processes of
neurons (Fig. 1A). After ARI-42 treatment, the localization of the staining pattern was
changed. It did not fill the whole perikarya and could be observed near the plasma mem-
brane or sometimes near the somatodendritic region (Fig. I1B). Similarly, treatment of the
cultures with shorter peptides (AR31-35 or AR34-39) also caused alterations in the en-
zyme localization within the cholinoceptive and cholinergic neurons (Fig. 1C). AR33-35
had no effect at all. Figure 2 demonstrates the quantitative distribution of the healthy and
damaged AChE-positive neurons of different sizes in the control and ARI-42-treated cul-
tures. The numbers of both large, multipolar and small, bipolar neurons displaying diffuse
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perikaryonal staining (healthy cells) were decreased after AR 1-42 treatment. At the same
time, the number of neurons with a staining pattern localized near the plasma membrane
(damaged cells) was increased. The increase in the number of damaged cells was not es-
sentially different in the small, bipolar (3-fold) and large, multipolar (4-fold) neurons.

C

Fig. 1. Panels A-C: micrographs of basal forebrain cultures histochemically stained for AChE exposed

for 1 day (DIV4+1) to the following treatments: A: solvent (control); B: 20 pM ARI-42; and C: 20 pM

AR31-35. The neurons appear intact in the control culture; in contrast, the neurons are damaged after
treatment (the specific staining is localized around the membrane). Scale bar = 10 pm
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AChE-positive neurons (%)

large, multipolar neurons small, bipolar neur ons

Fig. 2. Effect of ARBI1-2 on the localization of the AChE staining in the large, multipolar and small,
bipolar AChE-positive neurons. The counted 300 cells of the cultures were taken as 100%

To confirm that the cultures really contained cholinergic neurons, the cells were im-
munostained for VAChT. Figure 3 illustrates the specific staining of cholinergic neurons.
The immunostaining of VAChT was localized to the perikarya, where it appeared as ve-
sicular distribution, and sometimes to the processes of neurons.

Fig. 3. Photomicrograph of basal forebrain cultures immunostained with VAChT antibody. Scale bar =
10 PM
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Demonstration of toxicity ofABs on GABAergic neurons

When the control and AR-treated cultures were immunostained for GABA, there were
again morphological differences between them. In the untreated cultures, the GABA-im-
munoreactive neurons were healthy and their long processes were intact (Fig. 4A). Initi-
ally (DIV4+1), tiny varicosities appeared on the processes of the GABA-positive neurons
inthe AR 1-42 treated cultures (Fig. 4B). On longer incubation (DIV4+3), more fragment-
ed neurites could be observed. By day 5 after AR 1-42 treatment, the signs of degeneration
had become more serious: the majority of the GABAergic cells had lost their processes
and the number of this type of neurons had decreased. AR31-35 (Fig. 4C) and AR34-39
(Fig. 4D) had similar toxic effects on the GABAergic basal forebrain neurons. There were
no changes in the morphology of GABA-immunoreactive neurons after AR33-35 treat-
ment. Table 1 illustrates the effects of the ABs on the numbers of GABAergic cells
counted by image analysis. On day 1 after treatment, only AR 1-42 caused a significant
cell loss. By day 3 after treatment with ARI-42, AR31-35 or AR34-39, the number of
GABA-immunoreactive cells had decreased to 50-60% of that in the

C

Fig. 4. Photomicrograph of basal forebrain cultures immunostained with GABA antibody exposed for 1

or 3 days (DIV4+1, DID4+3) to the following treatments: A: solvent (control) (DIV4+1); B: 20 pM

ARI-42 (DIV4+1); C: 20 mM AR31-35 (DIV4+3) and D: 20 mM AR34-39 (DIV4+3); neurons have

long, intact processes in the control culture; in contrast, the vast majority of the neurons are degenerated
after treatment (fragmented neurites). Scale bar = 30 pm
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Fig. 5. Inhibition of MTT reduction caused by AR 1-42 and AR31-35 in embryonic rat basal forebrain

cultures. The values for untreated cultures (vehicle alone) were taken as 100%. Results on treated cul-

tures are expressed as percentages of the control absorbance. Data are means + SD values of results on 5

separate sample. Significant toxicity is observed at 2 h after ARI-42 treatment, and at 6 h after
ARIMN2 or AR31-35 treatment (*p < 0.001, **p < 0.002, paired Student’s i-test)

control culture. Following a 5-day exposure to ARI-42, AR31-35 or AR34-39, more se-
rious damage to the GABAergic cells was observed. Treatment of the cultures with
AR33-35 did not induce a significant decrease in the number of GABA-positive cells.

Demonstration of toxicity ofARs by biochemical means

For further assessment of the toxicity of ARI-42 and AR31-35 on the basal forebrain
neuronal culture, the MTT test was performed and LDH activity was measured. After a 2-
h AR treatment, only ARI-42 exhibited a diminished ability to reduce MTT. By 6 h after
treatment, AR31-35 also potentially inhibited the MTT reduction (Fig. 5).

The LDH activities of the media from the control and AR-treated cultures did not re-
veal any significant difference after a 3-day treatment period (DIV4+3). One and 2 days
later (DIV4+4, DIV 4+5), both the full-length ARI-42 and AR31-35 caused significant
elevations of LDH activities (Fig. 6).
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days in vitro
Fig. 6. Effects of AR 1-42 and AR31-35 on LDM release from embryonic rat basal forebrain cultures.
Data are means + SD values of results on 5 separate samples. Significant toxicity is observed on days 4
and 5 after ABINf2, AR31-35 and AR34-39 treatment (*p < 0.001, paired Student’s i-test)

DISCUSSION

The earliest data emphasized the relatively selective vulnerability of the cholinergic sys-
tem of the basal forebrain in AD [2, 4]. A few years later, increasing evidence indicated
damage to other transmitter systems, including the GABAergic neurons [15, 22, 25].

There were no in vitro or in vivo data relating to comparisons of the vulnerability of
cholinergic and GABAergic neurons to AR toxicity. The present study revealed that ARs
are toxic to cholinergic, cholinoceptive and GABAergic neurons in rat basal forebrain
cultures.

Table 1
Effects of different ARs on numbers of GABAergic cells
in embryonic rat basal forebrain cultures

ARI-42 AR31-35 AR34-39 AR34-35

DIV4+1 745 +48* 97.4+ 57 91.3+ 9.7 109.7+ 75
DIV4+3 520+ 6.2* 61.0+15* 53.0 + 14* 89.7+ 13.2
D1v4+5 159+ 7.8* 19.9+ 6.2* 256+ 4.2* 83.1 £ 159

The values are expressed as % of control cultures. Data are means + SD
values from 5 randomly selected fields (5 x 0.3 mm2) in each of 3 separate
experiments. Significant toxicity is observed on day 1 after ARI-42 treat-
ment, and on days 3 and 5 after AR1-42, AR31-35 and AR34-39 treatment
(*p < 0.001, paired Student’s t-test).
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The histochemical results on the human cerebral cortex [14] indicate that the AChE-
positive neurons that may be considered cholinergic exhibit extensive dendritic arboriza-
tions and the reaction of the secreted enzyme is also positive around the perikarya. Since
our basal forebrain cultures contained a relatively large number of this latter type of
AChE-positive neurons, the morphological changes in the cholinoceptive and the choli-
nergic neurons in consequences of AR toxicity had already been demonstrated [9]. This is
the first in vitro study which provides information about the quantification of the signs of
toxicity in cholinergic and cholinoceptive neurons after treatment with full-length AR.
The change in localization of AChE within the cell can be regarded as an early sign of
neurotoxicity [9], when the synthesis of the enzyme has almost totally stopped and it is
translocated around the membrane.

The morphological signs of the toxic effects of AR 1-42, AR31-35 and AR34-39 could
also be detected on the GABAergic neurons, but they differed from those on the choliner-
gic and cholinoceptive neurons. Our results disprove the data of Pike and Cotman [19],
who found the GABAergic neurons to be resistant. We hypothesize that the controversial
data may arise from differences in the solvent and in the concentrations of the peptides
applied in the different experiments. Another difference lies in the age and origin of the
cultures used by ourselves and by Pike and Cotman. Our previous results [15] demon-
strated that the vulnerability of GABAergic neurons depends on their sizes: the most vul-
nerable GABA-immunoreactive neurons were the small ones (diameter 5-10 (im), since
only the number of these was decreased on 1day after AR 1-42 treatment. Monitoring the
numbers of three different sizes of GABAergic neurons for 5 days after treatment reveal-
ed the relative resistance of the large cells to AR treatment. We postulated that the differ-
ences in vulnerability within the GABAergic neurons may depend on other neurochemical
differences. Since the GABAergic neurons are nearly always colocalized with one of sev-
eral different calcium-binding proteins, our suggestion relates to the finding of Pike and
Cotman [21], who reported the resistance of calretinin-immunoreactive neurons to AR
toxicity. On the basis of the results mentioned above, we proposed that the small
GABAergic neurons do not contain one of the calcium-binding proteins, and they may
therefore be vulnerable to AR.

On the basis of the toxicity of both AR31-35 and AR34-39, we suggested that the amino
acids Leu3tand Met® may play a role in the neurodegenerative effect of RAP. This sug-
gestion seems to confirm earlier results [11]. Manelli and Puttfarcken found that the ami-
no acid substitution ARI-42(Nle3) decreased the toxicity towards rat hippocampal cells.

Abe and Kimura [1] demonstrated that AR toxicity consists of two phases, which are
distinguished on the basis of differences in duration and in Ca2+ dependence. The early
phase could be detected by the MTT assay, and the late phase by the LDH release assay.
Our study, with these methods confirmed these findings. We found that the two phases of
toxicity caused by AR31-35 can also be proved by these cytotoxic assays.

In summary, we have identified and characterized the morphological changes induced
by AR in cholinergic, cholinoceptive and GABAergic neurons. The signs of toxicity dis-
play characteristic features for the given neuronal population. The results of experiments
with short AR fragments lead us to conclude that Leu34 and Met3® may also be important
for the toxicity of amyloid peptides.
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The central cholinergic neurons are known to be closely linked to intellectual functions such as memory
and cognition. Alzheimer’s disease (AD) is accompanied by a substantial loss of choline acetyltransfer-
ase (ChAT) and acetylcholinesterase (AChE) activities associated with cholinergic and cholinoceptive
neurons in several brain areas, especially in the cortex. Several reports suggest an altered form of AChE
in AD. It may differ in its pH optimum and its responses to inhibitors, it may have lost its peripheral site
and it has an anomalous molecular form as revealed by isoelectric focusing. All of these features point to
the abnormality of the affected cholinergic neurons in AD.

The loss of cholinergic innervation in the brain of patients with AD has produced the “cholinergic hy-
pothesis”, which postulates that the memory dysfunction is a consequence of the cholinergic disturbances
in the afflicted areas. This led to treatment attempts with cholinomimetics, including cholinesterase
(ChE) inhibitors. AChE inhibitors function in AD by inhibiting AChE, which normally limits the amount
of acetylcholine (ACh) in the brain. In consequence, those cells which are still alive and produce ACh
may restore the cholinergic deficit at synaptic sites. The use of ChE inhibitors may therefore be the most
appropriate palliative treatment in the early stages of the disease, before severe neuronal degeneration
occurs. Some recent preliminary results suggest that long-term treatment with second- or third-generation
ChE inhibitors may slow down the development of the disease. This paper provides an overview of the
main therapeutic and diagnostic implications of ChEs in AD.

Keywords: Alzheimer’s disease - acetylcholinesterase - acetylcholinesterase molecular forms - buty-
rylcholinesterase - cholinesterase inhibitors

INTRODUCTION

Cholinesterases (ChEs) are enzymes found in many tissue types, including the nervous
system. Mammalian brain ChEs can be differentiated by selective inhibitors alone or in
combination with specific substrates into acetylcholinesterase (acetylcholine acetylhydro-

Dedicated to Professor Péter Késa on the occasion of the 25th anniversary of his appointment as
Head of Central Research Laboratory and the Alzheimer’s Disease Research Center.

Send offprint requests to: Dr. Zoltan Rakonczay, Alzheimer’s Disease Research Center, Albert Szent-
Gyorgyi Medical University, H-6720 Szeged, Somogyi u. 4, Hungary. E-mail: RZ@Comser.Szote.u-
Sz.cged.Hu.

0236-5383/98/$ 5.00 © 1998 Akadémiai Kiad6, Budapest


mailto:RZ@Comser.Szote.u-Sz.cged.Hu
mailto:RZ@Comser.Szote.u-Sz.cged.Hu

56 Z. Rakonczay and |. Kovacs

lase, EC 3.1.1.7, AChE) and butyrylcholinesterase (acylcholine acylhydrolase, EC
3.1.1.8, BuChE). Within the nervous system, AChE is the more abundant and its main
function is the rapid hydrolysis of acetylcholine (ACh) at cholinoceptive and cholinergic
synapses, but why mammalian tissues, including the brain, contain BUChE is a question
that has not been resolved.

ChEs also occur in high concentrations in non-cholinergic neurons, erythrocytes and
embryonic tissues, and transiently concentrated in proliferating cells [31, 32]. It has there-
fore been proposed that, under certain developmental conditions, AChE and BuChE may
function as peptidases and have the capacity to hydrolyze peptide bonds in naturally oc-
curring neuropeptides, such as substance P and enkephalins [8, 9]. Recent results showed
that the proteolytic activity of AChE may be associated with contamination of the prepa-
rations [7].

Considerable advances have been made in our understanding of the neurobiologie
features of Alzheimer’s disease (AD). Many other transmitter systems are affected by this
disease, but the cholinergic system is the most consistently afflicted and the most studied
[24], and it now forms one of the targets for therapeutic intervention [22, 29]. It has been
confirmed that the cholinergic indices may be unique in their association with dementia
severity [4].

Neurochemically, the cholinergic deficit relates to damage in the ascending cholinergic
projections from the nucleus basalis of Meynert to the cerebral cortex [63]. Pathologi-
cally, AD is characterized by massive parenchymal deposits of totally insoluble amyloid
protein, known as senile plaques (SPs). Another pathological hallmark is the neuro-
fibrillary tangle (NFT), which is mainly composed of abnormally phosphorylated cyto-
skeletal protein tau and consists of paired helical filaments in the afflicted brain areas.

Our main goal here is to review the literature on ChEs in AD. Special attention has
been paid to providing an insight into the histo-, immuno- and biochemical changes in
ChE activities and their molecular forms in AD. A survey is also made of the AChE in-
hibitors in vitro and in vivo as tools for recent and future therapeutic approaches.

MATERIALS AND METHODS

Membrane-associated AChE was extracted from normal human post-mortem brain.
Briefly: Tissues were homogenized in 10 vol. of 125 mM phosphate buffer, pH 7.4, and
centrifuged at 100,000 g for 1 h. The supernatant was discarded and the pellet was reho-
mogenized in the same buffer containing 0.5% Triton X-100. After centrifugation as
above the supernatant was used as membrane-associated AChE [51]. BUuChE was ob-
tained from normal human serum. ChE activities were determined by spectrophotometric
[13] or in the case of AChE molecular forms by radiometric [27] assays. AChE molecular
forms were separated by density gradient ultracentrifugation [51]. In enzyme inhibition
experiments, AChE or BUChE enzymes was preincubated with different concentrations of
inhibitors for 30 min. and the reaction was started with the substrate acetylthiocholine or
butyrylthiocholine. BW 284c51 (10'5 M) and ethopropazine (104 M) were used as spe-
cific AChE and BuChE inhibitors, respectively.
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AChE histochemistry followed the method of Tago et al. [61]. Ethopropazine (10'4 M)
was used to inactivate BUChE and BW281c51 (KI'5M) was added to control sections to
demonstrate reaction specificity.

RESULTS AND DISCUSSION

Histo- and immunochemical observations on cholinesterases
in Alzheimer’s disease

In the normal human brain, the density of the cholinergic (AChE-positive) fibers is high-
est in the limbic and paralimbic cortical zones, intermediate in most sensory-motor and
association zones, and lowest within the primary visual and visual association areas of the
occipital lobe. In AD, an overall 55% loss of cortical cholinergic fibers has been detected
[23]. However, a marked regional variation (18-85%) in the extent of this loss has been
found in different cortical areas [20, 21, 23]. The temporal lobe, and particularly the tem-
poral association areas, display adramatic loss of cholinergic fibers (80-85%). By contrast,
the anterior cingulate cortex, and the primary visual, primary somatosensory and primary
motor cortices exhibit a relative preservation of cholinergic fibers (18-45%) [23].

Several reports have shown that AChE activity is associated with cortical and hippo-
campal SPs and NFTs in AD [17, 45, 59] (Fig. 1). The specificity of ChE histochemical
reaction products found in the SP, the NFT and amyloid angiopathy was established by
using ChE inhibitors [18, 35]. The reaction product associated with these lesions was
completely inhibited by the specific AChE inhibitor [,5-bis(allyldimethylammonium-
phenyl)pentan-3-one dibromide, BW284c51 (KI4 M), but was not affected by the spe-
cific BUChE inhibitor tetraisopropyl pyrophosphoramide, iso-OMPA (KT4 M), or etho-
propazine (KT4 M). Conversely, the BUChE reaction product was reliably inhibited by
iso-OMPA, but not by BW284c51. When sensitive histochemical techniques were applied
for the visualization of ChEs, AChE activity was observed in a substantial population of
SPs and NFTs throughout the cerebral cortex of AD patients [37, 38]. AChE-positive ax-
ons were severely depleted in the cerebral cortex of the AD brain. The location of the en-
zyme was demonstrated histochemically to be largely shifted to the SP or NFT. Histo-
chemical observations have indicated that the AChE in normal neurons and ChEs associ-
ated with pathological lesions in AD differ in pH requirements for staining [37]. The
AChE associated with normal neural elements was stained best at pH 8.0. At pH 6.8 to
7.0, enzyme activity was present in both mature and immature SPs, the amyloid core, the
neuritic halo, and the extracellular tangles. On the other hand, the ChEs associated with
normal neurons and axons differed from AD ChEs in their sensitivity to ChE inhibitors
[18]. The formation of the AChE histochemical reaction products in normal neurons and
axons was completely inhibited by 1(I'-1(F'6é M of the specific AChE inhibitor
BW284c51. The AChE activity within the SPs and NFTs, however, required concentra-
tions as high as ICU-KT4M of BW284c51 for complete inhibition. The BUChE activity
associated with the SPs and NFTs necessitated similarly high concentrations (1Crs—K)“4
M) of the BUChE inhibitor iso-OMPA for complete inhibition. The ChEs in AD samples
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Fig. 1. AChE histochemistry of frontal cortex from control brain sample (A). Enzyme-positive axons
display multiple varicosities. Scale bar = 100 pm. Frontal cortex from a 72-year-old man with Alzhei-
mer’s disease (B). Note the presence of AChE-positive fibers and plaques (arrows). Scale bar = 100 pm

therefore required 10-100 times higher concentrations of inhibitors for complete inhibi-
tion as compared with ChEs associated with normal neurons and axons. Indolamines such
as serotonin and 5-hydroxytryptophan and the protease inhibitors bacitracin and carboxy-
peptidase inhibitor, at a concentration of 5 x 10”3 M, completely inhibited the histochemi-
cal reactivies of both AChE and BuChE in the pathological lesions of AD [64]. At the
same concentration, these compounds had no effect on the AChE activity of normal neu-
rons and fibers.

In many regions of the AD cerebral cortex, AChE- and BuChE-positive SPs and NFTs
were intermingled throughout the depth of the cortex, suggesting that the AChE and Bu-
ChE activities might be colocalized within a single population of SPs and NFTs [10]. In
some cortical areas, however, the superficial cortical layers contained predominantly
AChE-positive NFTs, whereas the deep layers contained only BuChE-positive NFTs [10].
Histochemical observations indicate that BUChE accumulates in the plaques of R-amyloid
(AR) in AD, together with a form of AChE selectively expressed in the neuroglia. Many
elderly individuals have extensive AR deposits in the brain without any evidence of de-
mentia. The BUChE reactivity covers a greater portion of the SPs area in AD than in age-
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matched control brains, suggesting that the accumulation of BUChE may be one of the
factors that participates in the “ripening” and eventual pathogenicity of AR deposits in
AD [36]. Furthermore, in comparison to normal elderly individuals, AD brains displayed
a significantly higher density of BuChE-positive glia and a lower density of AChE-
positive glia in the entorhinal and inferotemporal cortices, but not in the primary somato-
sensory and visual cortices [65]. These observations may suggest that the glia are a likely
source of the BuChE associated with the pathological lesions of AD.

In the entorhinal cortex of AD brains, immunohistochemistry with monoclonal anti-
bodies [51] revealed AChE- and BuChE-like immunoreactivities in the SPs and NFTs,
indicating that the histochemical ChE reactivity observed in the SP and NFT most proba-
bly originates from AChE and BuChE molecules [19].

The relationship between the cholinergic cortical innervation and the pathogenesis of
these SPs is unknown. The character and the distribution of SPs in monkeys aged 4-31
years was analyzed with staining for AChE and also with Congo Red and silver stains
[59]. It was found that both immature and mature SPs were rich in AChE. As the SPs
matured, the amount of AR increased, while the number of neuntes and the activity of
AChE decreased. End-stage amyloid-rich SPs lacked AChE [59]. These observations may
indicate that changes in the cortical cholinergic innervation are important features in the
pathogenesis and the evolution of neuritic SPs.

Heparan sulfate, heparinase lyase type | and to a lesser degree heparin and chondroitin
sulfate are effective in solubilizing a large part of the ChE activity. Therefore, it has been
proposed that AChE is anchored to and may be released from heparan sulfate glycosami-
noglycans shown to be contained in the lesions [28]. It has also been suggested that the
localization of ChEs is closely associated with the accumulation of the glycosaminogly-
cans in the SPs and NFTs [28].

A two-site immunoassay was performed for human brain AChE where autopsy samples
of cortical regions A-9, A-10, A-17, A-21 and A-22 and subcortical regions (nucleus ac-
cumbens and hippocampus) from six non-neurological cases and five patients with AD
were compared [25, 51]. A highly significant deficit of AChE protein was shown, aver-
aging about 60%. Simultaneous immunoassays and measurements of enzyme activity, as
determined spectrophotometrically, revealed a closely similar deficit in both cases. It was
therefore concluded that in parallel with the enzyme activity decrease there is no immu-
noreactively impaired AChE in the AD brain. In other words, there is no accumulation of
inactive AChE protein in the AD brain.

Cholinesterase activi_ties and_ their molecularforms in the normal
and the Alzheimer’s disease centred nervous system

In the human brain, the total ChE level and the distributions of the molecular forms vary
from region to region. Both AChE and BUChE are expressed as multiple molecular forms,
including globular monomers (Gi), dimers (G2 and tetramers (G4) of catalytic subunits,
as well as asymmetric molecules with one (A4), two (A8 or three (Ai2 tetramers attached
to a three-stranded collagen-like coiled structure. The molecular forms can be separated
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Fig. 2. Pattern of AChE molecular forms in human brain cortex. Tissues were homogenized in 10 vol. of

12.5 mM phosphate buffer, pH 7.4, and centrifuged at 100,000 g for 1 h. The supernatant was discarded

and the pellet was rehomogenized in the same buffer containing 0.5% Triton X-100. After centrifugation

as above, the supernatant was used as membrane-associated AChE. 0.4 ml supernatant was layered onto

a 5-20%> w/v sucrose gradient. The gradients were run in an SW 41 rotor for 18 h at 38,000 rpm

(178,000 g) and fractions were collected from top to the bottom. Catalase (11.3 S) was used as an
internal marker enzyme

by ultracentrifugation in sucrose density gradients and their sedimentation velocities can
be determined. On the other hand, on the basis of the in vitro solubility characteristics,
three main types of AChE can be distinguished: (1) high-salt-soluble, (2) low-salt-soluble
and (3) detergent-soluble. The detergent-soluble forms are regarded as hydrophobic, mem-
brane-associated enzymes, while the low- and high-salt-soluble enzyme forms are hydro-
philic. The carbohydrate composition of the membrane-bound forms of AChE from the
brain varies, as seen by interactions with lectins, suggesting an additional level of com-
plexity of ChE polymorphism [34]. Although the significance of the different molecular
forms is not clear, their tissue distribution is thought to reflect a specific physiological
function and may change in pathological states [48, 50]. Within the central nervous sys-
tem (CNS), the proposed physiological functions of the ChEs are probably mediated
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through G4 AChE (10 S), though the Gi (4 S) is also present in small amounts in the hu-
man brain (Fig. 2).

Biochemically, the cholinergic deficit is reflected by a 10-60% loss of AChE in af-
flicted brain regions [11]. The selective loss of G4 (10S) AChE molecular forms in the pa-
rietal cortex (Brodmann area 40), together with a decrease in enzyme activity in autopsied
material from patients with AD, was demonstrated about fifteen years ago [2]. The G4
form is of particular interest, since it is the most prevalent form in the brain [47]. Later,
the above results were confirmed and extended to cover more brain areas [15, 55]. Taken
together, all groups found decreases in the enzyme activity or in the ratio G4Gi in Brod-
mann areas 7, 8, 9, 10, 11, 21, 22 and 40 and the amygdala, but did not observe changes
relative to age-matched controls in Brodmann areas 17 and 20, or in the hippocampus,
nucleus caudatus, substantia nigra or cerebellum (Table 1). They proposed that there is a
predominant loss of the G4 form of AChE in AD and that this loss is correlated with the
degeneration of presynaptic elements which may be directly involved in the regulation of
AChE transmission, sparing the cortical Gi form. The latter form is apparently associated
with postsynaptic structures unaffected in this disease. In addition, the ratio G"Gi for
BuChE was decreased by 20-40%, which was slightly less than the loss for AChE [1]
(Table 1).

The changes in the distribution of the AChE molecular forms were studied in Brod-
mann area 21 of AD cases [67]. It was found that there were no changes in the distribu-
tion of the soluble Gi and G4 forms, but there was a significant (40%) decrease in the
membrane-associated G4 AChE [54]. Moreover, 342% and 406% increases were noted in
the asymmetric AR2and Ag AChE. These molecular forms are difficult to quantitate unless
separated from the globular ones. The increases in the asymmetric forms were small in
absolute terms, but large when expressed as percentages of the control. It has been sug-
gested that the increase in asymmetric AChEs reflected an impairment of fast axonal
transport on the axons of diseased cholinergic neurons projecting from the basal forebrain
to the cerebral cortex [67]. Alternatively, this increase may be due to a sprouting phe-
nomenon or neural plasticity to compensate degenerating cholinergic fibers in early AD.
Interestingly, these asymmetric forms barely exist in the normal brain, and their elevated
levels may be connected with the pathological lesions in AD.

Accumulation of AChE activities in AD brain fractions enriched with SPs and NFTs
has been confirmed [39]. After digestion with collagenase and trypsin, only the G4 en-
zyme was found in the supernatant. From these results, it was concluded that the AChE in
the SPs and NFTs might be of the asymmetric type, anchored to the SPs through a colla-
gen tail.

Interestingly, a high abundance of Gj and a low ratio G4Gi were found for both AChE
and BuChE in the human embryonic brain, resembling the pattern observed in AD [1]. On
the other hand, both in the embryonic brain and in AD AChE shows no substrate inhibi-
tion, which is a constant feature of the enzyme in the adult human brain. It was therefore
concluded that the degeneration of the cholinergic cortical afferentation in AD is reflected
by a decrease in AChE G4. This decrease is accompanied by the process of a neuritic
sprouting response involved in SP formation, which is probably associated with the ex-
pression of a developmental form of the enzyme. On the other hand, substrate inhibition is
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dependent on the integrity of the peripheral site, and it might therefore be possible that in
AD point mutation(s) in AChE gene or in situ membrane disturbances are the actual cause
of this phenomenon.

Table 1
Ratios of molecular forms of cholinesterases
in area dissected from postmortem brains of patients
with Alzheimer’s disease and controls

Area AChE G./G] ratio References
(% of control)

Broodman region

A7 52.1 [:]
A9 495 [15]
A10 48.7 [15]
Al 1 455 [15]
Al7 N.S. |15]
A20 N.S [15]
A21 59.4 [15]
A22 32.8 [:]
A23 N.S. w
A24 N.S. [55]
A40 48.4 [15]
Amygdala
Cortical nucleus N.S. [55]
Lateral basal nucleus 334 [55]
Medial basal nucl. N.S. [55]
Lateral nucl. N.S. [55]
Hippocampus N.S. [15]
Hippocampus area
CAl 66.7 [55]
CA2/3 N.S. [55]
CA4 69.7 [55]
Nucleus caudatus N.S. [:]
Nucleus basalis 54.9 [:]
Substantia nigra N.S. [55
Cerebellum N.S. [15]

BuChE G./G: ratio
(% of control)

Brodmann region

A7 68.7 [:]
As 62.1 [:]
A20 75.4 [:]
Hippocampus 77.0 [:]
Nucleus caudatus 67.4 [:]
Nucleus basalis 59.7 11]

Differences from controls are statistically significant unless in-
dicated N.S. (= non significant).
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ChAT and AChE were measured in the anterior and posterior gray matter of the lum-
bar spinal cord of AD patients and controls [66]. While the ChAT level was reduced, that
of AChE was unaltered in the AD spinal cord. The decreased spinal cord ChAT level may
be related to electrophysiological abnormalities that have been reported in the motor
nerves of patients with AD. However, it should be noted that AD patients seldom present
with motor symptoms.

In vitro effects of clinically significant inhibitors on the cholinesterases
and their molecular forms

Table 3 shows the in vitro IC@values of 6 different inhibitors (Table 2) on human cholin-
esterases. They inhibit both AChE and BuChE to different degrees. Ambenonium has the
highest specificity for AChE, followed by neostigmine. Physostigmine was equally well
effective for both AChE and BUChE. Tacrine and heptyl-physostigmine inhibit BUChE
more effectively than AChE.

Table 2
Pharmacologically important cholinesterase inhibitors

Compound Company Clinical phase
Cognex (Tacrine) Warner-Lambert Registered
Aricept (Donepezil)  Eisai Registered
Eptastigmine Mediolanum 1

TAK-147 Takeda ]

ENA 713 Sandoz m
Metrifonat Bayer/Miles m

Huperzin A Chinese Acad. Sei. Il

Table 3

Inhibition of human cholinesterases by representative drugs

Inhibitor ic.s0 (4M) Selectivity
AChE* BuChE**  BuChE/AChE

Ambenonium 0.004 12.7 3175
Neostigmine 0.025 0.148 5.9
Physostigmine 0.018 0.018 1
Tacrine 0.45 0.063 0.14
Metrifonate 1.08 0.182 0.17
Heptyl-physostigmine 0.044 0.004 0.09

*cortex, **plasma
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The effects of three clinically significant AChE inhibitors, physostigmine, a novel car-
bamate derivative of physostigmine (heptyl-physostigmine) and edrophonium, on the wa-
ter-soluble AChE molecular forms in the caudate-putamen region were investigated [41].
Heptyl-physostigmine exhibited preferential inhibition for the G] form. In contrast, edro-
phonium inhibited the G4 form more potently than the G] form. Physostigmine inhibited
the two forms with similar potency. These findings suggest a possible therapeutic appli-
cation of a Gi-selective inhibitor in inhibiting the Gi form, which is relatively unchanged
in the AD brain [41].

The influence of various AChE inhibitors ((+)(S)-N-ethyl-3-[(I-dimethylamino)ethyl]-
N-methylphenylcarbamate hydrogentartrate (Sandoz, Basle, SDZ ENA 713, a novel cen-
trally selective inhibitor), physostigmine, heptyl-physostigmine and 1,2,3,4-tetrahydro-9
aminoacridine, tacrine (THA) on the Gi and G4 forms of AChE isolated from post-
mortem brain tissue from patients with AD was studied [14]. It was found that physostig-
mine and THA inhibited the G[ and G4 forms equally well, as expressed by the near unity
value of the ICH ratio G*G].

On the basis of the histochemical and biochemical investigations on AD brains, it has
been suggested that ChEs have different properties as regards the interactions with sub-
strates and inhibitors from those of the enzymes in the normal brain (see AChE histo-
chemistry in AD). No difference in AChE activity between the control and AD groups
was found in the hydrophilic, salt-soluble fraction [14]. However, the detergent-soluble
membrane-bound enzyme activity was reduced by 70-80% in all brain regions (cortex,
hippocampus and striatum) from AD cases [14]. Kinetic experiments revealed that the af-
finity of the enzyme for its substrate (Knm) was similar in the control and the AD groups.
As a consequence of the loss of enzyme, the apparent Vnax values were decreased in the
AD brains [4].

Highly potent, selective and low-cost bifunctional AChE inhibitors have been devel-
oped by utilizing computer modeling of ligand docking with target protein [42]. Eleven
alkylene-linked bis-THA analogs were synthesized. These analogs were up to 10,000-fold
more selective and 1,000-fold more potent than THA in inhibiting rat serum BuChE or rat
brain AChE [42]. The computational studies strongly suggest that a low-affinity THA pe-
ripheral site exists in AChE. These compounds may be useful in the near future to replace
THA; the therapeutic dose could thereby be lowered and the hepatotoxic side-effects pre-
vented.

A novel AChE inhibitor, TAK-147 (3-[I-phenyl-4-piperidinyl]-1-(2,3,4,5-tetrahydro-
IH-1-benzazepin-8-yl)-l-propanone fumarate, induced a potent and reversible inhibition
of AChE activity in homogenates of the rat cerebral cortex (IC= 51.2 nM). It was 3.0-
and 2.4-fold more potent than THA and physostigmine, respectively [26]. In addition to
AChE inhibition, TAK-147 also moderately activates the monoaminergic system [26].

Finally, it must be noted that almost all of the morphological and biochemical abnor-
malities seen in AD can also be seen (but to a much lower extent) in normal, non-de-
mented, aged human brains. Moreover, in one-third of Parkinson’s disease patients the
cholinergic deficit is similar to that in AD [53]; the cholinergic deficit may therefore be
one of the characteristic signs of dementia, but it does not seem to be specific for AD.
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Therapeutic approaches to Alzheimer’s disease with cholinesterase
inhibitors

Considerable advances have recently been made in our understanding of the neurobi-
ologie features of AD. Many other transmitter systems are affected by this disease, but the
oholinergic system is most consistently effected and most studied, and it now forms one of
the targets for therapeutic intervention. Unfortunately, in clinical practice AD is a hetero-
geneous disorder; patient populations can be divided up into subgroups, e.g. familial ver-
sus sporadic disease, rapid versus slow progression, early versus late onset, or responders
versus nonresponders to cholinergic therapy. Nevertheless, the best-developed approach
to cholinergic therapy so far has been the use of cholinergic inhibitors and it is still the
most promising (Table 2), since precursor loading with choline or phosphatidylcholine is
ineffective. The concept behind the use of ChE inhibitors is the restoration of the choli-
nergic balance, at least for a while, through elevation of the ACh levels and augmentation
of the function of the remaining ACh receptors. Drugs promoting the cholinergic function
were therefore proposed for the treatment of AD. Particularly AChE and BuChE were
used as molecular targets of pharmacological intervention.

There is generally some temporary improvement after anti-ChE treatment, but choli-
nergic side-effects due to peripheral ACh stimulation can sometimes be severe (abdomi-
nal cramps, nausea, diarrhea, vomiting, anorexia, weight loss, insomnia, myopathy, men-
tal depression). Particularly in the cases involved in the earliest studies with the first gen-
eration of fairly specific AChE inhibitors such as physostigmine, the results were mixed
but showed promise [12]. The disadvantages of using physostigmine include its very short
duration of action (minutes) and the need for optimization for individual patients. Fur-
thermore, the bioavailability of orally administered physostigmine is unpredictable and
renders the handling of this drug difficult in the clinic. Nevertheless, the first positron
emission tomography images of human brain AChE with [nC]physostigmine as tracer
have recently been reported, showing the in vivo regional distribution of AChE. The cere-
bral distribution was typical of AChE activity: putamen-caudate > cerebellum > brainstem
> thalamus > cerebral cortex [43]. It was suggested that this method allows a noninvasive
in vivo determination of the cerebral AChE content, which is promising for study of the
changes in AChE levels associated with neurodegenerative diseases such as AD. Moreo-
ver, it may provide an early diagnosis, and offers an assessment of the clinical efficacy of
ChE inhibitor therapy.

The first long-acting anti-ChE drug, as a second generation of AChE inhibitors, to be
approved by the Food and Drug Administration in the United States for use in AD ther-
apy, is THA (Cognex), (Table 2). This drug penetrates the CNS and has a relatively low
toxicity; it was first considered beneficial for AD patients [60]. However, THA has mod-
est effects on 20-50% of the patients and has undesirable side-effects, including hepato-
toxicity, which demands frequent monitoring of liver transaminases and autonomic sym-
ptoms. Furthermore, its bioavailability varies greatly from individual to individual. The
experimental results reveal that THA exerts a wide variety of pharmacological actions in
addition to its ability to block AChE: it also has regulatory effects on muscarinic and ni-
cotinic receptors and on ACh synthesis, it inhibits GABA release, it stimulates dopamine,
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histamine and 5-hydroxytryptamine release, it inhibits monoamine oxidase A and B, it has
a marked ability to block potassium, sodium and calcium channels, and in vitro it can al-
ter the secretion of amyloid precursor protein in cultured cell lines [16]. It is interesting to
note that a subpopulation of AD patients, i.e. those lacking the ApoE4 allele, display a
preferential improvement during THA treatment. In contrast, AD patients with at least
one copy of the ApoE4 allele are insensitive to THA treatment [46]. However, there has
recently been a report of a multicenter, double-blind, placebo-controlled trial of THA
therapy, which included 663 patients suffering from mild to moderate AD. In this study,
AD patients who were probably sensitive for THA therapy (>80 mg THA daily for 30
weeks) showed a delay in entering the nursing home [30].

The recently developed third generation of AChE inhibitors are donepezil (E2020,
Aricept, I-benzyl-4-[5,6-dimethoxy-l-indanon)-2-ylimethylpiperidine  hydrochloride),
heptyl-physostigmine, huperzine A and metrifonate (2,2,2-trichloro-1-hydroxyethylphos-
phonate, MTF), which have a longer duration and a lower toxicity. Donepezil-Aricept is
the second drug approved by the FDA for treatment of the symptoms of mild to moderate
AD. The results of multicenter, randomized, double-blind, placebo-controlled trials in the
USA revealed that patients treated with donezepil showed dose-related improvements in
the Alzheimer’s Disease Assessment Scale, cognitive subscale and Mini Mental State Ex-
amination scores [52]. There was a statistically significant correlation between the plasma
concentration of donepezil and the extent of AChE inhibition. In addition, donepezil had
no clinically significant effect on vital signs, hematology or clinical biochemistry tests,
was not associated with any hepatotoxicity and had fewer side-effects than observed with
THA [52].

Heptyl-physostigmine (also known as eptastigmine) is a derivative of physostigmine
(Table 2). Compared with physostigmine, heptylphysostigmine has less side-effects and a
longer duration of action. A multicenter study was recently carried out according to a
double-blind, randomized, placebo-controlled, unbalanced parallel-group design, with 83
subjects in the eptastigmine group and 20 in the placebo group [5]. This study showed
that doses of 40-60 mg of eptastigmine per day are relatively safe and well tolerated, and
that moderate AChE inhibition is associated with maximal cognitive efficacy.

(-)-Huperzine A is a very potent reversible blocker of AChE, with an average Kj value
of 8 nM [33]. Racemic (+/-)-huperzine A was about twofold less potent than the more ac-
tive (-) isomer in the inhibition of rat cortical AChE. It has also been suggested that it
could be superior to physostigmine and THA for the treatment of AD and other choliner-
gic-related impairments [33]. Huperzine A can reduce glutamate-induced toxicity besides
selectively inhibiting AChE [62]. Huperzine A could therefore be a potent neuroprotec-
tive agent not only where cholinergic neurons are impaired, but under conditions in which
glutamatergic functions are compromised [62]. Accordingly, in vivo studies have indi-
cated the potential of this drug to improve memory in humans [68].

A 3-month double-bind study has been completed to compare MTF with placebo in 50
patients with probable AD [3]. The MTF was dosed to achieve a 40-60% inhibition of
red blood cell AChE activity. At completion of 3 months of treatment, the ADAS-cog
subscale score in the MTF group differed from that in the placebo group by 2.6 points
(p < 0.01); there were also significant differences in the Global Improvement Scale
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(p <0.02) and Mini-Mental State Examination scores (p < 0.03). Moreover, less than ex-
pected deterioration was found in AD patients who received MTF for up to 18 months
[3]. It was concluded that MTF may slow the rate of decline in AD.

In clinical practice, AD is a heterogeneous disorder (see above). The evidence is clear
that ChE inhibitors will not be a treatment that can be used on every patient with AD. The
effects are modest, and the high incidence of side-effects and the intensive monitoring
during treatment complicate the management. Given these considerations, it is possible to
conclude that inhibitors are effective only in mild to moderate AD cases.

Finally, many new ChE inhibitors are now undergoing clinical trials (Table 2). The de-
velopment of chemically novel AChE inhibitors that are relatively safe remains a thera-
peutic goal and hopefully some of them will come into clinical use in the very near future.
However, although there is currently no way to stop progression, ChE inhibitors provide
an effective temporary relief of symptoms in some patients. The final point is that there is
a great need for better treatment, and especially treatment that has a more primary effect
in preventing the development or possibly delaying the disease.
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The direct effects of synthetic human amyloid R-peptide 1-42 (ARI-42), scrambled ARI-42 (MODI and
MOD?2), and related fragments (AR31-35, AR34-39, and ARI7-21), either freshly dissolved (non-aged)
or aged for 2, 4, 12 and 24 h, were studied on acetylcholine release from rat basal forebrain tissue slices.
In in vitro tissue slices, ARI-42 aged for 2 h, and AR31-35 and AR34-39 aged for 24 h evoked acetyl-
choline release from the basal forebrain tissue slices in a Ca'+~dependent manner. Transmitter release
was not observed on the use of freshly dissolved ARI-42 and scrambled ARI-42 (MODI and MOD2)
and AR 17-21 aged for 24 h. These data support the suggestion that it is the fibrillar (aggregated) form
which is effective on the axon terminals and evokes direct acetylcholine release. It is proposed that one of
the roles of AR in the brain is the presynaptic modulation of acetylcholine release, in this way causing
first an altered Ca‘+homeostasis, then cholinergic hypoactivity and finally the retrograde degenaration of
cholinergic nerve cells.

Keywords: Amyloid R-peptide - aggregation - acetylcholine release - tissue slices - basal forebrain -
Alzheimer’s disease

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder of the brain characterized by
the presence of large numbers of degenerated nerve cells, neurofibrillary tangles and
amyloid R-peptide (AB)-containing senile plaques and a cholinergic hypofunction [for a
review, see 12]. Morphological and neuropharmacological studies suggested that AR
contributes to the progression of AD and may be involved in the neuropathological de-
generation of the cholinergic nerve cells. The exact mechanism of the cellular degenera-
tion, however, is not yet understood. The results of neurotoxicologic studies revealed that
the aggregated form of AR may be the form that is toxic to different type of neurons [11,
26, 31]. Indeed, several authors have reported that freshly dissolved AR has no effect,
while the fibrillar and/or aggregated peptide may be toxic to cholinergic [10] and GABA-
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ergic [21, 22] neurons. There is convincing evidence that the early degeneration of as-
cending cholinergic neurons contributes to AD dementia.

Preliminary in vitro neuropharmacological experiments demonstrated a prompt stimu-
latory effect of aged AR 1-42 and related fragments (AR31-35 and AR34-39) on acetyl-
choline (ACh) release from rat brain tissue slices [10]. In contrast, freshly dissolved ARI-
42 and ARI-40 and related peptides such as ARI-28 and AR25-35 inhibited the K+
evoked ACh release from slices of rat hippocampal and frontal cortex, but not the stria-
tum [15, 16]. These controversial results led us to reinvestigate the effects of freshly dis-
solved (non-aged) and aged AR peptides on ACh release from the rat basal forebrain, a
region severely affected in AD. We examined the effects of freshly dissolved and aged
AR and some fragments and the effects of the presence and/or absence of Ca2+in the su-
perfusion medium on the ACh release from basal forebrain tissue slices. The results dem-
onstrate differences in the ACh release from tissue slices when freshly dissolved and aged
AR peptides are used. Morever, the effects of these AR peptides in enhancing AR-evoked
ACh release are Ca2+dependent processes.

MATERIALS AND METHODS
Materials

Methyl-[3H]choline (choline chloride-methyl-'"H; specific activity, 83 Ci/mmol) was pur-
chased from Amersham International U.K.

Human AR peptides, including ARI-42, AR31-35, AR34-39, MODI, MOD2 and
ARI7-21, were synthetized in our Department of Medical Chemistry as described earlier
[18]. The sequences of human ARI-42, the scrambled forms of ARI-42 and the related
fragments used in our experiments were:

ARI-42: DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
ARI-42 (MOD-1): DAQSRHDSGAQSHHAKSASAAQDSGSNKGAIIGLMAGGSASA
ARI-42 (MOD-2): DAQSRHDSGAQSHHAKSVFFAQDSGSASGAIIGLMAGGSASA
AR31-35: IGLM

AR34-39: LMVGGV

AR17-21: LVFFA

The purities of the peptides were checked by HPLC and their compositions were veri-
fied via their amino acid contents. NaCl, KCI. CaCL, MgS04, NaHC02 NaHZP 04, D-
glucose, acetonitrile, hemicholinium-3 (HC-3) and trifluoroacetic acid (TFA) were from
Sigma (St. Louis, MO, USA). The scintillation cocktail Ultima Gold was from Packard
(Groningen, NL).
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Preparation of basalforebrain tissue slices and superfusion

Adult male Sprague-Dawley rats (250-350 g) were used in the study. The animals were
decapitated and the brains were immersed in ice-cold modified Krebs-Ringer buffer solu-
tion (KRS, in mM: NaCl 118, KC1 4.8, CaCl21.3, MgS04 1.2, NaHCO; 25, NaHZ2 04 1.2
and D-glucose 10, adjusted to pH 7.4). A part of the basal forebrain was rapidly dissected
out (Fig. 1), and 350-pm thick slices were prepared with a Mcllwain tissue chopper
(Mickle Laboratory Engineering, Gomshall, Surrey, U.K.). The slices were washed and
then incubated for 60 min at 37 °C in KRS containing 2 pCi/ml methyl-[3H]choline chlo-
ride (spec. act. 83 Ci/mmol) and 1.0 mM HC-3. No acetylcholinesterase inhibitor was
added to the incubation medium; thus, the released [3H]JACh converted to [3H]choline is
measured. The slices were then superfused for 70 min to remove any free tritium. Super-
fusion was maintained at a rate of 1.0 ml/min with KRS containing 1 mM HC-3, gassed
continuously with 95% 0 25% C 02 Samples were collected every 3 min.

Fig. 1. Coronal section of rat brain, showing the basal forebrain region (caged area with asterisk) used
in this study
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Figs 2-5. Rates of ACh release induced with 20 uM of AR 1-42 aged for 3 h (Fig. 2), or AR25-35

(Fig. 3), AR31-35 (Fig. 4) and AR34-39 (Fig. 5) aged for 24 h. Note the effects of these peptides on the

transmitter release and the effects of the omission of Ca"+from the superfusion solution. No tritium re-
lease can be detected in the absence of Ca~+from the superfusion solution
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Determination oftritium release

The tritium recovered following stimulation was analysed with a scintillation spectrome-
ter. Tritium in the superfusate (3 ml) was detected, after addition of 6 ml of Ultima Gold
LSC-coctail, by liquid scintillation spectroscopy. After superfusion, the slices were ho-
mogenized in 0.5 ml KRS and transferred into scintillation vials containing 5 ml of Ul-
tima Gold for determination of the radioactivity in the tissue slices. The recovery of ra-
dioactivity present in the superfusate and in the tissue slices was 95 to 98%.

Preparation of AR solution

AR 1-42 was dissolved in acetonitrile and TFA solution at a concentration of 200 pM
(stock solution), and an aliquot was diluted tenfold with KRS and used as fresh solution.
Other aliquots were aged for 2, 4, 12 or 24 h and used for further experiments.

RESULTS

Figure 2 shows the rates of the ARI-42-stimulated and the basal outflow of [3H]choline
from rat basal forebrain slices. Aged ARI-42 (20 pM) significantly increased the basal
outflow of ACh in the presence of Ca2+ but in the absence of Ca2+the release of tritium
fell below the basal ACh release. Similarly, 20 pM AR25-35 (Fig. 3), 20 pM AR31-35
(Fig. 4) and 20 pM AR 34-39 (Fig. 5) evoked transmitter release after aging for 12 or 24 h.

Figure 6 demonstrates that the shorter fragments of AR (31-35 and 34-39) also induced
tritium release after aging for 24 h. No such effect was observed following the application
of ARI7-21 or scrambled ARI-42 (MODI and MOD?2), even after aging for 24 h.

Figure 6 summarizes the results. It is demonstrated that the addition of freshly solubi-
lized (non-aged) ARI-42 and related fragments (AR31-35 and AR34-39) for 3 min to the
medium superfusing basal forebrain tissue slices of rat preloaded with [3H]choline caused

BASAL RELEASE
SOLVENTS
.461-42

AB31-35

AWN34-39

.4617-21

MOD |

MOD I

0 200 400

Fig. 6. The effects of aging of ARI-42, MODI and MOD?2, and the shorter peptide fragments on in vitro
tritium release from the basal forebrain tissue slices of rat. ARI-42 induces transmitter release within a
period of 2 h, while similar effects of the other peptides can be demonstrated only after aging for 24 h
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no significant tritium outflow over the basal values. Addition of ARI-42 aged for 2 h (in
some experiments for 3 h), 4, 12 or 24 h to the superfusion solution significantly en-
hanced the tritium outflow, which subsequently (within 18 min after the onset of stimula-
tion) returned to the basal values. No similar stimulation of tritium outflow was evoked by
ARI7-21 or the modified ARI-42 (MOD-1 and MOD-2).

DISCUSSION

Our results clearly indicate that ARI-42 and related fragments (AR31-35 and AR34-39)
can directly enhance the release of ACh in vitro from basal forebrain tissue slices [5, 11
and present results]. This effect is dependent on the presence of Ca2+in the superfusion
solution. In contrast with our observations, others [1, 9, 15, 16] have reported that the re-
lease of ACh was decreased rather than increased by ARI-42, ARI-40, ARI-28 and
AR25-35. Others observed various effects of AR, such as an increase of neuronal mem-
brane conductance [30], or of the choline conductance of PC12 cells [7], the induction of
Caz*-currents in neuron-like human teratocarcinoma cells [28], an increase of Ca2+ cur-
rents in rat cerebellar granule neurons [27], an enhanced leakage of choline out of choli-
nergic neurons [2], the opening of non-selective ion channels in rat cortical neurons [6],
the decrease of ACh synthesis in a cell line derived from cholinergic neurons of the basal
forebrain [25], a reduction of the GABA-induced CI current in Aplysia neurons [29], dis-
ruption of the Ca2+ homeostasis by increasing the intraneuronal Ca2+concentration to in-
duce an early and transient increase in the intracellular Ca2+level [2], and the induction of
alterations in the intracellular Ca2+[17, 20, 32]. Although the various effects induced by
AR have been clearly demonstrated, there is as yet no agreement as to whether there is a
specific receptor at the membrane surface for AR, or whether the effect of the peptide is
mediated through a non-specific physicochemical interaction with cell membranes [8], it
opens channels for the entry of Ca2+[20], it forms channels for Ca2+[20] or it opens non-
selective ion channels [6], resulting in neuronal degeneration. The first sign of this dege-
neration is the translocation of acetylcholinesterase from the endoplasmic reticulum to the
membranes and to the dendrites of the cholinergic and/or cholinoceptive neurons [13, 14].

The results in the in vivo [3] and in vitro [4, 23] effects of AR clearly show that it has
neurotoxic effects on cholinergic [10] and non-cholinergic neurons [22, 24]. However, the
exact molecular mechanism of the degeneration of the different types of neurons and the
resulting emergence of AD remains to be further elucidated, although it has been sug-
gested that the peptide conformation [19] and aggregation may be responsible for the neu-
rotoxicity.
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Methoxy-substituted benzoquinone contents of eight wood samples collected from trees grown in Hun-
gary were studied by a modified RP-HPLC method. Three samples (Fraxinus excelsior, Fagus silvatica
and Salix alba) did not contain 2,6-dimethoxy-p-benzoquinone (2,6-DMBQ). Other samples (Ailanthus
altissima, Almus glutinosa, Quercus robur, Populus balsamifera, Robinia pseudoacacia) contained
0.02-0.3 mg/100 g of 2,6-DMBQ.

Keywords: 2,6-dimethoxy-benzoquinone - reversed-phased HPLC - trees

INTRODUCTION

The important biologica] activity of some quinones is well known. Several quinones occur
in the nature such as ubiquinones, plastoquinones, menaquinones, etc. They play an im-
portant role in the photosynthesis of some bacteria, in the respiratory chain of animal
cells, in blood coagulation, etc. One of the most known quinones, vitamin K, influences
the rate of blood coagulation. Quinone compounds may be formed in vivo from phenolic
compounds e.g. dopaquinone is derivative of tyrosine. Several quinones are also used for
therapeutic purposes. Adriamycin, daunorubicin, mitomycin c, etc. have cytostatic effects.
Other benzo- and hydroquinones have antimicrobial effects [28, 40], and therefore are
active components of Tetran-B, Metacyclin, Doxycyclin [37].

The biological activity of quinones is connected with their participation in redoxy-
cycles in form of free reactive radicals. Their ability to produce aryl-nucleophil com-
pounds, particularly by reaction with thiol and amino groups may explain the extreme ac-
tivity of these compounds. In the skin or in other tissues and organs the nucleophiles are
probably the functional groups of amino acids in protein, e.g. thiol group of cysteine or
amino group of lysine. Quinones react with amines and amino acids via Michael addition,
and they inhibit in some cases the activity of enzymes [6, 11, 37].

Send offprint requests to: Rita Tomodskozi Farkas, Birochem Ltd. and Central Food Research Insti-
tute, Herman Otté u. 15, H-1022 Budapest, Hungary
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Table |

Occurrence of 2,6-DMBQ in different plants

Family
Aceraceae
Apocynaceae
Asclepiadaceae
Asteraceae
Betulaceae
Compositae
Clusiaceae
Crotonoidae
Dipterocarpaceae
Ebenaceae
Ericaceae
Fagaceae
Flacourtiaceae
Gramineae
Guttiferae
Hydrangeaceae
Iridaceae
Lauraceae
Leguminosae
Magnoliaceae
Melastomataceae
Meliaceae
Moraceae
Myristicaceae
Proteaceae
Ranunculaceae
Rhizophoraceae
Rubiaceae
Salicaceae
Sapotaceae
Simaroubaceae
Thymelaeaceae
Ulmaceae
Vochysiaceae
Zingiberaceae

Acta Biologica Hungarica 49, 1998

Genus (Literature)

Acer [7]

Rauwolfia [11]

Marsdenia [11]

Ambrosia, Gerberia [25, 41]
Betula, etc. [22, 29]
Baccharis, Verbesina, etc. [15, 16, 19]
Clusia [27]

Croton [2]

Shorea [11]

Diospiros [3]

Enkhiantus [11]

Fagus, Quercus [8, 35]
Xylosma [4]

Sasa, Triticum etc. [28]
Kielmeyera [5]

Hydrangea [12]

Iris [1]

Nectandra [11]

Glycine, Phaseolus, etc. [14, 26, 32, 33]
Liriodendron [11]
Tibouchia [11]

Khaya, Cedrela, etc. [11]
Brosium [11]

Virola [11]

Hakea [43]

Adonis [20]

Kandelia [11]

Canthium [11]

Populus [30, 31]
Thiegmella [11]

Ailanthus, Simarouba, etc. [18, 23]
Peddia, Gyrinops etc. [34]
Ulmus [11]

Vochysia [11]

Afromomum [43]
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In the recent decades researchers devoted more attention to immunstimulants and na-
tural origin drugs. Szent-Gyoérgyi had worked on compounds - 2,6-dimethoxy-p-benzo-
quinone (2,6-DMBQ) and 2-methoxy-p-benzoquinone (2MBQ) - whicli have been shown
to have antimetastatic and bacteriostatic effect as well [10, 36, 37, 38, 39]. Occurrence of
2,6-DMBQ in different plants (Table 1) was reported by several authors. It was supposed
that this compound was a product of degradation of lignin by different moulds [8, 9, 13,
21, 24]. The precursors of lignin, the sinapin and coniferyl alcohols, both contain meth-
0Xy groups in 2,6 resp. 2 positions.

The aims of this study were the following:

- adaptation and improvement of a HPLC method for determination of 2,6-DMBQ,
- collecting preliminary data about 2,6-DMBQ content of trees, grown in Hungary, as
potential raw materials for natural preparations of this compound.

MATERIALS AND METHODS
1. Materials

The samples (see Table 2) were collected in State Forest Farm in Fehérvarcsurg6 in July
1992 and ground to fine powder in the Research Institute of Wood Industry in Budapest.
Al of the samples contained stem and cortex as well. Trees were 30-40 years olds from a
heterogenous stand. Five tree samples were investigated all of species. We collected some
trees which were described in literature (Fagaceae, Betulaceae, Salicaceae, Simarouba-
ceae) and some other species (Fabaceae, Oleaceae) which were grown in this area, but not
published any data concerning 2,6-DMBQ.

Table 2
2,6-DMBQ content of samples (ND - non detected)

Examined samples 2,6-DMBQ
(mg/100 g sample)
water extr. ethanolic extr.  chloroform, extr.
©) ©) ©)
Fagus silvatica (Fagaceae) ND - ND - ND -
Quercus robur (Fagaceae) ND - 0.02 0.008 0.02 0.007
Ainus glutinosa (Betulaceae) ND - ND - 0.02 0.006
Fraxinus excelsior (Oleaceae) ND - ND - ND -
Populus balsamifera (Salicaceae) 0.08 0.013 ND - 0.14 0.02
Ailanthus altissima (Simaroubacea) 0.06 0.011 0.02 0.006 0.30 0.09
Robinia pseudoacacia (Fabaceae) ND - 0.02 0.008 0.16 0.04
Salix alba (Salicaceae) ND - ND - ND -
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a) b) c)

Fig. 1. Structure of a) 2,6-dimethoxy-/;-benzoquinone (2,6-DMBQ), b) 2,6-dimethoxy-/j-hydroquinone
(2,6-DMHQ) and c¢) 2-methoxy-/j-benzoquinone (2-MBQ)

The standards (2,6-DMBQ; 2,6-dimethoxy-/?-hydroquinone, 2,6-DMHQ and 2-
methoxy-jtt-benzoquinone, 2-MBQ); Fig. 1) were synthesised by Prof. Gabor Fodor (West
Virginia University, Morgantown, USA) and donated to one of us (M.H.). The other
chemicals, NaZHP04, NaHZ2 04, EDTA, NH2H HCI, methanol, ethanol, chloroform
were producted by REANAL Fine Chemicals Co., Hungary. All reagents were used with-
out additional cleaning.

2. Methods ofextraction

Three procedures were used for extractions as follows:

- 50 g of sample was shaken in 600 cm3 ethanol for 2 h. The extract was filtered and
evaporated to dry in vacuum. The rest was dissolved in 5 cm3methanol.

- 50 g of sample was extracted with 400 cm3 of chloroform for 2 h and treated as men-
tioned before.

- 50 g of sample was boiled in 500 cm3 of distilled water for 2 h. The evaporated water
was continuously replaced. The suspension was centrifuged, then the supernatant was ex-
tracted with chloroform (ratio 2:1) twice. The chloroform phase was evaporated to dry
and dissolved in 5 cm3 methanol [6].

3. RP-HPLC determination of quinones
The method of Huang et al. [17] was applied. A Beckmann 1114 M model pump, Labor

MIM UV-detector, and Waters 740 integrator were used with a Chromsil C18, 10 micron
column. The method was modified and adapted as described in “Results and Discussion”.

Acta Biologica Hungarica 49, 1998
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RESULTS AND DISCUSSION
1 Improvement ofHPLC method

Although different chromatographic techniques are used for determination of benzoqui-
none derivatives, the most effective separation and determination may be achieved by re-
versed-phase high performance liquid chromatography (RP-HPLC). We started with use
of method of Huang et al. [14] who reported about investigation of 12 derivatives of
benzoquinone resp. hydroquinone using alkylsilica stationary phase and different solvent
combinations as eluents. For prevention of oxidation of hydroquinones, EDTA (as com-
plexing agent of ferri ions) and hydroxyl-ammonium phosphate were used. Our experi-
ments showed that under conditions described Huang et al. [14] the oxidation of hydro-
quinones is not fully excluded. We succeeded to minimalize the oxidation by stabilisation
of pH at 6.05 using phosphate buffers. As eluent 10% methanol was used resulting in a
good selectivity. The parameters of the improved method were the following:
- column: Chromsil C 18, 10 microns
- flow rate: 2 ml/min.
- detection:  at 290 nm
- eluent: phosphate (Na2HP04- 2,5 mM + NaHZ2 04- 2,5 mM) of pH = 6.05

NaEDTA - 25 mM

NH20H-HCI - 5,0 mM

10% methanol.

Qo OO

~

Fig. 2. Chromatogram of 2,6-DMBQ, 2,6-DMHQ and 2-MBQ
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Fig. 3. Calibration curve ol’2,6-DMBQ

2. Examination of wood samples

A typical chromatogram showing separation and determination of three benzoquinones
(2-MBQ, 2,6-DMBQ, 2,6-DMHQ) is shown in Fig 2. Concentrations of standards were
0.1 mg/ml in each cases. A good selectivity was achieved. As it is seen, retention times of
benzoquinones are higher than those of hydroquinones. The more functional methoxy
groups the molecules contained the bigger is their respective retention time. Table 3
shows the data of retention times (tR) and capacity factors (k’). In Fig. 3 the calibration
curve serving for the determination of 2,6-DMBQ is shown. The quasi-linear curve has a
correlation coefficient of 0.99.

Table 3
Retention time (ir ) and capacity
factor of standards

Standard R k’
2,6-DMBQ 134 5.0
2,6-DMHQ 5.1 12
2-MBQ 8.5 2.7
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CONCLUSIONS

The 2,6-DMBQ content of wood samples (see Table 2) was determined by RP-HPLC
method as described in the previous chapter. Three replications were made and the mean
values are shown in Table 2. A characteristic chromatogram (for Ailanthus altissima) is
shown in Fig. 4. As it is seen from the chromatogram the peak of 2,6-DMBQ is well sepa-
rated, other compounds (contaminants) do not disturb the evaluation. The identification of
2,6-DMBQ was carried out by use of standard compound based on industry of retention
time. In addition, the chromatogram of standard and the samples was prepared using
DAD detector and the identity spectra was also controlled.

The concentration of 2,6-DMBQ in literature was between 10'5-10 2mg/g. The results
showed that only five tree species (Ailanthus altissima, Abuts glutinosa, Quercus robur,
Populus balsamifera, Robinia psettdoacacia) contain 2,6-DMBQ in a concentration range
from 0.02 to 0.3 mg/100g. These results are correlated to the literature, but no data were
found about family Fabaceae (Robinia pseudoacacia) concerning 2,6-DMBQ.

The highest quantities of quinones were extracted with chloroform. The best potential
source of 2,6-DMBQ, among the trees studied, was Ailanthus altissima.

0.020
AU L
co
(o]
Y
0.000 |1
- 0.002
0.00 5.00 10.00 15.00
minutes

Fig. 4. Characteristic chromatogram of Ailanthus altissima
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In the last years DNA technology became increasingly important in the forensic medicine. Conventional
forensic serological analysis consists of the detection of genetic polymorphisms at the protein level,
while DNA typing involves the study of individual variation directly at the level of nucleotide sequence.
Today, DNA evidence is generally accepted by courts and greatly assists the resolution of criminal and
civil investigations. This article reviews how molecular techniques used to detect genetic polymorphism
in forensic science.

Keywords: DNA - genetic marker analysis - PCR - RFLP - forensic science

The concept of using polymorphic markers to solve forensic problems is far from being
new since efforts were made to find matches by comparing similarités or dissimilarites to
include or exclude a person as a perpetrator for a long while. The limited availability of
useful marker systems was however a serious drawback for such works.

The ABO blood group system was the only one used on forensic samples for a long
time. A significant breakthrough was achieved in the early 1970s when other protein and
enzyme markers, which had been known to be polymorphic for a decade or more, were
found to be useful for forensic evidence as well. The concept of applying genetically
based polymorphic markers was largely extended to other systems to reach finally a con-
siderable number of genetic marker systems. However, some of the more serious draw-
backs like modest level of polymorphism and therefore low statistical evidentiary value,
poor stability with rapid deterioration and occasional transformational artefacts leading to
false exclusions reduced the value of these systems. Furthermore most of the markers are
only present in blood and the investigation of body tissues was usually not possible [2].

The application of DNA typing is a natural extension of the forensic analysis of human
biological evidence. Conventional forensic serological analysis consists of the detection
of genetic polymorphisms at the protein level, while DNA typing involves the study of in-
dividual variation directly at the DNA sequence level.
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Method of analysis:

« reliable, rapid, simple to perform
» detect unambiguous, qualitative differences between alleles
» consume little material

Nature of the marker:

 inherited independently of other markers being analyzed
» polymorphic with a high degree of heterozygosity
» population frequency data known

Fig. 1. Criteria for useful forensic genetic markers

The two major applications of DNA typing in forensic science are paternity testing and
criminal investigations. DNA typing was first used for criminal investigation in 1985 in
the United Kingdom and was first applied to case work in the United States by late 1986.
The original “DNA fingerprinting” method, developed by Alec Jeffreys, examined many
locations in the DNA of a genome at once. The result was a multi-banded pattern whose
complexity suggested a fingerprint, and was probably unique to each individual [6].

Individuals can be distinguished by their genetic marker profile. The more markers
compared, the more likely differences between individuals will be revealed. However, not
all genetic markers are suitable for forensic applications, thus they must be carefully se-
lected. The criteria by which genetic markers are evaluated for forensic use are outlined in
Fig. L

The first technique that was adapted for forensic DNA analysis is called RFLP (Re-
striction Fragment Length Polymorphism). This kind of analysis determines variation in
the length of a defined DNA fragment generated by digestion with endonuclease.

While most of the DNA sequences show modest variation between individuals, there
are non-coding regions called minisatellites or Variable Number Tandem Repeats
(VNTRs) that can exhibit an extraordinary level of length variation. This variation is
based on regions of repeatedly arranged almost identical short (20-100 bp) DNA se-
quences which vary only in number of elements at a given locus [5, 6, 9].

RFLP still provides the highest degree of discrimination per locus. Unfortunately, this
technique requires more and better quality DNA than some of the recently developed
polymerase chain reaction (PCR) techniques. Since the forensic evidence is often old, de-
graded and of limited quantity, RFLP analysis is sometimes not possible. In RFLP analy-
sis, all of the genomic DNA is processed, and the regions of interest are detected with la-
belled DNA probes.

Briefly, the process involves digestion of human genomic DNA with a restriction en-
zyme, separation of DNA fragments by electrophoresis, transfer of the fragments to a ny-
lon membrane and incubation of the membrane with radioactive or alkaline phosphatase
labelled probe (Fig. 2). The probe hybridizes to complementary sequences in the DNA
fragments attached to the membrane, and the bound probe is visualized by autoradiogra-
phy or alkaline phosphatase-catalyzed chemiluminescence (ECL).

Ada Biologica Hungarica 49. 1988
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Extraction and isolation of native DNA (blood, fetal tissue, amnion cells, etc.)
Digestion of high molecular weight DNA by restriction endonucleases
Separation of genomic DNA fragments by gel electrophoresis
Southern transfer process of DNA fragments to nylon membrane
Hybridization with enzyme or radiolabeled probes
Autoradiographli/ on X-ray film

Interpretation of results

Fig. 2. Basic outlines of restriction fragment polymorphism (RFLP)

91

RFLP analysis is extremely suitable for the analysis of the drunken driver’s blood
samples, of difficult filiation cases involving relatives and missing persons. Additionally,
prenatal paternity diagnosis is possible either with cultured amniotic fluid cells or chori-
onic tissue or abortion material, for instance after termination of pregnancy following

rape [9]. The RFLP analysis, clearly shows the allel hereditary by Mendelian law [7].

The second type of technique is the polymerase chain reaction based DNA typing,
which is a general technique for increasing the amount of a specific section of DNA in a
sample. This means amplification of certain parts of DNA. It is generally designed so that
only a small segment of the DNA of interest is copied, and this is accomplished with ex-

tremely high fidelity to the original (Fig. 3).

DNA extraction

DNA amplification

(one cycle involves:
1 dénaturation
2. annealing of oligoprimers
3. extension)
repeat the cycle 25-40 times

Separation of exponentially amplified DNA fragments by gel electrophoresis

evaluation

Fig. 3. Scheme of polymerase chain reaction

Acta Biologica Hungarica 49. 1998



92 A. LASZIK et al.

As a tool in forensic diagnostic, PCR based strategies have several advantages. First,
PCR requires only trace quantities of DNA. Typically 10 ng of human DNA is optimal for
the PCR, compaired with 300-500 ng for RFLP typing. Consequently, it becomes realis-
tic to type the DNA from minute samples, even a single hair root, sticked stamp or a ciga-
rette butt containing epithelial cells [3]. Second, the PCR generates a large quantity of
relatively pure product in a very short period of time, considerably less time than that re-
quired for typing by RFLP analysis. Third, degradation of the DNA sample is less of con-
cern when using the PCR because PCR amplification targets a small segment of DNA
[10, 11, 12].

The PCR technique is a highly sensitive method requiring special laboratory condi-
tions, DNase free, sterile filtered, ultra pure water and ultra pure chemicals (Sigma, Fluka,
Merck, etc.). In addition to standard techniques the DNA molecules can be obtained
nowadays by the available up to date preparation kits (e.g. QlAamp Blood and Tissue
Kit).

The first system, which became available for forensic analysis of PCR amplified DNA
was FILA DQ Al locus on chromosome 6. The type of variation present at this locus re-
sides in the DNA sequence. Under appropriate conditions an amplified PCR product will
hybridize to the immobilized probes only if they are exact sequence matches. Detection of
the DQAL alleles involves a colorimetric reaction. A streptavidin-horseradish peroxidase
conjugate is then bound to the biotinylated PCR product. The peroxidase converts the
chromogen (colorless substrate) into a blue precipitate. The final results are seen as series
of blue dots on a paper-like strip. The strips are commercially available, and contain spe-
cific DNA sequences originating from the same locus in the genome as the DNA which
has been amplified by PCR. When the probes are attached to the typing strip, the format
is known as a reverse dot blot. Each probe is a specific sequence of DNA that defines an
allele. These types of probes are known as sequence specific oligonucleotides (SSO).
They are sometimes also referred to in the forensic science literature as allele specific
probes (ASO). The chief advantages of this sequence polymorph system are the ability to
investigate very small samples and the rapidity of analysis [4].

One of the more recent PCR systems to come on line in forensic science is called
D1S80. D1S80 refers to the locus in the DNA that is being investigated. Like RFLP, the
variation present at this locus is in the length of a defined DNA fragment as reflected by
the number of tandem repeats (VNTR). ITowever, because of its relatively smaller size,
this fragment is amenable to amplification by PCR. In the forensic science literature, sys-
tems of this nature are called Amplified Fragment Length Polymorphisms (AmpFLPs).
Each repeat unit in D1S80 is 16 bp long, except for the first repeat, which is 14 bp. The
number of repeats varies from about 14 to 41, producing DNA fragments in the range of
hundreds of base pairs, about an order of magnitude smaller than the fragments normally
analyzed in RFLP typing. Thus D1S80 analysis combines the advantages inherent in any
PCR system (specifically the ability to analyze samples of limited quantity and quality)
with the greater variation generally seen in length-based systems. D1S80 loci are detected
as discrete alleles and thus can be compared directly to a standard ruler made up of all
possible alleles (allelic ladder) which is run on the same gel. The DNA is commonly de-
tected by silver staining. Figure 4 shows the outcome of a rape case examination per-
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formed in this system, lane 1is the blood sample of the victim, lane 2 is the mixed vaginal
swab, lane 3 is the blood sample of suspect 1 and lane 4 is the blood sample of suspect 2.
“A” marks the allelic ladder. The first suspect’s allele (lane 3) can be clearly identified in
the mixed vaginal swab (lane 2).

Short Tandem Repeats (STRs) are similar to the D1S80 system described above, ex-
cept that the repeat units are shorter. The loci choosen for forensic use generally have a
tandem repeat unit of 3 or 4 bp and may be repeated from few to dozen of times. The size
of the DNA fragments produced by amplification of STR loci tends to be in the range of
hundreds of base pairs, rather than the thousands of base pairs found in RFLP fragments.

D1S80

A 1 2 3 4 A

Fig. 4. The outcome of a rape case examination performed in D1S80 system. Lane 1is the blood sample

of the offended party, lane 2 is the mixed vaginal swab, lane 3 is the blood sample of suspect 1 and lane

4 is the blood sample of suspect 2. “A” marks the allelic ladder. The first suspect’s allele can be
clearly identified in the mixed vaginal swab
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This makes STRs an ideal choice for degraded DNA [11, 12]. PCR amplification of sev-
eral different loci is often performed simultaneously in the same tube, producing saving of
time, materials, and most important, sample (multiplex PCR).

It is often useful to know if male and/or female components are present in a forensic
sample. The amelogenin locus, which is coincidentally the gene for tooth pulp, shows a
length variation between the sexes. One region of the female form of the gene contains a
small deletion (6 bp) in non-essential DNA and produces a shorter product when ampli-
fied by PCR. When this region is analysed, a female with two X chromosomes will show
one band. A male with both an X and Y chromosome will show two bands, one the same
size as the female and one slightly larger.

PCR markers usually have fewer types per locus than the RFLP loci, but the frequen-
cies of these types in the population are still lower than for conventional blood typing
markers. When coupled with the fact that DNA tends to be far more stable than the con-
ventional protein and enzyme markers, DNA typing is much more powerful than conven-
tional typing of evidentary material [4].

Another promising DNA-typing system utilizes mitochondrial (mt) DNA rather than
nuclear DNA. The mithocondrial genom is 16569 bp and, of interest to forensic scientist,
contains a noncoding hypervariable control region. In particular, there are two segments
within this 1,100 bp control region, also called the D-loop, that tend to mutate with an
extremely high frequency, at least 5 to 10 times of nuclear DNA. This high mutation rate
makes the region attractive for use in individual identification. The variations exhibited in
the two hypervariable regions are generally point mutations, although small deletions and
insertions may also occur. Nuclear DNA is inherited in equal parts from both parents.
Due to the technicalites of fertilization, genetic material from mitochondria is inherited
only from the egg cell of the mother; thus mtDNA is said to exhibit maternal inheritance.
Therefore the mtDNA type of an individual cannot be heterozygous, or exhibits two dif-
ferent types. A genetic element that lacks a homologous counterpart in the genome may
be described as hemizygous; mtDNA is also sometimes referred to as monoclonal. This is
a useful quality in tracking families and populations and also belies any possibility of new
variations arising from chromosomal recombination. The complete nucleotide sequence
of human mtDNA has been established for a reference individual [1].

Mitochondrial DNA is present in hundreds to thousands of copies per cell. Generally
mt DNA typing involves PCR amplification followed by direct nucleotide sequencing of
the allele. Because of its relatively small size in comparison to nuclear chromosomes and
numerous multiple copies it is often the last typable DNA present in a small, old or badly
treated sample, e.g. burnt or very decomposed corpses. If no results are obtained with any
other systems, the mtDNA can be still typed [4].

PCR examinations performed in several systems can be successfully applied on the site
of the crime, and for the identification of persons leaving a very low quantity of biological
samples, even partly degraded DNA. New examination methods of molecular biology
have opened up new ways for identification in forensic medicine. These methods can help
us to answer questions, which cannot be answered by the conventional methods. At this
time, DNA evidence is generally accepted by courts and greatly assists in the resolution of
criminal and civil investigations.
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The PC12 rat phaeochromocytoma cell line is the most frequently used model system to study neuronal
differentiation: nerve growth factor (NGF) inhibits proliferation and causes easily scorable neurite for-
mation in these cells. The central role of the monomeric guanine nucleotide binding Ras proteins in the
pathway of NGF-induced differentiation is well documented. However, the possible involvement of Ras
proteins in signal transduction processes mediating NGF-induced inhibition of proliferation has not been
analyzed. To address this problem we studied PC12 subclones expressing a dominant inhibitory mutant
Ras protein (Ha-Ras Asnl7). Our results indicate that the cell cycle arrest characteristic of NGF-treated
PC 12 cells is mediated by a Ras-dependent signaling mechanism.

Keywords: PC12 cells - nerve growth factor - Ras proteins - Ha-Ras Asnl7 mutant - proliferation

INTRODUCTION

The PC12 cell line was established by the cloning of rat phaeochromocytoma cells [6].
Under standard culturing conditions these cells have polygonal or sphaerical shape with a
diameter of 10 to 20 micrometers. Resembling adrenal medullar chromaffin cells, they
also have granules containing catecholamines. Upon treatment with nerve growth factor
(NGF [8]) the cells stop proliferating, become quiescent in the G1 phase, extend several
long, thin neurites, produce neurotransmitters and acquire other features characteristic of
the phenotype of sympathetic neurons [6]. Since PC12 cells can differentiate into neu-
ronal cells upon NGF treatment and survive in the absence of NGF, they are commonly
used as a model system to study neuronal differentiation.

The signal transduction pathway mediating the differentiation response to NGF in-
volves Ras proteins, members of the monomeric G-protein family (for a review see [13]).
Ras proteins (Ha-Ras, Ki-Ras, N-Ras) can be found in all eukaryotic cells in association
with the inner surface of cell membrane [1]. They alternate between GDP-bound, inactive,
and GTP-bound, active forms. In their active state they relay signals from the NGF re-
ceptor to mitogen-activated protein kinase (MAPK) cascades. Stimulation of the MAPK-
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pathway leads to the expression of a specific set of genes that, in turn, are believed to be
responsible for the phenotypic changes accompanying neuronal differentiation (reviewed
in [11, 13]).

The requirement for a functional Ras-pathway in NGF-induced neuritiogenesis has
been firmly established [7, 12]. Expression of a dominant negative mutant form of Ha-Ras
[5] strongly inhibits NGF-induced stimulation of MAPKSs [2, 15, 18], activation of early
and secondary response genes, and neunte formation [9, 12]. PC12 subclones stably
transfected with the mutant Ha-ras Asnl7 gene (designated M1 7-subclones) are therefore
useful tools to study the role of Ras in NGF-signaling.

Asynchronously cycling PC 12 cells are pushed through a last cell cycle by NGF treat-
ment, then arrested in G1 phase [10, 17] and start to grow neurites. The cessation of pro-
liferation is accompanied by gradual alterations in the level and activity of key cell
growth regulatory proteins [4, 16,19]. Several members of the growth stimulatory cyclin-
dependent protein kinase family (e.g. Cdc2, Cdk2, Cdk4, Cdk6) are down-regulated,
while other proteins (e.g. cyclin DI, the Cdk inhibitor p21) are induced by NGF treat-
ment. The link between the NGF receptor and the cell cycle machinery, however, has not
been found yet. The aim of the experiments described in this paper was to analyze the role
of Ras proteins in this signaling event. We found that while NGF-treated wild-type PC12
cells exited the cell cycle and started to grow neurites, the failure of M17-subclones to
differentiate upon NGF treatment was accompanied by continuous growth of these cells.
The antimitogenic effect of NGF in PC12 cells thus requires intact Ras function.

MATERIALS AND METHODS
Cell culture

Wild-type PC12 cells, as well as M17-subclones expressing Ha-Ras Asnl7 at low (Z-
M17-5) or high levels (M-M17-26) were used in these studies. The M17-subclones were
previously descibed [12]. Cells were plated on 100-mm dishes and cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 5% horse and 2.5% fetal bovine se-
rum (FBS).

Cell counting

104 cells plated on 60-mm dishes were cultured in DMEM containing 5% horse serum
and 2.5% FBS. (Preliminary experiments indicated that these serum concentrations prop-
erly supported the growth of all subclones used in these experiments.) NGF (20 ng/ml)
was added to the cultures on the next day. Cell numbers were determined on duplicate
plates on days 3, 6 and 9 after trypsinization, using a Burker chamber.
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f H]thymidine incorporation

105 cells were plated on 100-mm dishes in DMEM containing 5% horse serum and 2.5%
FBS. DNA synthesis was assayed by labeling with [3H]thymidine (IpiCi/ml; 0.18 mM fi-
nal concentration) for 3 h. The cells were washed twice with phosphate-buffered saline,
and 2 ml of 0.2M NaOH containing calf thymus carrier DNA (40 |ig/ml) was added to
each plate. Samples were collected by filtration through Whatman GF/C glass fiber filters
and washed with ice-cold 10% trichloroacetic acid and 95% ethanol. [3H]-incorporation
into acid insoluble material was determined by scintillation counting. Cell numbers were
counted on parallel plates and [3H]thymidine incorporations were expressed in cpm/103
cells (see Table 1).

Table 1
The effect of NGF on [3H]thymidine incorporation in PCI 2 subclones

Cell lines — PC 12 cells M-M17-26 cells
Treatment I_ﬂ-!-thymid_ine ratio ;i—l—thymid_ine ratio
4 incorporation (control/NGF- incorporation (control/NGF-
(cpm/103cells) treated) (cpm/103cells) treated)

day 1 control 620 933
NGF- treated 153 4.05 875 1.07

day 4 control 722 1208
NGF- treated 27 26.74 1364 0.89

day 7 control 850 733
NGF- treated 30 28.33 1000 0.73

For details of [3H]thymidine labeling see Materials and methods.

RESULTS AND DISCUSSION

Previous characterization of several M17-subclones indicated that while intact Ras func-
tion is required for the NGF-induced differentiation of PC12 cells, the inhibition of en-
dogenous Ras function does not affect the proliferative potential of these cells [12].
Therefore, M17-subclones provide suitable cell systems to study the role of Ras proteins
in the antimitogenic signaling of NGF. In the present experiments, two M17-subclones
(Z-M17-5 and M-M17-26) expressing low and high levels of Ha-Ras Asnl7, respectively,
were used. Both cell lines display inhibition of NGF-induced morphological differentia-
tion, but early gene induction events appear to be unaffected in the low M17-expressor Z-
M17-5 cell line. (For more detailed descriptions of these cell lines see [12, 14].) Com-
parison of the proliferative behaviour of these two cell lines toward NGF treatment might
therefore give information on the role of early-response genes in the antimitogenic effect
of NGF.
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cell number

I-'ig. 1. Effect of NGF on proliferation of wild-lype PC12 and M17-subclones. 104PC12(._ , |), Z-M17-

5@, A) , and M-M17-26 (L , ¢) cells per plate were cultured in medium containing 5% horse serum

and 2.5% FBS for 1day and then treated with NGF (20 ng/ml, closed symbols); control cells (open sym-

bols) were cultured in the medium only. Cell counts were taken at the indicated time points as described
in Materials and methods

To clarify whether the antiproliferative effect of NGF is mediated by a Ras-dependent
signal transduction pathway in PC 12 cells, we examined the effect of NGF on the growth
of wild-type PC12 cells and M17-subclones (Fig. 1). As expected, the number of control
PC12 cells exponentially increased during the experiment, whereas upon NGF stimulation
the cell number did not rise after the 3rd day of treatment. This is in agreement with ear-
lier observations [10] that NGF promotes PC12 cells through one division cycle before
the cessation of proliferation and the induction of differentiation. In contrast, the growth
of Z-M17-5 and M-M-17-26 subclones both with and without NGF treatment showed
similar rates (Fig. 1). Since a number of Ras-independent effects of NGF (e.g. an increase
in phosphoinositide turnover [14], stimulation of phophatidyl-inositol-3 kinase activity
[20] are intact in these M17-subclones, the antiproliferative effect of NGF must be inhib-
ited in these cells downstream of the receptor, presumably at the Ras proteins. We can
thus conclude that the antimitogenic effect of NGF in PC12 cells requires intact Ras
function: even partial inhibition of Ras-mediated signaling (as in Z-M17-5 cells) com-
pletely abolishes the cell cycle arrest caused by NGF.

In order to further confirm the involvement of the Ras-pathway in the antiproliferative
effect of NGF we studied the incorporation of [3H]thymidine into DNA in PC12 and NI-
M H —26 cells. [H]thymidine labeling of control and NGF-treated cultures was performed
at different timepoints of the experiment and the ratios of [3H]thymidine incorporations
measured in untreated and NGF-treated cultures were calculated. Table 1 shows the re-
sults of a representative experiment. The high value of this index for PC12 cells even 1
day after the addition of NGF indicates that a subpopulation of cells is already arrested in
G1 phase and is unable to progress into the S phase even before the overall growth rate of
the culture is affected (see Fig. 1). The steep increase in the ratio of DNA synthesis in

Acia Biologica Hungarica 49, 1998

) 'MAGYAR
niUQMANYOS AKADEMIA
KONYVTARA



NGF-induced inhibition of PC12 proliferation 101

untreated versus NGF-treated cells during the course of the experiment indicates a com-
plete block of cell cycle progression caused by NGF. In sharp contrast, the index of
[31]thymidine incorporation did not change significantly in M-M17-26 cells indicating
that even one week of NGF treatment was unable to block cell cycle progression in these
cells.

Recent studies on PC 12 cells revealed that NGF treatment has a profound effect on
several regulatory components of the cell cycle machinery (see above in the Introduction).
While these changes accompanying the G1 phase block are well documented, the link by
which they are coupled to the activated NGF receptor remains to be determined. The
binding of NGF to its receptor activates both Ras-dependent and -independent signaling
events [14]. Activation of the Ras-dependent MAPK-pathway is absolutely required for
the differentiation response [3]. Stimulation of Ras-independent mechanisms is by itself
insufficient to mediate the neuritogenic effect of NGF, but synergizes with other pathways
to stimulate neurite formation [14]. The results presented in this paper indicate that the
antimitogenic effect of NGF requires intact Ras function. Inhibition of the antiprolifera-
tive effect of NGF in the low M17-expressor Z-M17-5 cells also indicates that the induc-
tion of several early-response genes (such as c-fos, c-jun, zi/2.68, pip92, etc.) may not
have a major role in the cell cycle arrest induced by NGF. Experiments to identify cell
cycle regulatory proteins that may serve as downstream Ras targets in PC 12 cells are un-
derway in our laboratory.
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In the present study the genotoxic, mutagenic and antitumor effects of 2-amino-2-thiazoline (R), L-
thioproline (N) and 2-amino-2-thiazoline e-formylaminocaproate (FAT) as well as their influence on
bacterial growth and activity of the extracellular protease are discussed. On the basis of our study the
following conclusions may be drawn: the investigated compounds, except N, had no strongly expressed
genotoxic activity and none of them was found to be mutagenic. R and FAT were insignificantly toxic on
bacterial growth, all compounds were ineffective against transplanted tumors and did not change the rate
of the biosynthesis of Bacillus subtilis extracellular neutral protease.

Keywords: Genotoxicity - mutagenicity - antitumor activity - 2-amino-2-thiazoline - L-thioproline - 2-
amino-2-thiazoline E-formylaminocaproate

INTRODUCTION

L-Thiazolidine-4-carboxylic acid (L-thioproline, norgamem) and 2-amino-2-thiazoline
hydrochloride (revercan) are capable of inducing reverse transformation in tumor cells [5,
10, 12]. L-Thioproline possesses the ability to inhibit proliferation of chemically-
transformed latent tumor cells [20]. Recently it has been reported that L-thioproline
slightly inhibited the growth of L 1210 mouse leukemia cells [9]. 2-Amino-2-thiazoline
has been found to be of significant antitumor action in two autochthonous systems, that is,
in mice with 1,2-dimethylhydrazine-HCI induced colon tumors and in the Friend virus
system [21]. Although these agents were not active against any transplantated mice tumor,
promising clinical effects were reported against advanced human cancer [2, 11].

It has been reported that thioproline was a potent nitrite scavenger [29]. Thioproline
supressed carcinogenesis induced by N-benzylmethylamine and nitrite in rats. Many hu-
man foodstuffs contain thioproline, and this compound may act as an effective trapping
agent of nitrite in the human body.
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We have recently reported that 2-amino-2-thiazoline e-formylaminocaproate (FAT)
possessed a chemopreventive effect on cancer. FAT in experiments with mice reduced the
lung tumor incidence up to 59% of that of control [25].

The rec assay as a bacterial genetic toxicology test is widely used for detection of po-
tential chemical carcinogens [1, 16]. Evaluation of genotoxic and carcinogenic risk of the
potential medicine ought to be taken into consideration. We report here the results of the
study which was aimed at assessing the genotoxic and mutagenic properties of the above-
mentioned agents by means of microbial short-term tests. Recent studies illustrate that the
regulation of protease activity by both host and tumor tissue promises to become a new
target for cancer therapy [19]. Therefore, in addition to genotoxicity and mutagenicity
testing, a number of assays have been carried out with the aim of evaluating the influence
of these compounds on the biosynthesis of the Bacillus subtilis extracellular neutral pro-
tease. Moreover, FAT in comparison with norgamen and revercan has been examined as
antitumor agent in several rodent t systems.

MATERIALS AND METHODS
Agents

2-Amino-2-thiazoline hydrochloride (revercan (R)) was prepared according to [8]. L-
Thiazolidine-4-carboxylic acid (L-thioproline) was synthesized according to Ratner and
Clarke [23]. For the assay, sodium salt of L-thiazolidine-4-carboxylic acid (norgamem
(N)) was used. 2-Amino-2-thiazoline e-formylaminocaproate (FAT) was synthesized ac-
cording to the procedure described earlier [24].

Bacterial strains
Escherichia coli KACSOD as a wild (repair-proficient) strain, JC7902 (uvrA~, recA’),
WP6 (polAT). Bacillus subtilis BD170 (rect), BD190 (rec'), Salmonella typhimurium

TA 100 strains were used in this study. All strains were kindly provided by the Institute of
High Molecular Compounds, Moscow, Russia.

Growth medium
Nutrient broth (NB, Difco) with 0.5% NaCl added and LB (Difco) were used for bacterial

cells growth. A solid medium contained 2% agar (Difco, USA). Cultures for tests were
grown overnight at 37 °C on a rotary shaker [17].
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Toxicity and genotoxicity assays

Inhibition of bacterial growth was evaluated after the suitable period of the bacteria sus-
pension incubation with and without the studied agent. The number of cells was deter-
mined by measuring optical density (OD50) and compared with the cells number in con-
trol wild strain suspension. Optical density was measured on photoelectrocolorimeter
KFK-2-UKhL 4.2 (Russia), green filter. All experiments were performed in triplicate.

The micro-suspension method, as a bacterial genetic toxicology test, using Escherichia
coli repair deficient strains, has been used with some modifications [16]. In our study
overnight growing bacteria were concentrated at 5000 rpm for 5 min and resuspended in
potassium phosphate buffer (0.1 M Na;HP04x7H20, 0.1 M blabbHPC”XTbO. pH 7.5) to
10s cells/ml, studied compounds were added and incubation was continued at 37 °C with
shaking. Inhibition of bacterial growth was evaluated after 6 h, the samples were taken for
measuring of optical density. Each tester strain was exposed to two concentrations of each
compounds. All experiments were performed in triplicate for each strain.

Mutagenic assay

Mutagenic properties were determined according to the procedure [14, 18]. Salmonella
tester strain was TA100. 0.02 M nitrosomethylurea (NMU) standard mutagen was used as
positive control in the same experiments.

The extracellular neutral protease activity assay

The extracellular neutral protease activity was determined by spectrophotometric method
by Anson with some modifications according to [3, 13] at pH 7.2 in 0.02 M phosphate
buffer with p-sulphodiasobenzene N,N-dicarbamidoethylcaseine (“Fermentas”, Vilnius)
as substrate. To 0.5 ml of 0.8% substrate 0.1 ml of supernatant was added. After incuba-
tion of 10 min at 30 °C 0.5 M trichloracetate acid was added. Solution was centrifugated
and supernatante was estimated on spectrophotometer Perkin Elmer 550 (Germany) under
o D 400- Activities are expressed in international units (IU) according to the certain calcu-
lation.
The studied compounds were dissolved in physiological solution (0.9% NacCl).

Animals

Mice 42(C5BI1/6* DBA/2) F1 30 CC57Br, 30 C5/B1/6, 129 BALB/C and 30 Wistar rats
were used in our study. The animals were kept at the laboratory conditions for at least 5
days prior to the test. Before the test animals were randomised and assigned to the treat-
ment groups. Mice body mass was 22-24 g. Animals were obtained from the Latvian
State Pharmaceutical Company “GRINDEX”, Riga. Throughout the study mice were
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cared for in accordance with European Convention and the Guide for the Care and Use of
Laboratory Animals [6, 22, 26, 28]. The response of each animal to the Killing procedure
was recorded by the same person [7].

Toxicity testing in vivo

The survival of mice (4-6 weeks old), treated intraperitoneally with graduated dose levels
of each compound was observed for 14 days. The LD value was determined by the
method of Lithfield and Wilcoxon [15].

Antitumor activity

Antitumor activity was determined by using the following tumor models: murine ascite
tumor Nk/Ly (Nk/Ly), Ehrlich ascite carcinoma (EAC), hemocitoblastoses La (La), lym-
phoidic leukaemia L 1210 (1210), Sarcoma 180 (S 180), planacellular cancer offore-
stomach (PCF) and Walker-256 carcinoma (W-256) [27]. Tumor models were kindly
supplied by the Cancer Research Centre (Moscow, Russia). Nk/Ly, EAC, L 1210 and La
tumor cells were inoculated intraperitoneally, S 180, W-256 were inoculated subcutane-
ously at the axillary regions of animals and PCF-intramusculary. Treatment of tumor-
bearing animals with test compounds was generally initiated on the 2-3 days following
solid tumor implant or 24 h after ascite tumor inoculation and continued for a period of 5
days. The solutions of test compounds (in various doses) were injected intraperitoneally
to each animal mg/kg basis individually, according to the body weight. For the evaluation
of antitumor activity against subcutaneously and intramuscularly inoculated tumors (S
180, W-256 and PCF) the tumor weight was measured and expressed as per cent inhibi-
tion of tumor growth.

The criteria for effectiveness against solid and ascites tumors were the tumor growth
inhibition (TGI %) and ascites growth inhibition (AGI %) values of 50 and more. The an-
titumor activity against intraperitoneally inoculated tumors was evaluated by calculating
the percentage of increase in life (ILS %). The criteria of effectiveness were the ILS (%)
values of 25 and more.

The statistical significance was determined by t = Student’s test (P < 0.05).

RESULTS AND DISCUSSION

The toxic effect is presented as the inhibition effect of the compounds on the cells viabil-
ity of the wild strain. Results presented in Table 1 show, that the viability of the Esche-
richia coli wild strain cells is decreased after the 1 h incubation with N (ImM) to 10%,
with R and FAT - to 35% at the same concentration. Our study has shown that R and
FAT were more toxic than N. In order to evaluate the genotoxic activity of the studied
compounds we carried out our experiments with Escherichia coli strains with repair defi-
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cient system. Genotoxicity was defined as the ability of the compounds to preferentially
kill DNA repair-defective strains. The rec assay detected N as evident genotoxic agent.
All studied compounds inhibited the bacterial growth of JC7902 strain. The analysis of
our data demonstrated that R and FAT did not show strongly expressed genotoxic activity
at 1 mM on WP6 strain. The level of toxicity and genotoxic activity in both repair-
proficient and -deficient strains at the 0.1 mM of all compounds, except N, was the same.
The rec assay was dependent on the relative inability of a postreplication repair-defective
(recA~) bacterial strain to repair DNA damage caused by physical or chemical agents,
therefore, the strains with defects in both excision repair (uvrA") and postreplication re-
pair (recA”) were extremely sensitive to small amounts of DNA damage [4, 16]. As it was
expected, in all cases among the repair-deficient strains, JC7902 was by far the most sen-
sitive strain in revealing the direct genotoxicity of the 3 compounds.

Present results provide evidence that of 3 compounds evaluated, only N exhibited evi-
dent genotoxic activity in a DNA-repair test relative to other compounds. FAT synthe-
sized by us did not show significant genotoxic activity on WP6 strain under two concen-
tration of the tested compounds. This indicates that FAT is not able to induce significant
DNA damages, which are irreversible in repair-deficient bacteria.

Our study in vitro demonstrates that 2-amino-2-thiazoline hydrochloride (R) as well as
the salt of 2-amino-2-thiazoline e-formylaminocaproic acid (FAT) from the standpoint of
toxic and genotoxic properties are almost alike.

Other experiments were carried out in order to determine the mutagenic properties of
the compounds. Mutagenic activity was observed by the number of the his+ revenants.
Results presented in Table 2 provide evidence that all compounds are devoid of muta-
genic activity in the Ames reversion test. Compounds studied, except R, do not possess
antimutagenic properties with respect to nitrosomethylurea (Table 2). On the basis of our
results the conclusion is that no significant difference exists between the mutagenic ac-
tivities of R and N as well as that of the salt of 2-amino-2-thiazoline e-formylamino-
caproic acid (FAT).

The extracellular protease activity was determined with Bacillus subtilis rec+and rec-
strains. Agents studied did not change the rate of the culture growth during 6 h incubation.

Table 1
Evaluation of genotoxicity using Escherichia coli strains

Escherichia coli strains

Compounds mM
P cell viability, %. 6 h

K,2C5013 JC7902 WP6

R 1 67 50 67
0.1 90 100 83

N 1 90 30 45
0.1 92 50 100

FAT 1 65 36 87
0.1 100 69 100
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Table 2
Mutagenic activity of the revercan (R), norgamem (N)
and their analogous (FAT)
on the Salmonella thyphimurium TA100

Tested compounds hisNJrorés;:zits *NMU
on the plate 0.002 M
R 110 1200
N 160 1000
FAT 74 880
Control 77 720

Values presented are the means of 3 replicates. P < 0.05.
All compounds were used in 1 mM.

The data presented in Table 3 have shown that the secretion of the protease into the incu-
bation medium was observed in normal range and with the strains with damages in the
reparation system (rec~). Then Bacillus subtiHs cells were grown to the stationary growth
phase on milk agar medium. Only R stimulated protease extraction into the medium up to
30% (data not shown). Present results confirm and correlate with the low toxicity of in-
vestigated compounds.

Toxicity and antitumor activity in vivo

The toxic doses and MTD (maximal tolerated doses) of compounds are listed in Table 4.
All compounds were moderately toxic (3rd class of toxicity). The toxicity data of N on
mice resembled data obtained by other authors [20]. Neither compound did cause a solid
tumor inhibition effect. Treatment of Nk/Ly R failed to increase the life span, in spite of
the marked inhibitory effect of ascites growth (50%). We suggest that the cause of the

Table 3
Effect of tested compounds on the proteolytic activity
of Bacillus subtilis BD 170 rec+and BD 190 rec" strains

Concentration, R N FAT
mM rec+ rec” rec+ rec” rec* rec”
1 32 30 34 34 41 36
0.5 30 36 28 - 40 34
0.2 36 26 34 32 38 34
0.1 38 36 36 36 40 32
control 36 32 36 32 36 32

Protealytic activity is presented in 1U, (-) - untested.
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Table 4
Toxicity and antitumor activity of tested compounds

Test Dosage, mg/kg Optimal therapeutic Model Inhibition, P <
compounds LD50 MTD dose, mg/kg x days %
R 200 150 20x5 Nk/Ly 50.0" 0.05
(190-210) 20x5 EAC 28.8d 0.05
25x5 La 40.30 0.5
25x5 L 1210 7.7b 0.01
20x5 S 180 -16.0G 0.5
N 160 100 20x5 Nk/Ly 30.0d 0.01
(155-165) 20x5 EAC 14.04 0.5
25x5 La 5.3d 0.5
25x5 L 1210 7.7d 0.01
20x5 S 180 -43.0" 0.5
FAT 350 200 40x5 Nk/Ly 0d 0.05
(340-370) 40x5 EAC Onl 0.5
R La R R
35x5 L 1210 ot 0.01
40x5 W-256 9.1" 0.5
20x5 PCF -45.2°’ 0.01

a) - ascite growth inhibition
b) - increase of life span per cent
¢) - tumor growth inhibition

death of the mice was a common latent toxicity. R was insignificantly effective in in-
creasing life span of La leukemia-bearing mice. N and FAT were in effective, too. Our
experimental system has confirmed that N and R, as noncytotoxic anticancer agents, were
not active in experimental tumor systems of mice, including L 1210. Although they have
shown clinical efficacy in treating epidermoid carcinoma of head and neck with pulmo-
nary métastasés [2]. R and N as well as FAT was not active inhibitor of transplanted tu-
mors.

CONCLUSIONS

All the studied compounds are devoid of mutagenic activity and, except N, are not strong-
ly genotoxic, hence it follows that they do not induce irreversible damages to DNA
structure. Thus, the following conclusion may be drawn: revercan and 2-amino-2-
thiazoline e-formylaminocaproate, as potential medicine, presumably seem to be of no
danger. Attention ought to be paid to the possible hazard of norgamem. The data obtained
by us can promote the elucidation of chemical and biochemical basis of the mechanism of
action of the studied compounds as the inductors of the reversal transformation of tumor
cells.
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GROWTH HORMONE INHIBITS THE INTERLEUKIN-6
INDUCED junB PROTOONCOGENE AND FIBRINOGEN
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Growth hormone (GH) and interleukin-6 (1L-6) play important regulatory roles in multiple endocri-
nological and immunological functions. In this study we examined whether GH can modulate the actions
of IL-6. In HepG2 human hepatoma cells we studied the effects of different GH concentrations on the
expression of the junB MRNA as an early and on the biosynthesis of fibrinogen protein as a late model
of IL-6-related hepatic response. Both GH and IL-6 alone induced the expression of junB and fibrinogen
but GH significantly inhibited the actions of higher (10 and 20 ng/ml) IL-6 concentrations in a dose de-
pendent manner. These findings further underline the importance of interplay between the effectiveness
of IL-6 and GH in various physiological processes.

Keywords: Growth hormone - interleukin-6 - junB mRNA - fibrinogen

INTRODUCTION

Growth hormone (GH) is a peptide hormone produced mainly by the anterior lobe of
the hypophysis. Its activities include the regulation of the growth of skeletal and soft tis-
sues and metabolic actions. Recent observations call the attention to the immunomodu-
lating potential of GH. GH has been shown to stimulate the proliferation of T-cells, the
generation of cytotoxic T-cells and also the proliferation and immunoglobulin synthesis of
B-cells [1, 13]. Apart from being synthesised in the hypophysis, lymphocytes were shown
to produce GH. Lymphocytes not only synthesise GH but have specific “cytokine-like”
receptors for it [1, 12].

Interleukin-6 (IL-6) is a cytokine with pleiotropic effects regulating haematopoiesis,
hepatic acute-phase protein production, B-cell development [2].

Both the GH and IL-6 receptors belong to the receptor family called GH/PRL/cytokine
receptor family [7, 11, 14] with some common structural elements. Both the GH and IL-6
receptors were found to associate with JAK family kinases and activate STAT proteins as

Send offprint requests to: Prof. Dr. Andras Falus PhD, Dsc, Department of Genetics, Cell- and Im-
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transcription factors [9, 15, 16] that findings allude to the possibility of common signal-
transduction pathways utilized by the two receptors.

We examined the expression of the junB mMRNA and the secretion of fibrinogen pro-
tein in response to IL-6 stimulation in the presence or absence of different concentrations
of GH on the HepG2 human hepatoma cell line. IL-6 is known to induce both the expres-
sion of the jJunB mMRNA and fibrinogen protein in hepatic cells [2].

MATERIALS AND METHODS
Cell culture and treatments

HepG2 cells were cultured in six-well plates in 10% FCS (Gibco) containing RPM 11640
medium. Each well contained 3 xlO6cells.

Cultures were treated for 0.5, 2, 6 and 24 h with IL-6 (Gibco) or GH (Pharmacia and
Upjohn) or with the combination of the two. Concentrations of IL-6 and GH used were 2,
5, 10, 20 ng/ml and 10, 100 and 1000 ng/ml, respectively. All possible combinations were
tested.

Cells were harvested for RNA preparation by the end of all treatment periods, in addi-
tion, supernatants were collected for the ELISA assay measuring fibrinogen production in
the case of 24 h treatments.

Isolation ofRNA

Total cellular RNA was prepared from cultures using the guanidium-thiocyanate method
[6]. Concentration of RNA was measured on 260 nm with a Spectronics Genesys 2 spec-
trophotometer. To judge the purity of RNA preparation and the accuracy of RNA con-
centration measurements we also ran the RNA-s on 1% agarose gels containing 10% for-
maldehyde on 40 V for 2 h.

The identical intensities of the 28S rRNA bands were considered as indicators of the
equal amounts of RNA included in the RT-PCR reaction.

Quantitative (competitive) RT-PCRfor junB mRNA

RT-PCR for junB mRNA was performed as described. Briefly: RT was made using a
Perkin-Elmer RT-PCR kit in a volume of 20 pi. The mixture contained 2 pi IOXRT
buffer, 5 mM MgCI2 0.5 pM oligo-dT, 4 x 1 mM dNTP-s, 25 U MuLV reverse tran-
scriptase, 10 U RN-ase inhibitor, 1 pg RNA.

PCR was performed in 50 pi volume containing 5 pl I0x PCR buffer (Promega), 1.5
mM MgCI2 (Promega), 4 x 0.2 mM dNTP-s (Promega), 50 pmol junB primer (sense +
antisense), 1 U Taq Polymerase (Promega), 2 pi cDNA. The RT-PCR reaction was car-
ried out on a Pharmacia Gene Ataq Controller. The primers (synthesised by Pharmacia)
used in the PCR reaction are specific primers for junB as desribed [10]. The sequences of
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the primers are: sense: CCAGTCCTTCCACCTCGACGTTTACAAG, antisense:
GACTAAGTGCGTGTTTCTTTTCCACAGTAC

Competitive PCR for junB was performed as described by us [8]. Briefly: we ampli-
fied the cDNA-s in the presence of a plasmid containing competitor sequence generated
by mismatch-cloning. This competitor plasmid is amplified by the same primers as the
junB product to be determined but due to its different molecular weight it can be sepa-
rated from it by an electrophoresis. Using serial dilutions of the competitor the amount of
junB mRNA can be determined. By this method we could determine the effects of treat-
ments relative to the untreated control (x-fold).

PCR products were run on 2% agarose gels in Ix TBE buffer on 100 V for 1h.

ELISA assayforfibrinogen

The protein production of fibrinogen by HepG2 cells was determined from supernatants
of cultures treated for 24 h. Fibrinogen was determined by a sandwich ELISA assay as
described [5]. Rabbit anti-human fibrinogen and peroxidase conjugated antibodies were
purchased from Dakopatts.

Statistical analysis

Results of both the competitive junB RT-PCR and the fibrinogen ELISA assays were
analyzed statistically by Student’s i-probe.

RESULTS
junB mRNA expression

Both IL-6 and GH dose dependently induced the expression of junB. The effect of IL-6,
however, was more prominent. (10 ng/ml IL-6 induced junB expression in 30 min. treat-
ments 10.33-fold, while 1000 ng/ml GH induced it 8.41-fold (Fig. 1).)

In 0.5 h treatments GH moderately enhanced the junB inducing effect of 2 ng/ml IL-6.
The enhancing effect was significant only in the highest concentration of GH applied
(1000 ng/ml). In the cases of higher (5, 10 and 20 ng/ml) IL-6 concentrations GH dose
dependently inhibited the action of IL-6 in the 0.5 h treatment periods. In the 2 and 6 h
treatment periods GH did not significantly influence the action of 2 ng/ml IL-6. The in-
duction of junB expression by higher IL-6 concentrations, however, was dose depen-
dently inhibited by GH. In 24 h treatments we could not detect a modulating effect of GH
(data not shown).
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fold
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Fig. 1 Results of the competitive junB RT-PCR assay (n = 3) in 30 minute treatment periods. Data are

expressed relative to the control (x-fold). Treatments with GH or IL-6 alone were compared to the un-

treated control (+ = p < 0.01, ++ = p < 0.005). Combined IL-6 + GH treatments were compared to the
corresponding IL-6 treatments (* = p < 0.05, **=p < 0.02, ***=p < 0.01, **** = p < 0.005)

Biosynthesis offibrinogen

In the case of fibrinogen production (Table 1) the tendency of results is similar to that of
junB expression. Both GH and IL-6 stimulated the production of fibrinogen on their own,
IL-6 again was the more effective (10 ng/ml IL-6 produced a 2.51-fold increase in fi-
brinogen production, while 1000 ng/ml GH only a 1.92-fold). GH produced a moderate,
non-significant, dose-dependent increase in the fibrinogen production elicited by 2 ng/ml
IL-6, but significantly decreased that of 10 and 20 ng/ml in a dose dependent way. No
tendencies could be observed when 5 ng/ml IL-6 was applied.

DISCUSSION
Hormones (e.g. GH) are found to have paracrine, cytokine-like effects, and cytokines (e.g.
IL-6) to have endocrine, hormone-like actions [4]. Both the receptors of IL-6 and GH and

their signal-transduction pathways have similar elements [3, 11].
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Table 1
The effect of growth hormone and interleukin-6
on fibrinogen production by HEPG2 human hepatoma cells

Treatments mean + SD P
Control 1.00 £0.09

10 ng/ml GH 1.02 +0.11 NS
100 ng/ml GH 1.84 £+0.17 p <0.01
WOO ng/ml GH 1.92+£0.24 p <0.02
2 ng/ml IL-6 1.22 +0.13 NS

2 ng/ml IL-6 + 10 ng/ml GH 1.25 +0.15 NS

2 ng/ml 1L-6 + 100 ng/ml GH 143 £0.22 NS

2 ng/ml 1L-6 + 1000 ng/ml GH 141 +£0.28 NS

5 ng/ml IL-6 1.62 £0.24 p <0.05
5 ng/ml 1L-6 + 10 ng/ml GH 1.36 £0.17 NS

5 ng/ml 1L-6 + 100 ng/ml GH 1.42 £0.19 NS

5 ng/ml IL-6 + 1000 ng/ml GH 1.38+0.16 NS
10 ng/ml IL-6 2.5/ £0.43 p <0.02
10 ng/ml IL-6 + 10 ng/ml GH 1.69 +0.11 p < 0.05

10 ng/ml IL-6 + 100 ng/ml GH 115£004 p<0.02
10 ng/ml IL-6 + 1000 ng/ml GH ~ 0.93 +0.11  p < 0.02
20 ng/ml IL-6 2.83+0.55 p <0.02
20 ng/ml IL-6 + 10 ng/ml GH 1.85 +0.19 NS

20 ng/ml IL-6 + 100 ng/ml GH 1404023 p<0.05
20 ng/ml IL-6 + 1000 ng/ml GH  0.99 £0.06  p < 0.02

HepG2 cells were treated for 24 h. Results are expressed rela-
tive to the control (x-fold). NS = non significant. Treatments
with GH or 1L-6 alone (in italics) were compared to the un-
treated control, combined IL-6 + GH treatments were com-
pared to the corresponding IL-6 treatments (n =3).

We therefore surmised the possibility of GH influencing the actions of IL-6. We stud-
ied the effects of GH treatments on responses elicited by IL-6 in the HepG2 human
hepatoma cell line. We examined two responses: the expression of the junB mRNA that is
an early response and the production of the fibrinogen protein as a late one.

We obtained similar results with the two systems. GH seemed to induce both the ex-
pression of junB mRNA and the fibrinogen protein in a dose dependent manner. IL-6,
however, was found to be more potent in inducing these responses.

No effects of GH were observed on the junB expression elicited by IL-6 in 24 h treat-
ment periods. Since junB is an early gene [17], it may be possible, that the stimuli that
lead to its activation cease by this longer period. One may speculate that among physio-
logical conditions when GH and IL-6 occur together during acute phase response to sur-
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gery, in follicular fluid [4, 15] or during therapeutical application of GH in children with
broad spectrum of pediatric diseases related with short stature or growth failure this type
of interplay may modulate the local effects of interleukin-6.

The interaction between these two mediators might occur at receptor level a more
“downstream”, during signal transduction. Since both the GH and IL-6 receptors were
shown to activate JAK kinases and STAT family proteins [9, 15, 16], there may be both
cooperative and competitive interplay between these mediators when GH and IL-6 are
simultaneously present.
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A 42-year-old male patient with clinical symptoms resembling multiple sclerosis but showing slight un-
usual myopathic features was referred to our clinic. Analysis of mtDNA isolated from the patient's
skeletal muscle revealed two homoplastic Pvu Il restriction sites instead of the usual single one. At the
same time, digestion of the DNA with BamH | and with Sac | resulted in the normal one and two restric-
tion fragments, respectively. For search of the mutation as the possible background of the patient’s dis-
ease, serial PCR amplifications were carried out, and the new Pvu Il site was tentatively located within
the 12,352 and 12,914 np. This region of the patient’s mtDNA was sequenced and an A to G transition at
the 12,753 np position was found. According to the sequence analysis, this mutation was responsible for
generation of the new Pvu Il restriction site. The mutation caused a modification of the CAA triplet at the
12,751 position to CAG. Since both triplets encode glutamine in the mtDNA, the mutation could not
have been responsible for the patient’s disease. The same mutation was identified in the healthy brothers
of the patient. Our investigation seems to have recognized a variant of the mtDNA in a Hungarian family
which has not been revealed so far in any European haplogroup.

Keywords: Mitochondrial DNA - polymorphism - population genetics

INTRODUCTION

The human mitochondrial DNA (mtDNA) is a closed circular molecule which was first
completely sequenced by Anderson et al. [1]. The sequence evolution rate of human
mtDNA is more than ten times higher than that of the nuclear genes [7, 17], resulting in
the natural occurrence of several variants of mtDNA in normal individuals. Haplotype
and phylogenetic analyses of the human mtDNA became a useful approach for clarifica-
tion of several issues concerning the origin of humans, including time-course and coloni-
zation patterns in various regions of the world, and the genetic relationships of the exist-
ing human populations [11, 13-15].

On the other hand, a continuously growing number of diseases is associated with
mtDNA defects. These include, among others, the multisystem disorders of encephalo-
myopathy, cardiomyopathy: it seems, that tissues with high oxidative capacity, like the

Send offprint requests to: Béla Melegh, M.D., Ph.D., Associate Professor of University Medical
School of Pécs, H-7623 Pécs, J6zsef A. 7, Hungary, email: meleghb@apacs.pote.hu

0236-5383/98/$ 5.00 © 1998 Akadémiai Kiadd, Budapest


mailto:meleghb@apacs.pote.hu

120 Andrea Kis et al.

nervous system and the muscle tissues are the most vulnerable to such kind of defects [8,
9, 10, 17, 18].

Here we report on a case of male patient who had neuromuscular symptoms. During
the molecular biology investigations a new type of mtDNA variant was established. Al-
though the mutation could not have been responsible for the patient’s disease, since the
same alteration was later detected in the patient’s healthy family members as well, it rep-
resents a new natural mtDNA mutation variant, which has not been detected so far in
Europe.

MATERIALS AND METHODS

A 42-year-old male patient developed clinical symptoms resembling multiple sclerosis
seven years prior to the examinations reported here. As an unusual feature in multiple
sclerosis, he had skeletal muscle involvement evidenced by increasing fatigue, intolerance
of normal muscle work, which had not been problem before the beginning of his disease.
He became clumsy, later retinal degeneration appeared with retrobulbar neuritis. Among
others, the possibility of mitochondrial disease had been arisen, and the DNA extracted
from the muscle of the patient was sent for analysis of a possible mtDNA deletion.

The total DNA from the muscle and peripheral blood was phenol extracted using stan-
dard procedures [12]. For search of mtDNA deletion the method based on Southern blot-
ting was used as previously described [8]; the probe was human mtDNA extracted from
placenta, labeled with [32]P dATP using a random prime labeling kit (Megaprime, Amer-
sham International). For digestion of the total DNA Pvu Il, Sac | and Bain H | restriction
enzymes were used.

For search of the location of the extra Pvu Il site several amplifications with different
primers were applied. Finally, the primers harboring between 12,352-12,368 np
(5’ACTATAACCACCCTAAC3’) and 12914-12898 np
(5’"GAGTGTAGGATAAATCAZ’) were used. Amplifications were performed in 50 pi
total volume, the mixture contained 100 ng of total DNA, 2.5 mM MgClz, 10 mM Tris
HCI buffer, pH 9.0, 50 mM KC1, 200 pM of each of four dNTPs, 20 pmol of each primer
and 2 U of Tag DNA polymerase. The thermal conditions were as follows: the first cycle
of 5 min at 95 °C dénaturation, 50 °C annealing for 2 min, and elongation at 72 °C for
3 min was followed by 30 cycles of 95 °C 1 min, 50 °C 2 min, 72 °C 3 min. The final ex-
tension was: 95 °C 1 min, 50 °C 2 min, and 72 °C 10 min, and the PCR product was aga-
rose gel electrophoresed and visualized by ethidium bromide staining [12]. The amplifi-
cation product was also used to detect the presence of the new Pvu Il site, and was used
for sequencing of the mtDNA, as well.

The PCR products were cloned into pCRIMII vector using the TA cloning system (In-
vitrogen, San Diego, CA), following the manufacturer's instructions. The DNA sequenc-
ing was performed from a small-scale plasmid preparation using the Sequenase version
2.0 (USB, Cleveland, OH) system according to the instructions and the usual procedures
112;.
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RESULTS

In the DNA extracted from the skeletal muscle of the patient two homoplastic Pvu Il sites
(5’CAGICTG3’) were detected with Southern blotting (Fig. 1) instead of the normal sin-
gle one located at the 2,650 np position at the reference sequence [1]. At the same time,
digestion of the DNA with Bam H | and Sac | resulted in generation of homoplastic 16.6
Kb single, and 9.6 plus 6.9 Kb double restriction sites, respectively, as it occurs normally
on the Cambridge sequence [1]. There was no evidence for significant mtDNA deletion in
the patient.

During the sequence analysis of the mtDNA actually the H chain was sequenced
(Fig. 2). In the amplified mtDNA region spanning between 12,352 and 12,914 np the
whole sequence was identical to the reference sequence except for one base difference: at
12,753 np an a T — C substitution was found in the patient’s mtDNA (Fig. 2), which cor-
responded to a A — G substitution in the coding L chain. Thus, the substitution changed
the original CAA triplet at 12,751 np to CAG in the L chain of the mtDNA.

A B C D E F

—-16.5

— 9.6
- 6.9

Fig. 1 Analysis of the patient’s DNA (left panel) with restriction enzymes. For the Southern blot the

following enzymes were used: Pvu Il (lanes A and D), Bam H | (lanes B and E), and Sac | (lanes C

and F). In the mtDNA of the patient two homoplastic Pvu Il sites were detected (lane A), instead of the

normal one (the control patient is on the right panel; Pvu Il digestion in the lane C). Digestion with Bam

H | and with Sac | resulted in the normal one and the normal two digestion products, respectively, both
in the patient and in the healthy control (right panel)

ACGT

Fig. 2. Sequence of the H chain of the mtDNA of the patient. A T — C substitution was found at the
position of 12,753 np
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M12 3 4 56

562
401

161

Fig. 3. Restriction analysis of the amplified segment of mtDNA spanning between 12,352 and 12,914 np

from the patient (lanes 1 and 2), and from the patient’s brothers (lanes 3-4 and 5-6). The amplification

of the DNASs resulted in a single 562 np amplification product in each cases (lanes 1, 3 and 5); the diges-

tion of the amplified DNA with Pvu Il lead to the generation of two digestion products
(401 and 161 bp) in each cases (lanes 2, 4 and 6)

Using the total DNA extracted from peripheral blood of the patient and from his two
clinically healthy brothers, the mtDNA was amplified using the same primers as detailed
above. The amplified 562 bp segment was totally digestible with Pvu Il, the digestion re-
sulted in two pieces of product (401 and 161 bp, as it could be calculated) in both cases
indicating, that the mutation was inherited in the patient’s family (Fig. 3). The death of the
patient’s mother several years before the examinations disabled us to analyze her DNA.

DISCUSSION

Several types of mutation of the mtDNA have been described to cause neuromuscular dis-
eases, including deletions and point mutations of the mitochondrial genom [5, 9, 10, 17,
18]. Since our patient exhibited unusual clinical features, we analyzed his DNA bearing in
mind a possible mutation which could have been related to his disease. Finally, a homo-
plastic A -A G substitution was found at the 12,753 np position, which changed the CAA
triplet to CAG at the 12,751 np.

In the mtDNA both CAA and CAG triplets encodes glutamine. Regarding the nuclear
genome, a minimum of 32 tRNAs are required to read the genetic code according the
wobble principle [3, 4], by contrast, in the mitochondria the codon-anticodon paring is
more simplified and only 22 tRNAs are available to read the information deriving from
the mtDNA [1, 2]; one mitochondrial tRNA can recognize the entire four-member codon
family rather than the two tRNA per codon family in the nuclear genetic code. Since
again, both CAA and CAG triplets encodes glutamine, and there is no evidence for differ-
ent binding characteristics for the two tRNSs in the mitochondrial translation, which
could act on the protein synthesis, the mutation detected in the patient seems not to be re-
sponsible for his disease. This is strengthened by the fact, that the brothers of the patient
had no clinical evidence for neuromuscular disease at the time of the examination.
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Since mtDNA is maternally transmitted and therefore does not undergo recombination,
and it has a high sequence evolution rate, the mutations radiated along the maternal linea-
ges and accumulated in the different human populations can be used as haplogroup mark-
ers [11, 13-15]. Since in the most extensive studies [11, 13-15] the region of mtDNA af-
fected in our family has not been examined, therefore its natural occurrence in the Euro-
pean populations cannot be predicted. Moreover, no firmly established case of this muta-
tion can be found in the literature; only in one single Non-Ainu Japanese individual the
authors [6] concluded the existence of this variant based on the digestion pattern, but it
was not established by sequencing. Probably further studies can reveal if this mutation-
variant in combination with others can be regarded and used as a sub-population hap-
logroup marker.
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We describe a new procedure, called colormapping, a non-mathematical method for genetic mapping.
Numerical scores representing the genotypes of the markers are converted to colors and these are used to
display the genotypes of the markers for each individual in a segregating population. Color genotypes are
arranged in a matrix where each row corresponds to a marker - ordered according to their position in the
appropriate Linkage Group - and each column represents an individual in the mapping population. The
picture is called colormap by which the genotypes of the chromosomal segments can be shown for each
individual in the segregating population. A colormap can be used for whole genome analysis which is
profitable in genetic and breeding experiments and is suitable for genetic mapping, too. The location of a
new marker is found by recognizing similarities between the color pattern of the individuals for the new
marker and the ordered markers in the colormap. Colormapping can also be used to find linkages which
cannot be determined unambiguously by conventional mapping programs. Moreover, colormaps are ex-
tremely powerful for troubleshooting by indicating inaccurate genotypes caused by errors of different
origin. Colormap(ping) is generally applicable to genetic mapping/analysis of any organisms.

Keywords: Genetic linkage map - colormapping - Medicago saliva

INTRODUCTION

The efficient analysis of complex genomes like those of the plants started with the work
of Gregor Mendel who discovered the basic principles of the inheritance of traits [9]. By
the work of T. H. Morgan and A. H. Sturtevant, traits determined by genes could be as-
signed to Linkage Groups (LGs), and within one LG the order of the genes could be es-
tablished, thereby genetic maps could be constructed [11]. Until 1980, different morpho-
logical mutants, distinguishable forms of enzymes (allozymes/isozymes), and other traits
like resistance against pathogens were used as genetic markers for the construction of ge-
netic maps of different plants (e.g. pea, maize, rice, etc.). Genetic mapping based on the
above types of markers was time consuming and limited concerning the number of mark-
ers. Since the introduction of molecular markers for mapping [2], the construction of ge-
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netic maps of many organisms including plant species has been extremely accelerated
and become relatively simple. It was demonstrated for the first time in 1980 [2] that DNA
sequence differences between two crossable individuals can be detected by Southern hy-
bridization [10], and used as codominant genetic markers for mapping. This new tech-
nique, called Restriction Fragment Length Polymorphism (RFLP), became a powerful
tool to construct genetic map of different organisms. Since 1990 several PCR-based tech-
niques (Random Amplified Polymorphic DNA (RAPD) [14]; Arbitrary Primed PCR (AP-
PCR) [13]; DNA Amplification Fingerprinting (DAF) [4]; Amplified Fragment Length
Polymorphism (AFLP) [12]) have been rapidly developed in order to increase the number
of DNA markers on the maps. PCR-based techniques have several advantages over RFLP
such as speed, handling more samples, and avoidance of isotopes. On the other hand, they
also have drawbacks like dominant inheritance in many cases and some degree of ambi-
guity compared to RFLP.

The construction of the genetic maps is based on the calculation of the recombination
frequencies (RF) from the genotype scores for the marker pairs of a segregation popula-
tion. By this, the large number of genotypic data, which were equal to the number of in-
dividuals in the segregation populations were abstracted into single RF values between
two markers. RF values were then converted to genetic distances, which were then used
to draw the genetic map. Accordingly, markers were shown next to a vertical bar ac-
cording to their order and proportionally to' their calculated genetic distance. The vertical
bars constituting all the linkage groups of an organism represented the genetic map. This
presentation of the marker orders did not reflect the genotype of the markers and the in-
dividuals in the mapping population, that is the raw data used for the calculations were
not shown. Raw data are genotypes which were usually designated by characters (num-
bers or letters) and stored as tabulated data. Raw data in this form were impracticable and
could not be easily handled since the mass of the numbers or letters in the matrix was
confusing for the eyes. However, replacing the characters by graphical or color symbols
made the raw data manageable. Graphical and color representation of the genotypes
could be used for whole genome [15] or pedigree analysis [3].

During our mapping work we realized that the use of color representation of the geno-
types can be further improved and this type of visualization could be applied as a power-
ful tool for genetic mapping. In this communication we describe the so-called colormap-
ping which is a non-mathematical procedure for genetic mapping. Colormapping is an
interactive, computer based but manually performed operation by which the position of a
new marker can be easily determined. Genotypes of the markers for each individual in
the mapping population were converted to and represented by colors, and computer
spreadsheet program was used to display the color genotypes as a genetic colormap. The
genotypes of a new marker were displayed by a color patterned row which in turn could
be inserted between two marker rows of the colormap according to their best match com-
pared to the flanking color pattern. This mapping procedure is fast, facile, reliable, avoids
mathematical calculations and allows powerful troubleshooting by highlighting geno-
types which do not match the surrounding genomic region.
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MATERIALS AND METHODS
The origin of the data used in this study

In order to construct a colormap the determination of the genotypes of the markers for the
individuals in a segregation population is needed. The genotypes which were used to de-
duce the colormap from numerical characters are taken from the mouse.raw data file of
the program MAPMAKER/EXP 3.0 [7, 8] which contains the genotypes for 15 loci of
chromosome 10 for the 46 individual mouse progeny in a segregating population. The
name, location and distances of these markers can be found on page 45 of the
MAPMAKER/EXP 3.0 manual. Software and manual of MAPMAKER/EXP 3.0 can be
obtained from Dr. Eric Lander (Whitehead Institute, 9 Cambridge Center, Cambridge,
MA 01242, USA, Fax:617 258 6505; Internet:mapmaker@genome.wi.mit.edu). The
abov- mentioned 15 markers are used for Figs 1-3. The genotype data for the markers of
the LGs 2, 6 and 7 of diploid Medicago sativa shown in Figs 4 and 5 are the results of the
mapping work on alfalfa in our laboratory [Kalo et ah, submitted].

Conversion ofthe numerical genotypes to color symbols

The numerical genotypes throughout the paper are as follows: 1 and 3 maternal and pa-
ternal homozygous, respectively; 2 heterozygous; 4 paternal dominant; 5 maternal domi-
nant genotypes; 0 missing data. These genotypes are converted to colors by EXCEL pro-
gram using short Macro programs utilizing the “Format\Cells...\Patterns\Cell shad-
ingVolor” functions. These Macro programs convert the white shading of the cells con-
taining the numerical characters to colors as follows: Character 0, 1, 2, 3, 4 and 5 are
converted to gray, yellow, green, purple, metal-blue, and light green, respectively.

Procedure of colormapping using Ex CEL program

Colormapping is carried out by the computer program EXCEL which is available for both
IBM compatible and Macintosh/Apple computers. Data are interchangeable between the
computer systems through ASCII text file format. Genotypes are converted to colors (see
above) which results in a color pattern (see Results). Care has to be taken to introduce the
genotype scores of a new marker in the same order as the order of the individual plants in
the colormap to be used. Mapping manipulation starts by opening a window with two
horizontal parts, one is steady, this contains the color pattern of the new marker in one
row (usually at the bottom of the screen), the other is rolled and contains as many rows of
the markers from the colormap as possible or convenient. The markers in the later win-
dow are scrolled from the first marker until the last one by using the mouse on the scroll-
ing arrowhead on the right side of the window. The human eyes recognize easily when
the color pattern of the new marker and that of the markers in the colormap are similar.
When best fit is achieved, scrolling is stopped and the new marker is inserted into the
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colormap by the “Cut" and the “Insert cut cells” functions of the “Edit" menu. This op-
eration takes less then one minute after having the combined color genotype data of the
new marker introduced into the spreadsheet. Program EXCEL v. 5.0 for IBM compatible
computers allows to handle 256 columns and 16384 rows that is there is room for more
than 4,000,000 genotype data. The best way to handle the data is to have a master file
(“frame colormap”) containing only limited number of core markers (preferentially co-
dominant ones), as well as individual files for each LG with all markers mapped. Con-
veniently “rough” mapping is done first in the “frame colormap”. Once a new marker has
been mapped then it is transferred to the file containing the appropriate LG where “fine”
mapping can be performed. It is of choice whether the newly mapped marker becomes
the member of the core markers.

RESULTS
Generation of color pattem from raw data, and the colormap

Genetic mapping has been based till now on mathematical analysis of the incidence rate
of the genotypes for the loci segregated in the individuals of a mapping population. Irre-
spective of the type of the segregation population (whether it is inbred line, F2 intercross
or backcross) genotypes are scored similarly. The individual genotype for a locus can be
homozygous for the maternal allele, homozygous for the paternal allele or heterozygous.
This kind of genotype allocation can only be used when the evaluation is codominant. In
the case of dominant inheritance, however, heterozygous configuration is indistinguish-
able from the dominant homozygous. Traditionally in diploid organisms the following
symbols were introduced taking  and a2 as the maternal and paternal alleles, respec-
tively: a,ai, maternal homozygous; a2a2, paternal homozygous; a ~, heterozygous; a,-,
maternal dominant (aj is dominant over a2, therefore either a,ab or a”); a2-, paternal
dominant (a2is dominant over a,, therefore either a2 or a,a2). These scoring symbols
obey the traditional designation highlighting the genotype of both chromosomes of the
homologue pair. The application of computer programs for the calculation of genetic
linkages for several markers, as well as the ambiguity which may arise from the genetic
configuration of two markers with heterozygous genotypes (a[a2bib2is indistinguishable
from a2i/bib2 single character symbols representing combined genotypes or scores
have been introduced (see for example MAPMAKER/EXP 3.0). These symbols (numeric
or alphabetic) can be defined for example as follows: 1= maternal homozygous (ajaj); 3
= paternal homozygous (a2a2; 2 = heterozygous (ata2 or aza(); 4 = paternal dominant
(a2-) ; 5 = maternal dominant (ap).

For the estimation of the recombination frequencies between marker pairs mathemati-
cal calculations are generally applied (most frequently the maximum likelihood method is
used [1]. For these calculations (which are computerized nowadays), the genotypes of the
loci of the individuals in a segregation population have to be fed into the computer one
after another. Genotypes are scored as numerical or alphabetical characters (see above)
and stored favorably in a spreadsheet file (in our case program EXCEL is used). The cre-
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ated file contains the genotypes of the markers for the individuals in a mapping popula-
tion as shown in Fig. 1 The markers highlighted in the first column of Fig. 1A are not in
the order of their chromosome location since their linkage relationships have not been
determined yet. To establish the gene order computer program MAPMAKERAEXP 3.0 is
used. Running MAPMAKER/EXP 3.0 with data shown in Fig. 1A, the following gene
order is obtained: T031 - M153 - M024 - M139 - A114 - M067 - D030 - L062 - M003 -
A037 - M007 - M172 - T032 - A063 - M175 (compare this order with the genetic map of
chromosome 10 of mouse on page 45 in MAPMAKER/EXP 3.0 manual). In Fig. 1the 15
markers are displayed random (Fig. 1A) or in ordered (Fig. IB) sequence, respectively.
Looking at the black and white characters it is very hard to observe the changes in the
pattern of the numerical data (i.e. recombination), since human eye is not sensitive
enough to distinguish black characters on a white background. To make pattern percep-
tion more obvious by visual sensation numerical characters are simply replaced by well
selected colors, since “Colour is what eye sees best” [5]. Conversion of the genotypes to
colors is described in the Materials and Methods, and shown in Fig. 2. The changes in the
color pattern after determining the linkage order is striking (compare Fig. 2A with Fig.
2B). In Fig. 2B the long vertical stretches of colors represent homozygous maternal and
paternal (yellow and purple, respectively), or heterozygous (green) chromosomal regions.
Color transitions reflect recombination events therefore the genotypes of genomic regions
and their changes along the chromosomes for each individual can be comprehensively
analyzed. The resulting display in Fig. 2B is the so-called colormap. The colored bars
next to each other in the colormap are representing the combined genotypes of the 15 or-
dered markers of the homologue chromosome pair of LG 10 for 46 mouse individuals in
an F2 segregating population.

Properties of the colormaps

The colormap shown in Fig. 2B presents the marker order of LG 10 and the combined
genotypes of the appropriate individuals for the given genetic markers. This primary
colormap, however, does not reflect the proper genetic distances between the markers.
Markers and their pertaining genotypes can be arranged according to the genetic dis-
tances between the marker pairs as shown in Fig. 3A. Genetic distances have to be cal-
culated from the recombination frequencies using the Haldane or Kosambi map func-
tions. Missing genotypes of the chromosomal regions located between the mapped
markers are represented by gray color (refer to Figs 2 and 3A). One can see that the or-
dered genetic markers determine fixed positions on the chromosome to serve as reference
points (i.e. core markers) for subsequent mapping.

A highly saturated genetic map possesses thousands of markers, yet these reference
points are far from each other in terms of physical distance. Core markers are flanked by
hundreds of genes with undetermined genotypes (see gray zones in Fig. 3A), that is fixed
points represent only a very tiny portion of the whole genome. To handle the LGs as con-
tinuos genotype segments instead of interrupted ones, the genotypes of the flanking re-
gions can be predicted [15]. The prediction can be carried out easily on the colormap to
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Fig. 1 Genotypes of the markers of the mouse chromosome 10 taken from the mouse.raw data file of program MAPMAKER/EXP 3.0 [7, 8]. For simpli-
city, markers belonging to chromosome 10 were only extracted (see page 45 of the MAPMAKER/EXP 3.0 manual; and see Materials and Methods). The

matrix displays the genotypes of 15 loci (first column) of the 46 individuals of the mouse progeny (first raw) in the segregating population. Numerical val-

ues are: 1 and 3, maternal and paternal homozygous, respectively; 2, heterozygous, 5, maternal dominant genotypes. To handle and edit the raw data
program EXCEL for Macintosh or IBM compatible computers was used. Panel A and B show non-ordered and ordered marker sequences, respectively
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Fig. 2. Genotypes of the mouse markers on chromosome 10 displayed in Fig. 1 are represented here by colors. Maternal (number 1), paternal (number 3)
homozygous genotypes are replaced by yellow and purple colors, respectively. Heterozygous (number 2) and maternal dominant (number 5) genotypes are
highlighted by green and pale green colors, respectively. Missing data are gray. The numerical characters were replaced by the appropriate color back-
ground by the Format “background pattern” function of the EXCEL program for either Macintosh or IBM compatible personal computer. Adjusting
the column height and row width the desired picture size can be achieved. Panel A and B show disordered and ordered marker sequences, respectively
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TO031-
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All4-

M067-
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MU03-
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M007-
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T032-

A063-
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Fig. 3. The ordered marker sequence of chromosome 10 of mouse displayed in Fig. 2B alter introducing
the relative distances between markers. Panels A and B show non-predicted and predicted color geno-
types, respectively. Horizontal arrowheads show predictable and predicted paternal genotype in panel A
and B, respectively, between markers M003 and A037 for the mouse individual number 1. Horizontal
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arrows show predictable and predicted recombination site in panel A and B, respectively, between mar-
kers M 172 and T032 for the mouse individual number 2. Slanting arrowheads in panel A show predict-
able genotypes for the last marker TO31 for mouse individuals number 11, 25 and 41
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get a continuous color pattern and thereby a continuos genotype strip (compare Fig. 3A
with Fig. 3B). The predictions are according to the follows:

(1) If the combined genotypes of the two flanking markers were the same the follow-
ing assumption was made: the genotypes of the intermediate genes (chromosomal seg-
ment) were inferred from that of the flanking markers because no recombination event
was supposed (the principle of maximum parsimony). It means that if the flanking mark-
ers displayed maternal, paternal homozygous, or heterozygous genotypes than the geno-
types of the intermediate genes are most likely maternal or paternal homozygous, or het-
erozygous, respectively (see for example the horizontal arrowhead between markers
MO003 and A037 for mouse individual number 1 in Figs 3A and 3B). However, it is im-
portant to keep in mind that even, but not odd number of recombinations could have oc-
curred between the markers, consequently an “island” of a different genotypic segment
(abbreviated as island afterwards) could interrupt the region. These hidden islands can be
revealed by further fine genetic mapping in the region. The shorter the distance between
the reference markers, the more probable that no even number of recombinations took
place, that is no island is present.

(2) If the combined genotypes of the two flanking markers were different it is suppos-
ed that only one recombination took place (the principle of maximum parsimony) some-
where between the markers. Recombination is supposed to take place halfway between
the flanking markers, therefore sequences located in one or the other side of the assumed
recombination site “inherit” the genotype of the closer marker (see for example the hori-
zontal arrow between markers M172 and T032 for mouse individual number 2 in Figs 3A
and 3B). Three or more odd number of recombinations would result in island(s). The
shorter the genetic distance between the markers, the more probable that no three or more
odd number of recombinations occurred. Determination of the genotypes of additional
markers in the region makes the localization of the recombination spots(s) more accurate.

(3) If the last genotype at the end of the LG was missing no recombination was sup-
posed, consequently the same genotype was predicted that the closest proximal flanking
marker had (see for example the slanting arrows at marker T031 for mouse individuals
number 11, 25, and 41, in Fig. 3A). Similarly, the genotype of the chromosomal region
located distal from the last marker to the telomer was inferred from the genotype of the
last marker. It is not excluded that further mapping reveals recombination. The closer the
end marker to the telomer, the less probable the recombination event was.

(4) Dominant markers located between two codominant markers can provide more re-
liable prediction of genotypes and recombination events. For example marker M024 in
mouse individual number 37 is paternal recessive (combined genotype is 3, that is pur-
ple). This fact positions the recombination event between markers M024 and M 139 (see
triangle in Fig. 3A) instead of being in the middle of markers M153 and M139 (see open
circle in Fig. 3A). On the other hand, if the genotype was maternal dominant (combined
genotype is 5, that is pale green) as in the case of marker M024 in mouse individual 16,
no additional information is obtained since this genotype is heterozygous (recombination
is between M024 and M139) or maternal homozygous (recombination is between M024
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and M153), therefore the predicted recombination should be placed in halfway between
markers M153 and M139 (see closed circle in Fig. 3A).

It is advised that determined and predicted genotypes should be distinguished. For that
purpose numerical characters can be used in the data sheet where scores are stored. How-
ever, when computer calculation is to be carried out, these characters have to be con-
verted either to zero (missing data), or to numbers 1, 2, 3, 4, 5. Zero replacement gives
the so-called non-predicted raw data, while predicted data will yield predicted values for
the calculation of linkage.

Colormapping as a novel procedurefor genetic mapping of new markers

Colormaps displayed on a monitor by the help of the EXCEL program can be used effi-
ciently for genetic mapping. The principal role of colormapping is to find the best match
between the color pattern of the new marker to be mapped and that of the colormap (see
Fig. 4). Program EXCEL makes it possible to divide the opened window on the monitor
in two horizontal parts at the same time. This feature of the program is used to find the
correct map position of the new marker. The first window contains as many marker rows
of an LG as possible including all or several individuals (columns) in the mapping popu-
lation. This can be achieved by adjusting the column height and row width to the desired
value. Below this, another narrow window is opened containing the color genotypes of
the individuals for the new marker to be mapped (the order of the individuals must be the
same in both windows). Mapping is done by visual comparison of the color pattern of the
markers in the upper and lower windows. To find the position of the new marker, the
rows of the upper window are rolled upwards to show the color pattern of the upcoming
markers until the best match of the patterns is found. If the end of the LG was reached
without unambiguous matching, the next LG is started to be screened, and so on. During
this procedure visual evaluation is needed to catch the region of the map to which the
new marker shows the highest degree of color pattern match - thereby the less recombi-
nation event. When this region is found the new marker is inserted between those two
markers where the new marker fits the best. The procedure of colormapping is illustrated
in Fig. 4. An RFLP marker CAD5B is mapped between RFLP markers U189A and L295
on LG 2 of alfalfa. By inserting the new marker CAD5B (that is the row of a color pat-
tern) into this region of the colormap the minimal number of color transition (recombina-
tion) is generated. This mapping procedure takes usually less time than running any of
the computer programs which calculate recombination frequencies and map distances
using mathematical formulas. On the other hand, colormapping produces the same order
of loci as mathematical approaches without determining the genetic distance.
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Fig. 4. Mapping a new marker CAD5B to LG 2 of the genetic map of alfalfa. The color genotypes of CAD5B are shown at the bottom of the Fig. 4. Ac-
cording to the color pattern similarities CAD5B was mapped in LG2 and can be placed between U189A and L295. The minimum number of color transi-
tions (recombinations) were generated by inserting the new marker between U189A and L195. This manipulation was carried out by the “Cut" and “In-
sert cut cells" functions of the computer program EXCEL as described in the “Materials and Methods” and the “Results” sections in more detail
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Colormapping in distorted regions

During our mapping work on alfalfa some markers showed distorted segregation ratios,
i.e. individuals with heterozygous genotype for these markers were in excess. An RFLP
marker U286 showed extreme distorted segregation (8 homozygous genotypes out of 137
individuals, see Fig. 5). According to the computer program MAPMAKER/EXP 3.0 this
marker gave recombination frequencies of less than 0.1 with two other markers OAD16A
and U62, respectively, which belonged to two different LGs (LG 6 and 7, respectively).
When LG 6 and 7, as well as the above markers were analyzed in the form of colormap it
could be demonstrated unambiguously that markers OAD16A and U286 are unlinked
(zero “homozygous link” out of 7 and 8 homozygous genotypes, respectively), while U62
and U286 are linked (6 “homozygous link” out of 8 and 7 homozygous genotypes, re-
spectively). The analysis of these color patterns shed light also to the linkage relation be-
tween the two halves of LG 6 and 7, respectively. Marker OAD16A connects the two
halves of LG 6, while U286 is the “bridge” between the two parts of LG 7 as shown in
Fig. 5.

Troubleshooting with colormap

One of the most advantageous properties of the colormaps is their powerful trouble-
shooting capacity. Troubleshooting is usually done on the raw data introduced as numeri-
cal genotypes into a matrix. On the one hand, the genotypes should be checked again on
the autoradiograms or on the photos, on the other hand, the genotypes have to be verified
by proofreading the characters one by one. These procedures are time consuming, labori-
ous, and still doubtful. Whereas, a newly introduced marker into the colormap according
to the position of its best fit immediately gives a spectacular color view of the new
marker and its neighborhood. One can obviously perceive whether the color of the new
marker matches unambiguously their flanking regions (markers) for each individual or
not. The following situations may occur:

(1) the genotypes of the flanking markers are the same, and the new marker matches
this pattern; no discrepancy that is no recombination occurred.

(2) the genotypes of the flanking markers are the same but the genotype of the new
marker differs from both in one or more individuals; in this case either recombination
events occurred on both sides of the new marker (see for example the genotype of the
U286 for individuals 70 and 103 on LG 7 in Fig. 5.), therefore islands were generated, or
errors were made.

(3) the genotypes of the flanking markers are different and the genotype of the new
marker coincides with one of the flanking genotypes. In this case, the recombination event
has occurred between the new marker and the marker with the diverse genotype (see for
example the genotypes of U286 for individuals 22, 23, 24, etc. on LG 7 in Fig. 5).

(4) the genotypes of the flanking markers are different and the genotype of the new
marker does not coincides with any of the flanking genotypes. In this case, recombination
events have occurred on both sides of the new marker or miss-genotyping.
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Fig. 5. Colormapping of markers with ambiguous location. The markers are placed according to their order but the distances are out of scale. The values on

the top of the Fig. show the serial numbers of the plants in the population. On the right side of the colormap the values represent the total numbers of indi-

viduals with homozygous genotype of the appropriate markers as well as the numbers of individuals with homozygous links to the flanking markers.
The explanation of this Fig. is described in the “Results” section of the paper
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The presence of an island can be confirmed by mapping new marker(s) with the same
genotype next to the marker by which the island was generated in the appropriate indi-
vidual, or thrown out if repeated experiments disproved the genotype. For example, in the
case of the marker U286 for the plant individual number 70 on LG 7 in Fig. 5, the homo-
zygous paternal genotypic island (purple color) was confirmed by a new dominant
marker OAH11A (data not shown). In the case of an island one should keep in mind that
it may be the result of miss-genotyping caused by personal mistakes or technical errors.
The color display of the genotypes (that is the colormap) is extremely powerful to high-
light ambiguities, consequently facilitates troubleshooting. In the case of discrepancy the
genotypes of only those marker/individual combinations have to be rechecked or re-de-
termined which produced conflicting results. This kind of troubleshooting helped us tre-
mendously during our mapping work to pick up discrepancies and to correct genotypes,
consequently experimental mistakes could be eliminated or reduced to a large extent.

DISCUSSION

In this paper we described the concept of colormap and its use for colormapping which is
a non-mathematical method for genetic mapping. Combined color genotypes of ordered
markers are used to display the genetic composition throughout the entire genome of each
individuals in a segregation population. This display is the colormap which can be used
for colormapping that is to find the location of new markers on the map quickly and with
high fidelity. Colormapping can also be used to find genuine linkage between regions
with distorted segregation ratios which are ambiguously sorted out by conventional com-
puter programs. Moreover, colormaps are extremely powerful for troubleshooting to pick
up incorrect genotypes caused by errors of different origin.

As compared to the concept of graphical genotype [15], colormaps have a major ad-
vantage: the alleles appeared in a locus of the homologue chromosome pair are integrated
into a combined genotype and this is displayed as color. Maternal and paternal homo-
zygous, heterozygous, or maternal and paternal dominant configurations are displayed by
different colors. The resulting color picture, that is the genotypes of the ordered markers
of the individuals in a segregation population is the colormap. Colored genotypic pattern
of any genomic segment can be analyzed more easily as compared to either graphical or
numerical patterns. Recently the representation of the genotypes by color was introduced
for using in marker-based pedigree analysis [3] but no colors were used before to repre-
sent combined genotypes which facilitate the genetic mapping.

Colormaps are extremely useful in plant genetics and breeding when whole genome
analysis is required. The selection of individuals with a desired genotype among the
progeny is simple and straightforward even if more than one locus is looked at, e.g. in the
case of multiple loci selection. Colormaps display the genetic composition of the indi-
viduals in a segregation population giving a concise and comprehensive color image
where the entire genome is highlighted. Taking the color genotype of an individual plant,
transition from one color to another mirrors recombination event. Similarly to the graphi-
cal genotype, cis or trans heterozygous configuration of the alleles cannot be revealed by
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colormaps, consequently cis or trans heterozygous configuration of the alleles has to be
determined, if necessary, by progeny analysis.

Colormaps can be used for genetic mapping. This new approach is called colormap-
ping since the location of the new markers is found by the best match of the color pattern
of the new marker compared to the already existing colormap. Strikingly, colormapping
is efficient, and even fasten than mathematical calculations to find the position of the new
markers. This is achieved by the fact that the perception of color patterns by the human
eyes is extremely sensitive [5]. Colormapping is carried out by the help of a computer
spreadsheet program called EXCEL which is available for both Macintosh and IBM com-
puters, in addition EXCEL is compatible with other spreadsheet programs e.g. LOTUS 1-
2-3. The new marker to be mapped is shown as a color patterned row in a part of the win-
dow separated from the other one displaying the already established colormap, which is
followed by finding the best match between the patterns of the new marker and the ap-
propriate region of the colormap as described in Results. After inserting the new marker
into its adequate position it is becoming a new component of the map. Since colormap-
ping does not determine the genetic distances, a colormap displays the order of the mark-
ers disproportionately. Genetic distances have to be calculated by other methods and the
appropriate distances can be incorporated afterwards into the colormap as shown in Fig.
3B. It has to be emphasize, that the construction of colormaps can be started from scratch.
Similar color patterns of markers can be separated one by one, and by continuing this
sorting out LGs can be established as was performed with scrambled markers for the
eight LGs of alfalfa (data not shown).

Colormaps can be used to find linkage relationship between markers and partial link-
age groups if mathematical approaches give ambiguous results as was demonstrated for
LGs 6 and 7 in this study. If the segregation ratio of given markers are extremely distort-
ed as in the case of some chromosomal regions in the outcrossing diploid alfalfa mapping
population [6], calculating the recombination frequencies may result in false values (he-
terozygous marker pairs are not neutral but enhance linkage). Displaying the appropriate
color patterns visual sensation can perceive the more important homozygous links or
color transitions, by which linkage or non-linkage can be strengthened or rejected.

An extremely important advantage of colormaps to our experience is the immediate
realization of surprising results or experimental mistakes. The appearance of a different
color that is an “island” in a genetically uniform region may indicate double recombina-
tion events or mistakes in the determination of the genotype or typing. Repeating the de-
termination of the genotype for the appropriate locus can confirm or reject the genotype
of the island. This is of great help when genotyping is carried out by RAPD [14] or other
PCR-based techniques with non-specific primers, since PCR amplifications may result in
false patterns for different reasons. RFLP patterns [2] can also produce incorrect geno-
types if sampling mistakes, slot shift or mixing up individual plants occurred. In these
cases colormaps highlights strikingly the irregular pattern. Improper genotyping can also
occur if wrong allele allocation was made. This can happen when the parents of the F2
population were heterozygous for the appropriate locus and the origin of the alleles can
not be determined unambiguously. In this case, colormap highlights discrepancies by
showing opposite color pattern, and the appropriate genotype can be corrected.
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Troubleshooting is extremely important in genetic mapping. Some experimental mis-
takes cannot be detected by computer when recombination frequencies are calculated
using mathematical algorithms. Most of the above errors would be resulted in an outcome
called “unlinked” and some mistakes would give longer genetic distances. Analyzing the
color pattern of colormaps genotype errors can be corrected after which more reliable
values can be calculated.

Colormap(ping) is not restricted only to plant genomes, it is applicable for any Ge-
nome Projects like human, Drosophila, Caenorhabditis, yeast and others, which could
benefit from it by displaying the combined color genotypes making possible genome
analysis, comparison, troubleshooting and mapping.
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EFFECTS OF ADMINISTRATION OF CYPROTERONE
ACETATE ON SEMINAL VESICLE AND TESTICULAR
ACTIVITY, AND SERUM TESTOSTERONE AND
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Cyproterone acetate (CA) was administered in the catfish Clarias batrachus (BW 60-65 g) in a dose of
1 mg/fish daily for 21 days in the prespawning (June) phase of the reproductive cycle. The treatment
caused a marked decrease in the size and weight of both testis and seminal vesicle (SV). Spermatogenesis
was retarded, inhibiting the transformation of spermatids into spermatozoa. The SV was greatly re-
gressed; the lobules were small with empty lumina or collapsed and fibrosed together with the intersti-
tium in many areas. The CA treatment decreased significantly the concentrations of total proteins, fruc-
tose, hexosamines and sialic acid in both the SV and testis, and serum levels of testosterone and estra-
diol-17R. The results indicate that the regressive changes in the SV and testis were a sequel to decreased
androgen level and blockade of androgen actions by interrupting, most likely, the androgen receptor
mechanisms.

Keywords: Seminal vesicle - testis - catfish - total protein - fructose - hexosamine - sialic acid-estra-
diol 178 —cyproterone acetate

INTRODUCTION

Cyproterone acetate (CA; I,2cc-methylene 6-chloro-pregn-4,6-diene-17a-ol-3,20-diene-
17a-acetate) is a commonly used antiandrogen to study androgen control of male repro-
ductive physiology of animals and man. CA influences a number of androgen-dependent
functions, notably spermatogenesis, sex accessory gland activity, sexual differentiation,
behaviour, etc. [11, 18-25]. It also elicits antigonadotropic properties due to progesta-
tional properties [20]. In nonmammals, only limited studies are available demonstrating
CA effects on spermatogenesis and secondary male sexual characteristics [2, 6, 7, 27, 28].
In teleosts, CA administration is only partially effective to block secondary sexual char-
acters [31] or has failed to inhibit the masculinizing effect of testosterone propionate or
11-ketotestosterone [27]. Murhpy [16] reported that CA failed to prevent gonad matura-
tion but decreased the gonadotropic cell size and plasma androgen (11-ketotestosterone)
level in Atlantic salmon parr. Seminal vesicle is an accessory reproductive gland
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chacracteristic of the male reproductive system of some teleosts, like catfishes, blennies
and gobies [13, 17, 40]. Apart from exocrine secretion and sperm storage, it is steroido-
genic and synthesizes a number of androgens [29 30, 33, 34]. Additionally, it is an im-
portant conjugation site of androgens which have pheromonal function [39]. It shows sea-
sonal activity in correlation with the testis [17]. In an extensive study in Clarias batra-
chus, Rai [26] has reported seasonal changes in chemical constituents, such as total pro-
teins, fructose, hexosamines and sialic acid of both testis and SV and stimulatory effects
of testosterone administration on these parameters. In the catfish Heteropneustes fossilis,
Sundararaj and Nayyar [38] reported based on histology that castration led to hyperactiv-
ity of the SV and administration of CA in castrates prevented this hyperactivity.

The objective of the present study was to evaluate CA effects on SV and testicular
functions, and serum levels of testosterone and estradiol-178 (E2) in the catfish C. batra-
chus.

MATERIALS AND METHODS
1 Collection and maintenance

Catfish (60-65 g) were collected in the prespawning phase (May-June) of the reproduc-
tive cycle. Males were separated and maintained under normal photoperiod and tempera-
ture (L:D cycle 13.3:10.7, and ambient temperature 32 + 7 °C in May) and acclimatized
for 15 days. During acclimation, fish were treated with benzanthine penicillin
(21.00.000/litre) for 1 h daily for 3 days to prevent skin infection. They were fed goat liver
during the period of acclimation and experiment.

2. Experimental design

One hundred and eighty acclimatized fish were divided into three groups of 60 each. The
first group served as initial control. The fish in this group were sacrificed before the start
of the experiment. They were weighed and blood was collected by caudal puncture for se-
rum collection and sera were stored at -20 °C for radioimmunoassay (RIA) of E2 and
testosterone. They were then sacrificed by decapitation. SV and testis were removed
quickly and weighed. The tissues were fixed in Bouin’s fluid for histology or stored at
-20 °C for biochemical estimations. The second group was injected with olive oil which
serves as vehicle control. The third group was injected with cyproterone acetate (CA, a
generous gift of Schering AG, Germany) intraperitoneally daily for 21 days, in a dose of
1.0 mg/fish/day. CA was dissolved in olive oil. After termination of the experiment, the
fish were weighed and blood was withdrawn for serum collection. They were sacrificed
by decapitation. The testis and SV were removed and stored at -20 °C for biochemical
estimations or fixed in Bouin’s fluid for histology.
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3. Study parameters

a) SV - Somatic Index (SVSI)
The weight of the SV was expressed in 100 g BW.

b) Gonadosomatic Index (GSI)
The weight of the testis was expressed in 100 g BW.

c) Histology
The tissues were processed for paraffin embedding and 7 pm paraffin sections were taken
in transverse plane and stained with Ehrlich’s hematoxylin-eosin.

d) Radioimmunoassay of serum testosterone and estradiol 178 (E2)

E2and testosterone RIAs were carried out according to the standard procedure of Abra-
ham [1]. [2,4,6,7,2H(N)] E2 (sp. act. 87.0 Ci/mMol) and [1,2,6,7,3H(N)]-testosterone (sp.
act. 92.1 Ci/mMol) were purchased from NEN, Boston, MA, USA and were used for the
assays. E2 antibody was a generous gift of Professor G. D. Niswender, Colorado State
University, Fort Collins, Co., USA and testosterone antibody was a generous gift of the
Indian Council of Medical Research, New Delhi, through the courtesy of Dr. C. Das,
AlIMS, New Delhi.

The sensitivity of both assays was 10 pg/ml. E2 antiserum cross-reacted with estrone
(4%) and estriol (0.5%). The testosterone antiserum cross-reacted with 5a-dihydrotesto-
sterone (3%), Adandrostenedione (4.3%), 5oc-androstanediol (1.9%), progesterone
(1.1%), androstane-3a-diol (1.5%), cortisol (0.096%), androstane-3R-diol (2.5%), estra-
diol-17R (0.061%) and dehydroisoandrosterone sulphate (0.72%). The intra- and interas-
say coefficients of variation (n = 5, mean + SD) for E2 were 2.28% (SD + 0.011) and
5.3% (SD + 0,025), respectively and those for testosterone were 1.43% (SD + 0.014) and
2.40% (SD + 0.023), respectively.

e) Estimation of total proteins, fructose, hexosamines and sialic acid

The concentrations of total proteins, fructose, hexosamines and sialic acid in the SV and
testis were measured by standard procedures according to the methods of Lowry et al.
[14], Mann [15], Els6n and Morgan [5] as modified by Davidson [3] and Warren [41], re-
spectively.

4. Statistical analysis

Data were expressed as means + SEM (standard error of means). Student’s Mest was used
to show significance between CA and control group data.
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Fig. 1A-D. Effect of administration of cyproterone acetate (CA) on histology of the seminal vesicle of
Clarias batrachus in prespawning phase. Ehrlich’s hematoxylin-eosin, x240
Fig. 1A. A TS of the SV of a vehicle control fish. The SV lobules are large and distended with flat epi-
thelia and secretion-filled lumina. Spermatozoa are seen embedded in the secretion. Figs 1B-D. TS of the
SV of a CA-treated fish. Extensive regressive changes are seen in the SV. The lobules are empty and the
interstitium thick (B), or are exensively fibrosed (C), or are collapsed and in the process of fi-
brosis (D)
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Figs 2A-D. Effect of administration of cyproterone acetate (CA) on the histology of the testis in C. bat-
rachus. Ehrlich’s hematoxylin-eosin. L - Leydig cells; ST - spermatids; SZ - spermatozoa, x240
Fig. 2A. A TS of the testis of an initial control fish. The seminiferous tubules contained a moderate
population of spermatozoa. Fig. 2B. A TS of the testis of an olive oil-treated control fish. The seminifer-
ous tubules are enlarged and contained large masses of spermatozoa. Figs 2C, D. A TS of the testis after
CA treatment. The seminiferous tubules are small in size and contained less number of spermato-
zoa (C) and the interstitium is thick (D)
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RESULTS
1 Effect of CA on SV histology

The SV lobules in the vehicle control group were large and distended with flat epithelium
and secretory material-filled lumen. Spermatozoa can be seen embedded in the secretion
(Fig. 1A). The administration of CA produced extensive regressive changes in the SV.
Lobules in some regions of the SV were reduced in size and their lumina were mostly
empty containing only lumps of secretory material. The epithelium was tall and columnar,
but did not show any secretory activity (Fig. I1B). The interstitium was thick and fibrosed.
In other regions, the lobules were collapsed (Fig. 1C) and lost their histoarchitecture with
extensive fibrotic changes (Fig. ID).

Serum hormone levels (ng/ml)

Fig. 3. Effect of administration of cyproterone acetate (CA) on the weights of testis (GSI) and seminal

vesicle (SVSI), and serum levels of estradiol-178 (Er), testosterone (T) in Clarias batrachus (mean

+ SEM; n=5). a- comparison between the initial control (1C) and vehicle control groups, *p < 0.001; b

- comparison between the vehicle control and CA-treated groups, *p < 0.001; NS - not significant
(Student’s r-test)
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Fig. 4. Effect of administration of cyproterone acetate (CA) on total proteins, fructose, hexosamines and

sialic acid levels in Clarias bcitrcichus (means + SEM; n = 5). a - initial control vs. vehicle control

group, 1 - p <0.05 2- p <0.01; 3- p <0.001; b - vehicle control vs. CA group, 1 - p < 0.05,
2-p<0.01,3-p< 0.001 (Student’s /-test)
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2. Effect of CA on spermatogenesis

In the testis of initial control fish, the seminiferous tubules contained moderate population
of spermatozoa (Fig. 2A). In the olive oil-treated control, the tubules were enlarged and
the lumina were filled with large masses of spermatozoa (Fig. 2B). The CA treatment re-
duced markedly the tubular size and retarded the pace of spermatogenesis. The tubules
contained a less number of spermatozoa and a large number of spermatids (Figs 2C, D)
compared to control fish. The interstitium and the germinal layer were thick in some areas
(Fig. 2D).

3. Effect of CA on SVSI, GSI and serum levels of hormones

The administration of CA decreased significantly (p < 0.001) the SVSI, GSI and the lev-
els of testosterone and E2 compared to that of the vehicle control group (Fig. 3).

4. Effect ofCA on total proteins, fructose, hexosamines and sialic acid
concentrations in the SV and testis

The administration of CA decreased significantly the concentrations of proteins (SV,
p < 0.01; testis, p < 0.001), fructose (SV, p < 0.05; testis, p < 0.01), hexosamines (SV,
p < 0.001; testis, p < 0.01), and sialic acid (p < 0.001) when compared with those of the
vehicle control group (Fig. 4).

DISCUSSION

The accessory sex glands are target organs for androgens and, therefore, for antiandro-
gens as well [23]. By this criterion, the SV of the catfish which is an androgen-dependent
gland responded to the antiandrogen treatment along the expected line. The data showed
that CA treatment inhibited significantly the normal activity of the male reproductive
system. In the SV, the histological changes varied from reduction of the lobules with
empty lumina to their total collapse and fibrosis. Apparently, such variations might be due
to different stages of the secretory activity within the lobules. Sundararaj and Nayyar [38]
have reported a decrease in the weight of the SV (SVSI) following CA treatment in cas-
trated Heteropneustes fossilis. The present investigation has provided for the first time
quantitative chemical analysis data of some SV components. The CA treatment inhibited
significantly the concentrations of total proteins, fructose, sialic acid and hexosamines.
The concentrations of these biochemical correlates have been shown to increase with the
progress of gonadal recrudescence and stimulated by exogenous testosterone treatment
[26]. Investigations in mammals have shown that CA inhibits the levels of proteins and si-
alic acid in epididymis, fructose in Cowper’s glands and dorsal prostate [25], and the
contents of DNA, RNA, and zinc in the prostate [21]. Similar inhibitory effects were also
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reported after flutamide (a nonsteroidal ‘pure’ antiandrogen) treatment in rats [4] and
musk shrew [36].

The CA treatment has also inhibited testicular activity as evident from the decreased
GSI and impaired spermatogenesis. The tubules contained mainly spermatids. In the At-
lantic salmon parr, CA treatment did not arrest spermatogenesis although a decrease in
plasma androgen (11-ketotestosterone) level was reported [16]. On the other hand, Rouse
et al. [31] have reported inhibition of the development of both spermatids and spermato-
zoa in CA-treated sticklebacks. In rainbow trout, Billard [2] has shown that there was no
testicular growth when the antiandrogen treatment was started before the initiation of
spermatogenesis and a limited effect was observed when treated after the beginning of
spermatogenesis. In all mammals, including man, CA inhibits spermatogenesis but the de-
gree of inhibition varies with doses and species [21, 24]. According to these authors, me-
dium doses inhibited spermatozoal maturation, high doses impaired meiosis and ex-
tremely high doses resulted in depopulation of the tubules; only spermatogonia and sper-
matocyes persisted. According to Schenck and Neumann [32] and Neumann and Schenck
[24], the inhibition of spermatogenesis is a secondary effect due to the inhibition of Ser-
toli cell function. These authors have reported a parallel decrease of the testis weight and
androgen binding protein reduction in the CA-treated rat. The inhibition of total proteins,
fructose, hexosamines and sialic acid in the testis of the CA-treated catfish suggests a di-
rect action of the antiandrogen on testosterone-mediated secretory activity of the Sertoli
(cyst) cells.

The regressive changes in the SV and retardation of spermatogenesis in the CA-treaed
catfish may be ascribed to the antiandrogen competitively inhibiting the binding of andro-
gens to the cytosol receptor in the target organs and the resulting inhibition of the cytosol-
androgen receptor translocation into the nucleus and androgen-dependent transcriptional
and translocational activities, as reported in mammals [10, 20, 22]. The androgen receptor
dynamics in relation to CA treatment has to be investigated in the catfish.

In the CA-treated fish, serum levels of testosterone and E2 were significantly de-
creased. The decreased level of testosterone might have further augmented the antiandro-
genic action of the compound at peripheral targets. Schreck [35] has reported decreased
plasma testosterone level and uptake of H3testosterone by the testis of CA-treated rain-
bow trout (Salmo gairdneri). Murphy [16] reported a decrease in plasma 11-ketotesto-
sterone level in CA-treated Atlantic salmon parr. Likewise, in human volunteers and labo-
ratory animals, a decrease in testosterone level was reported following CA treatment
which was attributed to decreased LH levels [12, 21]. A direct action of CA on Leydig
cells is very likely and may be responsible for the low serum level of testosterone in the
CA-treated intact fish. CA has been shown to inhibit A5-3R-hydroxysteroid dehydroge-
nase activity in the ovaries and livers of female tadpoles [9]. Haider [8] reported that CA
influences the differentiation of rat peritubular Leydig cells and hydroxysteroid dehydro-
genases to varying degrees. In Indian wall lizard, CA treatment inhibited A5-3BR-hydroxy-
steroid dehydrogenase and glucose-6-phosphate dehydrogenase activities and caused the
accumulation of sudanophilic lipid material in Leydig cells [7]. The decreased E2 level
suggests the decreased rate of aromatization of testosterone which is the precursor of E2.
A decrease in E2level was also reported in CA-treated human volunteers [12]. Srivastava
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et al. [37] have reported that CA displaces E2 selectively from sex hormone-binding
globulin in female monkey plasma.

In conclusion, the regressive changes in the SV and testis are caused by decreased se-
cretion and activity of androgen by CA.
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Wer will was Lebendig’s erkennen und beschreiben,
Sucht erst den Geist heraus zu treiben,

Dann hat er die Teile in seiner Hand,

Fehlt leider nur das geistige Band2

J. W. von Goethe [I]

INTRODUCTION

In looking back at the last three decades of interoception research in the Department of
Comparative Physiology at E6tv6s Lorand University Budapest from the standpoint of an
external cooperating group it seems appropriate to consider its impact on recent and fu-
ture developments in the field and related areas of psychobiology. We will do this by
concentrating on a series of experiments inspired by our cooperation with G. Adam’s
group since 1985 [2-5]. Their results have important bearings on a current issue in the
consciousness debate.

Dedicated to Gyérgy Adam on the occasion of his 75th birthday.

Send offprint requests to: Prof. Dr. R. Holzl, Laboratory of Clinical Psychophysiology, Otto-Selz-
Institute of Psychology and Education Science, University of Mannheim, Postfach 103462, D-68131

Mannheim, Germany

‘“This report is based on an invited paper read by the first author before the Hungarian Academy of
Sciences at the 30th Anniversary Symposium of the Department of Comparative Physiology, E6tvds
Lorand University, and the Human Psychophysiology Group of the Hungarian Academy of Sciences,
Budapest, 18th December 1997.

ZEnglish translation (R. H.): “Who would know and describe a living thing / Tries first to drive its
spirit out, / Then with the pieces in his hand, / He lacks their spiritual bond” [1].
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Visceroception and somatosensation

The issue in question is on the role of body perception in general and perception of vis-
ceral events in particular in the constitution of a conscious self through the construction of
the so-called “body self”. This term has become fashionable again since Damasio’s best-
selling book on “Descartes’ Error" [6] and refers to the embodied “Me” as the integra-
tive centre around which perceptions and orientation in space, feelings and thoughts,
plans and volitional acts are organized by the brain.

Damasio’s model of “somatic markers" particularly emphasizes the contribution of
visceralfeedback in affect and action control, that is, from our inner organs, the heart and
the guts, in addition to tactile signals from the skin and proprioceptive signals from mus-
cles, joints and the labyrinth.

The model implies a crucial role of central body representation in the constitution of a
conscious self, but its dynamics, the ways in which somatosensory and visceroceptive af-
ferent flows become integrated into the experience of the embodied self, remained ob-
scure. In this respect, we seem to know not much more than the early researchers on the
“body schema” like Horowitz, Schilder, Penfield or Luria, to name a few [7-11].

The role of awareness

In particular, we do not know at which level of awareness the information from somatic
and visceral afferents is processed and combined to exert their alleged control on affect,
intention, and action. This seems strange as there is a long tradition of research on so-
matosensation on the one side and on visceroception on the other, the latter being con-
nected much with the Department of Comparative Physiology.

But it is as if we had only the pieces in our hands and would be lacking in the “geistige
Band”, the conceptual bond, to which Johann Wolfgang referred in the motto above. The
situation might change considerably when those two traditions could be combined.

Beginning with Adam’s classic on “Interoception and Behavior” 30 years ago [12],
psychophysiological knowledge has accumulated showing that interoceptive information
may control behavior requiring highest brain levels such as discriminative learning with-
out necessarily reaching awareness by the subject.

But little is known about the differences in processing with - as compared to without -
awareness. Not much is known either about these differences in somatosensation, and al-
most nothing is known about mutual influences between the two sensory channels at dif-
ferent levels of awareness over and above the older physiological and clinical work on re-
ferred pain etc. since Head and others [13-14].

Knowledge on such somatovisceral interactions at the perceptual level would be basic,
however, to a better understanding of those integrative mechanisms at the highest level of
the body schema, the body image, to which Damasio was referring to.
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Somatovisceral interactions

Before my colleagues and | started out on this question only a single psychophysiological
study had appeared in 1990 dealing with somatovisceral interactions in visceral percep-
tion of humans, and, as you might have guessed, it stemmed from Adam’s group [15]. It
investigated the masking (No. 1in Fig. 1) of a visceral distension stimulus by an abdomi-
nal stimulus in a special preparation with colostomy patients by way of a so-called signal
detection approach. But it did not directly address the relation between awareness and
somatovisceral masking (Nos 3 and 5).

The question of awareness-specific effects in interoception was what we have been
primarily interested in since we started out on interoception about 10 years ago with a se-
ries of studies on the psychophysics of intestinal mechanoception, on the discriminability
between internal and external, abdominal stimuli, and on their interactions below and
above conscious sensation.

In the following I will shortly describe two experiments of this series, one taking up
Adam’s lead on somatovisceral masking, the other on its counterpart, summation, about
which no study had been done so far.

INTERACTIONS BETWEEN
SOMATOSENSORY AND VISCERAL SIGNALS
IN BODY PERCEPTION

1. Mutual Masking

Task: Stimulus detection & ldentification

2. Summation

Task: Stimulus detection only

3. Role of Awareness

Differentiating Role: Differences of masking (summation) ef-
fects with as compared to without Conscious Sensation

4, Mode-specific Interaction Effects [

5. Mode-specific Awareness Effects

Fig. 1. Somatovisceral Interactions - Level of interaction and role of awareness in masking and
summation
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Fig. 2. Stimulation sites in somatovisceral interactions studies

SOMATOVISCERAL MASKING

Figure 2 illustrates the stimulation sites which we used for the somatovisceral interaction
studies: The visceral stimulus was applied by a balloon probe in the sigmoid colon, the
external abdominal stimuli by a ring-shaped stimulator as in Adam’s study at two ab-
dominal sites (Fig. 2, marks i and e), one within, the other outside the abdominal refer-
ence zone from which visceral and somatic afferents converge at the spinal level accord-
ing to neurophysiological studies [16].

The psychophysical method differed from Adam’s in two important respects:

(1) A continuous tracking method called multiple staircase was used to assess intero-
ceptive and somatosensory thresholds concurrently within the same subject. This controls
for instationarities of perceptual thresholds over prolonged periods of testing and for in-
terindividual variance. The method is a somewhat sophisticated version of the famous
Békéesy-method of continuous auditory threshold estimation in which the intensity of the
stimulus is tracked up or down depending on subject’s discrimination response, except
that a multiple of thresholds is tracked in parallel.

" 8 A 1 B N 8 N 8
. .
;oo - J M vol. visceral
. 1 .
:TH _U L . vol. somatic
1 1 1 |
somatic isolated visceral isolated simultaneous separate

Fig. 3. Trial structure of concurrent somatovisceral masking procedure
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Fig. 4. Mean tracking curves in masking experiment

(2) Aforced-choice paradigm with two observation intervals A and B (Fig. 3) was ap-
plied in which the subject is forced to decide in which interval the stimulus had occurred
even when he has not felt anything.

In addition, a subjective rating of the intensity felt, ranging from “not felt” to “strongly
felt”, was requested at the end of the trial. This allowed concurrent testing of discrimina-
tion with or without conscious sensation - and the sensation itself which all were to be
compared.

In the case of somatovisceral masking illustrated in Fig. 3, four kinds of stimuli or
stimulus combinations are presented and their corresponding discrimination thresholds
were continuously assessed by the multiple staircase:

a) Visceral distension “isolated” (first frame in Fig. 3),

b) abdominal pressure “isolated” (second frame in Fig. 3),

c) visceral and abdominal stimulus overlapping (third frame in Fig. 3), and

d) visceral and abdominal stimulus combined, but in separate observation intervals as
control (last frame in Fig. 3).

The subject is asked in which of the observation intervals the visceral and the abdomi-
nal stimulus occurred. The intensity is adjusted in the next trial depending on hit or miss
of the subject for the particular stimulus.

As one can see from the group trackings in Fig. 4, combining visceral and somatic sti-
mulus resulted in distinct elevation of visceral thresholds shown by the upper curve in the
case of overlapping combination, but not in the separate combination which gave the
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same thresholds as when the visceral stimulus was presented alone. This demonstrates
somatosensory masking o fthe visceral stimulus.

There are two interesting aspects in the results of this study which differ from other
masking experiments in exteroception:

Firstly, the masking relation is asymmetric, that is, the abdominal stimulus is not
masked by the visceral stimulus.

Secondly, the masking effect on the visceral stimulus is not greater when the abdomi-
nal stimulus is presented within the spinal reference zone as compared to outside. This
shows that the effect is not produced by somatovisceral convergence neurons at the spinal
level but supraspinally, presumably in the somatosensory cortex, S(lI).

Thirdly, and most important, there are specific differences in visceral and somatosen-
sory discrimination performance when the subject had also had a conscious sensation as
to compared when he had not.

This is shown in Fig. 5 which may look a bit complicated at first, although its message
is rather simple, that is, there is a qualitative difference between visceroception and so-
matosensation under different awareness conditions:

- Hit rates in trials in which the subject had a conscious sensation were higher than
those in trials where no sensation occurred - as one would expect.

1.00 — senzation =~ - no sensation
» visceral 0 somatic

iso+sep sim

stimulus type

Fig. 5. Awareness and discrimination
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— hit -——-- MissS
» visceral 0 somatic

.75

iso+sep sim
stimulus type

Fig. 6. Sensation and discrimination

- But, in addition, the difference between hit rates under the two awareness conditions
is much greater for the abdominal, that is, the somatic stimulus as compared to the differ-
ence for the visceral stimulus.

As it seems, the visceral discrimination is less strongly coupled to conscious sensation
than is the tactile discrimination on the abdomen!

- And finally, the difference is accentuated by the effective masking of the visceral
stimulus by the somatosensory abdominal stimulus: Hit rates of the visceral discrimina-
tion are higher in the presence of a conscious sensation when presented separately, but do
not drop to chance level under masking (= 0.50). In contrast, they do for discriminations
without sensation. Again, this is different from somatosensation.

Analogous specifica appear when sensation rate is considered as a function of hits or
misses of the forced choice discrimination which is illustrated in Fig. 6.

The details would lead to far here. It will be sufficient for the present purpose to note
that there are not only characteristic somatic-visceral differences in masking as such but
also in the masking effect on the relation between forced stimulus detection and conscious
sensation of the stimulus.
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SOMATOVISCERAL SUMMATION

Because lack of space we will not describe the second experiment on somatovisceral
summation in any detail but would like to add just this much:

In the summation task the subject is not to identify the sensory mode or channel (vis-
ceral or somatic) as in the masking condition but he has only to detect any stimulus at all.
In this case, internal and external signals may be combined to increase detection rate
when presented in combination.

This is in fact the case and thresholds drop while hit rates go up. The interesting thing
is, that in this condition no decoupling of sensation and discrimination takes place and
visceral and somatic discrimination do not differ in this respect.

CONTRIBUTIONS OF
INTEROCEPTION RESEARCH

1. Functions of Interoception:

a) Visceral Regulation and Control
b) Emotion and Laterality
¢) Discriminative Functions

| . Interoception and Awareness 1

a) Detection / Discrimination vs. Sensation
b) Graduation and Sensation

| 3. Interoception and Somatosensation

a) Localisation and ldentification
b) Somatovisceral
M asking

c) Somatovisceral
Summation

d) Laterality

4. Somatovisceral Integration and Body Self

Fig. 7. Contributions of interocepuon research

Ada Biologien Hitngarica 49, 1998



Body perception and consciousness 163

CONCLUSION

As one can (or should) see from the examples, mode-specific effects of awareness may be
found when taking a closer look at visceroception and somatosensation and their relations.

And, in addition, this may vary with the kind of information the subject has to extract
from the dual sensory inflow from the body to solve a given task, for instance, discrimi-
nating between sensory modes or using both in conjunction.

This is the kind ofperceptual dynamics that we would like to know if we were to build
a model of how and at what cognitive level visceral signals become integrated with so-
matosensory inflow - and if talk of “body self’ and “somatic markers” is to become more
than afagon de parler.

It is our conviction that such a model would have to make systematic use of old and
new contributions of interoception research to the problem of central body representation
as summarized in Fig. 7.

And it is our hope that this might finally provide us with the “geistige Band” we have
referred to in the beginning - although we, too, presented only pieces in our hands.
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PREFACE

It is a pleasure for us to present the proceedings of the 4th International Conference
(July 1-4, 1998, Budapest, Hungary) on the “Role of Formaldehyde in Biological
Systems - Méthylation and Déméthylation Processes”. The aim of this Conference
was to provide a suitable environment for mutual understanding and discussion
between scientists coming from various new fields of formaldehyde research.

Formaldehyde is “a two-face molecule”. On the one hand, formaldehyde is a
widely spread common, environmental pollutant. It has also been reported to be -
under certain conditions - mutagenic and carcinogenic. On the other hand, formalde-
hyde is also a normal and indispensable component of different biological systems
similar to hydrogen peroxide. These two small molecules are constantly produced
intra- and extracellularly, and so there is a real possibility for their interaction in
which excited, killing molecules can be liberated.

A number of rapid formaldehyde pathways in different tissues exist through labile
hydroxymethyl groups linked to various acceptor molecules. It follows from these
facts that all biological systems possess a formaldehyde-yielding potential which can
originate from enzymatically controlled méthylation and déméthylation processes as
well as from other uncontrolled biological oxidation processes, alike. More detailed
knowledge of these fundamental biotransformation steps and their abnormalities will
facilitate elucidation of certain perplexing phenomena.

It is our hope that these proceedings will give an up-to-date and representative
view of the research being conducted in a wide range of fields, all of which is con-
tributing to the understanding of functions of formaldehyde in biological systems.

On behalf of the Hungarian Biochemical Society Section for Environmental
Biochemistry and the scientific and organizing committies of the Conference we
would like to express our appreciation to Dr. Kéaroly Elekes, editor of the Acta
Biologica Hungarica, for his help throughout the preparations of the proceedings.
Finally, the organizers of the Conference would like to gratefully acknowledge the
financial support of different agencies and corporations.

Mihaly Szilagyi Erné Tyihak
(Herceghalom) (Budapest)

Akadémiai Kiado, Budapest
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The evolution can be divided into three stages: chemical, prebiological and biological evolution. Most of
the problems emerge when the development of cellular organization, the so-called prebiological evolu-
tion, is investigated. Here the possible evolutionary roles for formaldehyde as well as for the methylgly-
oxalase pathway are proposed. The theory, on the one hand, ascertaines a pathway serving as an
anaplerotic route for the reductive citric acid cycle of surface metabolists and using formaldehyde as raw
molecule. On the other hand, an explanation for the glyoxalase enigma is offered hoping that in this way
a long lasting mystery of almost nine decades biochemical research can be solved.

Keywords: Formaldehyde - methylglyoxal - glyoxalase - surface metabolism

INTRODUCTION

There is an ubiquitous enzyme system, the so-called glyoxalase system, which is
found in almost all the species and tissues investigated until now [11]. The gly-
oxalase system comprises two enzymes, glyoxalase | (E.C. 4.44.1.5., lactoylglu-
tathione lyase) and glyoxalase Il (E.C. 3.1.2.6., hydroxyacyl glutathione hydrolase),
and consumes a catalytic amount of reduced glutathione [11]. The catalytic function
of this enzyme system is to convert a-oxoaldehydes into their corresponding a-
hydroxycarboxylic acid counterparts in two consecutive steps via the intermediate S-
D-lactoylglutathione [11]. However, the problem is that the biological function of
this enzyme system in biochemical machinery is still unknown. This biochemical
puzzle has adhered several out of the brilliant biochemists of our century, without
any need for fullness | mention here the names of Hopkins, Neuberg, Lohmann,
Racker and Szent-Gyorgyi. Despite the endeavours the problem has as yet remained
open. The most influential theories in this regard have been as follows: (i) participa-

* Presented at the 4th International Conference on the Role of Formaldehyde in Biological Systems,
July 1-4, 1998, Budapest, Hungary.
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don in glycolysis, (ii) reguladon of cell division (promine and redne) and (iii) detox-
icadon of methylglyoxal. Nevertheless, either of those have proved to be able to give
an acceptable answer to the long lasting problem emerged concerning the function of
this pathway. The glycolysis operates through another pathway, through the three
carbon-phosphates [9]. The role of glyoxalases in cell division regulation needs fur-
ther experimental supports and the promine/retine theory that describes this regula-
tion suffers from intramural contradictions [5, 7]. And the role of glyoxalase pathway
in detoxication eventhough exactly describes a function for the glyoxalases, it does
not give the reason of why it is of ubiquitous nature [1]. So here is the first starting
point to our suggestion, namely, there is an enzyme system with widespread distrib-
ution and presence in all living organisms but without any obvious recognized func-
tion in the extant cells. That is we face with an enigma.

The second branch of the problems is related to the biochemical evolution. As far
as it is known, Oparin was the first in the 1920s, who presented a trial on the emer-
gence of cellular life [4]. The so-called primeval soup theory was thought at that time
as to be an answer to how the organization of matter into living might have started
[4]. 1 do not want to go into details in this regard since the literature on Oparin’s the-
ory is unaccountable. However, here it has to be stressed that one of the most crucial
problems of the primeval soup theory is that the primeval ocean as a solution of
organic compounds should have been very diluted retaining the probability of bump-
ing of different molecules very low. To overcome this obstacle, in the 1980s
Wachtershauser presented his surface metabolism concept by throwing out the
primeval soup theory into the sink. The most important statements of surface metab-
olism theory are shown as follows: (i) flat refusal of the prebiological soup theory
(Oparin’s theory), (ii) organic compounds are enchored to a charged surface, (iii) a
chemoautotrophic system operates in which the source of energy for carbon fixation
is the pyrite formation as depicted in the Equation (1)

FeS + H2S -> FeS2 (pyrite) + H2 (-38 kJ/mole) 1)
(pH 7, T=25°C, 1M H2)

(iv) the reductive citric acid cycle is a nonenzymic archaic precursor cycle, (v) the
constituents of the cycle coexist in an equilibrium with their thioanalogues and final-
ly (vi) the anaplerotic route operates through one of the listed pathways: acetyl-coA
pathway, glycine synthetase pathway or the oxalate route [8, 12].

From biochemical point of view it is obvious that small, simple molecules had
been needed as prerequisites to any function for the ignition of the cycle. That is the
anaplerotic route for the cycle is very critical. In this regard there are concerns. It has
also to be noticed that there are several other critical remarks concerning the theory
[2, 6]. But the discussion of those is out of the scope of the talk.

The third starting point is the well-known formose cycle. And with this cycle we
have arrived at formaldehyde. Formaldehyde is one of the most abundant organic
compounds in the intrastellar space and commets. It can also be produced in labora-
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tories under so-called prebiotic conditions [10]. And it is a simple and reactive com-
pound. Furthermore, through formose reaction it leads to the generation of a wide
variety of carbohydrates, therefore, it is an ideal chemical to participate in the early
stage of evolution.

THE THEORY

The theory is that the early methylglyoxalase pathway functioning without any par-
ticipation of enzymes was the link between the formose cycle and the reductive cit-
ric acid cycle of surface metabolists, thus providing a bridge between these cycles
and a fuel for the archaic reductive citric acid cycle.

Fig. I. Reactions that lead to pyruvate formation from formaldehyde a., self-condensation, b., aldol-con-

densation, c., carbonyl shift isomerization, d., aldol-retroaldol reaction, e., dehydration, f., hydration,

g-i., suggested disproportionation of methylglyoxal to lactate in which reaction h. is slow while reaction

i. is fast [3],]., oxidation linked to H2S formation, k,_3, reactions in the archaic reductive citric acid cycle

as defined in the literature [12]. Asterisks indicate the molecules of formaldehyde that should be prebi-

otically synthesized in the surroundings. Abbreviations in the figure: PYR = pyruvate, MGA = methyl
glyoxal, GA = glyceraldehyde, DHA = dihydroxyacetone
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The formose reaction is well known (Fig. 1). After the condensation of two mole-
cules of formaldehyde glycolaldéhyde is generated which enhances its own synthe-
sis from formaldehyde. By using up two additional molecules of formaldehyde two
molecules of glycolaldéhyde are produced after one turn of the cycle.

Turn to methylglyoxal generation and its further conversion to lactate. 1f we look
at the conversion of methylglyoxal into lactate it is immediately clear that the reac-
tion itself is an intramolecular Cannizzaro reaction.

Follow the steps of the pathway (Fig. 1).

The first reaction is to lead to the formation of methylglyoxal from either glycer-
aldehyde or dihydroxyacetone. This dehydration reaction is an acid-base catalyzed
reaction. So as an offshoot of the formose cycle methylglyoxal is generated.

In the second step the hydration of methylglyoxal takes place which is followed
by an attack by a hydroxy group resulting in a giving down of one molecule of water.

The subsequent steps are not fully corroborated, but it seems that through the steps
h and i (Fig. 1) lactate is resulted from the reaction pathway and hydride ion is trans-
ferred from one carbon to another one. Also a crucial point is the conversion of lac-
tate into pyruvate. It should be mentioned that based on thermodynamical calcula-
tions, just like in the extant metabolism, lactate production is favoured over the pro-
duction of pyruvate which means that the flow of matter is possible only in that case
when there is a continuouos consumption of pyruvate. This happens when the citric
acid cycle works. That is the most simple regulation is seen here. The produced SH2
is used up in the cycle as a sulfur supply for the exchange of oxygen to sulfur [6].

To sum up, in my view the ubiquitous nature of glyoxalase pathway predictates an
important role for this pathway in the evolution. This role according to my sugges-
tion would have been to operate as an anaplerotic route for the reductive citric acid
cycle of surface metabolists.

I have only taken you into my workshop without giving final answer to the ques-
tions and maybe in this way | have left you with more doubts than facts. But you
should remember, it is a long way to arrive at the end of a scientific problem. And
even the longest way starts with the first few steps. Perhaps this rule applies to gly-
oxalase research, too.
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Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is methylated at the a amino position ofthe
N-terminal methionyl residue of the processed and assembled form of the small subunit (SS), and is also
methylated in some species at the E-amino group of lysine-14 in the large subunit (LS). The gene (rbcMT
S) and cDNAs for the SS “N-methyltransferase (SSMT) from spinach (Spinach oleracea) have been
cloned, sequenced, and expressed. The gene is closely related to a previously characterized LS methyl-
transferase (Rubisco LSMT) cDNA from pea (Rubisco LSMT) and a Rubisco LSMT gene from tobac-
co. Sequence analysis of the cDNA and transcript mapping experiments demonstrate that the rbcMT-S
pre-mRNAs experience alternative 3' splice site selection, such that mRNAs for a long form with a four
amino acid insertion and a short form are expressed at approximately equal abundance. The coding
sequence of spinach SSMT includes a putative targeting presequence with sequence identity at a plastid
processing site. A N-terminal truncated form of spinach SSMT was expressed and purified from E. coli
cells. Both long and short forms of the cDNAs were shown to catalyze méthylation of the a amine of the
N-terminal methionine of the SS of Rubisco.

Keywords: Rubisco - protein méthylation - trimethyllysine - N-methylmethionine - N-methyltrans-
ferases

INTRODUCTION

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) experiences several
types of post-translational modifications during the expression, import and assembly
of the protein. The large subunit (LS) is encoded by a plastid gene, and the mature
form of the spinach LS is processed by removal of the N-terminal Met-1 and Ser-2
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residues and acetylation of Pro-3 [7, 15]. In addition, the LS from many species con-
tains a trimethyllysyl residue at Lys-14 [5, 6, 7]. The small subunit of Rubisco (SS)
is also post-translationally modified. The polypeptide is post-translationally import-
ed into chloroplasts and processed by a stromal processing peptidase which removes
the targeting presequence. The resultant N-terminal methionine residue of the
processed SS is subjected to “N-methylation [4] prior to assembly with the LS into
the holoenzyme.

The méthylation of Lys-14 in the LS is catalyzed by S-adenosyl-L-methionine
(AdoMet):Rubisco LS (lysine) £N-methyltransferase (Rubisco LSMT, Protein
Methylase Ill, EC 2.1.1.127) [10]. Rubisco LSMT genes, cDNAs and polypeptides
have been characterized from pea and tobacco [10, 24]. Lys-14 méthylation has been
detected in many plant species (pea, tobacco, tomato, soybean, cucumber, petunia,
pepper, and cowpea), but in some species (spinach, wheat, and com) the méthylation
does not occur [5, 7].

The observation that LS polypeptides from some species are methylated at Lys-
14, while méthylation is not detectable in other species such as spinach is a curious
observation. Several proteins contain trimethyllysyl residues such as cytochrome c,
calmodulin, and histones, and the protein-specific EN-methyltransferases for these
proteins have been described; however, there has not been an explanation for the
existence of identical proteins in a nonmethylated state.

In this study we report a homologue of Rubisco LSMT from spinach that encodes
an enzyme that methylates the SS of Rubisco (Rubisco SSMT). This is the first
reported eukaryotic “N-methyltransferase. In addition, recombinant tobacco Rubisco
LSMT expressed in E. coli, and both recombinant and purified pea Rubisco SSMT,
also catalyzed the méthylation ofthe a amino group ofthe processed form of the SS.
Thus, the “N- andBN-methy ransferases which methylate the LS and SS of Rubisco
are related and in some cases identical enzymes.

MATERIALS AND METHODS

Spinach (Spinacea oleracea L. cv. Melody) plants were cultured in ProMix™ soil
media in a greenhouse at approximately 20 °C with a natural light photoperiod dur-
ing the winter season (Lexington, Kentucky).

Two rbcMT-S cDNASs were obtained by RT-PCR and RACE. For RT-PCR, 5 pg of
total RNA isolated from spinach leaves using Trizol (GIBCO/BRL) was reverse-tran-
scribed with an oligo d(T)w primer. The resulting first-strand cDNA product was
amplified by PCR with Taq polymerase (GIBCO/BRL) using degenerate oligonu-
cleotide primers (Fig. 1) corresponding to conserved peptide sequences between pea
[10] and tobacco [24] Rubisco LSMTs. The PCR product was cloned into Bluescript
Il KS(+) vector (Stratagene) for sequencing.

For 5' RACE, reverse-transcription was the same as described above and was fol-
lowed by poly d(C)-tailing as described in [23]. The PCR products were digested
with Sacl and Xbal, gel-purified and cloned into Bluescript Il KS(+) vector for
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sequencing. Two different clones were identified: S-40' has a 12-bp auxiliary exon
(auxon) and S-38' lacks the auxon.

For 3' RACE, 5 pg oftotal RNA from spinach leaves was reverse-transcribed with
an adapter-primer (AP-1, 5' GGC CAC GCG TCG ACT AGT ACT (T)le).
Amplification was performed by PCR as described above with oligonucleotide AP-
1and a spinach specific primer (SF-9). The PCR product was cloned into pCR-Scrip
Direct SK(+) vector (Stratagene) for sequencing.

Both strands of each clone were sequenced by the dideoxy chain termination
method [18] using Sequenase (US Biochemical) and 35S-dATP (NEN) with M13
reverse and S-40 primers.

Both full-length S-38 and S-40 cDNAs (GenBank accession #’s AF071544 and
AF071545, respectively) were obtained by ligation of clones S2' and S25' to S-38'
and S-40', accordingly, based on restriction sites within the overlapped regions. N-
terminally truncated forms of S-38 and S-40 were obtained by PCR with primers
designed to remove the first 43 amino acids and replace Cys-44 with Met. Both full
length and N-terminally truncated forms of S-38 and S-40 were cloned into pET-23d
for expression in pLysS cells.

The rbcMT-S gene (GenBank accession #AF071543) was cloned by PCR. Spinach
nuclear DNA was isolated using Floraclean (Bio 101, Inc.), and 100 ng amplified by
PCR with Tag polymerase (GIBCO/BRL). The PCR product was cloned into pCR-
Script SK(+) for sequencing.

For DNA gel blot analysis, spinach nuclear DNA was digested with £coRI| or Seal,
electrophoresed on a 0.7% agarose gel and transferred onto nylon membranes
(MSI) [17]. The DNA blot was hybridized with the cDNA probe | (S/ fragment,
1056-bp) labeled with digoxigenin-UTP according to the procedure provided by the
manufacturer (Boehringer Mannheim).

Clone pS40XR0.4 was transcribed with T3 RNA polymerase in the presence of
3P-rATP (800 Ci/mMol) to produce a radiolabeled antisense transcript (Fig. 3A).
The radioactive probe (—100,000 cpm) was precipitated with 5 pg of tRNA and 0,
2.5, 10, or 20 pg of total RNA isolated from mature spinach leaves. After hybridiza-
tion the RNA duplexes were digested by addition of 200 units of RNase T1
(Boehringer Mannheim) and 250 ng RNase A (Sigma). The protected RNA frag-
ments were dissolved, denatured, and electrophoresed on 6% polyacrylamide gels
with 8 M urea. Gels were dried and analyzed by autoradiography.

Individual clones (S-40 and S-38, both full-length and N-terminally truncated in
pET-23d expression vector) were cultured in pLysS host cells. After induction with
0.5 mM IPTG, cells were collected by centrifugation, washed twice with deionized
water, resuspended in 100 ml of buffer A (50 mM TRIS-K+, pFl 8.2, 5 mM MgCI2,
1mM EDTA, 1mM PMSF, and 10 pg/ml leupeptin) and frozen at -80 °C. The activ-
ity of Rubisco LSMT was determined in the thawed cell lysates as described previ-
ously [22]. Rubisco SSMT activity was determined by incubation of pLysS cell
lysates, or purified S-38 and S-40, with lysates from spinach chloroplasts isolated
according to [14]. Reactions contained 5 ml to 10 ml of [3H-methyl\AdoMet (70-80
Ci/mmol), 10 pg to 20 pg of chloroplast lysate protein, and either 10 pg of protein
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from pLysS cell lysates or 1pg of purified S-38 or S-40 protein. Reactions were ter-
minated by addition of SDS-PAGE sample preparation buffer, electrophoresed on
15% acrylamide gels, and after transfer to a PVDF membrane, radioactivity visual-
ized using a 3 phosphor-imager screen (Molecular Dynamics Model 425,
Sunnyvale, CA).

RESULTS

LSMT-specific primers were designed to highly conserved sequences of pea and
tobacco Rubisco LSMT and were used to amplify a 786-bp fragment from first-
strand cDNAs. The remaining 5' and 3' end sequences of the spinach cDNA were
obtained by 5' and 3' RACE to complete the coding sequence [3].

Amplification of 5' coding sequences resulted in the identification of two 5'
RACE products (836-bp and 848-bp fragments). The 848 bp product (designated as
S-40") had a 12-bp insertion relative to the 836 bp fragment (designated as S-38').
The 5' RACE products (S-38', S-40") and the initial PCR product amplified with
LSMT specific primers (S-25") had complete sequence identity in the regions that
overlapped, except for the 12-bp insertion in S-40' (Fig. 1).

Amplification of 3' coding sequence was performed by RACE using an adapter-
primer (AP-1) for first-strand cDNA synthesis and also as a reverse primer, and SF-
9 as the rbcMT-S-specific primer for PCR amplification, and a single 761-bp PCR
product was obtained. Sequence analysis confirmed the identity of the 3' RACE
product as encoding the predicted 3' portion of the rbcMT-S protein including the 3'
untranslated region. Two cDNA sequences (S-40 and S-38) were assembled from
these overlapping clones.

Both rbcMT-S cDNAs encode polypeptides of 495-aa (S-40) and 491-aa (S-38)
with predicted molecular masses of 55.5 kD and 55.0 kD, respectively, similar to the
masses of pea (55.0 kD) and tobacco (56.0 kD) Rubisco LSMT (Fig. 1). In addition,
the deduced amino acid sequence includes five imperfect copies of a leucine-rich
repeat (LRR), similar to pea and tobacco LSMT (Fig. 1) [11]. The deduced amino
acid sequence from the rbcMT-S cDNAs shows 60% and 62% identity with the
amino acid sequences of pea and tobacco Rubisco LSMT, respectively.

A 3.1 kb genomic clone that included the entire coding region ofthe rbcMT-S gene
was obtained and sequenced (see GenBank accession #AF071543). Comparison of
the genomic DNA with the cDNA sequences allowed the precise location of the six
exons and five introns. The 12-bp insertion in the rbcMT-S S-40 cDNA corresponds
to the 3' 12 nt of intron 11l (Fig. 2). Examination of the DNA sequence of this intron
and flanking regions suggested that either of two 3' splice sites (separated by the 12-
bp sequence) could be utilized during splicing of the rbcMT-S transcripts. Thus, as
illustrated in Fig. 2, when the intron Il sequence is completely removed, a S-38
mRNA encoding a 55.0 kD polypeptide is produced. However, if splicing occurs at
the alternative site, a S-40 mRNA that retains a 12-nt portion of the 3' end of intron
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SpinacMO
Spinach38

Pea
Tobacco

Spinach40
Spinach 38

Pea
Tobacco
Spinach40
Spinach40
Pea
Tobacco

Spinach40
Splnach3s

Pea
Tobacco

Spinach40
Spinach3s8

Pea

Tobacco

Fig. 1L Comparison ofthe deduced amino acid sequences of S-38 and S-40, with tobacco and pea Rubisco

LSMTs. Identical residues are indicated by vertical lines and similar residues by dots. Gaps introduced to

maximize alignment are indicated by dashes. Leucine-rich repeat-like motifs are underlined. The four

amino acid sequence, WVQQ, deduced from the 12-nt auxon is shown in bold italic letters. The conserved

peptide sequences, from which the primers are derived to clone the rbcMT-S, are indicated
by arrows

Il is generated, and subsequently a 4-amino acid longer polypeptide of 55.5 kD is
produced.

Since DNA gel blot analysis revealed that the rbcMT-S is a single copy gene (data
not shown) RNase protection studies were performed to analyze the relative expres-
sion of the S-38 and S-40 mRNAs in spinach leaves. The results revealed that S-40
and S-38 mRNAs were present in approximately equal abundance (Fig. 3). Control
reactions that omitted spinach leaf RNA (lane 2) or substituted a heterologous RNA
(maize mitochondrial, lane ) failed to protect any RNA fragments. Thus, two tran-
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Exon 111 Intron 111 Auxon Exon IV
5'TTGGCQEFAK]JgT Ggtaatcatcttt 80nt taacatgtaaaqT OO <HtO CAACAP CTAACCACAGT

5'TTOGCCGATTTG TOBOCOACABXTIAACCACAOT 55.5kD
L A DL irVvVOOANH HS
MALA 11 5'TTGGCCGATTTG GCTAACCACAGT 55.0kl)

L ADL A NH S5

Fig. 2. Alternative splicing of intron Il of rbcMT-S mRNA. The top portion shows the sequence of intron

Il and flanking regions. Shown below are the two types of mMRNAs (S-40 and S-38) produced by alter-

native splicing. When the second 3' splice site is utilized, the 12-nt auxon is retained to produce S-40

MRNA (center), which encodes a 55.5 kD polypeptide. If the first 3' splice site is utilized, the auxon is
absent and S-38 mRNA is produced (bottom), which encodes a 55.0 kD polypeptide

thchoRI Xbet

390 nt
306 nt

72nt -» - m o

Fig. 3. Two forms of rbcMT-S mRNAs are produced as a result of alternative splice site selection. (A)
pS40XR0.4 was produced by cloning the 390 nucleotide EcoRI/Xbal fragment of the S-40 cDNA into
pBluescript SK+. The clone spans exon Ill, the auxon, and exon IV. A 460 nucleotide antisense probe
was produced by transcription from the T3 promoter to the Xho\ site. The long form of the mRNA pro-
tects a 390 nucleotide fragment of the probe, and the short form of the mRNA protects a 306 and a 72
nucleotide fragment. (B) RNase protection was performed to demonstrate the relative abundance of the
long and short forms of rbocMT-S. The 460 nucleotide antisense probe (lane 1) was annealed to 0, 2.5, 10,
or 20 |ig of total RNA from mature spinach leaves (lanes 2, 3, 4, and 5) and digested with RNase A and
RNase T1. The 390 nucleotide fragment is protected by the long form of rbcMT-S and the 306 and 72
nucleotide fragments are protected by the short form of rbcMT-S. The intensities of the 390 and 306
nucleotide fragments are similar, indicating that the long and short forms are approximately equivalent
in abundance. Omission of spinach RNA (lane 2) or the substitution of a heterologous RNA (maize mito-
chondrial RNA, lane 6) resulted in complete sensitivity of the probe to RNase. The migration of a radio-
labeled DNA size ladder (250 bp ladder, Gibco/BRL) is shown on the right margin
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scripts of a single rbcMT-S gene are expressed in spinach leaves that differ by a 12
bp insertion as a result of 3' alternative splice site selection.

Examination of the N-terminal sequence of S-38 and S-40 identified a putative
chloroplast processing site from Ser-41to Cys-44 (Ser-lle-ArgCys), with exact iden-
tity to the chloroplast processing site for spinach nitrate reductase [1]. The putative
chloroplast targeting presequence was removed, and expression of N-terminally trun-
cated forms of spinach S-38 and S-40 resulted in the synthesis of large amounts of
protein in inclusion bodies. This form was easily collected and purified, and could be
denatured in 6 M urea and refolded to a soluble form after exhaustive dialysis.
Polyclonal antibodies were prepared against purified N-terminally truncated S-38
and used to detect translation products from S-38 and S-40 transcripts. A single
immunoreactive polypeptide was detected in spinach chloroplast lysates, at a similar
molecular mass to the N-terminally truncated form of S-38 (~50.6 kD, Fig. 4).

The presence of chloroplast-localized translation products for S-38 and S-40 with
homology to both pea and tobacco Rubisco LSMT suggested that these proteins may
have a different, but related type of methyltransferase activity. A recent report of a-
methylation of the N-terminus of the processed form of the SS of Rubisco [4] lead
us to examine the possibility that the S-38 and S-40 cDNAs coded for an “N-methyl-
transferase for the SS of spinach Rubisco. Cell lysates from bacterial expression of
N-terminally truncated S-38 and S-40 constructs were assayed for methyltransferase

Immunoblot Stain
1 2 3 4 5 6
:D 10Jig 20gg 5|ig ljjg long 20«

(12

Fig. 4. Immunodetection of translation products from rbcMT-S in spinach chloroplasts. Isolated intact
chloroplasts from spinach leaves were lysed and the stromal fraction loaded on SDS-PAGE (15% acryl-
amide) gels. After electrophoresis, proteins were electrophoretically transferred to PVDF membranes and
either stained for several minutes with Coomassie Brilliant Blue R-250 (Stain), or developed with anti-
bodies prepared against purified S-38 protein (Immunoblot). Lanes 1, 2, 5, and 6 are chloroplast lysates
with total protein loads as indicated above the lanes. Lanes 3 and 4 are purified S-38 protein at
the indicated levels. LS and SS identify the large and small subunits of spinach Rubisco, respectively
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n Cell Lysate S-38 S-40 B Purified
-IPTG +IPTG -IPTG +IPTG + + - *5-38
Chloroplast Lysate - + .+ o+ o+ o+ + - +
LS—«
Stainm
SS-
LS-
3H-Image 1
SS-

Fig. 5. S-38 and S-40 expression-dependent incorporation of sH-radiolabel from [3H-methyl]JAdoMet
into the small subunit of Rubisco in spinach chloroplast lysates. (A) Lysates (-15 mg total protein) from
induced (+IPTG) and non-induced (-IPTG) pLysS cells harboring S-38 or S-40 cDNAs cloned into
pET21d expression vector were incubated in the presence and absence of spinach chloroplast lysates
(-12 pg total protein) and [3H-methyi\AdoMet (1.8 mM, 70-80 Ci/mmol). After incubation at 30 °C for
30 min, samples were electrophoresed on 15% SDS-PAGE gels, and electrophoretically transferred to
PVDF membranes. The PVDF membranes were briefly stained with Coomassie Brilliant Blue R-250,
then destained with 100% methanol, washed with dH.0, and imaged for radioactivity. LS and SS refer
to the locations of the large and small subunits of Rubisco, respectively. (B) Purified S-38 (-2 pg) was
incubated in the presence and absence of spinach chloroplast lysates (-18 pg total protein) and [H-
methyl]KaoMQ\. (1.8 mM, 70-80 Ci/mmol) for 30 min at 30 °C. After electrophoresis and transfer, the
PVDF membrane was stained and imaged as described above

activity with spinach chloroplast lysates as a proteinaceous substrate. Tritium radio-
label incorporation from [s3//-me//rp/]JAdoMet into spinach chloroplast polypeptides
was assessed by SDS-PAGE, electrophoretic transfer to PVDF membranes, and
phosphor image analysis. Incorporation of radiolabel was detected into a region cor-
responding to the SS of Rubisco (Fig. 5A), which was dependent on the addition of
chloroplast lysates and induced by IPTG. Both S-38 and S-40 were capable of cat-
alyzing méthylation of the SS (Fig. 5A). Highly purified S-38 obtained from inclu-
sion bodies and refolded as a soluble protein was shown to exclusively catalyze
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transfer of radiolabel into the region corresponding to the SS of Rubisco (Fig. 5B).
Similar results were obtained with purified S-40. These results suggest that a small
pool of free SSs exists in the stromal fraction from spinach chloroplasts as has been
previously demonstrated in chloroplasts from Chlamydomonas [19] and peas [s].
Unequivocal demonstration that purified recombinant S-38 catalyzed SS méthyla-
tion at the N-terminal Met of processed SS was documented by Edman degradation
of the SS with simultaneous determination of radioactivity. During the first cycle of
Edman degradative sequencing, 92% of the radiolabel incorporated into the small
subunit region of the PVDF blot was released (Fig. s ). The amino acid residue in this
cycle did not correspond to any of the standard amino acids, but migrated as an

AA Sequence
Stain sH-image
16000

LS

SS

Cycle Number
methyl-MKVWPTQNMKRY

Fig. 6. Radiosequencing of the spinach Rubisco SS. A spinach chloroplast lysate containing 100 (g of
total protein was incubated with purified S-38 protein (10 [Xg) and [3H-methyl]AdoMet (1.8 mM, 70-80
Ci/mmol) for 30 min at 30 °C. The sample was electrophoresed on a 15% SDS-PAGE gel, and proteins
electrophoretically transferred to a PVDF membrane. The PVDF membrane was briefly stained with
Coomassie Brilliant Blue R-250, then imaged for radioactivity, and the protein band at the position ofthe
SS of Rubisco subjected to Edman degradative sequencing. During each cycle of sequencing a portion
of the PTH-derivatized amino acid pool was diverted prior to separation by HPLC for determination of
radioactivity. Amino acid residues identified are indicated, all other residues were <5 pmoles. LS and SS
refer to the locations of the large and small subunits of Rubisco, respectively. The sequence obtained,
identified at the bottom of the figure, is identical with the sequence reported for the SS of spinach
Rubisco beginning with the second lysyl residue [13]. The first residue released during sequencing, iden-
tified as a modified Met residue (indicated by an asterix in the sequence bar graph) migrates slightly
behind N'-diphenylurea (DPU), and is consistent with the sequence and recently reported mass spec-
troscopy identification of methyl-N-methionine as the N-terminal residue ofthe SS of spinach Rubisco [4]
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unknown with a retention time just slightly greater than DPU, similar to that report-
ed for methylated Met in other work [4]. The next 11 amino acid residues corre-
sponded exactly to the known N-terminal residues ofthe SS of spinach Rubisco [13].
Given that a thorough chemical and physical structural analysis of the N-terminal
residue ofthe SS of spinach Rubisco has already identified this residue as N-methyl-
methionine, the results presented here demonstrate that the two gene products from
the rbcMT-S gene code for enzymes capable of methylating the N-terminal Met
residue of the processed form of the small subunit of Rubisco. We propose that these
enzymes be referred to as Rubisco small subunit aN-methyltransferase or Rubisco
SSMT.

DISCUSSION

A spinach gene responsible for a-methylation of the N-terminal methionine residue
of the processed form ofthe SS of Rubisco has been cloned, expressed, and assayed.
The spinach enzyme specifically methylates the SS of Rubisco, but shows a high
degree of homology to a previously characterized tobacco gene and pea cDNA. The
rbcMT-S gene is present as a single copy in the spinach genome, and two splice forms
of the mRNA are detected by PCR and by RNase protection.

A single immunoreactive polypeptide localized in the chloroplast was detected
with polyclonal antibodies to S-38. The small mass difference between the protein
forms of S-38 and S-40 precludes determination of whether or not both of these pro-
teins are present in vivo. Both S-38 and S-40 have identical SS methyltransferase
activity.

Méthylation of the SS of spinach Rubisco was initially characterized as substoi-
chiometric and specific for the SS only at low concentrations of AdoMet [2/, and
méthylation of the N-terminal Met of the SS was recently confirmed by protein
sequence analysis [4]. Méthylation of the SS of Rubisco is apparently widespread
since N-methyl-Met was detected as the N-terminal residue in the SS of Rubisco
from pea, com, and barley [4]. We have also detected N-methyl-Met as the N-termi-
nal residue in the SS of tobacco Rubisco (data not shown). In addition, an enzymat-
ic assay demonstrated that chloroplast lysates catalyzed méthylation of bacterially
expressed SS using AdoMet as a methyl donor [4]. The expression of a spinach gene
with homology to known protein fN-methyltransferases (Rubisco LSMT from pea
and tobacco) was initially anomalous, given that Lys-14 in the LS of spinach Rubisco
is not methylated. Additionally, the gene and coding sequences reported for pea and
tobacco Rubisco LSMT do not contain substantial homology with any reported
nucleotide or amino acid sequences, including those of other protein, DNA, and
small metabolite methyltransferases. Thus, méthylation of Rubisco SS in spinach is
catalyzed by a homologue of a bifunctional methyltransferase in pea that methylates
both LS and SS. The functional significance of this post-translational modification is
obscure however, and has only been speculated to be involved in processes as diverse
as protection against proteolytic degradation [9, 16, 20], proper cellular localization
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of proteins, and/or assembly of macromolecular structures [21]. Protection against
proteolytic degradation is a possible function since the stroma of pea chloroplasts
contains at least three aminopeptidases, one of which has specificity for Met
residues [12]

The identification of a homologue of pea and tobacco LSMT in spinach was ini-
tially confounding because the enzyme had no obvious function. Structural analyses
of the méthylation status of Lys-14 in the LS of spinach Rubisco have unequivocal-
ly established this residue as unmodified [5, 15], and spinach Rubisco is an excellent
in vitro substrate for pea Rubisco LSMT [s, 22]. Additional studies in our laborato-
ry have demonstrated that the absence of méthylation at Lys-14 in the LS of spinach
Rubisco is consistent throughout the development of spinach plants, and is not influ-
enced by several environmental stresses (unpublished data). Our original interest was
in defining the molecular basis for this dichotomy and to determine in spinach
whether or not genes exist which are related to the already identified protein eN-
methyltransferase, responsible for formation of trimethyllysyl residues in the LS of
Rubisco. The unique nature and interrelatedness of these amino acid and nucleotide
sequences suggests that the protein “N- and BEN-methyltransferase described here may
represent a new family of protein methyltransferases.
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5-methylcytosine (msC) as a rare base exists in eukaryotic genomes, which is a normal constitution in
many eukaryotic DNA and the existence of m5C is a feature of eukaryotic DNA. Under regular physio-
logical conditions, cytosine of eukaryotic DNA is usually methylated. Up to the present, many people
consider that the m5C may be mutation hotspots by the deamination leading to gene mutation. Our study
indicated that the spontaneous mutation caused by the transition of G C -a A T, in eukaryotic DNA, may
result from the tautomer changing of base pairs and may also be cause by other factor actions, however
it could not be caused by the deamination of msC.

Keywords: DNA méthylation - 5-methylcytosine - deamination - gene mutation - molecular electrosta-
tic potential

INTRODUCTION

Méthylation of cytosine which is widespread in DNA of eukaryotes may play an
important role in some biological processes, such as DNA replication, transcription,
recombination, gene expression, cell differentiation, maintenance of chromosomal
structure, establishment of preferred sites for mutation, and directing genetic trigger
during cell development [4, s-s, 18, 19]. Despite the wealth of information accumu-
lated on DNA méthylation and biological function, the biological significance of
methylated based in DNA is still far from being understood. Of these problems, the
relation between hydrolytic deamination and gene mutation of m&C in eukaryotic
DNA is puzzling scientists for a long time and still unclear at present.

In theory, the deamination of cytosine and 5-methylcytosine (msC) may lead to the
production of uracil and thymine (T) respectively (Fig. 1). It is beleived think that
uracil is an abnormal base in DNA and can be enzymatically removed in vivo, how-
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ever, on the other hand, uracil may also serve as a rare base existing in DNA.
Thymine is a normal constituent of DNA, which is not recognized by the uracil repair
system [1, 5 18, 19]. Thereupon, the deamination from m5C to thymine, after the
next round of replication of DNA, will make G C mutated to A T. This will change
one sequence to another, for example, from sequence CCAGG — Cm5CAGG —
CTAGG. If the UAG triplet took place this mutation, it would cause a nonsense
mutation [20].

Cytoiine Urteil 6-methy leyto«ine Thyaine

Fig. 1 The deamination reactions

Coulondre et al. [5] have reported some experimental evidence which demon-
strated m5C causing directly base substitution hotspots. For example, the m5C in bac-
terial DNA is known to be associated with high mutability for the GC —A T tran-
sition. They suggested that methylated sites may be mutation “hot spots” in E. coli.
A major hot spot in the lac repressor gene is the sequence CC(A/T)GG, in wild-type
E. coli, which is always methylated [18]. For this gene, m5C are preferred sites for
spontaneous mutations [5,9]. The deamination of m5C will lead to a heritable change
in DNA by the transition from G C —» A T and could influence differentiation [18].
Since m&C in bacteria are known to be associated with high mutability for G C —
A T transition, and the dinucleotide CpG is deficient in the genomes of higher
eukaryotes [3], the dinucleotide CpG deficiency in some eukaryotes was thought of
being due to the increased mutability of m5C by deamination to thymidine, after
cytosine methylated into m5C [3]. Some data of m5C deamination in vivo have been
found in some prokaryotes [5]. Flowever, mutagenic deamination of msC, in high
eukaryotes, is still short of convincing evidences, and the investigations of Barker et
al. [2] may serve as a reference in this aspect. Similarly, m5C deamination in vitro has
been observed, after the treatment with alkali, high temperature (at neutral PH), or
sodium bisulfate [21], when the m5C will be deaminated. But, any explanation about
the relation between m5C and mutation “hot spots” in eukaryotic genomes must reck-
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on with the fact that m5C is absent in the genomes of Drosophila and other arthro-
pods [4, 10, 17], and other factors which will result in the possibility of GC —A T
transition.

Although many studies suggested that spontaneous deamination of m5C in DNA
takes easily place, and gives rise to G C —» A T transition, thereby leads to a herita-
ble change [1-7, 10, 16-21], some data are controversial. For example, Razin and
Friedman [19] considered that the methylated bases in DNA could serve either as
“hot spots” for mutations or in contrast, play a role in protecting DNA from muta-
tions. In addition, in vivo experiments strongly suggest that enzyme-catalyzed deam-
inations of cytosine do not play a major role in making méthylation sites in E. coli
hot spots for mutations [23].

The biological significance of DNA méthylation is still far from being understood,
and the results from experiments are somewhat ambiguous, therefore we have stud-
ied whether DNA méthylation can cause the transition from G C — A T, and then
result in gene mutation.

MATERIALS AND METHODS

Both double helix segments of unmethylated and methylated B-DNA, as follows,
have been employed during computation.

-G-C-G-C-G-C-G-C-G-C- -G-C-G-msC-G-msC-G-C-G-C-

e o o o o o o o o o and e o o e o o o

-C-G-C-G-C-G-C-G-C-G- -C-G-C-G-msC-G-msC-G-C-G-

Electronic wave functions of bases, phosphodiester and deoxyriboses that are
involved in computing molecular electrostatic potentials (MEP) of methylated and
unmethylated B-DNA segments are calculated by ab initio SCF method. All calcula-
tions of energy functions are based on our previous methods [15].

RESULTS

The computed results show that the minimum values and distribution of MEP
between unmethylated and methylated B-DNA are different. The minimum values of
MEP in unmethylated B-DNA are -452.22 -—406.90 kcal/mol, but the values in
methylated B-DNA are -498.45 -— 445.45 kcal/mol (Fig. 2). In 4-hydrooxyl-5-
methylcytosine as the intermediate during the deamination from m5C to T, the bond
order of C4-N7 (0.862) is larger than that of C4-0 (0.605) (Fig. 3).
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e -452.22------ 406.90;, © -406.90------ 316.25 e -498.45------ 44545, © -445.45------ 339.46
O -316.25------- 180.29 0 - 339.46-—--- 180.47
X. Y, Z ROT. 90.00. 270.00, 0.00 X, Y, Z ROT. 90.00, 270.00, 0.00

Fig. 2. Molecular electrostatic potential in the segment of B-DNA double helix, (a) The unmethylated
B-DNA double helix; (b) the methylated B-DNA double helix

Fig 3. The potential energy curve of proton transfer in 0-HN...N intramolecular hydrogen bond system
of 4-hydroxyl-5-methylcytosine
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DISCUSSION

Our previous studies have suggested that both cytosine and m5C hold similar react-
ing activity, so they can pair with guanine [11-15], which has been proved by exper-
iments. The reactivity is not apparently influenced by the introduction of the methyl
group to C5 position in the single, base pair and nucleotide. In the cases of nucleotide
and a segment of B-DNA double helix, this is due to the méthylation giving rise to a
more obvious change in MEP, thus the change of MEP may alter the affinity with
some specific proteins and can affect greatly the combination of protein with DNA
and the interaction with other molecules. Because MEP can reflect the electrostatic
character of the whole molecule, and show the effect of whole structure on reactive
sites and activity, the results suggest that the effect of a methyl group on MEP of
unmethylated DNA is localized and MEP minimum values are distributed along the
relative positions of the major groove. In methylated DNA, the distribution of MEP
minimum values is relatively focused in the regions between the 4th and 7th base
pairs. The most conspicuous feature is that the methylated helix has the strongest
MEP (Fig. 2). Since méthylation can cause MEP changing in localized regions, it
could change the affinity of DNA with a specific protein. Therefore, it could affect
the interaction between DNA and regulatory proteins, which protect DNA from being
degraded or inhibit DNA transcription, etc.

In the process of m5C hydrolytic deamination, the reacting intennediate, 4-
hydroxyl-5-methylcytosine (Fig. 4) will deaminate the methyl group into T, so this
intermediate must undergo a changeable process of intramolecular hydrogen bond-
ing (we take the relationship among the three atoms of O, FI10 and N7 for a linear
intramolecular hydrogen bond, i.e. O-H...N in Fig. 4). How can this process be real-
ized? It depends mainly on the probability of proton transfer. The potential energy
curve of proton transfer in O-H...N intramolecular hydrogen bond system of 4-
hydroxyl-5-methylcytosine shows that the potential well in the right is not striking
and the potential well in the left is deeper than that in the right. Thus suggest that the
probability of proton transfer from oxygen atom to nitrogen atom is a low, which is
adverse to the deamination. In addition, the comparison of bond order of C4-N7 and

H

H

Fig. 4. The reaction intermediate-0-HN...N intramolecular hydrogen bond of 4-hydroxyl-5-methyl-
cytosine
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C4-0 suggest that C4-0 bond is easily broken and is also adverse to the deamination
in energy.

In theory, one base can have several existing types, and the positions of its com-
bination with H atoms are different in these types. Because each of them can form
the hydrogen bonds at several positions, the nucleotides can be paired with each
other by many pairing ways. In common condition of G pairing with C, if a H atom
of G were transferred to make G(OH), and G(o h) could pair with T, in next pairing, G
(if it had renewed to common keto-type) would pair with C, and T would pair with
A. Thus the sequence of bases would take place the change, as follows:

G

According to the change, when a base G appeared as an enol-tautomer, it would
result in the spontaneous mutation. Lowdin [16] suggested that the proton tunnel in
pairing bases may lead to the formation of the tautomers, and therefore, it may be a
reason of mutation in the replication process. In addition, our previous calculation
suggested that both G(OH T and G T (o h) pairs are more stable even than GC pair
(where G(@) is enol-tautomer of guanine and T(OH) is enol-tautomer of thymine) [22].
Therefore, we infer that the spontaneous mutation caused by the transition of G C —
A-T, in eukaryotic DNA, may be a result caused by the tautomer changing base pairs
and may also be caused by other actions, whereas it could not be caused by the
deamination of msC.
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In our early study [2] labelled formaldehyde, glyoxylate, glycine and serine were formed from :.C 0. dur-
ing 1 min incubation. Continuing the detailed work by unlabelled HCOs with short (1 min) incubation
time in numerous experiments, there were significant changes in the amount of formaldehyde, glyoxy-
late, glycine and serine. The main product was glycine. In illuminated leaves after HCO: intake, the
formaldehyde content increased. However, in dark in the presence of 5 mM HCOs the formaldehyde
content decreased and the amount of glyoxylate, glycine and serine increased in green leaves.

The transamination is improbable as the amount of glutamate and aspartate did not decrease during
the glycine and serine formation. The change in the amount of the measured free amino acids and gly-
oxylate was hindered by (aminooxy)acetic acid (AOA) and amethopterin. AOA, which is an inhibitor of
pyridoxal phosphate has no effect on formaldehyde alteration. In the presence of amethopterin which
inhibits the activity of tetrahydrofolate the formaldehyde amount increased in dark kept C0. containing
green leaves instead of decreasing. This shows that tetrahydrofolate has a role in glyoxylate formation
from formaldehyde and C02

A direct formation of glycine and serine can be supposed in definite circumstances during photosyn-
thesis, in which pyridoxal phosphate has an important role.

Keywords: Formaldehyde - glyoxylate - photosynthesis - direct formation of glycine

INTRODUCTION

The presence of formaldehyde in green leaves has been proved for years. In our early
study [2] labelled formaldehyde, glyoxylate, glycine and serine were formed from
14C 02 during one and two minutes incubation. The quantity of all measured com-
pounds increased in growing light intensity about 10-50% except glycine, the grow-
ing light intensity caused eleven times increase in glycine content. It seems that
fonnaldehyde, glyoxylate, glycine and serine form photosynthetically, and the main
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product is glycine. It is unlikely that all C02 which are in leaves take part in this
process.

Vermaas and Govindjee [4] and Stemler [3] have given a good summary about the
C 02 (or HCO3) which is bound to the chloroplast inner membrane. This C 02 is nec-
essary for light reactions. Studying the pH which is necessary for binding it was
experienced that at pH s.s the binding is the largest. Studies were made by 14C 02 and
radiation was measured. Thylakoid bound C 02 was written by the authors which was
released when light reactions were taken place. It is possible that formaldehyde was
present because C 02 was reduced by light reactions, but only the radiation of 14C
were measured. This 14C can be present both in C02 or in formaldehyde.

Glycine and serine as early products were present in the study of Benson and
Calvin [1], the aim was - at that time - to explain the formation of carbohydrates. At
present it seems that glycine and serine originate from formaldehyde.

For the detailed examination of formaldehyde, glyoxylate, glycine and serine for-
mation unlabelled HCOs was used with short (1 min) incubation time.

MATERIALS AND METHODS

Plants were grown in a plant raising chamber. Temperature was raised gradually from
20 °C to 28 °C during s hours and reduced gradually to 20 °C during s hours.
Meanwhile the light intensity was 80 W/m2. During the third s hours the plants were
kept in dark at 20 °C.

Neutralised aqueous 0.1% dimedone solution was suctioned into green leaves.
This solution was made with 5 mM NaHCO0s or without, with enzyme inhibitors or
without. Vacuum infiltration was followed by 1 min incubation in dark or in other
case in light (10 W/m: fluorescent day light). After this, leaves were taken into boil-
ing 1% trichloroacetic acid solution. The leaves were powdered after drying by 50 °C
flowing air. From well-known amount (0.3-0.4 g) of leaf powder the formaldehyde-
dimedone was extracted by ethanol. From an other well-known part of the sample the
glyoxylate and free amino acids were extracted by distilled water. All the two
extracts were evaporated by vacuum and the solid residues were dissolved in 1 ml
solvent. Formaldehyde-dimedone dissolved in ethanol, glyoxylate and free amino
acids in 0.1% aqueous dimedone solution. For quantitative transformation of gly-
oxylate to glyoxylate-dimedone 48 hours are necessary. The separation of free amino
acids is possible from this solution immediately but the glyoxylate determination
only after 48 hours because only the glyoxylate-dimedone (the dimedone and its
derivatives) is fluorescent after the chemical reaction.

For separation of different substances TLC method was used (Merck silica gel 60
plate). The following eluents were used:

for formaldehyde-dimedone: petroleum ether and ethanol in 100 : 7 ratio and for
glyoxylate-dimedone: toluene, ethyl acetate, formic acid in 60 : 30 : 15 ratio, for
glycine, glutamic acid and aspartic acid: acetone, distilled water, urea in 70 : 30 : 0.5
proportion and for serine: acetone, distilled water in 70 : 30 ratio.
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For the quantitative determination of separated spots fluorimetry was used after
chemical reaction. For fonnaldehyde-dimedone determination the plate was sprayed
with 0.1% 2,4-dichloroquinone-4-chloroimide (in ethanol) and then with a mixture,
which contained 14% (m/m) sucrose, 6.5% (m/m) Na2:C03, 1 M NaOFl ins :2 :0.5
proportion. The best fluorescence is accessible if the plates stay about 10-15 min in
below 0 °C, and then are dried with hair-drier. For glyoxylate determination the plate
was sprayed with 0.1% 2,4-dichloroquinone-4-chloroimide and then with a mixture
containing 28.6% (m/m) sucrose, 13% (m/m) Na:C0s and 2 M NaOH in2:1:1
ratio. The fluorescence will be the best if the plate stay about 5 °C at night after
spraying. For glycine, glutamic and aspartic acid determination the plate was sprayed
with a mixture of 10 ml 0.05% o-phtaldialdehyde in acetone and 2 ml concentrated
acetic acid. After spraying it was necessary to heat the plate for 25-30 min at 110 °C
because the serine has a disturbing effect which can be eliminated by heating. For
serine determination the plate must be sprayed with a freshly mixed composition of
acetylacetone solution and saturated (about 0.02 M) K4 as well as buffer solution
in proportion 2:1:1. The acetylacetone solution contained 2 ml acetylacetone in 20
ml n-propanol and 80 ml distilled water. The buffer solution contained 50 ml 15%
(m/m) ammonium acetate and 10 ml ammonia solution (25%). After spraying the
plate must be heated about 10 min in 100-110 °C.

After reaction the formaldehyde-dimedone and glyoxylate-dimedone, glycine,
glutamic acid and aspartic acid as well as serine have a yellow fluorescence under
365 nm light. The fluorescence was measured for quantitative determination in all
cases.

RESULTS

The question was whether it is possible to demonstrate the formation of formalde-
hyde, glyoxylate, glycine and serine from unlabelled HCOs during short incubation
time?

The formaldehyde content of green leaves has been measured for many years. The
formaldehyde content sometimes increased, sometimes decreased during incubation
with HCOs. Table 1 shows that in leaves picked in light the formaldehyde content
increased when 5 mM NaH CO0s was present and the formaldehyde content decreased
in the presence of 5 mM NaHCOs when the leaves were kept in dark at least 10 min
after plucking. It appears that formaldehyde forms from HCOs in light and HCOs
(C02) reacts with formaldehyde in dark in green plant leaves.

During the light reactions of photosynthesis pH difference takes place between the
two sides of chloroplast inner membrane. On the other hand C 02 (HCOs) was bound
to each photosystem Il complex as showed Vermaas and Govindjee [4] and
Stemler [3]. The amount of 14C 02 bound to chloroplast depends on pH, the maxi-
mum was at pH s.s [3]. The pH must have strong influence on photosynthetic trans-
formation of C02. Table 2 shows the effect of pH on the formation of formaldehyde
and glyoxylate. The scale was 0.5 pH in this study. Maximum formaldehyde and gly-
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Table 1
The effect of HCOs on the amount of formaldehyde in dark kept and light kept green leaves
Values are means of 7 experiments in 10-s g/g dry weight

Leaves picked under

light dark
1 Untreated 0.1430 0.0783
2.5 mM NaHCOr 0.1851 0.0628
1-2 0.0155
2-1 0.04212
LSDs% 0.0271 0.0108
LSDi% 0.0366

Table 2
The effect of pH on the amount of formaldehyde and glyoxylate
Values are means of s horse bean experiments in 10 s g/g dry weight

A B
pH formaldehyde glyoxylate pH formaldehyde glyoxylate
55 (0.4721) (1.3492) 55 (0.6397) (1.3185)
6.0 0.4798 1.0623 6.0 0.5539 1.2697
6.5 0.5577 1.6704 6.5 0.6966 1.9925
7.0 0.7248 3.0379 7.0 0.8395 3.0051
75 0.4214 1.1551 7.5 0.4685 1.1008
8.0 (0.5567) (1.0762) 8.0 (0.640.3) (0.9582)
LSDs* 0.2196 1.8082 LSDs'u 0.2459 1.8521
7.0-6.0 0.245 1.9756 7.0-6.0 0.2856 1.7354
7.0-7.5 0.3034 1.8828 7.0-7.5 0.3710 1.9043

Treatment:

A = after vacuum infiltration by 0.1 M phosphate (4 cases) or 0.1 M Tris-HCI buffer (4 cases) 15 min in dark
B = after vacuum infiltration by phosphate or Tris-HCI buffer 10 min dark and 5 min in light

Date in parenthesis are not involved in calculation of LSD.

oxylate amount can be measured at pH = 7. It is almost the same with the case of
chloroplast bound C02 where the maximum was s.s5 pH. It is imaginable that
formaldehyde forms from the C 02 which is bound to photosystem Il complex.
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Table 3
The effect of enzyme inhibitors on the amount of formaldehyde, glyoxylate and glycine in bean leaves,
during 1 min incubation
Values are means of 7 experiments in 10-s g/g dry weight

Formaldehyde Glyoxylate Glycine
1 Untreated D 0.1187 0.7245 9.67
2. Untreated L 0.1075 0.7456 9.19
3. 5 mM HCCI3 D 0.0668 1.0535 15.93
4.5 mM HCO'3 L 0.0920 0.6763 15.84
5. 1mM AOA D 0.1028 0.9169 11.58
6. 1mM AOA L 0.0945 0.8583 12.50
7.5 mM HCXI3 D 0.0630 0.9248 11.58
8. +1 mM AOA L 0.0797 1.1407 9.17
9. 1 mM amethopterin D 0.0881 1.1855 1141
10. 1 mM amethopterin L 0.1005 1.4352 12.72
11. 5 mM HCTI3 D 0.1240 1.0037 11.34
12. + amethopterin L 0.1087 1.2028 11.28
LSD 10* 4.58
LSDs% 0.0281 0.65 5.45
LSDi% 0.0481

D = 1min incubation in dark
L = 1 min incubation in 10 W/m2 light

In the case of Tables 3 and 4 it is better to pay attention to the dark incubated
saples, because light may cause new processes. In Table 3 the effect of
(aminooxy)acetic acid (AOA) and amethopterin on formaldehyde, glyoxylate and
glycine formation can be seen. AOA is an inhibitor of pyridoxal phosphate.
Amethopterin is an inhibitor of tetrahydrofolate which should transfer the active C,-
units. In the samples without enzyme inhibitor HCOs causes decrease in formalde-
hyde content, significant difference at formaldehyde is in 1% probability level. At
AOA the difference lessens, the significant difference is only 5% probability level.
At amethopterin formaldehyde content increases in the presence of HCOs, instead of
decreasing, while the glyoxylate amount do not increase. It seems that tetrahydrofo-
late is necessary to form glyoxylate from formalehyde and C 02 Both inhibitors pre-
vent the formation of glyoxylate and glycine from HCOs.

Table 4 shows the effect of (aminooxy)acetic acid and HCOs on the amount of
glyoxylate, glycine, serine, glutamic- and aspartic acid. The effect of HCOs can be
seen in the difference of samples 3 and 1. It seems that glycine is the main product
which forms from HCOs. The significant difference is in 1% probability level at
(3-1) and is in 5% probability level at (3-7). The glyoxylate difference at (3-1) is
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5% probability level and the serine difference at (3-1) is significant only 10% prob-
ability level.

Glycine is the single product which absolute amount with HCOs and without
inhibitor is significantly more than its amount with HCOs and with enzyme inhibitor.
In Table 3 in the sample 3 (with HCOs, without inhibitor) the glycine amount is more
than in the sample 7 (with HCOs and with AOA). The significant difference between
sample 3 and sample 11 is in 10% probability level.

In Table 4 the glycine amount in sample 3 (with HCOs and without AOA) is more,
than the glycine amount of sample 7 (with HCOs and with AOA), this difference is
significant at 5% probability level. Their difference (3-7) is significant neither gly-
oxylate, nor serine.

The amount of glutamic acid and aspartic acid did not decrease during glycine and
serine formation. The amount of glutamic and aspartic acid is a bit more (but not sig-
nificantly) in sample 3 than in sample 1. The transamination from these two amino
acids is improbable.

Table 4
The effect of HCOj and (aminooxy)acetic acid in green bean leaves on the amount of glyoxylate,
glycine, serine, glutamic and aspartic acid during » min incubation
Values are means of 13 experiments in 10-s g/g dry weight

Glyoxylate Glycine Serine Glutamic Aspartic

acid acid
1. Untreated D 0.9251 10.35 866 26.75 8.38
2. Untreated L 1.0681 10.88 8.52 29.34 8.96
3.5 mM HCCI3 D 1.5209 15.28 10.92 30.73 10.25
4.5 mM HCCI3 L 1.440 15.03 10.74 30.95 10.05
5. 1 mM AOA D 1.4947 12.45 10.64 31.97 10.25
6. 1mM AOA L 1.2669 11.81 9.23 29.76 8.94
7. 1mM AOA + D 1.4734 11.09 9.56 27.83 8.51
8.5 mM HCO-3 L 1.5348 9.80 9.11 25.86 8.75
LSD to* 0.4245 2.19 5.31 2.25
Isd5* 0.5088 3.72
LSD I» 4.92

D = 1min incubation in dark
L = 1 min incubation in 10 W/m2 light
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DISCUSSION

It is possible that formaldehyde forms from CO0: which is bound to chloroplast
membrane. It is not the same with C02 which takes place in dark reaction and reacts
with ribulose-1,5-biphosphate or phosphoenol pyruvate. After illumination the
formed formaldehyde removes from membrane.

It is supposed that formaldehyde reacts with C0. (HCO3s) and glyoxylate can be
formed.

Formation of glycine from glyoxylate is imaginable, but without transamination,
because along this pathway the amount of glutamic acid and aspartic acid (pools of
amino group) do not decrease. However, pyridoxal phosphate is necessary for this
pathway because AOA prevents the formation of glycine and serine.

The role of formaldehyde in the direct formation of a few amino acids (e.g.
glycine) is also imaginable. It is not necessary to suppose glycine or serine formation
from earlier formed 3-phosphoglyceric acid. The transformation between glycine and
serine with the participation oftetrahydrofolate is well known, it is attributed to pho-
torespiration. However, in the excess of HCOs, and in dark incubation the participa-
tion of that latter process is improbable.
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A special enzymatic technique, the enzymatic peptide modification (EPM) reactions have been worked
out in our laboratory, by which proteins can be modified with respect to their biological activities.
Enzymatic modification methods provide several advantages in producing proteins of desired nutrition-
al properties. Proteolytic modification, particularly when combined with methionine enrichment, signif-
icantly altered the biological activities and leads to increased nutritional value.
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INTRODUCTION

During enzymatic modification under appropriate reaction conditions, L-amino acids
(generally in ester form) are partially covalently incorporated into the peptide chains
of a protein hydrolysate [1]. Thus, these enzymatic modification reactions with
amino acid enrichment would be expected to be more important from health aspects
than other modification processes without covalent amino acid enrichment.

Because of their antitoxin and antioxidant effects, SH-containing amino acids are
able to act as reducing agents, scavengers and inducers of cellular detoxification
[2—4]. With respect to biological utilisation and safety it is important to note that only
nutritious sulfur amino acids should be applied for food uses. However, sulfur amino
acids, first of all methionine, are the limiting essential amino acid in most plant pro-
teins. In order to improve the nutritional quality of foods free L-methionine fortifi-
cation is not the best method because of the toxic or antinutritional effect of high lev-
els of free methionine in the diet [3, 9].
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Summarizing the above, proteolytic modification of proteins by covalent sulfur
amino acid enrichment could be a suitable method for producing protein-based
reducing agents, scavengers and inducers of cellular detoxification, that is for
improvement in the safety of foods.

The enzymatic modification of proteins is one ofthe best ways to reduce their anti-
genic/allergenic character. While cleaving of the polypeptide chain during enzymat-
ic modification, the antigenic architecture of the protein molecule collapses. While
sequential epitopes might survive the steps of enzymatic hydrolysis, epitopes are
rapidly altered depending on the actual conformation of the protein.

Legume seeds contain a number of antinutrients, mainly lectin and trypsin
inhibitors. The efficiency of the nutritional utilization of diets containing soybean is
well below that expected on the basis of chemical composition [7]. In order to reduce
the extent of this constraint, at present, all soy products go through expensive heat-
treatment or other processing procedures which can lead to losses of essential amino
acids and to the production of toxic by-products. In addition, most plant proteins are
inherently deficient in one or more amino acids. Methionine is the limiting essential
amino acid of soybeans [s].

The goal of our study was to apply enzymatic modification as a tool for alteration
of safety and quality of food proteins. In the course of these studies we have elabo-
rated a method for covalent amino acid enrichment of proteolytic hydrolysates of soy
proteins. Methionine was chosen as the amino acid to be enriched because of its
nutritional importance: Met is (i) one of the limiting essential amino acids especial-
ly in the case of plant proteins, (ii) an important methylating agent, (iii) an amino
acid with a strong hydrophobic character, (iv) a component having arole in the safe-
ty of foods as S-containing amino acid.

MATERIALS AND METHODS

Soybean (Glycine max) albumin and soybean agglutinin (SBA) were purified from
soybeans [s].

Enzymatic hydrolysis
Soy proteins were hydrolysed in a solution at a concentration of 2% (w/v) with
pepsin at pH 2.0 (substrate: enzyme, 100 : 1, w/w). Incubation was carried out at

37 °C for 2 h. The reaction mixture was stirred during hydrolysis and after that freeze
dried.

Enzymatic peptide modification
The peptic hydrolysate of soybean albumin fraction was used to produce EPM-
products in the presence of a-chymotrypsin (at pH 6.0) or pepsin (at pH 4.0) in a

solution of 20% wi/v. For methionine enrichment methionine ethyl ester in different
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proportions (L-methionine at a ratio 0f0.15 : 1,0.34 : 1,048 :1,0.63 : 1,0.92 : 1to
protein) was added to the reaction mixture. The reaction mixture was incubated (sub-
strate: enzyme, 100 : 1, w/w) for 16 hours at 37 °C without stirring, dialysed against
distilled water at 5 °C for 24 hours to remove the excess of free methionine and
methionine ethyl ester and freeze dried.

Amino acid content

Aliquots of the samples were hydrolyzed with ¢ M HC1 in a tube flushed with N2 at
105 °C for 24 h and the amino acids were subjected to thin layer ion-exchange chro-
matography. Methionine spots were evaluated by a Biotec Fischer video densitome-
ter (identified and compared to the control methionine).

SDS-PAGE electrophoresis

Samples were separated in a vertical polyacryl amide slab gel (15% acryl amide)
with a stacking gel (s % acryl amide). Samples were incubated at 100 °C for 2 min.
After electrophoresis the gels were stained with 0.5% Coomassie Blue R (Sigma).

Immunoblotting technique

After running SDS-PAGE the proteins were blotted electrophoretically onto nitro-
cellulose membranes using a semidry blot apparatus (at 2.5 mA/cm2). The blots were
reacted with anti-soy bean agglutinin antibodies, followed by peroxidase-antiperox-
idase reaction, and finally the colours were developed with 4-chloronaphtol-H20 2
reagent as described earlier [5, s ].

RESULTS AND DISCUSSIONS

In our laboratory enzymatically modified and methionine-enriched soybean albumin
was produced without heat treatment and antinutritive properties of the products
were measured. During the process of the enzymatic modification of soy albumin,
the antinutrients of soybean have been partially eliminated.

The proteinase-induced covalent incorporation of methionine shows an optimum
curve in the function of the quantity of methionine ethyl ester added to the reaction
mixture (Fig. 1). The covalent methionine-enrichment was maximal at the value of
0.34 g methionine/l g in this enzyme-catalyzed process. This optimal methionine-
enrichment was used for our further EPM reactions. Behind this point, interestingly
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Met-enrichment (%) —A—Met contentrations in the reaction mixture (g/100g)

Fig. 1 Optimum curve of the quantity of methionine enrichment and quantities of methionine ethyl
ester added to the reaction mixture

enough, the higher amount of methionine (in form of ethyl ester) was added to the
reaction mixture, the lower amount of covalently bound methionine was found in the
product. A possible interpretation of this result is that the changes in the ratio
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between methionine ethyl ester and peptides of the protein hydrolysate influences the
degree of the amino acid incorporation and thereby the primary structure of the prod-
ucts, and alters the mode of the transpeptidation and the efficacy of the amino acid
enrichment.

The content and immunological activity of soybean agglutinin in soy albumin and
modified soy albumin samples was investigated. After an SDS-PAGE separation of
the proteins in soy albumin samples, the proteins were electrophoretically transferred
to a membrane and detected immunologically using antibody to soybean agglutinin
and visualizing the soybean agglutinin antibody complex by rabbit IgG antibody.

Evaluation of the SDS-PAGE patterns after Coomassie Blue staining and
immunoblotting (Fig. 2) of the samples of soybean albumin, peptic hydrolysates of
soybean albumin, different peptic EPM products with and without methionine
enrichment produced from the peptic hydrolysate of soybean albumin, a-chy-
motryptic EPM product with methionine enrichment produced from peptic
hydrolysate of soybean albumin showed, that the number and intensity of zones cor-
responding to soybean agglutinin was reduced during the peptic hydrolysis and fur-
ther reduced after both the peptic and oc-chymotryptic EPM methods. The videoden-

MW

78000
47000
31000

19000

1 2 3 4 5 6 7 8 9 10

Fig. 2. Immunoblotting of the samples of soybean albumin and modified products of soybean albumin.

The lanes contained the following materials: L LMW control (prestained), 2. Soy albumin, 3 and 7.

Peptic hydrolysate of soy albumin, 4., s . and 9. Peptic EPM-product (without Met-enrichment) produced

from the peptic hydrolysate of soy albumin, 5. Peptic EPM-product with methionine enrichment pro-

duced from the peptic hydrolysate of soy albumin, s . a-chymotryptic EPM-product with Met-enrichment
produced from the peptic hydrolysate of soy aloumin, 10. Soybean agglutinin
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Fig. 3. The video-densitometric evaluation of the peptic hydrolysate and the peptic EPM (produced with
methionine enrichment) samples, see Fig. 2
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sitometric evaluation shows the significant difference in the immunoreactivity of the
peptic hydrolysate to compare to the peptic EPM (produced with methionine enrich-
ment) product (Fig. 3) against anti-soybean agglutinin.

The untreated soy albumin showed considerable soybean agglutinin activity and
the lectin content (soybean agglutinin) of soy albumin was slightly reduced during
the peptic hydrolysis. However, neither the sample of peptic-EPM-soy albumin nor
a-chymotryptic-EPM-soy albumin indicated any significant activity against anti-
soybean agglutinin rabbit 1gG antibody.

In conclusion, the enzymatic modification methods (EPM) by transpeptidation
and methionine enrichments are suitable to improve the nutritional values of soy pro-
teins partly by modifying the structure of the soybean lectin, partly by compensating
for their methionine deficiency by covalently bound methionine enrichment. The
combination of the incorporation of a strong hydrophobic amino acid, methionine
into the tenninals of the protein chains and of modification by proteolysis and resyn-
thesis of peptide bonds in the soy proteins can lead to modification in protein con-
formation resulting in decreased antinutritive activity and increased biological value.

It is expected that due to enzymatic modification reactions leading to amino acid
enrichment, the resulting proteins should be more valuable for healthy nutrition than
other products in which the modification occurred without covalent enrichment with
methionine.
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Certain kinds of N-methylated compounds proved to be essential for animals. L-Camitine is a small-mol-
ecular-weight quaternary amine which occurs naturally in micro-organisms, plants and animals.
Generally, plants contain little carnitine compared to animals where especially high levels may be found
in heart and skeletal muscle.

The main function of L-camitine is the translocation of long-chain fatty acids from the extramito-
chondrial space to the mitochondrial space. It also facilitates the removal from mitochondria of short-
chain and medium-chain fatty acids that accumulate as a result of normal and abnormal metabolism. This
pathway provides a means to regenerate the intramitochondrial free coenzyme A under conditions where
short-chain acyl-CoA esters are produced at a rate faster than they can be utilized.

L-Camitine is synthetized by most animals but its supplementation can be beneficial under certain
condition including insufficient carnitine synthetic enzyme activity, metabolic abnormalities, dietary
deficiencies or malnutrition.

Several studies on pigs, fish, foal, quail and broiler chickens demonstrate a growth improvement by
feeding extra dietary L-carnitine. It has been also found that L-camitine supplementation resulted in low-
ered muscle and liver lipid contents.

Formaldehyde is involved in metabolism, methylation-demethylation processes of these compounds.
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INTRODUCTION

Methylated compounds, especially naturally occurring quaternary ammonium com-
pounds constitute a class of metabolites, including such well-known representatives
as choline, betaines and carnitine. They are of widespread, probably ubiquitous phy-
logenetic occurrence. They have evolved as a versatile strategy for adaptation of
organisms to fluctuating or stressing environmental conditions.
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During the phylogenesis each of them has been selected to assist in metabolism
and/or to interact with specific receptors. Some ofthem serve to oppose exogenic stress.

L-Camitine is a small-molecular-weight quaternary amine [B-OH-(y-N-trimethyl-
amino)-butyrate] which occurs almost ubiquitously in the biosphere and is probably
phylogenetically very ancient, dating back to the evolution of mitochondria.
Generally, plants contain little carnitine compared to animals where especially high
levels may be found in heart and skeletal muscle [7].

The concentration of carnitine in different species and tissues varies over a wide
range and its levels are influenced by age and nutritional status of the animal [1, 10,
20, 34, 44]. The highest concentrations reported have been found in horseshoe crab
muscle [13] and rat epididymal fluid [8].

Highest concentrations of carnitine were found in maternal tissues including liver,
placenta, kidney, myocardium, and choroid plexus of mice. High retention of tissue
carnitine in excess of blood levels suggests the existence of concentrative uptake
mechanism. Labelled carnitine was not detectable in either maternal or fetal brain.
This suggests that the brain barrier systems limit the access of L-camitine to the
brain. In fetus, the level of carnitine was less than that seen in the maternal tissues,
however, the tissue distribution was similar. The fetal tissue carnitine concentration
increased with time. These findings suggest that relief of encephalopathy due to toxic
organic anions in metabolic disorders following L-carnitine supplementation appears
to be peripheral metabolic effects rather than direct access to the central nervous sys-
tem. However, the physiological role for the concentrative uptake of L-camitine by
the choroid plexus remains to be detennined. Transport of carnitine into fetal tissues
via placenta further suggests the possibility of prenatal therapy in pregnancies at risk
for certain inherited metabolic disorders [21].

In mammalian tissues and body fluids, L-carnitine is present in free and esterified
forms. Under conditions of undisturbed intermediary metabolism, the great majority
of the carnitine ester in serum and urine are represented by acetylcarnitine.
Acetylcamitine represents about 20-30% of carnitine in serum and about 50% of car-
nitine in urine. Free carnitine, however, is quantified by about 80% of serum carni-
tine under normal conditions, with a normal acylcamitine to free carnitine ratio
(AC/FC) of 0.25 [50].

In general, carnitine is low in foods and feeds of plant origin and high in animal
ones.

Considering the differing amounts of carnitine and acylcarnitines present in vari-
ous cells and cell organelles, it is clear that a regulated energy demanding path for
uptake and efflux of these metabolites must exist [2].

BIOSYNTHESIS
Although carnitine is widely distributed in nature, elucidation of the precursors and
the pathway for carnitine biosynthesis remained an enigma for many years. Early

studies demonstrated that the methyl groups of methionine are incorporated into car-
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nitine, but the precursors for the carbon and nitrogen moiety remained unknown,
even though it was known that gamma-butyrobetaine could be converted to carnitine.
With the discovery that lysine served as a precursor of carnitine in Neurospora cras-
sa, documentation of the conversion of protein-bound trimethyllysine to carnitine
quickly appeared.

In mammals, lysine is a precursor of carnitine via protein-bound trimethyllysine,
in contrast to yeast, where free lysine is methylated via S-adenosylmethionine. Thus,
the biosynthesis of carnitine requires two essential amino acids, lysine and methion-
ine, in the presence of ferrous ions and a number of vitamins: ascorbate, niacin and
pyridoxine, which are required as cofactors for the enzymes involved in the meta-
bolic pathway of L-camitine [12, 22, 31, 37].

FUNCTIONS

A role for carnitine in metabolism was established by Fraenkel and colleagues, when
they demostrated that carnitine is an essential growth factor for larvae of the meal-
worm, Tenebrio monitor. Almost 50 years after its discovery, parallel investigations
by Bremer and colleagues and Fritz and colleagues established a role for carnitine in
beta-oxidation of long-chain fatty acids [4]. Several roles for carnitine in mammalian
metabolism have been proposed, both direct and indirect, most of which involve con-
jugation of acyl residues to the beta-hydroxyl group with subsequent translocation
from one cellular compartment to another [4, 7]. This process affects both availabil-
ity of activated acyl residues and availability of CoOASH.

The main function of L-camitine is the translocation of long-chain fatty acids from
the extramitochondrial space, where they are activated, to the mitochondrial space,
where they are oxidized. It also facilitates the removal from mitochondria of short-
chain and medium-chain fatty acids that accumulate as a result of normal and abnor-
mal metabolism. This pathway provides a means to regenerate the intramitochondr-
ial free coenzyme A under conditions where short-chain acyl-CoA esters are pro-
duced at a rate faster than they can be utilized. These two important functions have
been reviewed by several investigators [6, 31, 32].

Carnitine also has a role in detoxification of some of the organic acids, which are
produced in excessive amounts in certain organic acidaemias [4].

L-CARNITINE AND ITS METABOLISM IN SKELETAL MUSCLE

Muscles of sheep, cattle and goats contain quite large amounts of carnitine, most of
which is present in the free form, under normal conditions.

The total carnitine content of a particular muscle (e.g. M. bicepsfemoris) can vary
with the season. This variation is probably related to the different pasture conditions.
Pastures are poorer quality in Australian summer conditions and muscle carnitine
content is significantly greater than in winter. In this respect the carnitine content of
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blood of lactating ewes on a low nutritional plane was found to be significantly
greater than those on a high nutritional plane [43].

The total carnitine content of the same muscle varies with age and is considerably
less in younger animals. The total carnitine content of M. bicepsfemoris of lambs
dramatically rises immediately after birth. Only a very small rise in liver carnitine is
seen at the same time. A 2-3-fold increase in muscle carnitine was observed in rats
during the first week after birth [5].

This it would appear that the rapid rise in muscle carnitine is not due to biosyn-
thesis in the liver. However, biosynthesis of carnitine in the muscle tissue of the lamb
is a possibility. Hydroxylation of gamma-butyrobetaine to carnitine by skeletal mus-
cle from adult sheep has been also demonstrated. Moreover, a significant increase in
the carnitine content of muscle tissue occurs in adult diabetic sheep, suggesting pos-
sible biosynthesis in this tissue as no significant uptake of carnitine from the blood
by skeletal muscle was observed in the severe diabetic state [43].

The most likely source of this muscle carnitine in the lamb is carnitine derived
from the mother’s milk. Ewes’ milk is relatively rich in carnitine and a young lamb
could receive 30-40 g of carnitine via the milk during a 10-week lactation [43]. It has
been shown that in suckling rats uptake of carnitine from the mother’s milk gives rise
to an increased carnitine content of liver and heart tissue [35].

The rapid rise of muscle carnitine in the young lamb following birth and its pos-
sible derivation from the mother’s milk could mean that the new-born lamb is at risk
in cold stress situations, for short-term cold stress in goats has been shown to signif-
icantly decrease carnitine secretion in the milk [43].

The carnitine content of a particular muscle may vary between breeds in one
species (e.g. sheep), although this could be related to differing nutritional conditions.
However, more importantly, the carnitine content of muscle appears to be inversely
related to the CoA content, those muscles with a very low CoA content containing
relatively high levels of carnitine. These observations may suggest that carnitine
transport into muscle tissues, or biosynthesis is regulated by the CoA content or vica
versa.

The varying carnitine content of muscles with age and in particular the inverse
relationship to CoA content raise questions as to the main function of carnitine in
muscle tissues. Obviously carnitine is essential for the oxidation of long-chain fatty
acids as these form a significant proportion of the metabolizeable fuel in ruminant
muscle.

However, it is surprising that long-chain acylcarnitine (acid-insoluble fraction)
constitutes only a very small fraction of the total carnitine in the muscle of sheep,
even in the diabetic state. The high concentration of carnitine present in ruminant
muscles could be necessary for the oxidation of acetate. Acetate is a major calorific
fuel in ruminants which is mainly oxidized in extra hepatic tissues. However, as
acetate readily penetrates the inner mitochondrial membrane, and in muscle tissues
of the sheep the acetate thiokinase is located mainly in the mitochondria, in the
matrix, the high content of carnitine in ruminant muscles is not necessary for acetate
oxidation.
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It would seem that a major role of carnitine in muscle tissues, particularly in stress
conditions, is in an acetyl buffer system, removing acetyl groups from inside the
muscle mitochondria and thereby relieving “acetyl pressure” on the very small
amounts of CoA present in muscle, 95% of which is localized in the mitochondria.

A further significant role of carnitine in muscle tissues, particularly in times of
metabolic stress, may be in the metabolism of branched-chain amino acids. Skeletal
muscle is the main site for the oxidation of branched-chain amino acids in the rat and
the capacity to degrade these acids is increased 3-5-fold in fasting and diabetes.

Significant quantities of isobutyryl-carnitine have been found in skeletal muscle
of sheep. Isobutyryl-carnitine is derived from the oxidation of valine. There was a
slight net uptake of valine by muscles of the hind limb of the sheep, as judged by
tarsal venous versus femoral arterial concentrations, in the diabetic state.

L-CARNITINE EFFECTS ON BLOOD CONSTITUENTS

It has been reported that supplemental carnitine (0.3% of the diet) caused reductions
in the concentration of triglycerides and total cholesterol in liver and serum of rats
fed on a high-fat diet [42]. They also demonstrated that addition of carnitine to a
high-cholesterol diet resulted in decreased levels of cholesterol and lipids in serum,
but cholesterol remained higher than in controls. L-Camitine has also been shown to
lower serum triglycerides, phospholipids and free fatty acids in infants and rats [11,
31]. Research with foals has shown that animals fed L-carnitine (10 g per animal per
day for 78 days) had lower levels of serum triglycerides and higher concentrations of
urea in serum than those of the control group [14]. L-Camitine has also been report-
ed to decrease plasma total cholesterol concentrations in cholesterol-fed rabbits [41].

Studies on fish have demonstrated that supplemental dietary L-carnitine (between
100 and 250 mg/kg wet fish weight per day) reduced plasma lipids, primarily triglyc-
erides, of sea bass fed on high-fat diets [38]. However, sea bass fed a standard diet,
low in fat, without supplemented carnitine had plasma lipid concentrations similar or
lower than sea bass fed high-fat diets plus carnitine.

In poultry, Leibetseder [22] observed no effect of supplemental dietary L-camitine
on serum levels of triglycerides or cholesterol of pullets during the early stages of
egg production cycle.

L-CARNITINE EFFECTS ON GROWTH PERFORMANCE

L-Camitine is synthetized by most animals but its supplementation can be beneficial
under certain condition including insufficient carnitine synthetic enzyme activity,
metabolic abnormalities, dietary deficiencies or malnutrition [s, 12, 33].

Several studies on pigs, fish, foal, quail and broiler chickens demonstrate a growth
improvement by feeding extra dietary L-camitine. Santulli and D’Amelio [38]
demonstrated that supplemental carnitine increased growth of sea bass
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(Dicentrarchus labrax L.) fry. They also found that carnitine supplementation result-
ed in lowered muscle and liver lipid contents. Weeden et al. [49] reported that feed-
ing a diet containing 1000 mg carnitine per kg reduced carcass fat and improved feed
to gain ratio of weanling pigs. Lettner et al. [23] indicated that feeding diets supple-
mented with L-carnitine up to 60 mg/kg significantly affected the fatty acid compo-
sition of abdominal fat (a marked increase in percent of C 18 ;. fatty acid was noted)
and tended to improve fattening performance of broiler chickens. Torreele et al. [45]
reported improvements in growth rate and feed conversion and a reduction in body
fat of African catfish (Clarias gariepius) fed diets supplemented with L-camitine.
Schuhmacher et al. [40] concluded that carnitine seemed effective in improving body
weight gain and feed conversion in groups of animals (fish, piglets and quail) fed
diets marginally deficient in lysine and methionine plus cystine, respectively.
Hausenblasz et al. [14] reported that body weight gain and degree of protein conver-
sion (efficiency of protein utilization) achieved by foals that received (10 g per ani-
mal per day) supplemental dietary L-camitine for 78 days were significantly greater
than those of the control group.

In contrast, Cartwright [9] reported that performance of broilers, in terms of body
weight, feed consumption, carcass fat and abdominal fat content, was not affected by
feeding diet supplemented with 0.5% (5000 mg/kg) L-carnitine of the diet from 5 to
7 wk of age. Likewise, Barker and Sell [3] observed no effect of added dietary L-car-
nitine, at levels of 0, 50 or 100 mg/kg diet, on performance or carcass composition
of broiler chickens and young turkeys fed low- or high-fat diets. Leibetseder [22]
investigated the effectiveness of carnitine and its precursors (lysine and methionine)
to reduce formation of the abdominal fat in broilers fed diets supplemented with o or
5% fat. He found that performance (body weight gain and feed conversion) and
abdominal fat content of broilers were not influenced by dietary carnitine (L- or DL-
form) at a level of 200 mg/kg diet. He also reported that carnitine concentrations in
liver, kidney, heart and certain skeletal muscles significantly increased in response to
dietary supplementation of L-camitine. Other investigators dealing with pigs and fish
failed to observe favourable growth responses to supplemental dietary L-carnitine
[15, 17, 36]. One can expect that the metabolic impact of dietary supplements to vary
with species, age and physiological status of the animal, namely growth, maturity,
pregnancy or lactation [31].

L-CARNITINE EFFECTS ON PERFORMANCE
OF BROILER CHICKENS

L-carnitine addition resulted in significant increases (P < 0.05) in body weight gains
of broilers in the growing period. Abdominal fat contents of 46-day-old broilers were
significantly decreased, both as absolute weights (P < 0.05) and as percentages of
body weight (P < 0.01), by added L-camitine in the growing period [29].

Feeding L-camitine-supplemented diets of different dietary protein levels to broil-
ers a significant interaction between added L-carnitine and dietary protein level was
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noted on body weight gain and feed conversion of broilers from 18 to 32 days of age
[26]. Amount and percentage of abdominal fat and ether extract contents of breast
meat of 53-day-old broilers were significantly reduced in response to L-carnitine
supplementation.

Responses to supplemental dietary L-camitine of broilers fed diets with different
levels of metabolizable energy were investigated [30] from 18 to 53 days of age.
Added L-camitine increased body weight gain and improved feed conversion during
the first two weeks of study. Feed conversion was also improved during the fourth
week of experiment. Weights of breast yield and thigh meat yield were significantly
increased whereas quantity and percentage of abdominal fat were reduced by added
L-camitine. A significant interaction was noted between supplemental dietary L-car-
nitine and dietary energy level on body weight gain and feed conversion during the
second wk of study.

L-CARNITINE EFFECTS ON LAYING PERFORMANCE

Leibetseder [22] investigated whether the supplementation of a commercial layers’
ration with either 500 mg L-camitine or 500 mg nicotinic acid or both per kg reduces
the cholesterol concentration in the egg yolk. He found that dietary treatments had no
effect on feed intake, egg production, body weight or concentrations of yolk or serum
cholesterol. In another trial in the same report, Leibetseder [22] found that egg hatch-
ability increased from 83% to 87% and from 82.4% to 85.3% when broiler breeders
were fed on diets supplemented with L-carnitine at levels of 50 and 100 mg/kg diet,
respectively.

Performance, certain parameters of egg quality and composition of egg of pullets
fed L-camitine supplemented diets from 18 to 29 wk of age were investigated [28].
Albumen quality was improved by added L-carnitine. Yolk index was improved after
7 wk of supplementation. Concurrently, absolute and relative weights of egg yolk
were decreased while percentage of egg white increased in response to added L-car-
nitine. After 11 wk of feeding L-carnitine, eggs produced by the treated group con-
tained smaller yolks than those of control. All other criteria were not affected by L-
camitine. It was concluded that L-carnitine had positive effects on interior egg qual-
ity during the early stages of egg production.

The effects of L-camitine supplementation of a practical layer diet on the perfor-
mance of laying hens and some parameters of egg quality were studied, for s weeks,
using 65-week-old hens [27]. Albumen quality was improved, while yolk index and
yolk color score were not affected by dietary L-carnitine. The percentage of egg
white increased and that of egg yolk decreased in response to dietary supplementa-
tion of L-camitine. Dietary L-carnitine did not influence laying performance (egg
production rate, mean egg weight, daily feed intake, daily egg mass and feed con-
version) or external egg quality measured by egg weight, egg shape index or by egg
shell quality, either measured directly as shell breaking strength or indirectly as
shell weight, shell thickness or shell weight per unit surface area. Based on the
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results reported herein, L-carnitine had a beneficial effect on albumen quality and
could modify the components of the edible part of the egg during the late laying
period.

PUTATIVE MECHANISMS OF ACTION OF L-CARNITINE

It is known that S-adenyl-L-methionine (SAM) serves as a methyl donor in all trans-
methylation reactions [18, 24], including the fully NEmethylation of L-lysine in
polypeptide bound [25]. In mammals, the free Ne-trimethyl-L-lysine is the precursor
of L-camitine. According to recent investigations, formation of formaldehyde
(HCHO) from S-methyl group of SAM is linked to the enzymatic transmethylation
of different substances [16, 47, 48]. This observation brings into question the exis-
tence of a methyl cation or methyl radical in the enzymatic transmethylation reaction,
clearly relating to the formation of HCHO from the methyl moiety of SAM.

It is better known that during the déméthylation process, HCHO and a demethy-
lated compound can be formed [19]. As a result of heat shock, the level of three
potential HCHO generators (trigonelline, choline and trimethyl lysine) moderately
decreased [46].

The measurable HCHO level is dramatically elevated in parts of water melon
(Citrullus vulgaris L.) immediately after a nonlethal infection with Fusarium oxys-
porum. At the same time the level of some quaternary ammonium compounds, as
potential HCHO generators, are considerably decreased [39].

It is obvious from these results that HCHO measurable can originate from méthy-
lation and déméthylation processes, not as a side product, but as a basic and indis-
pensable substance required for different biological systems. These statements may
be valid for L-camitine as fully N-methylated compound. In this case the formation
of methyl groups takes place originally in the case of L-lysine bound in polypeptide
chain. However, there is a possibility for the formation of HCHO from the N-methyl
groups of L-carnitine by means of demethylases or special peroxidases.

Another possibility of HCHO formation from N-methyl groups of L-camitine may
be similar to déméthylation of choline through the formation of methylamine [52].
Methylamine is an endogenous substrate for SSAO and HCHO, H20 . and NHs can
be formed which are all potentially cytotoxic [51].
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Arginine is an acid possessing a guanidine side group which is protonated at all biological pHs,
R-NH-C(=NH:)-NH2. We have performed computations on the neutral species by the ab initio method
using MINI and 6-31G(d) basis sets. Geometry optimization at the HF SCF level has also been carried
out using the 6-31G(d) basis set. We investigated the addition of formaldehyde to both the NH2 and
H-N=C- sites ofthe guanidine side group. The calculated exothermicities ofthe reactions with formalde-
hyde were found different for the above structures. We are planning to determine the energy barriers for
these reactions in the near future.

Keywords: Arginine - formaldehyde - ab initio method

INTRODUCTION

The role of formaldehyde in biological systems and processes is expected to be very
important by scientists for a long time [2, s, 10 and references therein]. The theoret-
ical study of the reaction of CH2 s, therefore, of interest.

Arginine is an unusual acid possessing an unusual guanidine side group which is
protonated at all biological pHs. Except in a kinetic sense, one does not find the neu-
tral form present. Free arginine, not incorporated in a protein, has three pKs (1.8, 9.0
and 13.2, respectively). Our theoretical study aimed to investigate the interaction of
the arginine with formaldehyde.
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MATERIALS AND METHODS

We started with the computations on the neutral species using several basis sets.
Accurate evaluations of the pKs is not yet possible. Our calculations were performed
using well-known basis sets at the HF SCF level. A complete geometry optimization
using the 6-31G(d) basis set was also carried out by one of the authors (E.M.E.).

The main goal is to investigate the addition of formaldehyde to both the NH2 and
H-N=C- sites of the guanidine group. These structures showed no indication of
interaction of the added 110-CH2 group with other parts of the arginine. Because of
the large size of the arginine group certain considerations had to be taken into
account, namely:

(a) we used relatively small basis sets,

(b) we perfonned the calculations at the HF SCF level (i.e. the correlation energy
contributions have not been calculated).

We did perform calculations, on the other hand, for eliminating the basis set super-
position error (BSSE): the energy quantities were corrected by using the well-known
counter-poise (CP) method [1] in each case.

In spite of the above restrictions, we expect, that our results obtained for the reac-
tions studied are relevant, as

(a) the basis sets used are known to give acceptable results for systems and reac-
tions of similar type (see [4-5]),

(b) the interaction energy calculated at the HF SCF level is excepted to cover a
dominant part of the total one for interactions of the type studied (see [3 and s]).

RESULTS

Our preliminary calculations were performed for the CH20+NH3s system (see sever-
al earlier studies on this adduct in ref. 4. and references therein). Some results are col-
lected in Table 1. Two important conclusions can be drawn when looking at the inter-
action energies calculated at various C-N separations. First, the results obtained by
the MINI basis set follow the same trend viz. the C-N separation as the values cal-
culated by the larger, 6-3 IG(d) basis set. Second, it can be seen in Table 1, that when
the 6-3 1G(d) basis set was used in the calculation, the SCF level covers the dominant
part of the interaction energy (the contribution of the correlation energy obtained at
the MP2 level, e.g., does not exceed the 10% calculated at the optimized geometry
using the 6-31G(d) basis set).

The first calculations for the CH20 + arginine structures (for both Adducts) were
performed using the MINI basis set. It was not expected that numerically relevant
results will be obtained for the interaction energies. The differences, however, calcu-
lated for Adduct | (i.e. arginine + CH2) to the NH2-C - site) and for Adduct Il (i.e.
arginine + CH20 to the H-N=C- site) should be demonstrated. The values obtained
affirmed the expectation: the difference between the energies which correspond to
Adduct | and Adduct Il suggests a slightly larger exothermicity for Adduct II.
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Table 1
Interaction energy quantities for the CH20 + NHs system with and without CP correction
(values are in atomic units)

C-N Level Without Including
separation of method cpP CP
Basis set: MINI 4.0 bohr
SCF +0.0246 +0.0322
MP2 -0.0074 -0.0015
5.0 bohr
SCF +0.0014 +0.0041
MP2 -0.0023 -0.0007
6.0 bohr
SCF -0.0012 -0.0005
MP2 -0.0005 -0.0002
Basis set: 6-31G(d) 4.0 bohr
SCF +0.0278 +0.0292
MP2 -0.0009 +0.0268
5.0 bohr
SCF +0.0037 +0.0038
MP2 “0.0012 +0.0025
6.0 bohr
SCF -0.0043 -0.0010
MP. -0.0035 -0.0015
Optimized
SCF -0.0058 -0.0043
MP. -0.0042 -0.0041

The calculations for Adduct | and Adduct Il were performed by using basis set s -
31G(d) at the geometry optimized structures and the following results were obtained.
The values obtained unambiguously suggest that the exothermicity for Adduct Il is
about 30% larger than for Adduct I. The binding of the CH2 to arginine (for both
structures) is furthermore about three times larger than that found for the CH20+NH s
system (for the basis sets used).

The coordinates for the arginine are listed in Table 2. The structure of the arginine
is given in Fig. 1, while Fig. 2 demonstrates Adduct | and Fig. 3 shows Adduct I,
respectively.
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Table 2
Geometrical structure of the arginine molecule

Coordinates (Angstroms)

Center Atomic
number number
X % z
1 7 -3.826517 1.501596 0.441325
2 6 -3.373384 0.242009 0.087688
3 7 -2.033968 0.213075 -0.230733
4 6 -1.431934 -1.032226 -0.672701
5 6 0.085739 -0.895035 -0.767440
6 6 0.752838 -0.635871 0.585733
7 6 2.289042 -0.606452 0.559259
8 6 2.773832 0.511746 -0.353348
9 7 2.780865 -0.452978 1.913649
10 8 2.842079 1.656608 -0.035971
n 8 3.111247 0.092038 -1.569055
12 1 3.382043 0.848164 -2.081874
13 7 -4.062129 -0.816789 0.105475
14 1 -3.238975 2.282536 0.253668
15 1 -4.793513 1.677928 0.287120
16 1 -4.984617 -0.650165 0.461870
17 1 -1.705350 1.020074 -0.715995
18 1 -1.835066 -1.343698 -1.633322
19 1 -1.700889 -1.797076 0.040708
2 1 0.330985 -0.104537 -1.474741
21 1 0.478614 -1.811799 -1.199406
2 1 0.473110 -1.414848 1.286032
23 1 0.397168 0.300438 1.003032
24 1 2.658403 -1.544732 0.164167
25 1 3.779523 -0.528931 1.945302
26 1 2547397 0.458114 2.260504

DISCUSSION

The results obtained should be viewed with caution for some reasons. First, a solvent
effect could modify the results. Second, not too large basis sets were used. Third, the
methods used are not of too high level. Concerning these points of view, however, it
should be added, that

(a) the consideration of the correlated level does not seem to exert significant
effect on the calculated interaction energy in systems of the same type (see Table 1
and [4]),
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(b) similar results to ours were obtained by other authors [7] for the C-N separa-

tion in the CH20+NHs system, e.g., and

(c) several experimental results affirm [9] that the addition of the CH20 to the

arginine is stronger than that found for the CH20 + NHs system. Our results also sug-
gest that the addition of the CH20 to the arginine leads to larger binding than that
obtained for the CH20 + NHs system (where the binding energy does not exceed the
3.5 kcal/mol when calculated by 6-31G(d) basis set).
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S-adenosyl-L-methionine serves as a methyl donor in virtually all ofthe vast number of enzymatic trans-
methylation reactions including DNA méthylation. On the basis of our former experiences we questioned
the formation of a methyl cation or methyl radical in the enzymatic transmethylation reactions. The for-
mation of formaldehyde from the methyl moiety of S-adenosyl-L-methionine has been demonstrated. It
became increasingly evident that there is a formaldehyde cycle in biological systems in which the for-
mation of the methyl group of L-methionine takes place through formaldehyde and the formation of
formaldehyde from S-adenosyl-L-methionine is linked to different enzymatic transmethylation reactions.
It is also known that during déméthylation processes both formaldehyde and demethylated compound
can be formed. The abnormalities of the originally controlled formaldehyde cycle and the uncontrolled
enzymatic production of formaldehyde from endogenous and/or exogenous substrates may be potential
risk factors in pathogenesis of different disorders. The formaldehyde generator and capturer molecules
may potentially normalise these abnormal processes.

Tran.v-rcsveratrol (trans-3,5,4'-trihydroxystilbene), which is as phytoalexin, occurs naturally in grapes
and a variety of medicinal plants. According to our present observations it is a natural concentration-
dependent formaldehyde capture molecule. It would seem that elimination of the uncontrolled formalde-
hyde with resveratrol may exert a double effect in biological systems. The elimination of formaldehyde
with resveratrol (first step) may cause a cardioprotective effect and the reaction products between resver-
atrol and formaldehyde (second step) may act as a chemopreventive factor against cancer.

Keywords: Betaines - cardioprotective effect - chemoprevention - formaldehyde - formaldehyde cycle
- resveratrol

INTRODUCTION

Formaldehyde (HCHO) is a common environmental pollutant found in tobacco
smoke, many occupational settings, certain forms of home insulations and consumer
products and as a component of exhaust from diesel and gasoline combustion [4,46].
It has also been reported that formaldehyde could be both genotoxic and carcinogenic
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[13, 14, 23, 31]. HCHO s also formed within the cell by oxidative déméthylation
(via demethylases and special peroxidases) of a variety of endogenous and/or exoge-
nous N-, O- and S-methyl compounds [7, 10, 19, 20], and by uncontrolled enzymat-
ic production of HCHO from endogenous and/or exogenous substrates may be a
potential risk factor in pathogenesis of different clinical disorders [48]. Methylamine
and aminoacetone are endogenous substrates for semicarbazide-sensitive amine oxi-
dase (SSAO) [5]. The deaminated products are the HCHO and methylglyoxal, as
well as H20 2 and ammonia, which are all potentially cytotoxic. Excessive SSAO-
mediated deamination may directly initiate endothelial injury and plaque formation,
increase oxidative stress, which can potentiate oxidative glycation and/or LDL oxi-
dation. HCHO is capable of exacerbating advanced glycation, and thus increase the
complexity of protein cross-linking [48, 49].

HCHO and H20 2, which can be constantly formed intra- and extracellularly in all
cells [15, 22,45], can interact endogenously, and the very reactive singlet oxygen and
excited HCHO [37] are the reaction products [42, 45]. These reactive molecules may
be determining factors of disease resistance, however, at the same time they may be
potential risk factors.

We have demonstrated that radiolabelled formaldemethone is formed from the
radiolabelled methyl group of S-adenosyl-L-methionine (SAM) in the course of
enzymatic conversion of histamine to N Fmethylhistamine in the presence of dime-
done, suggesting that the formation of HCHO is probably linked to the enzymatic
transmethylation of histamine [16]. This observation brings into question the exis-
tence of a methyl cation or methyl radical in the enzymatic transmethylation reaction
[16, 39, 45], and relating this phenomenon to the formation of HCHO from the
methyl moiety of SAM.

It is well known that HCHO is a cytotoxic compound. Endogenously formed
HCHO, however, is supposedly detoxified at the cellular level via the tetrahydrofo-
late pathways and oxidised to format and C 02 [22]. It would seem that low and non-
toxic equilibrium concentrations of HCHO might be maintained in the cell.

All these considerations open a new horizon in understanding earlier controversial
results, as well as providing the impetus for studying the HCHO cycle [39, 41, 45]
as a fundamental biological pathway system.

Theoretical aspects of theformaldehyde cycle

On the metabolism of SAM

S-adenosyl-L-methionine (SAM) is formed in a cytosolic enzymatic reaction from L-
methionine and ATP. SAM serves as a methyl donor in virtually all of the vast num-
ber of enzymatic transmethylation reactions, including DNA méthylation [1,6, 24,
28, 29]. The reaction of SAM with a nucleophilic acceptor molecule results in the
formation of S-adenosyl-L-homocysteine (SAH) and the methylated acceptor

(Fig. ).
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SAH is further metabolised to cystathionine and homocysteine. SAM can under-
go decarboxylation to yield decarboxylated SAM, from which the propylamino moi-
ety forms polyamines and leaves methylthioadenosine. Methylthioadenosine can be
reconverted to L-methionine and, with subsequent additional conversion, to ethylene,
format, C02 and ammonia [24, 39].

L-METHIONINE . ATP

m 2
CcoQo"

o HHKF—(r‘,—H to ™
L-Methionine CHo
N

kC02

Decarboxylated SAM
‘mPolyamines

Methylthioadenosine

Fig. 1 Metabolism pathways of SAM

SAM
HO—CA—H2 .
X H3
SAH
Ho-c oxidation CH20 + 2 HD0
\H H202

Fig. 2. Déméthylation process of SAM
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Figures 1 queries the existence of a CH3-group in the enzymatic transmethylation
reaction, clearly relating to formation of HCHO from the methyl moiety of SAM.

Figures 2 illustrates the déméthylation process of SAM as a sulfonium ion. SAM
is unique among known biological sulfonium compounds in possessing three differ-
ent substituents attached to the sulphur atom; a condition which results in the forma-
tion of an optically active centre [s, 24].

As can be seen in Fig. 2, the first biotransformation pathway for SAM containing
the S-methyl moiety is the subsequent cleavage of the S-C bond. Hydroxyl ion, as a
strongly electronegative group - under appropriate conditions - forces cleavage of
the chiral CHs group in the form of methanol, while the remaining bonds of the car-
bon atom (responding to the effect of the hydroxyl ion electron could) shift to inver-
sion of configuration [39].

In this déméthylation process, X is an intermediate product and the methanol is
further metabolised to HCHO.

It should be pointed out that there are earlier reports regarding the formation of
methanol from SAM (summarised in reference [28]) however, the authors offered no
[28]; explanation for the formation of methanol.

On the mechanism of enzymatic méthylation

It has recently been shown that radiolabelled formaldemethone is formed from the
radiolabelled methyl group of SAM in the course of enzymatic conversion of hista-
mine to N-methylhistamine in the presence of dimedone [16]. This observation was
the first to reveal that the fonnation of HCHO from SAM was linked to an enzymat-
ic transmethylation.

From the proposed scheme shown in Fig. 3, it can be seen that the guanidine group
of the L-arginine plays a key function in the mechanism of enzyme activity; namely,
that transmethylase enzyme protein participates in the process of méthylation.

Fig. 3. Schematic drawing of enzymatic méthylation in accordance with the more recent observations
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In recent years, arginine-specific reagents such as 1,2-cyclohexanedione and
phenylglyoxal have been used to demonstrate the existence of essential arginine
residues in a number of different enzymes [16].

New aspects of the synthesis of L-methionine

Synthesis of L-methionine occurs in a number of reactions. It is known that the pri-
mary pathway for the breakdown of SAH in eukaryotic cells is via SAH hydrolase to
yield adenosine and L-homocysteine (Fig. 1) [, 50]. In the presence of 5-methylte-
trahydrofolate (NsCHsTHF), the L-homocysteine formed is methylated to regenerate
L-methionine; hence, the carbon skeleton of L-methionine is recycled several times
before being eliminated via cystathione (Fig. 1).

Enzymatic formation of HCHO from NsCH3THF was demonstrated by formation
of a tetrahydroisoquinoline ring [24] and in xenobiotic transformation [22]. It has
been established that NsCH3THF is not a methyl donor for biogenic amines.

Fonnation of HCHO from NsCH3THF appears not to be a side reaction of these
biotransformations, but rather a process which is very similar to the reaction of SAM
with histamine [16]. It is hypothesised that HCHO plays a role in the formation of L-
methionine, too.

On the putative HCHO cycle

Experimental evidence and the aforementioned biochemical arguments suggest that
in biological systems a rapid, primary HCHO cycle [39, 41, 45] exists (Fig. 4), in
which formation of L-methionine from L-homocysteine and the HCHO-yielding
function of SAM are essential components of such fundamental biological pathway
system.

Transmethylases

S_ade.nos.yt_l—_ Acceptors
methionine e.g.
(SAM) Nucleic acids
ATI Proteins (Lys.Arg)

Ethanolamine
Nor-epinephrine

S-adenosyl-L- Ne-Rig) ine

L-methionine ; B
homocysteine Fsgfite
(bAH )/ M éthylation products
/ n ?\Fg-ﬁlelhylated lysines
Phosphatidylcholine
Natural €0 V4 - ’lil/l[-)lr\/;l):i-nheistamine
generators L-homocysteine
e.g.
N6-CH3THF
Betaine

Fig. 4. Biotransformation steps of the putative HCHO cycle
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A number of rapid HCHO pathways in different tissues exists through hydroxy-
methyl groups linked to various acceptor molecules [s, 9, 35, 36, 41, 45].

More detailed knowledge of the biotransformation steps of this putative HCHO
cycle will facilitate elucidation of certain perplexing phenomena (e.g. random
méthylation, mechanisms of mutagenesis, carcinogenesis, resistance, etc.).

MATERIALS AND METHODS

Chemicals

All chemicals were obtained from Merck Chemical Co. (Darmstadt, Germany) and
Sigma Co. (St. Louis, USA) as well as from Reanal Chemical Co. (Budapest,
Hungary) and were of analytical purity grade. Formaldemethone was prepared by
adding HCHO solution (20 mL of 48% solution) to a solution of dimedone (5 g) in
hot ethanol (30 mL) and water (5 mL). The white precipitate was filtered and recrys-
tallized from aqueous methanol (product melting point - 191°C) [32].

Microbial, plant and animal material

The fresh plant and animal tissues and the spores of fungi were frozen in liquid nitro-
gen, powdered and aliquots (0.25 g) were treated with 0.7 mL methanolic dimedone
solution. This suspension was centrifuged at 1000xg for 10 min at 4 °C. The clear
supernatant was used for analysis by overpressured layer chromatography(OPLC) [27]
or it was diluted with methanol in the ratio 1 : 11 for analysis by high performance
liquid chromatography (HPLC), or with methanol in the ratio 1:400 for matrix
assisted laser desorption/ionisation mass spectrometry (MALDI MS) [2].

Reaction mixtures between resveratrol and HCHO

Aliquot parts of diluted formalin and resveratrol in methanol were mixed at room
temperature. The interactions between HCHO and resveratrol were carried out at
constant and increasing concentrations of both resveratrol and HCHO.

Characteristics ofautomatic personal OPLC instrument

This separation instrument is capable of providing high external pressure (max. 5.0
MPa) and has four main parts: holding unit, hydraulic unit, layer cassette and an
attached drain valve. The cassette envelops the sealed chromatoplate. On the inside
part of the PTFE cover of the cassette which directly contacts the sorben layer there
are two directing channels (troughs). One trough at the beginning of the sorbent layer
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generates the formation of the straight front line and the other one at the end of the
sorbent layer serves to collect the eluent in the case of unexpected overflow.

The computer controlled liquid delivery system has two pump heads, one for the
eluent delivery and the other for the hydraulic liquid. All parameters for simple or
repeated developments can be given and stored in the software [27].

Chromatograms were evaluated instrumentally using a Shimadzu CS-930 (Kyoto,
Japan) dual wavelength TLC scanner [27].

Analysis ofHCHO as dimedone adduct and as well as resveratrol
by TLC and automatic personal OPLC instrument

Aliquot amounts of plant and animal tissue or spore extracts were applied to the chro-
matoplates by means of TLC Applicator AS30 (DESAGA Co., Heidelberg,
Germany) in nitrogen atmosphere for the measurement of formaldemethone in the
dimedone adduct and separately for betaines. In order to limit air access after appli-
cation of the samples, the application sites were covered totally with a glass plate
because the laboratory air contains always a small quantity ofHCHO.

The chromatogram was developed immediately after application. Chloroform-
dichlormethane (10 :30, V/V) as mobile phase was used for determining the
formaldemethone. For the separation of betaines an eluent mixture containing
i-propanol-methanol-0.1M Na-acetate (20 : 3 : 30, V/V) was used [43]. Calibration
curves were made in each case.

For the separation of reaction products from the interaction between resveratrol
and HCHO conventional TLC technique was used: sorbent layer, silica gel 60 F2s4;
eluent, chloroform-methanol mixtures; spots or bands were evaluated visually by
UV illumination (254 and 366 nm) and instrumentally by using a Shimadzu CS-930
densitometer (305 nm for resveratrol and oligomers, 295 nm for hydroxy-, hydroxy-
methyl derivatives).

Quantification offormaldemethone and resveratrol
derivatives by HPLC

The HPLC equipment consisted ofa Gynkotek (Germering, Germany) model M480
pump fitted with a Rheodyne (California, USA) model 8125 injector with a 20 pL
sample loop, connected to column (130x4.6 mm i.d.) filled with Chromspher C Is
(5 pm; of particle size) (Chrompack, Bergen op Zoom, Netherlands). The UV detec-
tor employed was a Tosoh (Kyoto, Japan) model TSK 6040 UV instrument measur-
ing at A= 260 nm, and the output was passed through an Elektroflex GM (Szeged,
Hungary) model EF 2012 ADDA converter and processed using a personal comput-
er. The mobile phase was methanol: 0.01 n hydrochloric acid (77 : 23, V/V; pH 2.60)
at a flow rate of 1 mL/min [2].
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In the case of resveratrol derivatives the mobile phase was methanol-water
(70 :30,V/V) at flow-rate of 1.0 mL/min and the detection was carried out at 270 nm.

ldentification offormaldemethone, betaines and resveratrol derivatives
by MALDI MS

An aliquot (0.5 pL) of the diluted supernatant mentioned above or reaction product
of resveratrol and HCHO was mixed with 0.5 pi oc-cyano-4-hydroxycinnamic acid
(ACH) matrix [(10 mg ACH/mL in acetonitrile: water (7:3, V/V)] directly on a dis-
posable sample slide. The droplet was allowed to dry naturally prior to MALDI MS
analysis. The sample preparation for the authentic formaldemethone and others was
the same as before but using a standard solution (2x 10-s M) instead of diluted super-
natant [2]. The mass spectrometer used in this work was a Finnigan LASERMAT
2000 (Finnigan MAT Ltd., Hennel Hempstead, UK).

RESULTS AND DISCUSSION

HCHO and its potential generators in the biosphere

Figure 5 illustrates the level of HCHO and its potential endogenous generators in the
leaves of a tree species, Gymnocladus dioicus (L.) C. Koch depending on the season.
It can be seen that the amount of HCHO was very high in spring and autumn leaves
and, at the same time, the amount of fully N-methylated compounds, as marker mol-
ecules, was very high only in the spring. In this latter case the HCHO originated from
méthylation processes while in autumn the level of fully N-methylated substances
decreased continuously by déméthylation process. Such a relationship is practically
valid for all tree species [45].

Fig. 5. Change HCHO and its generators in Gymnocladus dioicus (L.) C. Koch depending on the season.
Details of the experiment are given under Materials and Methods
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Figure ¢ shows the amount of HCHO as its dimedone adduct in different animal
tissues. The measurable quantity of bound HCFIO by dimedone from fresh animal
tissues depends on the concentration of the dimedone in solution. The level of
FICHO produced increases with increased dimedone concentration until a maximum
is reached [30].

Under acidic conditions the hydroxymethyl groups are in equilibrium with, for
example, iminium, oxonium and thionium ions which, in the presence of dimedone,
lead to the formation of formaldemethone [44]. It has to point out that dimedone was
always in excess in the reaction mixture. It would seem that HCHO is bound in cells
to acceptor molecules (e.g. L-arginine) with different binding force [s, 9, 15, 16, 35].

In Fig. 7 it can be seen that similar relationships are valid for all compared bio-
logical systems, that is, HCHO is a normal component of all cells similar to occur-
rence of H20 2. It was shown in earlier studies that HCHO can be originated from
méthylation [41] and déméthylation [7] as well as from other biological oxidation
processes [23, 25, 34, 48]. It is obvious that HCHO is practically under controlled
regulation in the formaldehyde cycle [39], however, the uncontrolled enzymatic pro-
duction of HCHO from endogenous and/or exogenous substrates may exert a risk in
pathogenesis of different disorders [47, 48]. Although analysable HCHO may be
derived from a number of sources the level of this aldehyde is characteristic for a

Fig. 6. Effect of dimedone concentration on the amount of HCHO captured from different animal tissues.
Details of the experiment are given under Materials and Methods
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Fig. 7. Change of the amount of HCHO in three totally different biological samples. Details of the
experiment are given under Materials and Methods

given system [3]. It is also important to stress that HCHO is not a side product but a
basic and indispensable substance required for various biological processes.

Finally, it has to note that under physiological conditions HCHO can be activated
by H20: and, as a result, singlet oxygen and excited HCHO can be simultaneously
formed [37, 45]. The invasive (stress situation) or non-invasive (stress-free condi-
tion) formation ofthese excited molecules play arole in disease resistance killing the
pathogens [42] however at that time, they also could be potential risk factors.

Possible mobilisation of the endogenous HCHO

We do not know exactly the functions of the endogenous bound HCHO. Are its
metabolic [endogenous] pathways influenced by e.g. food constituents? In this paper
we report in our preliminary experimental results using a common dietetic substance,
resveratrol. Resveratrol, a phytoalexin [17], is well known as a common constituent
of the human diet, and it has a considerable cardioprotective [11, 12, 21, 38], as well
as a cancer chemopreventive [18, 26] effect.

The franx-resveratrol, as a stylbene derivative has a characteristic double bound
and the phenolic hydroxyl groups generate electron withdrawal effect, thus this mol-
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HO

Fig. 8. Supposed mechanism of reaction between resveratrol and HCHO

ecule could be an endogenous HCHO capturer molecule. Figure s shows the putative
mechanism of reaction between resveratrol and HCHO. It can be seen that there is a
possibility for the formation of two isomers of the reaction product.

Using a TLC separation method we isolated a special substance from the reaction
mixture of resveratrol and diluted formaline solution which has a characteristic m/z
value of 276.41. This corresponds to 7-hydroxymethyl-, s -hydroxy-resveratrol and
7-hydroxy-, s -hydroxymethyl-resveratrol, respectively (these are trivial names of the
two isomers). Figure 9 illustrates the separation of two isomers of the hydroxy-,
hydroxymethyl-resveratrol by means of a HPLC technique.

As a result of this reaction resveratrol by elimination of HCHO of different origin
from coronaria and other vessels may reduce the development of e.g. atherosclerotic
plaques. Furthermore, the hydroxy-, hydroxymethyl-resveratrol isomers formed in

Fig. 9. Separation of hydroxy-, hydroxymethyl-resveratrol isomers by HPLC. Conditions Materials and
Methods
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this elimination reaction may exert a killing activity to cancer cells and pathogens,
similar to other hydroxymethylated substances [36] in other words, this new mole-
cule and similar reaction products may be responsible for the cancer chemopreven-
tive activity of the dietetic resveratrol at three major stages of carcinogenesis as ini-
tiation, promotion and progression [18]. The apoptotic effect of resveratrol was also
demonstrated [33].

One can conclude from these preliminary results that resveratrol can mobilise a
special part of the chemically labile bound HCHO forming thereby several resvera-
trol derivatives with tumor cell killing activity.

The double effect of resveratrol with the mobilisation of the endogenous HCHO
opens new horizons on influencing two important disease groups with a common
dietetic substance. Furthermore, these results give an impetus for searching similar
endogenous HCHO capturer molecules.
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Formaldehyde, at its dimedone adduct, formaldemethone, has been detected by thin-layer and high-per-
formance liquid chromatography in extracts of all species tested of marine algae, macrofungi, lichens,
bryophytes, pteridophytes, gymnosperms and angiosperme. The yields of formaldehyde recorded in this
study varied from 30 gg/g to 4060 pg/g, fresh weight.

Keywords: Formaldehyde - formaldemethone - plant kingdom - HPLC analysis - disease resistance

INTRODUCTION

Betaines and other quaternary ammonium compounds have been shown to confer
plants with an increased resistance to pathogen attack. For example, trigonelline has
been reported as a potential resistance inducer in plants against obligate biotrophic
fungi [4]. Application of y-aminobutyric acid betaine, 5-aminovaleric acid betaine
and glycinebetaine to tomato plants resulted in significantly reduced numbers of sec-
ond stage juveniles of the root-knot nematodes, Meloidogynejavanica and M. incog-
nita, invading the roots. Significantly reduced egg recovery from the established
females was also recorded [11, 12].

A formaldehyde cycle has been proposed for biological systems [7]. All methyl
groups are potential precursors and thus betaines are potential sources of formalde-
hyde, the formation of which has been linked to the induction of disease resistance
in plants [5]. If the formaldehyde cycle is a feature of plants, then there should be
analyzable amounts ofthis compound in plant tissues. However, its identification has
been restricted to a few angiosperms, for example, Gersbeck et al. [2] and Sardi and
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Tyihdk [¢] and marine algae [9, 13]. With the latter, formaldehyde was detected, after
transfonnation to formaldemethone, in all species studied.

In this present study, angiosperms, gymnosperms, pteridophytes, bryophytes,
macrofungi, lichens and marine algae have been investigated to determine whether
they contain detectable amounts of formaldehyde.

MATERIALS AND METHODS

The plant species studied and their places and dates of collection are given in Table 1
The plant material was carefully sorted to reduce contamination with extraneous
material, and observed epibionts were removed by scraping with a knife. As soon as
possible after collection, the plant material was stored at-20 C until required for pro-
cessing.

Isolation and characterization offormaldemethone

Fresh Ulva lactuca (500 g), Amanita muscaria (100 g), Xanthoria parietina (30 g),
Phyllitis scolopendrium (100 g), Thuidium tamariscinum (100 g), Taxus baccata
(100 g) and Hedera helix (100 g) were separately frozen, powdered in liquid nitro-
gen and mixed with either 1 L (U. lactuca) or 500 mL (remaining species) of 0.2%
dimedone solution in methanol. After standing for 24 h, each suspension was fdtered
and the filtrate concentrated under reduced pressure to remove the methanol. The
aqueous residues were extracted with 2x50 mL chloroform. The chloroform layers
were combined, concentrated to small volume under reduced pressure and subjected
to preparative thin-layer chromatography (preparative TLC) using 500 pm layers of
silica gel (Merck grade 7749, TLC grade with fluorescent indicator) and chloroform
as the development solvent. Examination under UV light at 254 nm revealed a dis-
tinct blue band, which was eluted from the silica with chloroform and characterised
from proton nuclear magnetic resonance ('IT NMR) spectroscopic and electron
impact (EI) mass spectrometric data. Ul NMR spectra were obtained in deuterated
chloroform using a Jeol GSX 270 FT-NMR spectrometer. The EI mass spectra were
recorded using a Jeol DX 303 spectrometer coupled to DA 5000 data system.

Detection and quantification offormaldemethone by thin-layer and
high-performance liquid chromatography

Frozen plant material of each species (500 mg) was powdered in liquid nitrogen and
mixed with 2 mL 0.2% dimedone solution in methanol. As a control, a further sam-
ple (500 mg) was treated in the same way, but with 2 mL methanol. After standing
for 24 h, the suspensions were centrifuged at 1500 g for 10 min and the clear super-
natants separated for examination first by TLC and secondly by high performance
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liquid chromatography (HPLC). TLC was performed on 250 pm layers of silica gel
(Merck grade 7749, TLC grade with fluorescent indicator) with chloroform as the
development solvent. Formaldemethone was detected under UV light as a blue spot.

The content of formaldemethone in every sample was determined using the HPLC
method of Adrian-Romero et al. [1], which employed a Hypersil Cis column and
methanol-water (60 :40) as the mobile phase. Fonnaldemethone and unreacted
dimedone were detected using a UV detector set at 258 nm. Quantification was based
on peak height using, as reference, a standard injection of ethyl paraben.

RESULTS AND DISCUSSION

Samples of one marine alga (lJlva lactuca), one fungus (Amanita muscaria), one
lichen (Xanthoria parietina), one pteridophyte (Phyllitis scolopendrium), one
bryophyte (Thuidium tamariscinum), one gymnosperm (Taxus baccata) and one
angiosperm (Hedera helix), when frozen and powdered in liquid nitrogen and mixed
with a solution of dimedone in methanol, produced a compound which, when isolat-
ed, had identical TLC, HPLC, 1H NMR spectroscopic and El mass spectrometric
characteristics to formaldemethone [9].

Samples of angiosperms gymnosperms, pteridophytes, bryophytes, lichens,
macrofungi and marine algae (five of each) were tested for the presence of formalde-
hyde, after conversion to formaldemethone, using TLC and HPLC. The compound
was detected in the extracts of all species analysed, but was absent from the methanol
extracts of these plants. The quantity of formaldemethone present in the extracts of
each plant was estimated using an HPLC procedure (Table 1).

Considerable differences between species were recorded for their fonnaldehyde
contents. In this study the highest yield was that from the angiosperm Cordyline aus-
tralis (4060 pg/g) and the lowest from the gymnosperm Ephedra equisetina (30
pg/g). The results quoted were obtained from single samples. However, we have
shown that leaf samples collected at the same time from different parts of the same
plant produced widely differing results (Hedera helix, collected in March 1998:
1470, 1240, 920, 940, 920, 1240, 1220, 890 pg/g: Buddleja davidii, collected in
March 1998: 1140, 1170, 2050, 2280, 2000, 2130, 2210 pg/qg).

Tyihak [7] and Tyihéak et al. [s ] have proposed that the methyl group of L-methio-
nine is formed via formaldehyde and that this compound, derived from SAM, is
linked to different enzymic transmethylation reactions [3, 7, s]. Formaldehyde path-
ways in different tissues exist through hydroxymethyl groups linked to various
acceptor molecules [10]. It follows from this that formaldehyde should be present in
biological systems in detectable amounts. The results obtained demonstrate that this
is probably true for all plants.
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Table 1
Formaldehyde (as Formaldemethone) concentrations in species of angiosperms, gymnosperms, pteridophyes, bryophytes, lichens, macrofungi and

marine algae
. . . Formaldehyde
Species Place of collection Date of collection (pg/g fresh tissue)

ANGIOSPERMAE
DICOTYLEDONES

Hedem helix Havant, Hampshire January 1998 310

Bela vulgaris ssp. maritima Langstone, Harbour, Hampshire January 1998 230

Rumex sanguineus Havant, Hampshire January 1998 160
MONOCOTYLEDONES

Arum maculatum Havant, Hampshire January 1998 12%0

Cordyline australis Havant, Hampshire April 1998 4060
GYMNOSPERMAE
GINKGOALES

Ginkgo biloba Szeged, Hungary November 1997 610
CONI1FERAE

Abies pinsapo Cambridge Botanic Garden November 1997 50

Sequoiadendron giganteum Cambridge Botanic Garden November 1997 510



Species

TAXALES

Taxus baccata
GNETALES
Ephedra equisetina

PTERIDOPHYTA
Dryopterisfelix-mas
Phyllitis scolopendrium
Azolla filiculoides*
Doodia maxima

Polypodium vulgare

BRYOPHYTA

Musci
Thuidium tamariscinum

Eurhynchium praelongum
Homalothecium sericeum

Fontinalis antipyretica

Place of collection

Havant, Hampshire

Cambridge Botanic Garden

Cambridge Botanic Garden
Uppark, W. Sussex
Romsey, Hampshire
Cambridge Botanic Garden

Plympton, Devon

Firestone Copse, near Havenstreet, Isle of Wight
Havant, Hampshire
Bovey Tracey, Devon

Widecombe-in-the-Moor, Devon

Date of collection

January 1998

November 1997

November 1997
December 1997
January 1998
November 1997
January 1998

January 1998
February 1998
February 1998
February 1998

Formaldehyde
(lig/g fresh tissue)

260

30

50
310

80
<10

130
130
760
690



Species

HEPATICAE

Lunularia cruciata

MACROFUNGI

Basidiomycota
Agaricus silvicola

Amanita muscaria
Lycoperdon perlatum

Coriolus versicolor

ASCOMYCOTA

Daldinia concentrica

LINCHES
Hypogymnia physodes
Xanthoria parietina
Evernia prunastri
Ramalina siliquosa

Lichina pygmaea

(Cont. Table 1)

Place of collection

Havant, Hampshire

Warblington, Hampshire
Waterlooville Golf Club, Hampshire
Stansted Woods, Hampshire
Kingley Vale, W. Sussex

Kingley Vale, W. Sussex

Kingley Vale, W, Sussex
Havant, Hampshire
Pondwell, Isle of Wight
Wembury, Devon

Kimmeridge, Dorset

Date of collection

September 1998

November 1997
November 1997
November 1997
January 1998

January 1998

December 1997
December 1997
January 1998
January 1998
February 1998

Formaldehyde
(pg/g fresh tissue)

80

590
170
1090
1290

570

460
380
270
310
1830



Species

MARINE ALGAE

Chlorophyta
Ulva lactuca

PHAEOPHYTA
Pilayella littoralis
Fucus spiralis

RHODOPHYTA

Chondrus crispus

Porpkyra leucosticta

Place of collection

Langstone Harbour, Hampshire

Kimmeridge, Dorset

Southsea, Hampshire

Kimmeridge, Dorset

Kimmeridge, Dorset

All locations are in the United Kingdom, unless otherwise stated.

*Co-occurs with the cyanobacterium Anabaena.
+ From Tyihéak et al. [9]

Date of collection

November 1997

March 1997

April 1997

July 1995

March 1997

Formaldehyde
(jag/g fresh tissue)

1300

720+

1220

440+

1350+
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The effect of endogenous formaldehyde (HCHO) deprivation with dimedone - as abiotic stress - was
investigated on the methylation-demethylation reactions in Datura innoxia Mill, callus cultures. The
matrix assisted laser desorption/ionization mass spectrometric (MALDI MS) investigation of the culture
extracts revealed characteristic differences between the tissues cultivated in light and dark. MALDI MS
data show the presence of a precursor molecule and its mono- and tri-hydroxymethyl derivative, only in
the cultures maintained in light. The relative amount of the different derivatives changed considerably,
as a consequence of dimedone application in the culture medium and during the extraction.

Keywords: Datura innoxia Mill. - formaldehyde - hydroxymethyl group - matrix assisted laser desorp-
tion/ionization mass spectrometry - methylation-demethylation

INTRODUCTION

The role of HCHO in méthylation and déméthylation reactions has been studied in
several experiments. HCHO can be captured and measured as formaldemethone,
which is the dimedone adduct form of this aldehyde [9]. The formation of radiola-
belled HCHO during the enzymic conversion of histamine to NTmethyl-histamine is
proved [4]. The méthylation reactions, including DNA méthylation [s] may be an
important regulating factor in the mitotic and apoptotic events of cells [11]. During
different déméthylation processes HCHO and demethylated compound can be
formed [2, 3, 5]. Accumulation of endogenous HCHO and reduced level of fully-N-
methylated molecules (e.g. trimethyl-L-lysine, choline) could be measured for the
effect of biotic and abiotic stress conditions [1, 10, 12].

In D. innoxia Mill, callus cultures a high level of HCHO could be measured in
young tissues, as a result of méthylation reactions [13]. However, in old cultures the
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measurable HCHO amount elevated again which was an aftermath of increased
démeéthylation processes. At the same time the concentration of some fully-N-methy-
lated compounds decreased [13].

In our previous experiment we studied the effect of HCHO deprivation with dime-
done - as a special abiotic stress - on the growth of D. innoxia Mill, callus cul-
tures [¢]. Dimedone in culture medium influenced characteristically the growth of
tissues. The results showed that the HCHO concentration ofthe cultures cultivated in
light were significantly higher in dimedone-free and in dimedone-stressed cultures as
well [s]. These differences between the cultures cultivated in dark and in the light led
us to investigate the molecular basis of this phenomenon, and to find special HCHO
precursors in the cultures.

The main purpose of this work is to demonstrate the effect of HCHO deprivation
with dimedone on the methylation-demethylation reactions in D. innoxia Mill, callus
cultures.

MATERIAL AND METHODS
Callus tissues

The test material was secondary callus tissue isolated from shoots of D. innoxia Mill,
organized culture. The callus tissues were grown in light (2500 Lux, 12 hours per
day) and in dark at 25 °C on AMS solid medium (0.7% agar) containing 30 g I-1 of
sucrose (Reanal), 5.0 mg L1 of Ca-pantothenate (Reanal), 4.43 g L1 of Murashige and
Skoog basal medium [7] (Sigma), 1.0 mg L: of kinetin (Fluka) and 1.0 mg L: of
2,4-D (BDH Chemicals).

In comparison with the control, the applied dimedone concentration was 1000
ppm. The dimedone solution was made up in distilled water at room temperature and
added into the culture medium.

Milled freeze dried tissues (0.05 g) were extracted with methanol (96%, 1.2 ml),
or with dimedone solution in methanol (0.01%, 1.2 ml). The extracts were cen-
trifuged (6500 min-1, s min). The supernatant was used for MALDI MS analysis.

MALDI MS analysis

The MALDI mass spectrometer used in this work was a Finnigan LASERMAT 2000
(Finnigan MAT Ltd., Hemel Hempstead, UK). The matrix material was a-cyano-4-
hydroxycinnamic acid (ACH) (Sigma). The sample (0.5 pi) was diluted with
methanol in ratio 1: 100, than it was mixed with 0.5 pi oc-cyano-4-hydroxy cinnam-
ic acid (ACH) matrix (2 mg/ml in 60% methanol] 40% water) directly on the dis-
posable sample slide. The droplet was allowed to dry naturally to the analysis.
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RESULTS AND DISCUSSION

During the MALDI MS investigations the peak of the matrix material was used for the
comparative determination of the amount of different components. The matrix signal
can be observed at 384 mass number, which is the peak of the protonated sandwich
molecule of the used ACH matrix (Figs 1, 2). The study of MALDI MS spectral data
revealed the presence of a molecule in the cultures maintained in light which seems to
be a potential HCHO generator. Figures 1A and IB show the MALDI MS spectra of
the extract of control (dimedone-free) D. innoxia Mill, callus tissues, cultivated in light.
The peak of the protonated precursor molecule can be observed at 142 mass number.
At 172 mass number there is the signal of the mono-hydroxymethyl derivative, while
the signal at 232 correspond to the tri-hydroxymethyl derivative of the precursor. The
tri-hydroxymethyl molecule was the main component after the extraction with
methanol. However, after the administration of dimedone-methanol solution the rela-
tive amount of the mono-hydroxymethyl derivative increased considerably coupled
with decrease of relative amount of the tri-hydroxymethyl molecule. This observation
shows that these changes are the result of dimedone application, and of the collection
of hydroxymethyl groups. The di-substituted derivative was not detectable.

Figures 2A and 2B show the MALDI MS results of dimedone-stressed (1000 ppm
dimedone in culture medium) callus cultures. The relative amount of the tri-hydrox-
ymethyl compound was originally lower, as a result of dimedone application in the culture
medium. However, the use of dimedone during extraction decreased its amount again.

Table 1 illustrates the results in summarised form. The amount of the tri-hydrox-
ymethyl molecule decreased and the quantity of the mono-hydroxymethyl derivative

Table 1
Change of relative peak intensity of the hydroxymethyl substituated molecule
in Datura innoxia Mill, callus cultures (maintained in the light, extracted with methanol 96%, or 0.01%
solution of dimedone in methanol)
Mass number 141 (+1) 171 (+1) 201 (+1) 232 (+0)
Assumed structure X X-CH20H X-(CH20H)2 X+ (CH20H)3

relative peak intensity

Control (Dimedone-free) culture +

Methanol Low Low - High
Control (Dimedone-free) culture + Low High - Low
Dimedone solution
1000 ppm Dimedone in culture Low Medi Hiah
medium + Methanol edium . 9
1000 ppm Dimedone in culture .
Low High - Low

medium + Dimedone solution
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Calibration: External
Laser aim: 2 Laser power: 28 Summed: 11 shots Polarity: Positive  A:-0.016 B/V:0.528475

Calibration: External
Laser aim: 2 Laser power: 25 Summed: 10 shots Polarity: Positive A :-0.016 B/V: 0.528475

Fig. L MALDI MS spectra of Datura innoxia Mill, callus tissue (cultivated in light on dimedone-free
solid medium). A: extraction with methanol, and B: extraction with 0.01% dimedone solution
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Calibration: External

Calibration: External

Fig. 2. MALDI MS spectra of Datura innoxia Mill, callus tissue (cultivated in light on 1000 ppm dime-
done containing solid medium). A: extraction with methanol, and B: extraction with 0.01% dimedone
solution
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increased in both cases - in dimedone-free, and dimedone-stressed cultures as well -
after extraction with dimedone solution. These results were supported by the previ-
ously performed quantitative OPLC analysis [s ].

It seems that there is a special molecule in D. innoxia Mill, callus tissues cultivat-
ed in light which is a potential HCHO generator, and these hydroxymethyl groups
correspond to the measured, increased cocentration of HCHO. These results also sign
that there are differences in the methylation-demethylation processes in D. innoxia
Mill, cultures in dark and in the light.

The identification of this tropine-like molecule is in progress. The HPLC and
MALDI MS investigation of the callus tissues confirmed that these cultures did not
contain tropane alkaloids in measurable quantities. We plan to make further investi-
gations in determination of alkaloid and HCHO content of genetically modified,
tropane alkaloid containing hairy-root cultures in order to study the relationship
between the methylation-demethylation reactions and alkaloid biosynthesis.
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A very powerful nucleophilic reagent, hydralazine(l-hydrazino-phtalazine) proved to be suitable for
determination of the endogenous formaldehyde level in biological samples. It was found that in different
plants (vegetables, fruits, especially in red beet, cauliflower, kohlrabi, grapes) is a large amount of
releasable endogenous fonnaldehyde (0.5-1.0 mM) bound to L-arginine mainly in the form of Ne-tri-
hydroxymethyl-L-arginine (TriHMA).

Ne-hydroxymethyl-L-arginines (HMA) were proved to transfer their hydroxymethyl groups to
tetrahydrofolic acid producing Ns,N'°-methylene-tetrahydrofolate, the coenzyme of thymidylate syn-
thase. HMA was found to inhibit the cell proliferation of HT-29 cell culture (human colon adenocarci-
noma ATCC HT-B 38) causing apoptosis. Photosynthetic experiments produced confirmatory evidences
that 1.CH2 could be formed in photosynthesis already after 10 seconds of .C0. fixation in the
seedlings of Zea mays L. (single cross) and the 14C1120 was immediately trapped by L-arginine mainly
as TriHMA.

Keywords: Endogenous formaldehyde - plants - L-arginine - apoptosis - photosynthesis - folate cycle

INTRODUCTION

In the last years many data have been acummulated that there is an endogenous
formaldehyde (CH20) level in human and animal organisms and in different plants
(mainly in fruits) [5, s, 10, 13]. The questions are arisen, how the endogenous CH20
could be formed and what is its role in biological systems.

Our research team belonging to several research institutes in Hungary' has been
dealing with the role of CH20 in biological systems for more than two decades. Our
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team discovered new chemical reactions of CH2 with amino acids, primary amines,
nucleic acids, ascorbic acid, etc. The reactions are novel in organic chemistry as well
[7, s, 11, 12]. We reinvestigated and reevaluated the so-called “Sorensen formol titra-
tion” which could take place between amino acids and CH20 and can be found in
textbooks and university handbooks since 1908 up to now. The investigations were
carried out with L-lysine and L-arginine. L-Lysine could spontaneously be methylat-
ed and formylated by CH20 on the £-amino group, while L-arginine could only be
hydroxymethylated by CH20 on the guanidino group. The hydroxymethylated argi-
nine derivatives could be isolated from reaction mixture [1,6, 10]. The NEmethylat-
ed-L-lysine derivatives are biologically active compounds, they increase the cell pro-
liferation. Ne-hydroxymethylated arginine derivatives (HMA) have been shown to
have antiproliferative properties and are nontoxic compounds [9]. The guanidino
group of L-arginine can bind one, two, or three molecules of CH20 and in the reac-
tion mono-, di-, and trihydroxymethylated arginine derivatives could be formed. The
hydroxymethylated derivatives of L-arginine are relatively stable compounds.
Consequently, L-arginine is suitable to carry the endogenous CH20 in form of
hydroxymethyl group in biological systems. The hydroxymethyl groups are attached
to guanidino group by reversible bonds. A very powerful nucleophilic reagent,
hydralazine (1-hydrazino-phtalazine) proved to be suitable to eliminate the bound
CH2 from arginine because hydralazine (a hydrazine derivative) is much more
nucleophilic compound than the guanidino group of arginine. The statement was
proved by model experiments. The removed CH20 formed with hydralazine s-tria-
zolo-(3,4-a)-phtalazine (Tri-P) under mild acidic condition and the reaction products
were separated by reversed-phase HPLC [5].

HN—NH,
J*
hydralazine
COOH ACHrOH (-hydrazino-phtalazine) COOH
95 °C, 15'
HC-f-CH:)s-NH-C-N; o HC-CCH2zs- nh- c- nh:
o N CH20H o Nk, I
+ CH20H

. . L-arginine
N°-trihydroxymethyl-L-arginine

HMA showed apoptotic effect, in vitro, on human colon tumor cells (human colon
adenocarcinoma ATCC HT-B 38). Based on theoretical considerations HMA was
supposed to react with tetrahydrofolate (THF). The reaction between HMA and THF
could be proved by thymidylate synthase, as the product of HMA and THF reaction
was Ns,Nlb-methylene-THF, the coenzyme of thymidylate synthase. Photosynthetic
experiments produced confirmatory evidences that «CH20 could be formed in pho-
tosynthesis already after 10 seconds of 1sC 02 fixation in the seedlings of Zea mays
L. (single cross) and the 1«CH20 was immediately trapped by L-arginine mainly as
TriHMA.
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MATERIALS AND METHODS
Reversed phase HPLC

Reagent grade hydralazine hydrochloride (HP-HC1) was purchased from Sigma,
reagent grade CH20 35% p.a. from Reanal (Budapest, Hungary) and acetonitrile for
the mobile phase was of HPLC grade from Carlo Erba (Milan, Italy). All other chem-
icals used were of analytical grade and from Sigma.

Standard solution

A standard solution of CH20 was prepared by diluting ragent grade CH20 in distilled
water. For the recovery study, plant samples were spiked with various amounts of
CH2 in the range of 0.025-2 mg L .

Detection of Tri-P in plant extracts was performed as follows: Aliquots of extracts
were injected through a 20 pi loop (Rheodyne, USA) onto HPLC columns
(250 mm x 4 mm ID) in tandem. The HPLC column were packed with reversed-
phase Nucleosil - Cls, 10 pm (Macherey-Nagel, Diren, Germany) maintained at
room temperature. The mobile phase was 30% acetonitrile in 0.05 M KH2P 04
(pH :4.5) delivered by Waters model 501 HPLC pump, at a flow rate of 1 ml min-1.
Detection was carried out using a Waters 470 spectrofluorometric detector at 237 nm
(excitation) and 370 nm (emission). The sensitivity/attenuation of the detector was
100x1. Retention time of the CH20 adduct product (Tri-P) was 9.15 min.

Thymidylate synthase enzyme assay

Charcoal, 2’-deoxyuridine 5’-monophosphate (dUMP) and dI-L-tetrahydrofolic acid
were Sigma products. 5-sH-dUMP was purchased from The Radiochemical Centre
(Amersham UK).

Thymidylate synthase activity was estimated, essentially as described by
Roberts [3]. Reaction mixture (0.15 ml) contained 4.5 nmol 5-sH-dUMP (22 kBq),
20 nmol tetrahydrofolate, 20 nmol CH20, 1,5 pmol 2-mercapto-ethanol, 7.5 pmol
NaF, 7.5 pmol Tris-HCI buffer (pH 7.5) and 0.11 ml of cytosol prepared from P388
ascites tumor cells. Tumor transplantation, the check of tumor growth and cytosol
preparation were carried out as written before [2]. Reaction was started by adding the
cytosol and after incubation (0-30 min) at 37 °C was terminated by addition of
0.5 ml of 3.35% TCA and 0.5 ml of charcoal suspension (55 mg/ml). The samples
were centrifuged at 1000 x g for 15 min. Radioactivity of supernatant was counted
in LSC. Nonadsorbable and total radioactivity were determined in appropriate con-
trols. Reaction velocity was linear with time under the conditions employed. The
enzyme activities varied by less than 5% in the control.
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Methods ofcell proliferation

HT-29 cell culture (human colon adenocarcinoma ATCC HTB28) was used. The cell
number at plating was 7 x 10s/ml. The culture medium was RPMI(Sigma) + 10%
bovine serum (Serva). The cells were cultured in 24-hole Greiner plates (Krems-
minster, Austria) in humidified C 02 incubator at 37 °C.

Treatment o fHT-29 cell culture

N G-hydroxymethyl-L-arginine (HMA) was dissolved in RPMI medium and added to
the cultures 24 hours after plating. No serum was used (the serum-supplemented
medium was discarded before treatment). The dose of HMA was 1, 10, and 100
(ig/ml. Three parallels were used in each doses and control in each point of sampling
(24, 48, and 72 hours after treatment). Samples were taken 24, 48 and 72 hours after
treatment. Cell count was determined using Buerker’s chamber.

Investigation ofapoptosis

HT-cells were cultured on cover slips in s -hole Grainer plates (10s cells/ml), using
the same culture and treatment methods as described above. At 24, 48 and 72 hours
after treatment the cover slips were put into methanol for 5 minutes and stained with
hematoxylin and eosin as well as Tunel reaction (Apop-Tag Kit, Oncor, USA) was
performed.

Photosynthetic ,4C02fixation

Bai14C 03 (specific radioactivity : 2.03 Gbg/mmol,) was the product of Amersham.
The seedlings of Zea mays L. (single cross) were cultivated for 12 days for 14C02. It
was carried out in the assimilation apparatus previously described [4]. The leaves
were exposed to 14C 02 (40 MBq) for 10 s and 30 s.

In addition, certain experiments involved pretreatment with arginine and dime-
done. Maize leaves were enclosed in a glass chamber and illuminated with their cut
bases standing to a depth of 5 mm in a 0.57 mM/200 pi aqueous solution of arginine
and 0.014 mM/300 pi of dimedone. Experiments were carried out also with maize
leaves pretreated in aqueous solution of CH20 formaldehyde-14C (380 kBq/200 pi
and hydroxymethylated-14C-arginine (210 kBg/200 pi)).
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Analysis of ,4C-labelled arginine derivatives in plant

Liquid nitrogen frozen samples were ground and the powder was extracted with
25.0 ml of 50% ethanol and in the case of pretreatment with aqueous solution of
dimedone with 25.0 ml of chloroform, respectively. After concentrating of the
ethanolic extracts to = ml the amino acids thus obtained were separated by ion
exchange chromatography on a column of cationic resin and eluted with 10% of
NH4OH then the solution was concentrated and chromatographed on IONEX-25 SA
Na cation exchange thin-layer. Distribution of the radioactivity was determined with
Berthold scanner. Arginine derivatives (hydroxymethylated-14C-arginines) were
identified with standard hydroxymethylated-14C-arginine preparate (Fig. 3).

Preparation ofhydroxymethylated-14C-L-arginine derivative

1 mmol of L-arginine was dissolved in 5 ml distilled water and was reacted with 5
mmol of 4CH20 (specific radioactivity : 0.5 mCi/mmol) for 4 hours at 70 °C in a
glass apparatus with reflux condenser. The reaction product was precipitated with 50
ml of acetone and was put into a refrigerator and kept there for 5 hours. After some-
times acetone was decanted and the crystalline product was scuffed again with 50 ml
of anhydrous acetone. The crystalls were filtered, washed with acetone and dried
under vacuum. Their specific radioactivity was determined in LSC (Berthold BF
5000, liquid scintillation coctail : CLINISOSOL®, Institute of Isotopes, Budapest,
Hungary). Specific radioactivity : 0.4—0.5 mCi/mmol. The chromatographic separa-
tion of hydroxymethyl-14C-L-arginine derivatives were carried out on IONEX-25
SA-Na cation exchange thin-layer and the distribution of radioactivity was deter-
mined with Berthold Chromatogram Scanner.

The integrated area of peaks: 1 NG-trihydroxymethyl-14C-L-arginine (Tri HMA)
67,936 dpm, (43.49%). 2. NGdihydroxymethyl-laC-L-arginine (Di HMA) 41 680
dpm (26.62%). 3. NGmonohydroxymethyl-1.C-L-arginine (Mo HMA) 29 618 dpm
(18.92%) (see Fig. 3). Preparation of mixture of NG-mono,-di,- and trihydrox-
ymethyl-L-arginine derivatives (HMA), the chromatographic separation, 'H, 1
(solid phase) NMR investigations, stability studies, Mp determination and C,H,N
analysis were discribed elsewhere [1, s, 9, 10].

RESULTS AND DISCUSSION

The endogenous CH20 levels determined by the hydralazine method in various
plants (medicinal plants), vegetables and fruits are given in Table 1. In some fruits
(banana, grape) the endogenous CH20 level is very high (>0.5 mmol/kg), however,
this level is extremely high (-1 mmol/ kg, or higher than 1+ mmol/kg) in some other
vegetables (cauliflower, kohlrabi, red beet).
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Table 1
Endogenous (releasable) formaldehyde content of different biological samples
The name of biological samples Formaldehyde content mmol/kg
Vegetables
carrot (root) 0.22
onion 0.36
potato seed (raw) 0.65
red beetd < 5 cm 0.62
red beet d > 10 cm 0.74
cabbage white 0.73
cabbage red 0.87
cauliflower 0.87
kohlrabi tuber (riped) 1.03
young kohlrabi tuber 0.21
young kohlrabi leaf 0.85
Budlets
cherry 0.82
popular (populus) 0.78
Fruits (riped)
water melon (inside) 0.22
water melone (rind) 0.30
apricot 0.32
plum 0.37
apple (winter type) 0.42
tomato 0.44
banana 0.54
sour-cherry 0.60
grape (white, riped) 0.74
grape young leaf 0.71
wine (white) 0.66

Medicinal plants

althea root 0.24
mistletoe (Viscum album) 0.22
common comfrey 0.39

It means that we “eat” every day considerable amount of endogenous CH20 with
fruits and vegetables.

Biochemical investigations were extended to thymidylate synthése (EC 2.1.1.45).
The enzyme catalyzes the reductive méthylation of dUMP to thymidine 5°,-mono-
phoshpate using Ns,Nlo-methylene-tetrahydrofolate coenzyme. To prove our idea
that HMA may react with THF 1.2 pmol HMA was incubated with 1.2 pmol THF at
37 °C, for 1 hour in the presence of 7.5 pmol Tris-HCI buffer pH = 7.5. As a control
the same amount of CH20 and THF were incubated in the same condition as HMA
and THF. The CH20 and THF reaction is used for the production of the extremely
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labile coenzyme [3]. The reaction mixture of HMA + THF, or HCHO + THF pro-
duced considerable amount of labelled product during the thymidylate synthase reac-
tion and the radioactivity values were proportional to the reaction time (Fig. 1). As
the Roberts method is highly specific for thymidylate synthase, the results proved
that FIMA reacted with THF producing Ns,Nl-methylene-tetrahydrofolate coen-
zyme. Therefore, the experiment proved that THF received a C,-fragment from
HMA. Vegetables and fruits can thus serve as a CH2) generator for us, because
endogenous CH20 is bound to L-arginine and the NG-hydroxymethylated arginine
derivatives can carry this CH20 to the folate cycle increasing the Q pool in the form
of Ns,N1°-methylene-tetrahydrofolate.

The main question is that how could endogenous CH20 be formed and bound to
L-arginine in plants? The photosynthesis was supposed to be responsible for the for-
mation of CH20 and for its reaction with L-arginine, because early investigation of
Szarvas et al. in 1983 have shown that 1«CH20 was fonned from 14C 02 in photosyn-
thesis and the formed 14«CH20 was captured by dimedone [4]. We supposed that L-
arginine (which is present in large amount in leaves) is suitable to trap the CH20 in
leaves. The photosynthetic experiments (see Fig. 2, 10 sec with 14C02) produced

Fig. 1. Reaction of HMA and THF tested by thymidylate synthase assay. 1.2 pmol HMA and 1.2 pmol
THF as well as 1.2 gmol HCHO and 1.2 gmol THF were incubated in 7.5 gmol Tris-HCL buffer
(pH = 7.5) for 1 hour and 37 °C
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Mart Fr

Fig. 2. Radioactivity distribution of N°-hydroxymethy!-14C-L-arginmes formed in photosynthesis in the
seedlings of Zea mays alredy after 10 s of 4C 02 fixation on IONEX 25 SA Na cation exchanging thin
layer sheet (Macherey-Nagel). (1 TriHMA, 2 DIHMA, 3 MoHMA)

confirmatory evidence that endogenous 14CH20 could be formed in maize leaves
during 14C 02 fixation almost in short-time experiments (10 sec) and the 1«CH20 is
bound to L-arginine mainly as NGtrihydroxymethyl-14C-L-arginine (TriHMA)
beside DIHMA and MoHMA) (Fig. 2).

Comparing the radioactivity distributions of Fig. 2 and Fig. 3 it can be seen that
the distributions are very similar in the model synthetic reaction (Fig. 3) and in leaves
(Fig. 2). The only difference is that the hydroxymethyl-arginine derivatives could be
formed in a very short-time in leaves, suggesting enzyme(s) catalysis. The results
could be explained by the possibility that the CH20 may be one of the product of
photosynthesis beside or in the Calvin cycle. Calvin excluded the formation of CH20
in photosynthesis because of its toxicity. However, CH20 could immediately be
bound by L-arginine producing the group of biomolecules, NG-hydroxymethyl-
arginines, which have no toxicity.

Finally, we emphasize the unique properties of Noe-hydroxymethylated arginines
synthesized not only in our laboratory but in leaves, too. They inhibit tumorous cell
proliferation [9] and cause apoptosis. Light microscopic study of the fixed and
stained HT 29 cell cultures (human colon adenocarcinoma ATCC HTB 38) showed
that the decline in cell number after high doses of HMA was due to apoptotic cell
death of the cultured HT 29 tumor cells. Considerable amount of decrease in cell
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Fig. 3. Radioactivity distribution of NGhydroxymethyl-14C-L-arginines prepared from the reaction mix-
ture of L-arginine and 4CH20 (specific radioactivity : 0.5 mCi/mmol) (for 4 hours at 70 °C) on IONEX
25 SANa cation exchanging thin-layer sheet (Macherey-Nagel) (1 TriHMA, 2 DiIHMA, 3 MoHMA)

L
* W  ~*n JEU
Fig. 4. Apoptotic cell death of HT 29 cells (human colon adenocarcinoma ATTCC HTB-38) treated with
100 Jig/ml HMA for 48 hours
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Fig. 5. HT 29 cells (human colon adenocarcinoma ATTCC HTB-38) were cultered as desribed in method
for 48 hours (control, untreated cells)

number, shrinkage of cells and condensation of chromatin were observed after 48
hours treatment of HMA (100 |ig/ml) (Fig. 4) compared to the untreated control of
HT 29 cells (Fig. 5).
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Aminoguanidine (AG), a hydrazine derivative is known to inhibit the formation of Advanced
Glycosylation Endproducts (AGE) and AG has been proposed as an agent in prophylaxis of diabetic
complications. However, treatment with hydrazine produced liver and lung mmors by formation of N7-
and 0 6-methy!guanine in the DNA of rodents. The hydrazine derivative, isonicotinic acid hydrazide
induced pulmonary mmors in mice. Ne-hydroxymethyl-arginine (HMA) was synthesized by our research
group and it showed anticancer effect against experimental mmors. HMA was found earlier in human
blood and urine, and recently in many plants (in fruits and vegetables). We could demonstrate a reaction
(pH = 7.5, 37 °C, Ih between HMA and tetrahydrofolate (THF) producing N5N 10-methylene-tetrahy-
drofolate (CH2-THF), the coenzyme of thymidylate synthase (TS). In model experiments AG proved to
react with formaldehyde (HCHO) and to eliminate the Cr fragment of HMA, but not that of CH2THF.
In the presence of AG burst chemiluminescence and a higher speed of the formylation and méthylation
reactions were found in the AG, HCHO, hydrogen peroxide (H20 2) and L-lysine system than without AG.

Conclusions: HMA as a biomolecule is one of the compounds which are responsible for the endogenous
HCHO level. The biochemical function of HMA may be the direct supply of C,-fragment for the folate
cycle. AG can disturb the above function of HMA. The reaction between AG and HCHO seems to be dan-
gerous for biological systems because of the possible presence of L-lysine and H2 2. The burst chemilu-
minescence indicates excited molecules with extreme high energy producing uncontrolled formylation and
méthylation reactions. Considering the results of the experiments with AG its use as a medicament seems
to be questionable.

Keywords: Aminoguanidine - hydroxymethylarginine - folate cycle - endogenous formaldehyde -
thymidylate synthase

INTRODUCTION

In spite of the fact that free formaldehyde (HCHO) is toxic and carcinogenic it can
always be found using different nucleophilic reagents in various biological materials.
The literature distinguishes exogenous and endogenous HCHO. The exogenous
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HCHO attacks the various organisms in free form originating from the environment,
while the endogenous HCHO is supposed to be liberated from nontoxic biomolecules
of the cells. Till now it was questionable what is the biochemical role of endogenous
HCHO in living organisms.

N G-hydroxymethylarginine (HMA) was synthesized from HCHO and L-arginine.
The imino and amino nitrogen of guanidino group carry one, two, or three hydrox-
ymethyl group [17]. HMA was shown to inhibit the growth of some experimental
tumors [15]. HMA was found in human blood and urine [4] and recently, in plants
(fruits and vegetables) in about ten times higher concentration than in human sam-
ples [12]. HMA showed apoptotic effect in vitro on human colon tumor cells [11] and
there are evidences that the biosynthesis of HMA may occur during photosynthe-
sis [13]. Based on quantumchemical data HMA carries the hydroxymethyl group in
a relatively labile form and HMA was supposed to belong to the biomolecules
responsible for the endogenous HCHO level of cells.

Hydrazine has been shown to react with endogenous HCHO forming formalde-
hyde hydrazone. It methylates DNA guanine at the N7- and Oppositions and pro-
duces liver and lung tumors [9]. Chronic exposure to hydrazine leads to hypomethy-
lation of total target organ DNA and that the hypomethylation is dose related to the
development of liver cancer [5]. The hydrazine derivative, isonicotinic acid
hydrazide (the most important antituberculotic agent) induced pulmonary tumors in
mice [1, 7].

Aminoguanidine (AG) inhibits the Maillard reaction, the formation of AGEs
among others on hemoglobin of patients with diabetes, too. The results initiated clin-
ical studies on AG as an agent of potential benefit in prophylaxis of diabetic compli-
cations [2]. Recently, AG turned to be very well-known (more than 400 papers were
dealing with it in the last two years), because AG inhibits the inducible NO syn-
thase [3].

In our experiments, reactions of HMA were investigated. Based on theoretical
considerations HMA was supposed to react both with tetrahydrofolate (THF) and
AG. The reaction between HMA and THF could be proved by thymidylate synthase
(TS), as the product of HMA and THF reaction was Ns,Nlo-methylene-THF (CH2-
THF), the coenzyme of thymidylate synthase.The TS assay was suitable for the
investigation of the reaction between AG and HMA, too. The amount of coenzyme
formed in the reaction of HMA and THF decreased, due to the previous reaction of
AG with the hydroxymethyl group of HMA. Consequently, TS activities decreased
also in the Roberts assay of TS modified appropriately to the experiments.
Investigations of chemiluminescence emission and the products of reactions either
with hydrogen peroxide (H20 2), or H20 2 and L-lysine (LYS) proved that AG initiat-
ed excited HCHO with extreme high energy and increased the speed of uncontrolled
méthylation and formylation reactions.
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MATERIALS AND METHODS
Chemicals

AG bicarbonate salt, dl-L-tetrahydrofolic acid, 2’-deoxyuridine 5’-monophosphate
(dUMP) and charcoal were Sigma products. (5-sH)dUMP was purchased from The
Radiochemical Centre (Amersham UK). .C-HCHO was manufactured in Institutes
of Isotopes.

Enzyme assay

TS activity was estimated, essentially as described by Roberts [10] with some mod-
ifications. Reaction mixture (0.15 ml) contained 4.5 nmol (5-sH)dUMP (22 kBq), 20
nmol tetrahydrofolate, 20 nmol HCHO, 1.5 pmol 2-mercapto-ethanol, 7.5 pmol NaF,
7.5 (imol Tris-HCI buffer, pH =7.5 and 0.11 ml of cytosol prepared from P388
ascites tumor cells. Tumor transplantation, the check of tumor growth and cytosol
preparation were carried out as written before [s ].

Reaction started by adding the cytosol and after incubation (0-30 min) at 37 °C
was terminated by addition of 0.5 ml of 3.35% trichloroacetic acid and 0.5 ml of
charcoal suspension (55 mg/ml). The samples were centrifuged at 1.000 x g for 15
min. Radioactivity of supernatant was counted in a liquid scintillation spectrometer.
Nonadsorbable and total radioactivity were determined in appropriate controls.

Reaction velocity was linear with time under the conditions employed. The
enzyme activities varied by less than 5% in the control.

Chemiluminescence (CL) emission measurements

CL emission measurements were carried out in Packard TriCarb LSC using coinci-
dence operating mode on 3H channel.

Investigations with labelled compounds

Reaction products were analysed by TLC (Kieselgel HF2¥) as a function of reaction
time. 0 min sample was put on the TLC layer as quick as possible after having com-

pleted the reaction mixture. Running solution was n-buthanol-acetic acid-water =
8 11 :1.
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RESULTS AND DISCUSSION

The reaction between HCHO and THF producing CH2-THF was published more than
forty years ago [s]. CH2-THF participates as a coenzyme in the reductive méthyla-
tion of deoxyuridine-5’-monophosphate to thymidylate by TS in the de novo
nucleotide biosynthesis. The extreme labile coenzyme can be produced by the reac-
tion of HCHO and THF for the TS assay [10]. The spontaneous reaction of HCHO
and THF (as a control) and the TS assay were used in our experiments in which we
wanted to know whether HMA reacts with THF. The reaction between HMA and
THF was supposed to be probable because of theoretical considerations.

1.2 pmol HMA and 1.2 pmol THF in 7.5 pmol Tris-HCI buffer (pH = 7.5) were
kept for 1 hour and 37 °C as well as 1.2 pmol HCHO and 1.2 pmol THF were kept
in the same way. Both reaction mixtures were tested in the conventional TS assay of
Roberts [10] but modified as necessary.

The reaction mixture of HMA plus THF, or HCHO plus THF produced consider-
able amount of labelled product during the TS reaction and the radioactivity value
was proportional to the reaction time (Fig. 1). There was no radioactivity in the sam-
ples if TCA was given prior to the cytosol (0 minute reactions). Consequently, the
results were similar if either HMA, or HCHO was preincubated with THF. As the
Roberts method is highly specific for TS, the results proved that HMA reacted with
THF producing CH2-THF. Therefore, THF received a Q-fragment from HMA. The
source of the Cj-fragment must be the hydroxymethyl group of the arginine deriva-
tive, because arginine did not produce the coenzyme with THF (data is not given in
detail).

HMA was found in human blood and urine [4], in plants (fruits and vegetables) as
well [12], but in about ten times higher concentration than in human samples.
Consequently, HMA is a biomolecule belonging to the molecules responsible for the
endogenous HCHO level. CH2-THF, a very important biomolecule, is produced by
the reaction of HMA and THF biomolecules. It occurs without any enzyme, howev-
er, under physiological conditions. There are evidences that HMA may be synthe-
sized during photosynthesis [13]. HMA may provide a direct supply of Q -fragment
for folate cycle from the flora to the fauna. The biochemical role of endogenous
formaldehyde or at least of HMA may be a functional reserve for C,-fragment of
folate cycle intracellularly.

Hydrazine has been shown to react with endogenous HCHO of various cell frac-
tions prepared from rat liver [9]. The hydrazine derivative AG was investigated in
model experiments to know whether AG has similar chemical characteristics as
hydrazine. The model reactions were evaluated using the TS assay.

1.2 pmol HCHO and various amounts of AG (0, 2.4, 4.8, or 12 pmol) were kept
in 7.5 pmol Tris-HCI buffer (pFl 7.5) for 1 hour at 37 °C. After 1 hour 1.2 pmol THF
was given to each reaction mixtures and they were kept for 1 hour at 37 °C again.
Then the reaction mixtures were tested in the TS assay (Fig. 2). AG decreased the TS
activities. The AG concentrations and the TS activities were in indirect proportion.
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min
Fig. 1. Reaction of HMA and THF. 1.2 pmol HMA and 1.2 pmol THF as well as 1.2 pmol HCHO and

1.2 pmol THF were kept in 7.5 pmol Tris-HCI buffer (pH 7.5) for 1 hour and 37 °C. Both reaction mix-
tures were tested by the TS assay

40 .

min

Fig. 2. Reaction of AG and HCHO. 1.2 pmol HCHO were kept in the presence of various concentrations
of AG in 7.5 pmol Tris-HCI buffer (pH 7.5) for 1 hour at 37 °C. Then 1.2 pmol THF was added to each
reaction mixture and they were kept for 1 hour at 37 °C prior to the TS test
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Fig. 3. Reaction between AG + HMA and AG + HCHO. 1.2 pmol HCHO, 1.2 pmol HMA, 1.2 |xmol
THF and 12 pmol AG were used in the various reaction mixtures. Two incubation periods, 1 hour each,
followed at 37 °C and pH 7.5 in each case

+HCHO HCHo HCHo
+ HaO, LY6
+H,04

Fig. 4. Burst chemiluminescence emission in the reaction mixtures of equimolar (L mmol) AG + HCHO
+ H2 2and AG + HCHO + LYS + H0 2
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In the next experiment various reaction mixtures were incubated and compared
to each other by the TS assay at the same time in the same experimental system
(Fig. 3). Two incubation periods, 1 hour each, followed at 37 °C and pH 7.5 in each
case. In the two controls, 1.2 pmol HCHO, as well as 1.2 pmol HMA were kept
alone and then together with 1.2 pmol THF for 1hour each. 1.2 pmol HCHO as well
as 1.2 pmol HMA were kept first with 12 pmol AG, then with 1.2 pmol THF. Both
reaction mixtures produced significantly lower TS activities than the appropriate
controls did. When HCHO (1.2 pmol) was incubated first with THF (1.2 pmol), AG
(12 pmol) did not decrease the enzyme activities even ifthe first incubation time was
very short.

The experiments proved that AG, similar to hydrazine, must be very nucleophilic.
AG reacted not only with the free HCHO but it removed the hydroxymethyl group
of HMA and did not give further to THF. Therefore, AG showed the characteristic
reaction of hydrazine decreasing the endogenous HCHO level represented by the
HMA biomolecule in our experiments. It is important to emphasize that AG did not
remove the Q-fragment of CH2THF coenzyme. Consequently, AG may disturb the
folate cycle only indirectly decreasing the amount of C,-fragment source carried by
HMA and probably other biomolecules, too.

It is known that various aldehydes can be activated by H20: especially in the
presence of the e-amino group of L-lysine (LYS) [14]. Both LYS and endogenous
H20 2 may occur intracellularly. To investigate in model reaction the effect ofin vivo
circumstances on the reaction of AG and HCHO chemiluminescence emission was
determined in various reaction mixtures containing the above-mentioned com-
pounds (Fig. 4). All investigated compounds were in equimolar concentration
(2 mmol in 5 ml total volume) containing 7.5 pmol Sorensen buffer (pH 7.5). The
chemiluminescence emission was measured 20 sec after mixing the reagents. There
was no light emission value in the reaction of AG and HCHO, while considerable
high light emission was found in the reaction of AG, HCHO and H:02
Chemiluminescence emission was especially high when both H20: and L-lysine
were together with AG and HCHO.

The AG, HCHO, LYS and H20 2 system was investigated by radiochromatography
because considerable amount of NEformyl-L-lysine and NEmethyl-L-lysine has
been found due to the excited HCHO in the reaction mixture of HCHO, LYS and
H202 [16]. 1 mmol AG, 1 mmol LYS, 2 mmol 1«C-HCHO (18.5 MBg/mmol) and 2
mmol H20: were reacted in 500 pi Sorensen buffer (Fig. 5). AG has an enforcing
effect on the formylation and méthylation of lysine. The speed of fonnylation reac-
tion is much higher and the amount of methylated lysine is also higher than those in
the HCHO, LYS and H20: system were. The results of chemiluminescence mea-
surements and product analysis proved unambigously that the excited HCHO in the
presence of AG is extremely reactive. The random, uncontrolled formylation and
méthylation of lysine suggest similar reactions for other biomolecules, too. The
results make questionable the planned use of AG as a medicament and they should
be considered concerning the theoretical experiments in which AG is involved.
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It has been established that the application of N-methylated compounds as N, N-dimethyl-L-tyrosine and
glycine-betaine can induce resistance to biotrophic fungi (Erysiphe graminis, Puccinia recondita) in
wheat (Yubileynaya) at two different pretreatment concentrations. This dose-dependent “double immune
response” of plants is the basic phenomenon of the biochemical immunization. These N-methylated com-
pounds are potential formaldehyde generators and the formaldehyde formed can take part in the induc-
tion of resistance of wheat plants. It seems that the dose-dependent “double immune response” of plants
is in correlation with the biotransformation steps of formaldehyde cycle as a fundamental biochemical
pathway.

Keywords: Biochemical immunization - biotrophic fungi - double immune response - induction ofresis-
tance - N-methylated substances

INTRODUCTION

Systemic acquired resistance (SAR) is a widely distributed plant defence system that
confers a broad spectrum of disease resistance [11]. The onset of SAR correlates with
the expression of SAR genes in the infected as well as uninfected (systemic) tissues.

Biochemical plant pathology is now beginning to provide the insights into mech-
anisms of host-pathogen interaction which should allow disease control chemicals to
be designed on a rational basis. These should include not only chemicals with a direct
action against the pathogen, but also those, which may act indirectly by simulating
host defence mechanisms [z, 11].

The responses of plants to pathogen attack include synthesis of various small mol-
ecules (e.g. toxic phytoalexins). There is also evidence for production of active oxy-
gen species that aid in cell wall strengthening and in attacking the pathogen. The ini-
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tial infection by a necrotizing pathogen results in a plant with increased systemic dis-
ease resistance to broad spectrum of pathogens [7, 8, 12].

According to recent investigations all biological systems possess a formaldehyde
(HCHO)-yielding potential which may originate from méthylation and déméthyla-
tion processes, alike [1, 3, 6]. Recently, it has been shown that the formation of
HCHO from S-methyl group of S-adenosyl-L-methionine (SAM) is linked to an
enzymatic transmethylation [6]. The level of HCHO and some fully N-methylated sub-
stances (e.g. N-trimethyl-L-lysine, TML) as marker molecules is higher in all cases
in the top (youngest) leaves than in elder ones. The high level of HCHO and at the
same time accumulation of N-methylated substances during early development stages
and in rapidly dividing cells are originated from the transmethylation reactions [18].

It is well known that during déméthylation process HCHO and demethylated com-
pound can be formed as it has been previously demonstrated [1, 4]. The measurable
HCHO level is dramatically elevated in virus or other microbial infected tissues (biot-
ic stress) and in the case of heat shock or salt stress as well as for the application of differ-
ent exogenous substances (abiotic stress). At the same time the level of different methy-
lated compounds as potential HCHO generators are considerably decreased [16, 18].

The accumulation of HCHO in spring is originating mainly from the enzymatic
transmethylation reactions, while in autumn the high level of HCHO is in correlation
with the déméthylation processes [17].

There is a HCHO cycle in biological systems, that is, the formation of L-methio-
nine from L-homocysteine takes place through HCHO and the HCHO-yielding from
S-methyl group of SAM during the transmethylation reaction is essential step in this
fundamental biochemical pathway [17, 18].

According to earlier investigations the pretreatment of plants with endogenous N-
methylated compounds as choline, glycine betaine etc. increases the resistance
potential of plants to pathogens. More exactly, the application of N-methylated com-
pounds can induce resistance to biotrophic fungi in host plants. The time dependence
of induction (at least 2 days) may be due to metabolic changes of these N-methylat-
ed substances in host plants being the prerequisite for the enhanced resistance [9, 15,
17]. The dosage dependent double immune response of plants to pathogens is based
on an indirect effect and can manifest through the rearrangement of the methyl
groups in frame of HCHO cycle [15, 17].

The aim of the present paper is to demonstrate the applicability of endogenous N-
methylated substances as potential HCHO-donating inducers on induction of disease
resistance in wheat plants against biotrophic fungi.

MATERIALS AND METHODS

Plants and pathogens

Wheat (Triticum aestivum cv. Yubileynaya) plants were cultivated in commercial
compost in a greenhouse.
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Erysiphe graminis and Puccinid recondita were maintained on wheat plants in
greenhouse.

Induction of resistance

An aqueous solution of DL-carnitine HCL (Sigma-Aldrich Kft., Budapest, Hungary)
and N, N-dimethyl-L-tyrosine (DMT) with concentrations from 10-s to 10.12 mo 11
was used. The solutions were sprayed onto the leaves (4-5 pi cm: mleaf). Plants treat-
ed with water were used as controls.

Inoculations

Plants were inoculated with a spore suspension of the pathogen s days after treatment
with inducer-solution and then incubated at 18-20 °C for 24 hours at high relative
humidity. Pustule densities were assessed 10 days after inoculation and disease
severity was expressed as pustules/cm2.

Evaluation of the data

The mathematical evaluation of data was carried out by polynomial regression
analysis.

RESULTS AND DISCUSSION

Figure 1 and Fig. 2 illustrate the biochemical immunization of wheat plants to
Erysiphe graminis and Puccinia recondita using different concentration of N, N-
dimethyl-L-tyrosine and glycine betaine, respectively as inducers. It can be seen that
there is a double immune response of plants. In this case the resistance phase of the
stress syndrome is divisible to two ranges.

All the types ofresistance so also induced resistance ultimately depend on a resis-
tance potential which is obviously the most important means of disease control [13].
It seems that disease resistance is not a static but an elastic feature of plants.
However, the chemical nature of the substances which are responsible for the resis-
tance is poorly understood. It is evident that in induced resistance the mechanism of
interaction between the pathogen and chemical agent is to be indirect, involving a
characteristic change in host plant metabolism.

We demonstrated that the application of N-methylated compounds as glycine-
betaine can induce resistance to biotrophic fungi (Etysiphe graminis, Puccinia
recondita) in wheat plants (e.g. Yubileynaya) at two characteristic pre treatment con-
centrations.
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Fig. I. Effect of glycine betaine on the infection frequency of Puccinid recondita on wheat. Polynomial
regression analysis: Y = 273.6-369.4 + 219.7 X-54.8X+6.0X -0.2X. r = 0.8707. F = 12.40*

This dose-dependent “double immune response” of plants is the basic phenome-
non of the biochemical immunization.

These N-methylated compounds used are the endogenous constituents of wheat
plants and their concentration level in the tissues is variety-dependent. These N-
methylated compounds are potential formaldehyde (HCHQO) generators and the
HCHO formed can take part in the induction of resistance of wheat plants. It seems
that the dose-dependent double immune response of plants is in correlation with the

Fig. 2. Relationship between colony number and log ¢ (DMT) (wheat cv. Yubileynaya, Erysiphe graminis).
R =0.96 F = 39.34***
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biotransformations steps of formaldehyde cycle as a fundamental biochemical path-
way.

According to earlier observation H20 2 as a small molecule is also present in dif-
ferent plant tissues [1,3, 4]. It should be pointed out that the level of the HCHO and
H20 2 as normal endogenous components depends on plant age, leaf position [3, 16].
It follows from these facts that there is a real possibility of formation of excited
HCHO (H*CHO) and singlet oxygen (]J0 2 in the reaction between HCHO and
H20 2 [14, 16]. Because H202 may participate directly in the oxidative déméthylation
of the given N-methylated compound so these two small molecules can meet imme-
diately during the déméthylation process. This consecutive déméthylation process
may be a fundamental step of the biochemical immunization of plants.

It has to be emphasized that '0 2 and H*CHO have extremely high reactivity [14]
and possibly attack not only the cellular components as nucleic acids and proteins but
also microbial systems within plant tissues. It is obvious that the manifestation of
their activity depends on the level of quenching systems in plant tissues [16].
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The phytoalexin resveratrol (3,5,4'-trihydroxy-trans-stilbene) and formaldehyde (as its dimedone adduct,
formaldemethone) have been identified and measured in the extracts of parts of white and blue grapes as
well as in white and red wines by overpressured layer chromatography (OPLC), high performance liquid
chromatography (HPLC) and from matrix assisted laser desorption/ionization mass spectrometric data.
It has been established that the level of resveratrol was very high in skin and in some cases in the stem.
Blue grape varieties and red wines always contained a considerably higher amount of resveratrol than
white grapes and wines. The measurable level of formaldehyde as well as the resveratrol content was
always parallelly high in the same parts of the berries, however, the formaldehyde level was higher in
white grapes than in blue ones. The simultaneous occurrence of resveratrol and formaldehyde gives a
possibility for interaction between these two special molecules, consequently, hydroxymethyl derivatives
of resveratrol can be formed. These resveratrol derivatives may be responsible for special biological
activities of resveratrol in grapes and dietetically (cardioprotective effect and chemopreventive effect
against cancer) in the human organism.

Keywords: Formaldehyde - OPLC - HPLC - MALDI MS - resveratrol - Vitis vinifera L.

INTRODUCTION

Several plants, including grapevine, synthesize the stilbene type resveratrol as a phy-
toalexin and other stilbenes [5, 10, 15]. Stilbene biosynthesis specifically requires the
presence of stilbene synthase [18], using one molecule of 4-coumaroyl-CoA and 3
molecules of malonyl-CoA as substrates [17] both of which are commonly present in
plants. Stylbene synthase genes derived from peanut [23] or grapevine [24] have
already been transferred to other plant species such as tobacco [7], oilseed rape [22],
and rice [20]. A slight increase in resistance to the pathogen Botrytis cinerea was
reported for transgenic tobacco plants possessing genes coding for grapevine stilbene
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synthase [s]. Accumulation of resveratrol was detectable after fungal inoculation,
resulting in a considerable increase in the resistance of transgenic tomato to the
hemibiotrophic pathogen Phytophthora infestans [22, 23]. A dramatic accumulation
of resveratrol but no significant increase in resistance occurred after inoculation of
transgenic tomato plants with the perthotrophic pathogen Botrytis cinerea, and the
necrotrophic pathogen Alternaria solani [24].

It follows from these results that the phytoalexin resveratrol as a product of stil-
bene-synthase has a function in plant responses to pathogens, however, the mecha-
nism ofaction is practically unknown and in some cases the increase in disease resis-
tance is controversial [24].

The roots of some plants (e.g. Polygonum species) which contain resveratrol have
been used to treat diseases such as hyperlipaemia and arteriosclerosis, allergic dis-
eases and inflammatory disease [14]. Furthermore, Kimura et al. [14] reported that
stilbenes showed antileukaemic activity, due to their effect on arachidonate metabo-
lism in leukocytes.

It is especially interesting that the phytoalexin resveratrol is produced in
grapevines [5], consequently it has also been discovered in wine [15]. Several epi-
demiological studies have indicated that while excessive alcohol intake may result in
tissue injury, there is universal relationship between moderate red wine consumption
and low incidence of coronary heart disease [¢]. Chemical analyses of wine and in
particular red wine, have demonstrated the presence of resveratrol in its two isomers
trans and cis [15], because the trans-isomer can be transformed easily into the cis-
isomer (e.g. by UV rays) [15]. However, there was a slight difference between the
biological activity of these two isomers (e.g. antiaggregating effect or antiplatelet
activity) [2,16]. More recently, the antimutagenic activity of trans-resveratrol was
demonstrated by the umu test and Ames test [27]. These results suggest that the pres-
ence of hydroxyl groups is important for antimutagenic activity.

The potential practical importance of resveratrol may be increased by the finding
that resveratrol inhibits the development of preneoplastic lesions in carcinogen-treat-
ed mouse mammary glands in culture and retards tumorigenesis in a mouse skin can-
cer model [26] resveratrol, as a phytoalexin, was also shown to have cancer chemo-
preventive activity in assays representing three major stages of carcinogenesis such
as initiation, promotion and progression [12].

According to recent investigations, a detectable amount of formaldehyde (HCHO)
was found in biological systems that originates from méthylation [9] and déméthyla-
tion [13] as well as from uncontrolled enzymatic processes [28]. It has become
increasingly evident that there is a HCHO cycle in biological systems [25] in which
formation of the methyl group of L-methionine that takes place through HCHO from
S-adenosyl-L-methionine (SAM) is linked to different enzymatic transmethylation
reactions [9]. It is known that during the déméthylation process, HCHO and a
déméthylation compound can be formed [4]. Although, analysable HCHO may be
derived from a number of sources, the measurable level of HCHO is characteristic
for a given system.
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This paper describes the identification and measurement of resveratrol and HCHO
as two potential interactive endogenous substances in parts of grape berries of white
and blue grapevine varieties.

MATERIALS AND METHODS

Chemicals

All chemicals were obtained from Merck Chemical Co. (Darmstadt, Germany) and
Sigma Co. (St. Louis, USA) as well as Reanal Chemical Co. (Budapest, Hungary).
Formaldemethone was prepared by a known preparative method [19].

Plant material

The fresh tissue parts from white and blue berries were frozen in liquid nitrogen,
powdered and aliquot (e.g. 0.25) was used for analysis by layer liquid chromato-
graphic techniques and for matrix assisted laser desorption/ionization mass spec-
trometry (MALDI MS) [1].

Analysis of HCHO as dimedone adduct and resveratrol by TLC and
automatic personal OPLC instrument

An aliquot of powdered grape tissue (0.25 g) was treated with 0.7 mL 0f 0.20% dime-
done solution. This suspension was centrifuged at 1000 g for 10 min. at 4 °C. The
clear supernatant was used for overpressured layer chromatographic (OPLC) separa-
tion of formaldemethone [26]. Aliquot amounts of the samples were applied to the
chromatoplates by means of TLC Applicator AS 30 (Desaga Co., Heidelberg,
Germany) in nitrogen atmosphere. In order to limit air access after application of the
samples the application sites were covered totally with a glass plate because the lab-
oratory air contains always a small quantity of HCHO. The chromatogram was
developed immediately after application. Chloroform-dichloromethane (10 : 30,
V/V) as mobile phase was used for determining the formaldemethone [26].

For the separation of resveratrol conventional TLC and automatic overpressured
layer chromatographic (OPLC) technique were used: sorbent layer, silica gel s OFs4;
eluent, chloroform-methanol mixtures; spots or bands were evaluated visually by UV
elimination (254 and 366 nm) and instrumentally by using a Shimadzu CS-930 den-
sitometer (305 nm).
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Identification of resveratrol by MALDI MS

An aliquot (0.5 (iL) of the extract solution was mixed with 0.5 (JLa-cyano-4-hydro-
xycinnamic acid (ACH) matrix (10 mg/mL ACH in acetonitrile : water (7 : 3, V/V))
directly on a disposable sample slide. The droplet was allowed to dry naturally prior
to MALDI MS analysis. The sample preparation for the authentic substances was the
same as before but using a standard solution (2 x 10-s M) instead of diluted super-
natant. The mass spectrometer used in this work was a Finnigan LASERMAT 2000
(Finnigan MAT Ltd., Hennel Hempstead, UK) [1].

RESULTS AND DISCUSSION

Resveratrol investigations

The MALDI-MS spectrum of authentic resveratrol is shown in Fig. 1 while Fig. 2
demonstrates the identification of resveratrol (m/z value of 227) in an extract of skin
of blue berries (Soproni Kékfrankos variety).

Figure 3 illustrates the distribution of resveratrol content in different parts of har-
ries of several blue grape varieties. It can be seen that the level of resveratrol is espe-
cially high in the skin and in some cases in the stem.

Fig. 1 MALDI MS spectrum of resveratrol. Peaks marked with * are signals produced by the sample
matrix. For sample preparation protocol and MS conditions see the Materials and Methods
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Fig. 2 MALDI MS spectrum of an extract of skin of Soproni Kékfrankos variety. Conditions as at Fig. 1

% of measured resveratrol

Fig. 3. Distribution of resveratrol in parts of white and blue grape berries (in %). Conditions in Materials
and Methods
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Table 1summarizes the results of our comparative investigations for white and red
wines. It can be seen that the level ofresveratrol is generally higher in red wines than
in white ones. These results are in agreement with some earlier data [5, 15].

Table 1
Content of resveratrol in some Hungarian wines
Wines Resveratrol, mg/1
White wines
Szamorodni 0.05
Furmint 0.06
Tokaji Aszu 0.09
Harslevel( 0.07
Chardonnay 0.04
Red wines
Burgundi 114
Kékfrankos 1.38
Cabemet sauvignon 3.07
Kadarka 1.63
Merlot 3.19
Oporto 3.70
Egri bikavér 4.40

Harvesting time: 28.08.1998.

HCHO investigations

It is known that in the reaction between HCHO and dimedone, as a HCHO capture
molecule, an adduct (formaldemethone) is formed in an irreversible process.

Figure 4 summarizes the levels of formaldehyde measured in parts of white and
blue berries. It can be seen that the levels of formaldehyde showed characteristic val-
ues, however, the measurable HCHO content was higher in skin and stem than in
other parts of the berries. These results demonstrate clearly that there is a simultane-
ous accumulation of these two substances in different parts of berries of grapes. It has
been established that the level of HCHO is higher in the parts of white grapes.

A putative interaction between resveratrol and HCHO

These preliminary results perhaps will help to understand the special activity of
resveratrol as a stylbene derivative. Trans-resveratrol is a normal component of parts
of grapes and it may participate in defence mechanisms of plant tissues [7, s, 24].

It was supposed that the special structure (double bound) of resveratrol is suitable
for an interaction with HCHO which - according to present investigations - normal-
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7.0
6.0
50
40
3.0

2.0

10 Leaves (blue variety) as control

0.0 Chardonnay (white variety)

Skin
Stem Kékfrankos (blue variety)
Pulp

parts of grape berries

Fig. 4. Level of HCHO measurable in parts of white and blue grape berries.
Conditions in Materials and Methods

ly occurs in a chemically labile bound form in grapevine plant. This idea is support-
ed by the fact that the main accumulation sites of both substances (resveratrol and
HCHO) are always in the same parts of the berries. There is a possibility for a con-
tinuous formation of resveratrol derivatives (mainly hydroxymethyl derivatives) in
different tissues and one can suppose that these special derivatives of resveratrol
could be responsible for the disease resistance response of grapevine plants. The iso-
lation and identification of such natural resveratrol derivatives are in progress. This
idea is supported further by preliminary chemical investigations in which we were
able to illustrate an interaction between resveratrol and HCHO. From the reaction
mixture two isomers were as 7-hydroxymethyl-, s-hydroxy-resveratrol and 7-
hydroxy-, s-hydroxymethyl-resveratrol isolated and identified by means of HPLC
and MALDI MS data [26].

Indirect evidences suggest that the presence of resveratrol in white and red wine
may explain the reduced risk of coronary heart disease associated with moderate
wine consumption [s]. This effect has been attributed to the inhibition of platelet
aggregation and coagulation, in addition to the antioxidant and antiinflammatory
activity of resveratrol [2, s, 16]. Furthermore, recent reports show that resveratrol is
a potent cancer chemopreventive agent [3] in assays representing three major stages
of carcinogenesis [12], however, the precise mechanism of the cardioprotective
effect as well as the antitumor activity is not well understood. One can suppose that
the reaction of resveratrol with endogenous HCHO molecules may also influence
chemoprevention of cancer [21, 26].
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In different parts of water-melon plants (Citrullus vulgaris L.) formaldehyde (HCHO), in dimedone
adduct form (formaldemethone), and fully N-methylated substances were identified and determined by
OPLC as well as HPLC, capillary GC and GC-MS methods using authentic substances. The HCHO cap-
tured originates from dynamic méthylation and déméthylation processes in which this simplest aliphatic
aldehyde is bound in the form of highly reactive hydroxymethyl groups. Dimedone will react with the
small quantity of HCHO in equilibrium with the hydroxymethyl groups and it follows from this that the
rate of HCHO captured as the dimedone adduct will increase parallel to the increasing concentration of
dimedone applied, as a methanolic solution, until a plateau is reached. The level of HCHO was very high
in the roots of water-melon seedlings.

Keywords: Citrullus vulgaris L. - formaldehyde - dimedone - méthylation - déméthylation

INTRODUCTION

According to recent investigations, all biological systems possess a HCHO-yielding
potential which can originate from méthylation and déméthylation processes, alike
[s, 8, 9, 18]. Recently, it has been shown that radiolabelled formaldemethone is
formed from the S-CH3-3H of S-adenosyl-L-methionine (SAM) in the course of the
enzymic conversion of histamine to NFmethylhistamine in the presence of dimedone
as a HCHO capture molecule; this suggests that the formation of HCHO is probably
linked to the enzymic transmethylation of histamine [¢]. HCHO, from S-CH3-3H of
SAM might be coupled with an NH2 group of an amino acid (e.g. arginine) of the
active site of the histamine-N-methyltransferase (HNMT), forming a hydoxymethyl-
protein and then this hydroxymethyl-protein might yield its labile hydroxymethyl
(-CH20H) group to the acceptor molecule. A complete loss of enzyme activity by
modifying arginine residues of HNMT seems to confirm this assumption [¢]. It also

* Presented at the 4th International Conference on the Role of Formaldehyde in Biological Systems,
July 1-4, 1998, Budapest, Hungary.

Send offprint requests to: Dr. Eva Sardi, Department of Genetics and Plant Breeding, University of
Horticulture and Food Industry, Budapest, H-1502 P.O. Box 53, Hungary.

0236-5383/98/$ 5.00 © 1998 Akadémiai Kiadd, Budapest



292 Eva Sardi and E. TyihAk

follows from these results that the high level of HCHO and, at the same time, accu-
mulation of N-methylated substances during early development stages and in rapid-
ly dividing cells originate from the intensive transmethylation reactions [18].

It is better known that during the déméthylation process HCHO and the demethy-
lated compound can be formed [2, s, 9]. As a result of disease stress, the amount of
HCHO considerably increased in virus-infected tobacco leaves and it was supposed
that this was the result of enhanced enzymic déméthylation processes (biotic stress)
[11, 14]. With L-methionine and SAM as substrates the demethylase activity was sig-
nificantly high [1]. A strong correlation exists between the external temperature and
the amount of measurable HCHO in Pinto bean leaftissues [15]. As a result of heat
stress (HS), the level of 3 potential HCHO generators (trigonelline, choline and
TML) moderately decreased. The higher activity of demethylases at elevated tem-
peratures, including HS is the cause of higher amounts of HCHO (abiotic stress) [4].

It is more and more evident that there is a HCHO cycle in biological systems
[16, 17], that is, formation of the methyl group of L-methionine takes place through
HCHO and the formation of HCHO from SAM is linked to different enzymatic trans-
methylation reactions [s, 16, 17]. There exists a number of quick HCHO pathways
through the hydroxymethyl groups in different tissues [17]. It follows from these new
results that there is an analyzable amount of HCHO in different biological systems
and that HCHO is not a side product, but a basic and indispensable substance of the
biological processes.

This paper describes the isolation, identification and measurement of HCHO in
parts of water-melon as a test plant with special emphasis on the earliest phases of
ontogenesis as well as on the effect of dimedone concentration applied on the mea-
surable amount of HCHO.

MATERIALS AND METHODS

Plant material
Water-melon plants (Citrullus vulgaris L. cv. Szigetcsépi 51 F, hybrid) were culti-
vated in commercial compost in a greenhouse. The seeds were collected from field

experiments (1993) according to the practice ofthe Department of Genetics and Plant
Breeding.

Chemicals

All the chemicals were of analytical grade and were purchased from REANAL Co.
(Budapest, Hungary) and Merck Co. (Darmstadt, Germany).
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Synthesis offonnaldemethone (l,3,I'3'-tetraketo-5,5,5",5'-tetramethyl-
4,4 -dicyclomethane)

Fonnaldemethone was prepared by adding formaldehyde solution (10 cms of 38%
solution) to a solution of dimedone (2.5 g) in hot ethanol (15 cm3 and water
(2.5 cm3). The white precipitate formed was removed by fdtration and recrystallized
from aqueous ethanol, m.p. 191 °C [13].

Chemical preparation ofplant samples

The seeds and the fresh parts of plants were frozen with liquid nitrogen, powdered
and treated with dimedone solution (from 0.71 mM to 142.86 mM methanolic dime-
done solution) (e.g. 0.25 g plant powder/0.7 cms of dimedone solution) for 30 min.
This suspension was centrifuged at 1500 g for 10 minutes at 4 °C. The clear super-
natant was promptly used for overpressured layer chromatographic (OPLC) [19] and
(after dilution) for high performance liquid chromatographic (HPLC) separa-
tions [12] (A long storage of the reaction mixture with or without tissues may result
in decrease of the fonnaldemethone value).

Preparation ofseedling roots with dimedone in different solvents

The fresh root tissue of seedlings was frozen with liquid nitrogen, powdered and
treated with dimedone (1.43 mM and 3.57 mM) in different solvents (acetonitrile,
acetone, ethanol and methanol) (e.g. 0.25 g powder/0.7 cms dimedone solution) for
30 min. These suspensions were centrifuged at 1500 g for 10 min at 4 °C. The clear
supernatants were promptly used for OPLC separations [14].

Reaction ofHCHO solutions with methanolic dimedone solutions
ofdifferent concentration

The 50 and 500 pmol formaldehyde solutions were treated with dimedone solution
(from 0.71 mM to 142.86 mM methanolic dimedone solution) and analysed by
OPLC [19].

OPLC systemfor the consecutive separation offormaldemethone and
dimedone

Off-line OPLC separations were carried out with a Chrompres 25 OPLC chromato-
graph (Factory of Laboratory Instruments Co., Ltd., Budapest, Hungary). Samples
were applied with a Hamilton syringe (Bonaduz, Switzerland). Separation of
formaldemethone was carried out with a chloroform-methylene chloride eluent mix-
ture (35 : 65, V/V) on silica gel 60 F2s2 chromatoplates with impregnated edges [3].
For the separation of residual dimedone, acetone was used. The densitograms were
recorded with a Shimadzu CS 930 scanner (Shimadzu Co., Kyoto, Japan) at X = 260
nm for formaldemethone after the ist separation step.
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Isolation offormaldemethonefrom the root tissue extract
ofwater-melon seedlings

The fresh root tissue of water-melon seedlings was frozen with liquid nitrogen, pow-
dered and treated with dimedone solution (1.0 g plant powder in 2.0 cms ofdimedone
solution (21 mM) in methanol). After centrifugation, an aliquot of the supernatant
was applied as a broad band (15 cm) to a silica gel 60 Fzs2 chromatoplate (Merck Co.,
Germany) with impregnated edges by means of a Lindmat Il automatic sample
applicator (Camag Co., Muttenz, Switzerland).

A Chrompres 25 OPLC system, operated at an overpressure of 25 bar, was used
for the off-line separation applying chloroform-methylene chloride (30 : 90, V/V) as
eluent to a migration distance of 19 cm. The formaldemethone band with an Rfof ca.
0.3, corresponding to authentic formaldemethone was scraped from the sorbent layer
into a glass tube and the powder extracted with acetone. After centrifugation the
supernatant was used, after partial evaporation, for GC-MS studies (from the 0.25
mg/cms acetone solution) and then, as an identified sample, was used for OPLC and
HPLC investigations alongside authentic formaldemethone.

The UV-spectrum of formaldemethone was recorded by a Shimadzu CS 930 scan-
ner directly from the sorbent layer after OPLC separation.

HPLC separation offormaldemethone

A Liquochrom Mode 2010 liquid chromatograph equipped with an UV 308 detector
(Factory of Laboratory Instruments Co., Ltd., Budapest, Hungary), OH-814 recorder
(RADELKIS Co., Budapest, Hungary), Digint-180 Integrator (Servintem Co.,
Budapest, Hungary) and a 20 pi loop was used. The formaldemethone was eluted
with methanol at a flow-rate of 0.7 cmVmin and UV detection (260 nm) using a BST
Si-100-S C-18 column (250 mm x 4 mm 1.D., 10 pm) (Bioseparation Technical Co.,
Budapest, Hungary) [12].

Capillary column gas chromatography-mass spectrometry ofdimedone
andformaldemethone

GC analyses were performed using a Shimadzu GC-4A gas chromatograph
(Shimadzu Co., Kyoto, Japan) fitted with a fused silica capillary column (Rtx-5) ( 30
cm x 0.25 mm 1.D.) coated with a 0.25 pm film thickness of the immobilized 5%
phenyl-, 95% dimethyl-polisiloxane stationary phase and a flame ionization detector
(FID). The conditions used were as follows: carrier gas, nitrogen at a flow-rate of
13.5 cm3sec and N2/H2 (1:1 V/V) was used as the gas for the FID, which was set
to 250 °C; inlet pressure of make-up gas, 1.3 bar; pressure of air, 1.5 bar; injector
temperature, 220 °C (isotermal); splitting ratio, 1:20. The retention time of authen-
tic dimedone and formaldemethone were as follows: between 1.0 and 2.0 min and 5.8
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and 6.0 min, respectively. For GC-MS a model Shimadzu GC-MS-QP 2000 fitted
with the same column as above was used. The chromatographic conditions were as
follows: carrier gas, helium at a flow-rate of 25 cms/s. The mass spectrometric con-

ditions were as follows: electron energy, 70 eV; temperature 250 °C; ion multiplier
potential, 1.4 kV [7].

RESULTS

Identification of'HCHO, in dimedone adduct form, from differentparts of
water-melon plants

Figure 1 illustrates the UV-spectrum of the authentic and isolated formaldemethone
which were recorded directly from the sorbent layer after OPLC separation.

0.5C6J

Fig. 1. The UV-spectrum of authentic (1) and isolated (2) formaldemethone

The capillary GC system was used suitable for the identification of HCHO, as its
dimedone adduct, isolated from the roots of water-melon seedlings. The retention
time was 5.9 min for both the authentic and isolated formaldemethone.

Mass spectrometric data (Table 1) confirm that the compound isolated was
formaldemethone.

Figure 2 illustrates representative HPLC chromatograms of extracts made with
methanolic dimedone solution of three parts of Citrullus vulgaris L. cv. Szigetcsépi
51 F[ hybrid. It can be seen clearly that the level of dimedone decreased in correla-

Acta Biologica Hungarica 49/2-4, 1998



296 Eva Sardi and E. Tyihak

tion with the quantity of formaldemethone formed. This simple, sensitive HPLC
method was successfully used for the measurement of HCHO, in dimedone adduct
form, from the different parts of water-melon plants.

Table 1
Mass numbers and relative intensities of authentic formaldemethone and formaldemethone isolated
from root of water-melon seedlings

m/z Relative intensity, % m'z Relative intensity, %
authentic isolated
292 (M+) 70 292 (M+) 88
191 18 191 18
165 90 165 92
124 32 124 35
97 30 97 38
83 70 83 88
69 49 69 54
55 7 55 88
41 64 41 90
i 1
a

RETENTION TIME (min)

Fig. 2. Level of formaldemethone in extracts of different parts ofwater-melon plants (a: root of seedling,
b: seed leaf, c: seed). Representative HPLC chromatograms, 1: dimedone, 2: formaldemethone)
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Effect of dimedone concentration on the amount of HCHO bound

Figure 3 illustrates clearly that the amount of HCFIO bound by dimedone from the
fresh parts of water-melon plants depends considerably on the concentration applied
of this capture molecule.

Root of 1 leaf plant
Root ot seedling
Shoot of seedling
Hulled seed after soaking
Resting hulled seed
Resting seed
Seed leaf
Primary leaf

142,86

071 142 357 7’14 14,28 35,71 71j4

DIMEDONE mM

Fig. 3. Effect of dimedone concentration on the amount of HCHO bound

Table 2 illustrates these results converted to (imol/g dry matter. It can be seen from
Figure 3 and Table 2 that in all cases the level of FICHO was increased with increas-
ing concentration of dimedone. This observation is especially true in the case of roots
of young plants where we could detect a surprisingly high level of FICHO using dif-
ferent dimedone concentrations. The results also show that at higher dimedone con-
centrations (over 0.5%) the measurable amount of HCHO is not significantly higher
and a saturation level is reached.

For controlling and understanding this special reaction mechanism, firstly we
reacted diluted formalin solutions with methanolic dimedone solutions of different
concentration; more exactly those originally used for the capture of HCHO from
plant tissues. There was practically no difference between the measured
formaldemethone values; that is, the amount of HCHO captured with dimedone did
not increase with the increase in concentration.
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Dimedone mM

Resting seed
Resting hulled seed

Hulled seed after
soaking 24 h

Shoot of seedling
Root of seedling

Primary leaf of 1leaf
plant

Seed leaf of 1 leaf plant

Root of 1 leaf plant

071

066 £o.02

0.78 + 0.03

131 +0.04

9.97 £ 0.22

14.60 + 0.31

2.22 £ 0.06

107 £ 0.05

6.20 + 0.19

Table 2

Effect of dimedone concentration on the amount of HCHO dissociated

142

357

HCHO pmol/g dry matter

0.80 + 0.04

0.83 + 0.03

143 £ 0.05

12.47 + 0.20

18.80 + 0.35

2.64 £ 0.07

147 £ 0.07

7.70 £0.18

0.81 + 0.04

1.06 + 0.04

2.37 £ 0.05

32.62 + 0.66

53.44 + 0.95

1055+ 0.20

3.76 + 0.07

40.24 £ 0.70

7.14

101 +0.04

131 +0.05

2.82 + 0.07

57.50 £ 0.97

103.26+ 1.85

24.69 + 0.51

7.40 + 0.15

81.83 + 1.35

1428

1.06 + 0.03

1.30 + 0.06

3.14 + 0.07

98.97 + 1.25

172.02 + 2.01

37.76 £ 0.68

1197 +0.21

140.33 + 2.17

3571

112 + 0.04

131 + 0.05

3.19 + 0.06

99.43 + 118

173.44 + 2.00

37.54 + 0.69

19.91 +0.34

14252 + 3.15

71.43

107 £ 0.04

1.30 + 0.06

3.19 + 0.07

98.19+ 115

17110 + 211

37.61 + 0.60

19.89 + 0.04

142.02 + 221

142.86

1.10 £ 0.03

131 +0.04

3.18 + 0.06

98.87 £ 1.19

170.10 + 2.15

37.57 £ 0.68

19.57 + 0.05

140.00 + 2.25
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Table 3
Relationship between the dimedone concentration in methanol and the “pseudo pH”

Dimedone % "Pseudo pH"
0.01 4.95
0.02 4.70
0.05 4.50
0.07 4.40
0.10 4.20
0.20 3.80
0.50 3.60
0.70 3.60
1.00 160

MeOH 6.40

When ethanol, acetonitrile and acetone were used to prepare dimedone solutions,
the amount of HCHO detected, as formaldemethone, was very similar in all cases.
However, methanolic dimedone solution gave a reaction mixture which was more
advantageous for quantitative chromatographic evaluation (e.g. in the case of dime-
done solution in acetone, condition favoured the formation of other unknown dime-
done derivatives as well).

Finally it is supposed that by increasing dimedone concentration in methanol the
amount of active hydrogen atoms will increase in the methanolic solution and there
is a possibility for measuring “pseudo pH” values. Table 3 supports our original the-
ory: “the pseudo pH” decreases parallel with the increase in dimedone concentration.
These hydrogen ions can dissociate the HCHO from the labile hydroxymethyl
groups.

DISCUSSION

The occurrence of HCHO, captured as its dimedone adduct, was demonstrated in dif-
ferent parts of water-melon plants by means of different chromatographic and spec-
troscopic techniques.

It is known that HCHO can be bound in the form of labile reactive groups to
endogenous molecules (e.g. guanidine groups of proteins, glutathione) [s, 10]. The
basis of the formaldemethone formation is that the small quantity of HCHO in equi-
librium with the hydoxymethyl groups will react with dimedone to form formal-
demethone. This will disturb the equilibrium and more HCHO will be formed,
which, in turn, will react with dimedone.

It also follows from our experiments that water-melon tissues possess a HCHO-
yielding potential which can originate from méthylation and déméthylation process-
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es. It is obvious that the ratio between HCHO from méthylation and déméthylation
processes depends on the age of the plant part in normal environmental conditions.
A biotic and/or abiotic stress situation(s) provides favourable conditions for the for-
mation of HCHO. Our results support the earlier observations [18] that the accumu-
lation of HCHO in hydoxymethyl groups of different binding force is especially
intensive in the early development stages and in rapidly dividing cells. However, we
first demonstrated that a large amount of HCHO can be isolated from the roots of
plants where the main transmethylation and other reactions take place.

These studies firstly provide a detailed analysis of the occurrence of HCHO in dif-
ferent parts of a plant. The relatively high level of HCHO in the seed samples can
originate from a continuous formation of HCHO from the effects of peroxidases and
other demethylases on the methylated substances. This HCHO (mainly in excited
form) can participate in the prevention of attack of seed tissues by pathogens [17].
However, the finding that the HCHO yield from plant parts is dependent on the dime-
done concentration used opens a new horizon for studying the fundamental functions
of this aliphatic aldehyde in different biological-biochemical processes. It also fol-
lows from these results that in future we should use the same dimedone concentra-
tion in comparative studies. In future these new facts about HCHO have to be taken
into account in other biological systems, as well [5, 10].
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Formaldehyde, as its dimedone adduct, formaldemethone, has been detected and quantified in all species
of Pteridophyta examined. The procedure involved the use of an Hypersil C-18 column, methanol-water
(60 : 40 v/v) as the mobile phase and an UV detector set at 258 nm. Quantification was based on peak
height. Yields varied from 30 pg/g fresh weight for Polystichum setiferum to 5370 gg/g fresh weight for
Selaginella viticulosa.

Keywords: Formaldehyde - formaldemethone - HPLC quantitative analysis - ferns - Pteridophyta

INTRODUCTION

It has become evident in recent years that there is a formaldehyde cycle in biological
systems and that there should be analysable amounts of formaldehyde in plant and
animal tissues (Tyihéak et al. [2] and references quoted therein). This has been demon-
strated recently for marine algae. All 41 species tested showed the presence of
formaldehyde; quantification of formaldehyde, after conversion to formaldemethone,
was achieved using overpressured layer chromatography [3]. As this equipment is
not widely available, an alternative method of quantitative analysis was required. An
high performance liquid chromatographic procedure has been described by Sardi and
Tyihak [1] and this method has been modified for the routine quantitative analysis of
formaldehyde in pteridophytes.

MATERIALS AND METHODS
Reagents

Solvents were either of analytical or HPLC grade (Fisher Scientific, U.K.,
Loughborough, Leicestershire, U.K.). Formaldemethone was synthesised as

* Presented at the 4th International Conference on the Role of Formaldehyde in Biological Systems,
July 1-4, 1998, Budapest, Hungary.
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described by Tyihak et al. [2]. Dimedone was purchased from Sigma (Poole, Dorset,
U.K.) and ethyl paraben from Aldrich Chemical Co. (Gillingham, Dorset, U.K.).

High-performance liquid chromatography (HPLC)

The apparatus consisted of a LKB 2150 pump (dual piston), a Rheodyne sample
injector fitted with a 20 pi loop, an HP 3396 A integrator and a Pye Unicam 4025 UV
detector set at 258 nm. An Hypersil Cl 8 column (150 mm x 4.6 mm; 5 pm) was used
fitted with a 1 cm C-18 guard cartridge. The mobile phase was methanol-water
(60 : 40 v/v) and the flow rate was 1 ml/min; the back pressure was less than 120 bar.

Linearity studies

A standard solution of fonnaldemethone in methanol-water (60 : 40 v/v) was pre-
pared containing 60 mg/1. From this, 9 ml was mixed with 0.5 ml ethyl paraben solu-
tion (20 mg/1) in methanol-water (60 : 40 v/v) and made up to 10 ml with the same
solvent mixture. This produced a final solution containing 54 pg/ml formalde-
methone. In a similar manner, solutions were prepared containing 48, 42, 36, 30, 24,
18, 12 and 6 pg/ml formaldemethone. The linearity of response was determined by
injecting 10 pi of each dilution, in triplicate. Formaldemethone peaks were analysed
by measuring their heights.

Extraction ofplant material

Fresh plant material of each species, as soon as possible after collection, was frozen
and powdered in liquid nitrogen. From this, 500 mg was placed in an Eppendorftube,
mixed with 2 ml 0.2% dimedone solution in methanol and left for 24 hours at room
temperature, after which time the supernatant was separated. In the case of
Cyrtomium fortuneii, 1 g frozen and powdered plant material was mixed with 4 ml
0.2% dimedone solution in methanol. Samples of supernatant (0.5 ml) were removed
after 30 min and 1, 24, 48 and 72 hours. Control extracts were prepared of each
species (500 mg), but with 2 ml methanol instead of dimedone solution. All the
supernatants were examined by thin-layer chromatography (TLC) and HPLC.

Prior to examination by HPLC, the supernatants were filtered through a 0.22 pm
nylon syringe filter (HPLC Technology, Macclesfield, Cheshire, U.K.). Each filtrate
(0.25 ml) was mixed with 0.2 ml ethyl paraben solution (20 mg/1) and made up to
5 ml with methanol-water (60 : 40 v/v). Injection volumes of 10 pi were used for all
samples. Formaldemethone peaks were assessed by measuring their heights.

Thin-layer chromatography
The supernatants were examined on silica gel (Merck, TLC grade with fluorescent indi-
cator) layers (250 pm) using chloroform as the development solvent. After develop-

ment, fonnaldemethone was observed as a blue spot under ultraviolet light at 254 nm.
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RESULTS AND DISCUSSION

Separation of formaldemethone from dimedone was achieved using the HPLC pro-
cedure described and with methanol-water mixtures as the mobile phase. Mixtures of
these solvents ranging from 100% methanol to methanol-water (50 : 50) were used.
As the percentage of water increased, the retention time of formaldemethone also
increased. Optimum separation was achieved using methanol-water (60 : 40) and this
mixture was adopted for routine use (Fig. 1). Under these conditions, the develop-
ment time was always less than 8 min.

A linear response between dimedone concentration and peak height was obtained
for the range tested (60-540 ng/ml). Using the regression equation y=0.559+0.24 x,
the value for R2was 0.988.

Fresh Cyrtomiumfortuneii was frozen and powdered in liquid nitrogen, and react-
ed with dimedone solution. Samples were removed after 30 min and 1, 24, 48 and 72

Fig. L HPLC Separation of dimedone (D), formaldemethone (F) and ethyl paraben (EP). Retention time :
dimedone 1.03 min; ethyl paraben 3.86 min; formaldemethone 6.50 min

Table 1
Formaldehyde contents (as formaldemethone) of Cyrtomium fortuneii extracts after different reaction
times with dimedone

Formaldehyde (as formaldemethone) yield (pg/g) after

Species
30 min 1hour 24 hours 48 hours 72 hours
Cyrtomium fortuneii 160 180 320 320 330
Sample 2 160 210 430 420 440
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Species

Adiantaceae

Adiantum capillus-veneris

Aspidiaceae
Cyrtomium fortuneii

Dryopteris felix-mas
Polystichum setiferum

Aspleniaceae
Asplénium trichomanas

Ceterach officinarum
Phyllitis scolopendrium

Azollaceae
*Azollafiliculoides

Blechnaceae
Doodia maxima

Hypolepidaceae
Pteridium aquilinum

Table 2

Formaldehyde contents (as formaldemethone) of Pteridophyta species

Place of collection

FIL1COPSIDA

Havant, Hampshire U.K. (conservatory)

Havant, Hampshire U.K. (conservatory)

Cambridge University Botanic Garden, U.K.
Cambridge University Botanic Garden, U.K.

Ballyvaughan, Co. Clare, Ireland
Finavarra, Co. Clare Ireland

Near Uppark, W. Sussex, U.K.

Romsey, Hampshire, U.K.

Cambridge University Botanic Garden, U.K.

Near Veryan, Cornwall, U.K.

Date of collection

November 1997

December 1997
November 1997
November 1997

March 1998
March 1998
December 1997

January 1998

November 1997

April 1998

Formaldehyde
(as Formaldemethone)
(jj-9/g fresh tissue)

760

430
50
50

2130
2360
310

80

2540



) Formaldehyde
Species Place of collection Date of collection (as Formaid emethone)
(jig/g fresh tissue)

Oleandraceae

Nephrolepis cordifolia Cambridge University Botanic Garden, U. K. November 1997 410
N. exaltata Havant, Hampshire, U.K. (conservatory) November 1997 50
Polypodiaceae
Polypodium vulgare Finavarra, Co. Clare, Ireland March 1998 1400
SPHENOPS1DA
Equisetaceae
Equisetum telmateia Near Liss, Hampshire, U.K. March 1998 2640
LYCOPSIDA

Lycopodiaceae
Lycopodium phlegmaria Cambridge University Botanic Garden, U.K. April 1998 2330

Selaginellaceae
Selaginella viticulosa Cambridge University Botanic Garden, U.K. April 1998 5370

* Co-occurs with the cyanobacterium Anabaena
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hours. The formaldemethone content of the 24 hour sample was noticeably higher
than that of the 30 min and 1 hour samples. The results for the 24, 48 and 72 hour
samples were very similar (Table 1). These data resulted in the routine use of a 24
hours reaction time. The importance of the concentration of dimedone to optimise
formaldemethone production has been reported earlier [2]. All extracts contained
excess dimedone.

The extracts of each plant species treated with dimedone solution, when examined
by TLC and HPLC, showed the presence of formaldemethone. However, no corre-
sponding spot on TLCs or peak on HPLCs was observed when methanolic extracts
of the plants were tested. The formaldehyde contents (as formaldemethone) of six-
teen species of Pteridophyta are listed in Table 2. The species investigated included
representatives of the Filicopsida, Sphenopsida and Lycopsida.

The data generated show that the HPLC procedure devised for the analysis of
formaldehyde in plant tissues, after capture as formaldemethone, is suitable as a rapid
and reliable method for the quantitative estimation of this compound.
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In our investigations we have studied the changes of total peroxidase and isozyme activities, peroxidase
isozyme pattern and the level of endogenous formaldehyde and trigonelline.

We have examined the effect of drought stress resulted by Carbowax treatment (2, 5, 7, 10%) of two
different snap bean (Phaseolus vulgaris L.) genotypes [drought tolerant (T) and drought sensitive (S)].
There were no detectable differences in the peroxidase isozyme patterns but the total peroxidase activi-
ty was increased. We have found similar steep enhancement in the peroxidase activities of one of three
peroxidase fractions while the increase in the other isozyme fractions was not so significant in the two
genotypes. Increasing peroxidase activities and changes in the amount of endogenous formaldehyde and
trigonelline were detectable with increasing Carbowax treatment in both genotypes, but in different
ways.

According to our experiments, the total peroxidase and some isozyme activity correlated with the con-
centration of endogenous formaldehyde and trigonelline, playing an important role during drought stress.

Keywords: Drought stress - formaldehyde - Phaseolus vulgaris L. - N-methylated substances - peroxi-
dase

INTRODUCTION

In spite of its toxic and carcinogenic nature formaldehyde (HCHO) is present in arel-
atively high concentration in various biological systems and it is a basic and indis-
pensable substance of the biological processes [¢, 17]. Endogenous HCHO is pro-
duced partly by enzymatic déméthylation (demethylases, peroxidases) [5, s, 9] of
different N-,S-,0-methylated compounds, i.e. these compounds can be considered as
potential precursors of HCHO [7, 10].

The strong correlation found between stress (abiotic or biotic) and the amount of
HCHO can be attributed to an increased activity of demethylases [5] and at the same
time stress results in a moderate decrease in the level of the some N-methylated com-
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pounds (trigonelline, choline) [18, 19]. The amount of HCHO increases considerably
in virus infected tobacco leaves [17]. The high level of HCHO could be attributed to
enhanced enzymatic déméthylation of L-methionine and S-adenosyl-L-methion-
ine [2] under biotic stress conditions. It can generally be said that naturally occurring
quaternary ammonium compounds, which form a structurally heterogeneous class of
compounds with the unifying character of a polar, often methylated ammonium head,
are the potential metabolic components of stress tolerance [13, 14].

It is established that tolerance of a genotype to drought stress is closely associat-
ed with its antioxidant enzyme system. Two wheat genotypes were studied [12] and
it was demonstrated that upon drought stress peroxidase activities were increased in
both cases. It was found that water stress caused a 200-300% increase in cell wall-
associated peroxidase activity in the leaf elongation zone of Lolium plants in differ-
ent drought tolerant soybeans [1]. According to Zheng there is an easily detectable
dependence of peroxidase activity upon drought stress [22]. However, Wang could
not detect any correlation between peroxidase activity and the extent of drought
resistance of maize [20]. It is very difficult to clarify the physiological bases of
drought resistance since the rate and kinetics of oxidative burst upon stress depends
on the extent of resistance of plant species [21]. Little is known about the relation-
ship if any between drought resistance, antioxidant enzyme activities and the amount
of fully N-methylated compounds in different snap bean genotypes.

The aim of this study was to find “biochemical response reactions” which may
characterize changes brought about by drought stress in two different snap bean
genotypes. Therefore the peroxidase isozyme patterns, the total peroxidase activities,
as well as concentrations of HCHO and of the fully N-methylated compound
(trigonelline) were compared for bean samples grown under normal and drought
stress conditions induced by Carbowax (2, 5, 7 and 10%).

MATERIALS AND METHODS

Plant samples and Carbowax treatment

We have examined the effects of abiotic stress on two different snap bean genotypes
[drought tolerant (T) and drought sensitive (S)] cultivated in commercial compost in
a greenhouse. The test plants were treated with Carbowax (2, 5, 7, 10%) and the con-
trol ones with an equal volume of distilled water.

Sample preparationfor OPLC analysis

The fresh trifoliate leaves of two different snap bean genotypes were frozen with lig-
uid nitrogen, powdered and treated with dimedone solution (0.05 % dimedone in
methanol) (e.g. 0.25 g plant powder/ 0.7 cms of dimedone solution). This suspension

was centrifuged at 1500 g for 10 minutes at 4 °C. The clear supernatants were used

Acta Biologica Hungarica 49/2-4, 1998



Drought stress, peroxidase andformaldehyde 311

for overpressured layer chromatography (OPLC) [4]. Samples were applied with a
NANOMAT sample applicator (CAMAG Co., Muttenz, Switzerland).

OPLC separations

The experiments were carried out on OPLC silica gel 80 F 254 precoated chromato-
plates using chloroform-methylenechloride (35 :65, V/V) for formaldemethone
determination and i-propanol-methanol-0.1M sodium acetate (20 : 3 : 30, V/V) for
the quaternary ammonium compounds. The system was calibrated with a mixture of
N Etrimethyl-L-lysine, choline, carnitine, trigonelline and betaine (Merck), X = 265
nm and at X =525nm for formaldemethone and for the quaternary ammonium com-
pounds, respectively, using Dragendorff reagent in the latter case. The separations
were carried out with an OPLC chromatograph (developed by OPLC-NIT Co., Ltd.,
Budapest, Hungary). Densitograms were prepared with a Shimadzu CS-930 scanner
(Shimadzu Co., Kyoto, Japan).

Sample preparationfor isoelectricfocusing

Leaves (1 g) were homogenized in 1 ml ice cold extraction buffer: 20 mM Tris-HCI
buffer pH 7.8, containing 0.2 mg/ml MgCI2, 200 mg/ml saccharose, 3.4 mg/ml potas-
sium metabisulfite, 0.35 mg/ml bovine albumin and 100 mg/ml TritonX-100. The
crude extract was centrifuged (1500 g, 4 °C, 15 min) and the supernatants were ana-
lyzed.

Isoelectric focusing

This was carried out on a PhastSystem (LKB-Pharmacia, Sweden). In order to devel-
op a pH gradient (pH 3-9) ready-made gels were prerun at 2.5 mA at 10 °C, for 75
Vh, and crude extracts of samples were applied onto the acidic (pH 4.5) end of the
gel and run at 2.5 mA at 10 °C, for 700 Vh. Gels were stained for evidence of per-
oxidase activity with o-dianisidine [15]. Dry gels were scanned and evaluated by an
Image Master densitometer (Sharp JX-330).

The total peroxidase activity (U/ml) of snap beans was measured by a spec-
trophotometric method (Varian DMS 100 UV-Visible Spectropfotometer) [3].

RESULTS AND DISCUSSION

Figure 1 shows the level of formaldehyde (|J.g/g fresh matter) in the leaves of two
snap bean genotypes grown under different drought stress conditions (Carbowax at
2, 5, 7 and 10%). The formaldehyde level gradually increased with increasing
drought stress from 2% to 10%, but in a different way.
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Fig. 1 Effect of Carbowax (2, 5, 7, and 10%) on level of formaldehyde in snap beans [drought tolerant
(T), drought sensitive (S)]

450
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200
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50

CARBOWAX

Fig. 2. Effect of Carbowax (2, 5, 7, and 10%) on level of trigonelline in snap beans [drought tolerant (T),
drought sensitive (S)]
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CARBOWAX

Fig. 3. Effect of Carbowax (2, 5, 7, and 10%) on total peroxidase activity in snap beans
[drought tolerant (T), drought sensitive (S)]

CARBOWAX

Fig. 4. Effect of Carbowax (2, 5, 7, and 10%) on total peroxidase activity expressed as a percentage
of control [drought tolerant (T), drought sensitive (S)]
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a) b)

Fig. 5. Peroxidase isozyme patterns of snap beans a) drought tolerant (T), b) drought sensitive (S)

In contrast to formaldehyde, the concentration of trigonelline (Fig. 2) decreased
with increasing Carbowax concentration. These changes occurred in both bean sam-
ples investigated.

The total peroxidase activity (Fig. 3) increased, although in a different way, with
increasing drought stress. However, the percentage of total peroxidase activities
increased proportionately with increasing drought stress, as shown in Fig. 4. This
quantitative increase of total peroxidase activity may reflect the vital role of these
enzymes in protecting plant cells against drought conditions.

There were no qualitative differences in the peroxidase isozyme patterns, which
were composed of three characteristic fractions in the basic pH range in both geno-
types (Fig. 5).

Changes in the activities of the isozymes (Fig. 5, band 3) responsible mainly for
the changes in total activities are demonstrated in Fig. s as a function of drought
stress.

The aim of this study was to detennine the concentrations of HCHO and
trigonelline as well as to ascertain the total peroxidase activity and peroxidase
isozyme patterns and activities in the leaves of two different snap bean genotypes
grown in a greenhouse under artificial drought stress conditions. Our results show a
positive correlation between peroxidase activity and the concentration of endogenous
formaldehyde in the leaves of both bean genotypes treated with Carbowax at 2, 5, 7
and 10%. It could be concluded that fully N-methylated compounds plays a positive
role as protecting materials in the mechanisms of drought stress. Identification of
drought stress induced peroxidase isozyme(s) might serve as a basis of plant selec-
tion having the desired characteristics.
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0% 2% 5% % 10% |

Carbowax
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b)

Fig. 6. Effect of Carbowax (2, 5, 7, and 10%) on peroxidase isozyme activity a) drought tolerant (T),
b) drought sensitive (S)
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In our previons works we proved that formaldehyde (HCHO) level in hard tissues of teeth could depend
on their physiological state. In the current paper we presented the results of HCHO determinations in dif-
ferent dental pathologies, mainly the ones rarely encountered in dental practice, e.g. in the case of rein-
clusion. The determination of HCHO in the form of dimedone was performed by means of quantitative
TLC. The obtained results were compared with HCHO levels in hard tissues of teeth presenting patho-
logical changes. It proved that the highest HCHO level was found in reincluded teeth while it was lower
in retained teeth, that is the ones which are not subjected to stress factors present in the mouth. The
obtained results can constitute a contribution to the problems of dental pathologies, mainly caries which
is a very common problem.

Keywords: Formaldehyde - TLC - HCHO in human teeth - rare teeth pathological cases

INTRODUCTION

Despite intensive prophylaxis of caries and other dental pathologies, for example
periodontopathies, this disease is still considered to be a serious problem. Highly sen-
sitive methods of detection of carietic lesions such as for example digital radiogra-
phy [1,2] help early treatment, but not prevention. The ethiology of dental patholo-
gies has been discussed in thousands of papers and numerous monographic works
[3]. Also many theories of caries origin as well as other dental diseases have been
presented, one of which is the chemical approach that is the analysis of composition
of hard tissues of teeth [5, 15] and of the changes of their biochemical components
[4, 6 ]. Periodontal disease is one ofthe most important causes of dental plaque. Many
factors accompanying the periodontal diseases have been investigated, including the
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influence of activators, inhibitors, pH and proteolytic activity of enzymes [s].
Reincluded tooth is a very rarely observed pathologic case in dental practice. This
pathology may concern both permanent and deciduous teeth.

In numerous papers [13, 14] an essential role of formaldehyde (HCHO) in bio-
logical systems has been underlined. It has been stated that there is as an analyzable
amount of HCHO in plant, animal and human tissues. It was also proved that HCHO
level in cells of plant, animal and human tissues as well as in body fluids was relat-
ed to physiological state of a given living organism.

On the basis of these research works, taking under consideration intracellular pres-
ence of HCHO, its levels in hard tissues of teeth were determined [7-10]. It was
unquestionably proved that mainly in carietic teeth a high level of HCHO was
observed. This level of HCHO can differ in relation to various pathologies of teeth.
The previous studies of HCHO level as chromatographically measurable indicator of
physiological state of teeth tissues were considered in typical cases most often
encountered in dental practice.

In the current paper we decided to examine the changes of HCHO levels in rare
cases of dental pathologies as well as to compare the collected data with hitherto
existing results in this field.

MATERIALS AND METHODS

Investigated cases

- A tooth with secondary caries under fillings - very often encountered after
wrong or careless treatment

- A case of a reincluded tooth (submersion of a tooth in the bone and resorption
of its hard tissues)

- A case of a reincluded deciduous tooth

- A deciduous tooth with a carietic lesion

- A tooth extracted due to orthodontic reasons

- A tooth extracted due to periodontal reasons

- Aretained tooth

- A carietic tooth

The preparation ofsamplesfor analysis

Teeth were thoroughly purified from the remnants of soft tissues, blood and possibly
dental fillings. This is crucial as HCHO level in hard tissues of teeth is considerably
lower than in soft tissue which could “dilute” pulverized hard tissues of teeth. The
analytical procedure of determination of HCHO in hard tissues of teeth is presented
in Fig. 1
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Fig. L Scheme of the method for determination of formaldehyde in human teeth

HCHO was then extracted from pulverized samples of teeth by means of methanol
solution of dimedone. Later it was centrifuged during 15 minutes. In the same time
there was prepared the HCHO-dimedone adduct standard, twice recrystallized from
ethanol.

Chromatographic analysis of HCHO

The chromatographic analysis of HCHO as dimedone was carried out by means of
adduct by adsorption TLC on silica gel 60 F2sa MERCK plates. The plates were spot-
ted using Applicator AS 30 (DESAGA-Germany) in pure nitrogen atmosphere. It
was necessary to minimalize contact with laboratory environment in which always a
certain amount of HCHO is present which can bind with dimedone. In order to elim-
inate and determine HCHO derived from laboratory atmosphere, the “blind-sample”
of dimedone solution was also applied on the plate. The chromatograms were devel-
oped in twin through chambers (CAMAG) at the distance of 100 mm. As the mobile
phase there was used chlorophorm-dichloromethane solution (10 :30 v/v). The
details concerning the exact analysis of HCHO by TLC in biological material are pre-
sented in the papers [7-11].
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RESULTS AND DISCUSSION

HCHO levels (in the form of dimedone adduct) determined by means of chromatog-
raphy are shown in Table 1 and on the densitograms of individual teeth samples
(Fig. 2) as well as in the diagram which illustrates HCHO content in these samples
(Fig. 3).

In the present studies it was resolved to compare the influence of extension of cari-
etic lesions in teeth and the quantity of released HCHO. It proved that in this case
relatively higher HCHO level was observed in teeth tissues which deep caries (V) in
comparison with HCHO quantity present in case of teeth with secondary caries under
restoration (1/R). It testifies the fact that the extension of carietic lesions in teeth
influences HCHO level in their tissues. A slightly lower HCHO level was observed
in deciduous teeth with caries, however the reason of this observation may be partial
resorption of a tooth root (I).

Reiclusion of teeth is a process of submersion of a tooth into bone structures of
maxilla and its destruction from within. This is a very rare case in dental practice.
The ethiology of this pathology is not known so far and there are no methods of treat-
ment of this lesion. This pathology may concern both permanent and deciduous teeth.
In our studies so far the highest HCHO level was observed in tissues of teeth affect-
ed by reinclusion in permanent (2/R) as well as in deciduous (3/R) teeth. It gives evi-
dence that there exists serious disturbance in metabolism of hard tissues of teeth,
considerably greater than in case of teeth affected with caries, even extensive (V) as
it is best seen in Fig. 3. Maybe it is caused by prolonged intensive stress situation. It
can be clearly seen that these physiological disturbances have their distinct implica-
tion in HCHO level of the studied cases of dental pathologies. The explanation of this

Fig. 2. Densitograms of the fomialdemethone of the investigated teeth samples in the order as listed in
the part “Materials and methods” and in Fig. 3
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Table 1
Level of formaldehyde (in dimedone adduct form) in different human teeth

A) MASS OF FD [chromatogram] / B) [[TgFD IN 20 pi OF EXTRACT]

R 2/IR 3/R I I 1l v \%

a b a b a b a b a b a b a b a b

0.045/0.225 0.070/0.350 0.055/0.275 0.031/0.155 0.028/0.140 0.025/0.125 0.014/0.070 0.049/0.245

phenomenon is possible only after thorough, multidirectional studies, mainly the
comparison with the relation of HCHO level to the level of its potential generators.

The lowest HCHO level was observed in case ofretained teeth (I1V). It results from
the fact that these teeth are surrounded by bone tissues and are not subjected to such
stress as erupted teeth in mouth which results in changes in their metabolism.
Relatively low HCHO level was found in teeth extracted due to orthodontic reasons,

that is in young people who yet are not affected by dental diseases.
From the presented results it can be concluded that HCHO level in hard tissues of

teeth reflects their physiological state and their metabolism. It concerns both healthy
teeth and teeth with pathological conditions, also the ones rarely encountered in den-

tal practice.

Formaldemethone

0,35
0,3
0,25

0,2

0,15
01
0,05
0

Fig. 3. Diagrams of the level of HCHO as dimedone adduct ({j.g/20 gl of the extract) in different teeth
samples: 1/R - Tooth with secondary caries under fillings, 2/R - A case ofreincluded tooth, 3/R - A case
of reincluded deciduous tooth, | - A deciduous tooth with a carietic lesion, Il - A tooth extracted due to
orthodontic reasons, Il - A tooth extracted due to periodontal reasons, IV - A retained tooth,
V - A carietic tooth
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There is a growing amount of evidence pointing to the fact that several endogenous and exogenous
methylated compounds are potential formaldehyde generators in their biological reactions. NEmethylat-
ed lysines, Ne-methylated as well as hydroxymethylated arginines, and :’-methyl-ascorbigen have been
examined in this respect. The apoptosis-inducing effect of formaldehyde molecules formed from methyl
groups was earlier first published by our group.

Dimedone, an artificial capturer molecule for formaldehyde, has been found to prevent the apoptosis-
inducing effect of I -methyl-ascorbigen as well as Ne-hydroxymethylated arginines. More recently
resveratrol, present in grapes and wines, has been shown to have cardioprotective and cancer chemopre-
ventive effect. Our group has been successful in demonstrating that this natural formaldehyde capturer
molecule can also influence cell proliferation and apoptosis.

The apoptosis-inducing or -preventing effect of formaldehyde generators and capturers seems to be
dose-dependent and may be utilized in various disturbances of cell proliferation and active cell death.

Keywords: NGhydroxymethylated arginines - 1’-methyl-ascorbigen - resveratrol - dimedone - cell pro-
liferation - apoptosis

INTRODUCTION

It has recently been demonstrated that formaldehyde (HCHO) is a normal component
mainly in the form of hydroxymethyl groups, in all biological systems. It can be
formed during enzymatic méthylation and déméthylation processes [1, 4, 7, 11], as
well as from biological oxidation processes [22]. Thus, HCHO can be constantly
formed intra- and extracellularly in all cells, and it is obvious that the HCHO path-
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ways in different tissues may play a crucial role in fundamental biological process-
es [20]

There is increasing evidence of the presence of a HCHO cycle in biological sys-
tems [18], in which formation of the methyl group of L-methionine takes place
through HCHO, and the formation of HCHO from the S-methyl group of S-adeno-
syl-L-methionine (SAM) is linked to different enzymatic transmethylation
reactions [7]. The abnonnalities of the HCHO cycle can influence cell proliferation
and differentiation [14], and HCHO generator and capturer molecules may poten-
tially normalize these abnormal processes.

The present paper aims to summarize the main up-to-date results gained with
some HCHO generator and capturer molecules.

MATERIALS AND METHODS
Chemicals

All chemicals were of analytical purity grade, obtained from Sigma-Aldrich
Chemical Co. (Budapest, Hungary) and REANAL Chemical Co. (Budapest,
Hungary).

N G-hydroxymethylated-L-arginines were prepared according to earlier meth-
ods [3].

Synthesis of 1’-methylascorbigen (MeAsc) was in essentials carried out according
to methods described previously [13].

Biological studies

PC-3 human prostate carcinoma cells, HT-29 human colon carcinoma cells, SW 620
human colon carcinoma cells, HT-1080 human fibrosarcoma cells and P-388 mouse
lymphoma cells were all plated in s -well Greiner dishes (Nlrtingen, Germany). The
culture medium was RPMI supplemented with 10% calf serum (Flow, Irwine,
Scotland). The dishes were placed into humidified 5% CO02, in a 37 °C atmosphere.
Cells were plated at 104 or 10s cells/well. Triplicates were used for each treatment
group and time point (control, 1-10-100 ug/ml and 24, 48 and 72 hours after treat-
ment), when cell count was taken after trypsinization, using Buerker’s chamber. A
series of cultures was fixed 24, 48 and 72 hours after treatment in a 3 : 1 ratio of
methanol : 10% acetic acid. Three cover-slips from each treatment group were
stained with HE and two of each group were exposed to immunocytochemical
reagents using Apop-Tag (Oncor, Gaithersburg, MD, USA), in order to show specif-
ically apoptotic cells. Then the ratio of apoptotic and mitotic cells was determined.
Statistical analysis was carried out using the x method.
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RESULTS

Showing dose-dependent inhibition, NGhydroxymethyl-arginines (MAX) in doses
of 10 and 100 pg/ml, respectively, significantly decreased the proliferation of HT-29
cells (Fig. 1) and P-388 cells in culture. The cells of the treated cultures showed mor-
phological signs of apoptosis in high percentage (5-15%).

MeAsc inhibited the proliferation of both PC-3 and HT-29 cells, in vitro. In case
of the HT-29 cell culture, ascorbigen was ineffective, but MeAsc caused significant
inhibition (Fig. 2), which was based on a decrease in mitosis and an increase in apop-
tosis.

x105 cell/ml

m Control
O1ng

" 10My

a loo My

24 48 72 hours

*p<0.05 **p< 0.005 »4pcO.0l

Fig. 1. Effect of MAX on the proliferation of HT-29 cells

Control = 100%

Fig. 2. Effect of 100 pg/ml ascorbigen (ASC) and methyl-ascorbigen (MeAsc) on the number of
HT-29 cells in culture
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Table 1
Effect of resveratrol on the apoptotic and mitotic index of UT-1080 cell culture

Control 100 jxg/ml 10ig/mi Liig/mI
24 h A 1 2 2 2
24 h' M 4 0 0 2
48 h A 1 80 8 2
48 h' M 5 0 1 5

Resveratrol exerted a dose-dependent effect on HT-29, HT-1080 and SW620 cells
in culture, i.e. the dose of 100 [tg/ml showed significant decrease in cell number and
mitosis index, and an increase in the apoptosis index (Table 1).

The dose of 10 |ig/ml, however, was ineffective, while 1 ffg/'ml caused a slight
increase in cell number (Fig. 3).

Control 1vejni 10 pg/ml 100 pg/tni

Fig. 3. Effect of resveratrol on SW-620 cells

DISCUSSION

It has been shown that L-arginine can only be hydroxymethylated by formalde-
hyde [15]. These NG-hydroxymethylated arginines (e.g. NGtrihydroxymethyl-L-
arginine) are relatively stable molecules and can be isolated from the reaction mix-
ture [2, 15]. Such molecules occur in human blood and urine [3] and the hypothesis
has been raised that the guanidine group of L-arginine of the enzyme protein could
be hydroxymethylated in enzymatic transmethylation reactions [15, 20].

The growth-retarding effect of NGhydroxymethylated arginines on different ani-
mal tumors has been demonstrated in earlier experiments [16, 19]. For example, in
vitro, a 100 [tg/ml mixture of NG-hydroxymethyl-L-arginines (MAX) has been
shown to cause total inhibition of proliferation in K-562 cells, while in an in vivo
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experiment, a daily 400 mg/kg i.p. treatment was found to cause complete inhibition
of the growth of Ehrlich ascites tumors. In another experiment, an inhibitory effect
of MAX treatment was observable in respect to both metastasis number and average
volume of lung nodules [16, 19].

In the present series of experiments, we have been successful in showing the apop-
totic effect of these special endogenous substance groups. It is evident that both NG
methyl-L-arginines and NG-hydroxymethyl-L-arginines are endogenous basic amino
acid derivatives [2, 16, 19], however, at the moment we are not in the knowledge of
the biogenetic relationship between these two amino acid groups. Although little is
known at present about the déméthylation of Ne-methylated arginines, the Ne -
hydroxymethyl-L-arginines generate a direct HCHO-yielding activity which may be
responsible for their dramatic apoptotic effect. It also follows from this that while
N G-methyl-L-arginines are only potential HCHO generators, the Ne-hydroxymethyl-
L-arginines are actual HCHO generators.

In the case of 1’-methyl-ascorbigen (MeAsc) the mitosis- and apoptosis-influenc-
ing activity of this compound is also in correlation with the déméthylation of the N-
methyl group. This means that I -methyl-ascorbigen could also be a potential
HCHO-generator. Because ascorbigen has no methyl group, it does not generate any
antimitotic or apoptotic effect. These investigations repeated by demonstrates that
the HCHO formed from the N-methyl group plays a crucial role in the antimitotic
and apoptotic effects. Dimedone, a known capturer molecule forming formalde-
methone with HCHO, diminished the apoptosis-inducing effect of Me-Asc - when
applied simultaneously with Me-Asc in a dose of 10 |ig/mI [14].

While dimedone is an unnatural HCHO-capturer molecule, resveratrol - a con-
stituent of grapes, wines, peanuts etc. [s] - has considerable cardioprotective [5, 10],
as well as cancer chemopreventive effects [9, 12].

It is especially interesting that the daily consumption of red wine which contains
relatively high level of resveratrol, has been found to reduce the susceptibility of
plasma and LDL to lipid peroxidation, whereas white wine (low concentration of
resveratrol) consumption has been found to show the opposite effect [¢]. More
recently, synthetic trans-resveratrol has proved to be an effective antioxidant in vitro
against the hydroxyl radical (I = 33 pM), however, resveratrol treatment failed to
show any effect on either the lipid profde or Cu+2-dependent formation of thiobarbi-
turic-acid-reactive substances (TBARS) from protein-associated lipids [17]. These
results suggest that the cardioprotective effect of resveratrol is perhaps not related
only to its antioxidant effect.

It is especially important that resveratrol, a phytoalexin as well as a common con-
stituent of the human diet, has been demonstrated to have cancer chemopreventive
activity in assays representing three major stages of carcinogenesis as initiation, pro-
motion and progression [9]. This dietary compound has been revealed to inhibit the
proliferation of human breast epithelial cells in a dose- and time-dependent man-
ner [12]. Using different tumor cell systems, the results of our group have also man-
aged to support these observations with resveratrol, however, we also demonstrated
its considerable apoptotic effect.
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According to this preliminary observation, the dose-dependent activity of resver-
atrol in tumor cell systems is in correlation with its HCHO-cycle influencing effect.
It seems that resveratrol can mobilize a special part of the chemically labile bound
HCHO forming thereby several resveratrol derivatives with tumor-cell killing activ-

ity [21]
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Some formaldehyde generating chemicals due to reduction of apoptosis in lymphocytes may slow down
the progress of immune decline of HIV-infected individuals. NGhydroxy-methylated-L-arginine (MAX)
and 1’-methyl-ascorbigen (MeAsc) could enter this way the biochemical pathway of cells and affect the
apoptotic process.

Separated peripheral blood lymphocytes of five asymptomatic HIV-positive persons were cultured.
Unstimulated, IL-2 stimulated and IL-2 stimulated plus 0.1, 1.0, 10.0 gg/ml MAX or MeAsc treated lym-
phocytes were investigated for apoptosis morphologically (HE) and by flow cytometrical DNA frag-
mentation method.

IL-2 stimulation lowered the apoptotic rate in lymphocytes of HIV-positive persons related to unstim-
ulated ones. MAX and MeAsc reduced the apoptotic activity of stimulated lymphocytes in the least or
the middle doses while in the higher dose did not.

MAX and MeAsc reduced the apoptotic activity of stimulated lymphocytes originated from HIV-pos-
itive patients in vitro. This compounds may have the same effect in vivo and may prolong the symptom-
less period of HIV-infected patients. The role of méthylation and production of formaldehyde in this
process is discussed.

Keywords: [Ill1V-infection - apoptosis - flow cytometry - NGhydroxy-methylated-L-arginine -
1’-methyl-ascorbigen

INTRODUCTION

N G-hydroxy-methylated-L-arginine (MAX) and I -methyl-ascorbigen (MeAsc) are
N-methyl compounds (Fig. 1) and it has been shown that they are endogenous
formaldehyde (HCHO) generators [10, 13, 14]. HCHO is formed within the cell by
déméthylation (via demethylases and special peroxidases) and méthylation reactions.
HCHO, known as a reactive molecule, could react with DNA and proteins, and may
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initiate the degradation of DNA in apoptotic process. Apoptosis is a physiological
process in which the dying cell plays an active role in its own destruction; internu-
cleosomal DNA fragmentation is a characterizing step in apoptosis [5]. Previously
we demonstrated that N-trimethyl-lysine (the relative molecule of MAX), and
MeAsc have immunomodulating activity and protect the animals from bacterial and
viral infection [9].

H on
\ |
h-n-c=n-ch:
NH
|
CH:

CH:

H CH:

\ |
H-N- CH-COOH

Ne -hydroxy-methylated-L-arginine 1'-methyl-ascorbigen

Fig. 1. Chemical strucmre of MAX and MeAsc

Decreasing cell number of CD4+T lymphocytes often occurs in HIV-infected
patients who had not yet developed AIDS. According to some studies [1, 2, 4, &]
apoptosis, associated with lowered T cell reactivity, is responsible for the partial
deletion ofboth CD4+and CDs +cells from HIV-infected individuals. Apoptosis may
be initiated by HIV-proteins or by the cytokine regulatory pathways [s].

There is interest to find chemicals which could slow down or arrest immune
decline and disease progression at the asymptomatic stage of HIV-infection by main-
taining CD4+cells. In this paper we publish the results of in vitro studies where the
possible regulatory effect of NGhydroxy-methylated-L-arginine and T -methyl-
ascorbigen, on apoptosis of in vitro cultured lymphocytes of HIV-positive patients
was investigated.

MATERIALS AND METHODS

3 X 106/well separated peripheral blood mononuclear cells from 5 asymptomatic
HIV-1-infected patients with CD4+counts <500/[il (CD4+T cell number CD 4/8 ratio
and beta 2 microglobulin values as well as the time elapsed after the detection of
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HIV-infection were known in each case) were plated in 24-well trays (Greiner,
Kremsminster, Austria). The culture medium was RPMI 1640 (Sigma, St. Louis,
MO, USA), supplemented with 10% fetal calfserum (Flow, Irwine, UK ). For in vitro
activation/stimulation 20 IU/ml human recombinant IL-2 (Sigma, St. Louis, MO,
USA) was used. IL-2 treatment was performed 1 hour after plating. Twenty-four
hours after activation MAX and MeAsc (produced in our laboratory) were adminis-
tered in doses of 0.1, 1.0, 10.0 (ig/ml. Forty-eight hours later, progress of apoptosis
in the nonstimulated, stimulated, stimulated and treated cultures was evaluated by
morphological and flow cytometric DNA fragmentation methods.

Morphology

Cultured cells were spread on glass specimen holders, fixed with ethanol and stained
by HE.

Flow cytometry

DNA content measurements were performed using a FACStar (Becton-Dickinson,
Mountain View, Ca, USA) flow cytometer described by Schuler et al. [s] was
applied. Sample preparation was caried out after Gong et al. [3] and Mihalik et al. [7]
[briefly: after ethanol fixation internucleosomally fragmented DNA were removed
from apoptotic cells by citrate-phosphate buffer (pH = 7.8) supplemented with
RNase than DNA content was measured by flow cytometry], (Figure 2 shows a his-
togram.)

Fig. 2. Flow cytometric DNA histogram of in vitro cultured lymphocytes from HIV-positive individuals
(apoptotic cell region - R2, nonnal cell region - R3)
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RESULTS

From all HIV-infected patients samples could be evaluated morphologically and
were evaluable by flow cytometry. Apoptotic indices of lymphocytes ofthe HIV-pos-
itive patients measured by flow cytometric studies are shown in Fig. 3 and Fig. 4.
Data of hematoxylin-eosin staining are not shown because of fully corroborating
trend of flow cytometric data distribution (for the detection of apoptotic figures and
the results obtained by these methods were identical). Beside the lymphocytes, other
mononuclear cells and granulocytes were also observed in the samples, together with
a low amount of cell debris.

The average percentage of apoptotic lymphoid cells of the unstimulated untreated
samples was 9.2 = 4.3% in MAX experiment. This value was s.s + 3.0% in the case
of MeAsc. This difference was not significant calculated for either methods men-
tioned. These data show an advanced progress of apoptosis in cultured cells of HIV-
infected patients. After IL-2 stimulation the apoptotic ratio was diminished
(6.7+2.7% and 6.6 = 1.7%, in MAX and MeAsc study, respectively), according to
morphological and flow cytometric observations, in all of the samples taken from
HIV-positive individuals. Unstimulated (9.2 £4.3% and s.s + 3.0%) and stimulated
samples (6.7 £ 2.7% and 6.6 = 1.7%) of MAX and MeAsc are good repetition in this
experiment (the same patients, the same conditions), according to both morphologi-
cal and flow cytometric findings.

Individual differences were seen between the HIV-positive cases regarding the
effect of MAX and MeAsc on apoptosis. The apoptotic index altered dose depen-
dently according to our observations. In four of the five HIV-positive cases the apop-
totic index decreased by the effect of MAX, the least value of apoptotic index (lower
than the IL-2 stimulated cases) was observed either in the 0.1 pg/ml or 1.0 pg/ml
treatment (Fig. 3). In one of the five HIV-positive cases the apoptotic index did not
change by the effect the least concentration (0.1 pg/ml) of MAX. The administration
of 10 pg/ml MAX in all patient resulted higher apoptotic ratio (mean = 9.8 + 1.5%)
than stimulated cases (mean = 6.7 + 2.7%). In MeAsc experiment the 0.1 pg/ml and

B Unstimulaied

m L2

O IL-2+MAX 0.1 pg/ml
O IL-2+MAX 1.0 (ug/ml
m IL-2+MAX 10.0pg/ml

1 2 3 4 5
Patients

Fig. 3. Effect of N°-hydroxymethylated-L-arginine (MAX) on proportion of apoptotic cells among
incubated lymphocytes obtained from HIV-infected individuals
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S Unstimulated

m L2

O IL-2+MeAsc 0 1 uyg/ml
0O IL-2+MeAsc 1.0 ug/ml
m |L-2+MeAsc 10.0 ug/ml

Patients

Fig. 4. Effect of 1’-methyl-ascorbigen (MeAsc) on proportion of apoptotic cells among incubated lym-
phocytes obtained from HIV-infected individuals

the 1.0 (ig/ml doses decreased the mean number of apoptotic figures (5.8 + 2.0% and
5.3 + 2.2%, respectively). The 1.0 pg/ml MeAsc proved to be the most effective dose
(Fig. 4). In four of five patients the highest dose resulted the same or higher apop-
totic index (mean = 6.5 + 1.9%) than IL-2 stimulated case.

The absolute number of CD4 positive T lymphocytes, the CD4/CD8 ratio, the beta
2 microglobulin values, the duration of HIV-positivity could not be related to any
effect of MAX or MeAsc (data not shown here).

Morphology and flow cytometry pointed out that MAX and MeAsc reduced the
apoptotic ratio of stimulated lymphocytes dose dependently and the preventing effect
of MAX or MeAsc on programmed cell death in four of the five HIV-positive cases.

DISCUSSION

Our studies reveal that peripheral blood lymphocytes of HIV-positive individuals
show apoptotic activity in cell culture. The stimulation of lymphocytes by IL-2 could
not increase the apoptotic ratio in lymphocytes of HIV-positive persons against to our
findings published earlier [:2].

Data of HE staining were in fully corroborating trend of flow cytometric data dis-
tribution (for the detection of apoptotic figures and the results obtained by these
methods were identical). This may be explained by the fact that in flow cytometric
statistics we distinguish between apoptotic forms of lymphocytes and cell debris. We
think that morphological and flow cytometric observations could complete to each
other in this experimental design.

According to our findings, MAX and MeAsc dose dependently altered (decreased
or increased) the number of apoptosis of cultured peripheral blood lymphocytes of
HIV-infected individuals, compared to the IL-2-stimulated samples. The low or mid-
dle doses of MAX and MeAsc were the most effective in reducing apoptotic index.
It can also be supposed that they may be applied with success in vivo, in the treat-
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ment of HIV-positive persons. The decrease in number of apoptotic lymphocytes
may prolong the symptomless period after HIV-infection.

Ne-hydroxymethylated-L-arginine (MAX) and 1’-methyl-ascorbigen (MeAsc) are
N-methyl compounds, which can be considered endogenous formaldehyde (HCHO)
generators [10, 13, 14]. It is unknown how formaldehyde generators influence apop-
tosis of lymphocytes altered by HIV-infection and stimulated by IL-2. The formation
of HCHO from different endogenous and exogenous compounds in the cells is a well
known déméthylation process. The chemical activity of HCHO is nonspecific and
there is a wide variety of possible formaldehyde acceptors, therefore it is difficult to
ascertain the actual role of HCHO-producing reactions in the cell. As a reactive mol-
ecule HCHO can participate in the degradation of the DNA which could suggest a
possible function of formaldehyde in the apoptotic process.

According to the study of Szende et al. [11], HCHO can act as a cell proliferation
retardation factor and mediate the apoptotic process of thymic lymphocytes. Other
possibilities including the blockade of specific binding sites on the surface of lym-
phocytes may also be taken into consideration. Previously was demonstrated [9] that
N-trimethy 1-lysine (the relative molecule of MAX), and MeAsc have immunomodu-
lating activity and protect the animals from bacterial and viral infection. These chem-
icals due to reduction of apoptosis in lymphocytes may slow down the progress of
immune decline of HIV-infected individuals.
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Microsomal oxidation of exogenic compounds yields efferent metabolites with small molecular size. N-
demethylation results in formaldehyde generation in addition to the nor-compound.

Interesting changes in the level of formaldehyde elimination were observed after a single dose of
either (-)-deprenyl or (+)-deprenyl. Urine elimination of the generated formaldehyde was determined
using thin-layer chromatography after derivatization with dimedone.

Keywords: (-)-deprenyl - formaldehyde - in vivo formaldehyde - in situ formaldehyde - efferent
metabolites

INTRODUCTION

Oxidation plays a major role in the metabolism of exogen and endogen substances.
N-methyl compounds are generally subjected to N-demethylation through their
biotransformations. Large molecular size products (that is the nor-derivatives)
have been widely studied, however, less attention has been paid to the “efferent”
metabolites with small molecular size [15]. Although every basic book in pharma-
cology points out formaldehyde as one constant metabolic product of N-demethy-
lation (and also that of either O-demethylation or S-demethylation) [e.g. 1, 2, 10],
quantitative determination of the metabolically generated formaldehyde, and its
role, and its topic effects have remained an important and perspective issue for fur-
ther research.

(-)-Deprenyl that is (R)-(-)-N-methyl-(I-phenyl-2-propyl)-N-propynylamine
(also called as Selegiline, JumexR EldeprylR etc.) is about 500x more potent
inhibitor of monoamine oxidase type B (MAO-B) enzyme than the (+)-form; it has
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reduced toxicity, and less serious side effects (such as hyperthermia and excitation in
rats, etc.). (-)-Deprenyl facilitates dopamine release in the brain [5], increasing the
activity of nigro-striatal dopaminergic neurons, and has protecting effect through the
aging process. At the same time, (-)-deprenyl has no effect on the mesolimbic
dopaminergic function, i.e., it fails to influence locomotion and rearing activity in
rats [16]. MAO-B inhibitory effect of (-)-deprenyl explains its therapeutic effects
and wide use in the treatment of Parkinson’s disease [4], however, the other impor-
tant beneficial effects, such as increase of dopamine release [5], inhibition of pro-
grammed cell death [11], etc. have mainly remained unexplained.

Drugs are generally subjected to the “first-pass-effect” of liver. At the same time,
the majority of other organs also have the ability to metabolize the drugs. In the case
of (-)-deprenyl, its substantial portion is subjected to the first pass effect and the
majority of metabolites are eliminated with the urine [4].

This paper deals with two basic aspects of formaldehyde generation. How is the
bulk amount ofthe metabolically produced formaldehyde is eliminated, and where
can minor but significant formaldehyde generation also be taken into considera-
tion.

MATERIALS AND METHODS

Materials

JumexRtablets [5 mg of (-)-deprenyl] and (+)-deprenyl were the kind gift of the
Chinoin Pharmaceutical Works (Budapest, Hungary). Other chemicals and solvents
were purchased from commercial sources in the highest purity grades.

Methods

Healthy male volunteer (about 85 kg of body weight) took a single dose of either 10
mg (-)-deprenyl or 10 mg of (+)-deprenyl, and urine was collected for three times
eight hour periods (0-8 hour, 8-16 hour and 16-24 hour). Urine samples were stored
at -25 °C until formaldehyde determination.

Formaldehyde content was determined as published earlier [17]. Three parallel
determinations were done and the results were within £7% of the averages.

RESULTS

Determination of urinary elimination of fonnaldehyde after administration of (-)-
deprenyl and (+)-deprenyi was done using thin-layer chromatography. The separa-
tion was satisfactory and formaldemethone resulted in compact spots. Results are
shown in Fig. 1 The control value of formaldehyde elimination was decreased
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Fig. I. Urinary elimination of formaldehyde of the subject who did not take any drug (control), after hav-

ing taken 10 mg of (-)-deprenyl (formaldehyde level in the urine in the 1st, 2nd and 3rd eight hours), and

after having taken 10 mg of (+)-deprenyl (formaldehyde level in the urine in the 1st, 2nd and 3rd eight
hours)

through the :st eight hours but highly elevated through the 2 nd eight hours follow-
ing a single daily dose of (-)-deprenyl. Administration of (+)-deprenyl did not cause
such a change in the formaldehyde content of the urine.

DISCUSSION

A great importance in formaldehyde generation is attached to the cycle where S-
adenosyl-L-methionine splits to formaldehyde and S-adenosyl-L-homocysteine [17].
Formaldehyde is also formed in the hard tissue of teeth, and it was measured using
thin-layer chromatographic determination of formaldemethone [13].

The first pass effect of (-)-deprenyl takes an essential part in its metabolism
[4, 18]. In humans, the majority of the administered deprenyl is eliminated with urine
in the form of metabolites. Nine metabolites were identified such as desmethylde-
prenyl, methamphetamine, amphetamine, norephedrine, norpseudoephedrine,
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ephedrine, pseudoephedrine, p-hydroxyamphetamine and p-hydroxymethampheta-
mine [14]. Although the generation of each of these metabolites is done by one or
two steps of N-dealkylation, very little attention has been devoted to the byproducts,
the efferent metabolites that are yielded in the course of deprenyl metabolism. At the
same time, a study on the metabolism of pargyline (a compound having similar
chemical structure to deprenyl, a phenylalkyl amine with both N-methyl and N-
propyl substituents) published the formation of formaldehyde, propylaldehyde and
the corresponding benzylalkylketone among the metabolites [20]. A recent paper
published the occurrence of benzylmethylketone in the human urine after the subject
has taken a single dose of JumexRthat is (-)-deprenyl.

As one of the major metabolites of deprenyl is amphetamine, N-demethylation
procedure has to be taken into consideration. Since the characteristic metabolite pro-
file has already been formed during the first pass process, different preferred meta-
bolic and pharmacokinetic characteristics of the deprenyl enantiomers are postulat-
ed. Urinary elimination of (-)-deprenyl and (+)-deprenyl indicates a basic difference
in the kinetics oftheir metabolism. The ratio of (-)-methamphetamine to (-)-amphet-
amine was well over 1 : 1, in the urine in the first several hours following adminis-
tration of (-)-deprenyl [9]. The ratio approximates 1.1 from 16 through 24 hours fol-
lowing administration [7]. Similar phenomenon in the cases of (+)-methampheta-
mine and (+)-amphetamine was not observed, their ratio remained close to 1 : 1,
independently of the time of urine collection [7, 9]. However, in any case, the
deprenyl metabolism results in amphetamine also, and therefore both the formation
and the elimination of formaldehyde have to be considered.

The importance of formaldehyde generation in the course of N-demethylation of
an exogenous compound is emphasized by the fact that N-dealkylation procedures
may take place in the human brain, where amphetamine was identified in post-
mortem Parkinsonian brain after (-)-deprenyl administration [12]. Experiments with
rats also indicated the N-dealkylation procedure in the brain itself, as after intracere-
broventricular administration of deprenyl, amphetamine and also methamphetamine
were identified in the microdialysate [s]. Thereby an in situ formaldehyde generation
can essentially supposed which contribute to the protection of the brain from oxida-
tive stress. Oxidative stress is a major sources of neurodegenerative processes, pro-
tection of the brain from oxidative stress has vital importance.

Positron emission tomography has shown that (-)-deprenyl persists for a much
longer period in the brain than (+)-deprenyl [3,4]. The slowly generated and proba-
bly low level of formaldehyde may help eliminating the oxygen free radicals there-
by counteracting the damage of the oxidative stress. For the time being, there exists
only circumstantial evidence for formaldehyde formation in the brain, while other
chemical reaction have also to be considered. In vitro reaction between hydrogen
peroxide and deprenyl also resulted in the N-dealkylation yielding nordeprenyl,
methamphetamine and amphetamine in aqueous solution in a glass test tube [¢ ]. This
result gives an alternative possibility for the beneficial effect of (-)-deprenyl either
in the treatment or rather in prevention of Parkinson’s disease by elimination of
hydrogen peroxide for the possible metabolism of (-)-deprenyl.
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In addition, recent findings have indicated that (-)-deprenyl is capable of protect-

ing hippocampal neurons in acute cerebral ischemia [19]. However, the mechanism
of this effect is unknown.
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Formaldehyde is known to react with proteins. The purpose of our experiments was to analyse in vitro
the effect of formaldehyde on the physicochemical and biological properties of hemoglobin molecules.
The effect of formaldehyde concentration, reaction time, pH and temperature on hemoglobin free amino
groups was estimated. The modified hemoglobin was analysed using electrophoretic, potentiometric and
spectrophotometric techniques. Reaction between formaldehyde and hemoglobin was accelerated by
increasing concentration of formaldehyde and higher temperature. This reaction was most intensive dur-
ing the first few hours at pH 7.4 so the amount of free amino groups of hemoglobin was significantly
diminished by directly mixing formaldehyde with hemoglobin. The modified protein was characterized
by the increase in electrophoretic mobility and the decrease in maximum absorption derived from por-
phyrin rings. Formaldehyde modified hemoglobin was less susceptible to the action of cathepsin D.

Keywords: Formaldehyde - hemoglobin modification - cathepsin D

INTRODUCTION

Formaldehyde (HCHO) is detectable both in animal and plant cells [25]. It originates
mainly from méthylation and déméthylation reactions [10], but may also occur in
animals as a result of intoxication and due to subsequent metabolism of xenobiotics
such as methanol [12, 17]. Blood distributes formaldehyde throughout different
organs and tissues. It does not normally exist as a free compound, because it easily
reacts with many endogenous low molecular compounds such as cysteine, urea and
glutathione [3]. Formaldehyde also reacts with functional groups, most often amino
and sulfhydryl of many high molecular weight compounds, such as proteins and
nucleic acids [3].

Proteins constitute an important part of the organic compounds found in a living
cell and play a significant role in multiple cell functions. Among structural proteins,
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a special role is attributed to transport proteins which take part in respiration and pho-
tosynthesis. One such protein which may be exposed to the action of formaldehyde
is hemoglobin. Such a reaction may result in structural modification of the hemoglo-
bin. Hence, the physicochemical properties and biological function of hemoglobin
may get impaired like other proteins [11].

The puipose of this work was to determine the effects of formaldehyde on the
physicochemical properties of hemoglobin and its susceptibility to proteolytic
enzyme degradation.

MATERIALS AND METHODS

Formaldehyde, ninhydrin reagent, cathepsin D {Sigma (USA)}; hemoglobin (Difco,
USA). The solutions of formaldehyde, hemoglobin and cathepsin D were prepared in
0.04M Britton-Robinson buffer (containing 0.04M phosphate, acetate and borate
buffers), pH 3.5 and 7.4.

1 The influence offormaldehyde concentration, reaction time, pH and
temperature onfree amino groups ofhemoglobin

Formaldehyde solution (13, 130 and 1300 mM at pH 3.5 and 7.4) was added to 1%
hemoglobin solution, of the same pH, in the proportion 1:10 (v/v). The mixture was
incubated at 25, 37 and 48 °C. Formaldehyde that was noncovalently linked to hemo-
globin was removed by separation on a Sephadex G-25 column both before incuba-
tion and after 3, 6, 12, 48, 96 and 192 hours of incubation. Next, the total amount of
non linked formaldehyde was spectrophotometrically determined [1]. Control hemo-
globin was prepared in the buffer in the absence of formaldehyde. The protein con-
centration was estimated by the Lowry method [13] and the amount of free amino
groups by ninhydrin methods [4].

2. Estimation ofhemoglobin modification byformaldehyde

To prepare samples for electrophoretic measurements, the formaldehyde solutions
(13, 130 and 1300 mM at pH 7.4) were added to 1% hemoglobin solution. The solu-
tions were incubated for 12 hours at 37 °C and, after removal of formaldehyde, the
protein was examined electrophoretically on cellulose acetate at pH s .6 . The samples
prepared for electrophoresis were also examined by UV VIS absorption spec-
troscopy.

The biological properties of hemoglobin were estimated according to the follow-
ing procedures. The formaldehyde solutions (13, 130 and 1300 mM at pH 3.5 or 7.4)
were added to 1% hemoglobin solution of the same pH in the proportion 1:10 (v/v)
and the solutions were incubated for 0, s, 12 and 24 hours at 37 °C. After removing
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the formaldehyde, the samples were incubated with cathepsin D preparation
(4 : 1;viv) at pH 3.5 for 30 min at 37 °C. Next, the protein was precipitated with 5%
TCA. Cathepsin D activity was measured by determination oftyrosine, in the filtrate,
using the Folin-Ciocalteau method (2). Furthermore, modified hemoglobin (with
130 mM formaldehyde) was degraded by cathepsin D modified by formaldehyde
(13, 130 and 1300 mM). The modification was performed for 1, 2 and 4 hours using
the procedure described above.

In all experiments the results were presented as means +S.E.M. For the compari-
son of mean values, Student’s /-test for unpaired data was used. The differences were
considered as significant at p < 0.05.

RESULTS

Formaldehyde reacted with hemoglobin at rates proportional to their concentrations,
pH and temperature (Fig. 1). This reaction was most intensive during the first hours
of incubation. The protein concentration did not change during the experiment.

35 pH 7.4
3
2.5
2
15
1
0.5
0
control Oh 6h 12h
reaction time
B 1,3 mM 0 13 mM Mni3or™m
pH 3.5
Oh 6h 12h
reaction time
M.3TM 0 13 mM 0130mM

Fig. 1 Effect of different concentrations of formaldehyde and reaction pH on the hemoglobin free amino
groups. Data points represent the mean + SEM; n=5 (*p < 0.05 in comparison to the group where the
formaldehyde concentration equals zero)
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©
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Fig. 2. Effect of different formaldehyde concentrations on electrophoretic mobility of hemoglobin. 1 -
native hemoglobin; 2 - hemoglobin modified by 1.3 mM formaldehyde; 3 - hemoglobin modified by
13 mM formaldehyde; 4 - hemoglobin modified by 130 mM formaldehyde

WAVELENGTH

Fig. 3. Effect of different formaldehyde concentrations on UV VIS absorption spectrum of hemoglobin.
1- native hemoglobin; 2 - hemoglobin modified by 1.3 mM formaldehyde; 3 - hemoglobin modified by
13 mM formaldehyde; 4 - hemoglobin modified by 130 mM formaldehyde
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Formaldehyde caused, proportionally to its concentration, decreases in the free
amino groups of hemoglobin. The interaction was more intensive at pH 7.4 than 3.5.
Temperature proportionally intensified the reaction between formaldehyde and
hemoglobin.

Interaction between formaldehyde and amino groups of hemoglobin was con-
firmed by electrophoresis (Fig. 2). Faster migration of modified hemoglobin to the
anode was observed, but these changes were not proportional to the formaldehyde
concentration.

The UV VIS absorption spectrum of hemoglobin was also changed after incuba-
tion with formaldehyde (Fig. 3). The absorption maxima at 280 and 410 nm were
decreased.

Figure 4 shows that modified hemoglobin was less susceptible to proteolytic
degradation by cathepsin D. These changes were proportional to formaldehyde con-
centration, time of reaction and the pH of the mixture. The activity of cathepsin D
modified by formaldehyde was also decreased (Fig. 5). The amount of tyrosine
released during proteolytic degradation of hemoglobin by modified cathepsin D was
smaller than during the proteolytic action of unmodified cathepsin D.

¢ 400

control 24h
modification time

B 1.3 mM 013 mM 0130mM

Fig. 4. Effect of different formaldehyde concentrations on hemoglobin susceptibility to degradation by
cathepsin D. Data points represent the mean £ SEM; n=5 (*p < 0.05 in comparison to the group where
the formaldehyde concentration equals zero)

Acta Biologica Hungarica 49/2—4, 1998



350 R. Farbiszewski et al.

reaction time

A1.3 mM 013 mM D 130 mM

Fig. 5. Effect of different formaldehyde concentrations on hemoglobin susceptibility to degradation by
cathepsin D. Data points represent the mean + SEM; n =5 (*p < 0.05 in comparison to the group where
the fonnaldehyde concentration equals zero)

DISCUSSION

Reaction of hemoglobin with formaldehyde was found to cause decreases in the
amount of total free amino groups. It was shown that formaldehyde molecules react
easily with amino groups of hemoglobin and this reaction is more intensive at high-
er fonnaldehyde concentration, pH and temperature during the first hours of incuba-
tion. These observations were confirmed by electrophoretic studies in which migra-
tion of modified hemoglobin was faster than that of unmodified protein. This indi-
cates that the total positive charge of hemoglobin, derived mainly from amino
groups, was decreased following this reaction.

Fonnaldehyde reacts especially easily with the e-amino groups of lysine residues
of proteins and this reaction is very fast with both structural proteins, such as albu-
min, and enzymatic ones, for example Chymotrypsin [14, 19]. The formaldehyde
interaction with hemoglobin is more effective at basic pH. This is due to the fact that
formaldehyde molecules react with uncharged amino groups [s]. Such a condition
was observed for collagen during the leather tanning process [s]. Furthermore,
fonnaldehyde reacts also with cysteine, tryptophan, tyrosine, serine, asparagine, glu-
tamine residues, amino groups of N-terminal amino acids and with peptide bonds [5,
8, 20, 22], but the course of these reactions is slower. Reaction of formaldehyde with
aromatic amino acid residues of hemoglobin was confirmed by the decrease in the
UV maximum absorption at 280 nm, but not before 12 hours of incubation.

The first step in the formaldehyde reaction with proteins is the formation of
reversible hydroxymethyl compounds with reactive groups in the polypeptide chain.
Mono- and dihydroxymethyl derivatives can be formed by reaction with a-amino
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groups [15], whose formation depends on reaction conditions, e.g. one imidazole
ring nitrogen atom of histidine reacts with formaldehyde in a basic medium, where-
as both nitrogen atoms react in a strongly basic medium yielding the N-hydroxy-
methyl derivatives [5]. Some hydroxymethyl groups react with nucleophilic groups
of protein molecules, yielding methylene bridges. Mainly lysyl and cysteinyl, and to
a lesser degree, arginyl, asparaginyl and glutaminyl residues are active in the forma-
tion of such bridges [s, 7, 21]. Additionally, the hydroxymethyl groups of lysyl
residues react with the phenyl ring of tyrosine, the indole ring of tryptophan and the
imidazole ring of histidine [¢, 7, 16]. As a result, intra- and intermolecular bonds are
formed [s ], which cause changes in the structural and physico-chemical properties of
proteins such as polymerization with resultant increases in their molecular weight
[9]. In this situation the rate of hemoglobin migration in the electric field is not pro-
portional to the increase in formaldehyde concentration.

On the other hand, the cross-bindings protect the proteins against other destructive
agents, e.g. high temperature and proteolytic enzymes [9, 19]. Cathepsin D (cellular
protease) hydrolyses peptide bonds formed by tyrosine [2], the aromatic amino acid
which is probably modified by formaldehyde. Moreover, it was shown that the iso-
lated reaction products of formaldehyde with albumin, tetanus and diphteria toxins
contained bridges between lysine and tyrosine [9, 20]. In this situation, the hydrolyt-
ic action of cathepsin D on modified hemoglobin is significantly less. A similar situ-
ation was observed in the peptide mapping of formaldehyde-modified hemoglobin,
after degradation of this protein by trypsin (unpublished data). Moreover, formalde-
hyde reacts with biologically-active proteins which leads to a decrease in their activ-
ities. This applies particularly to the enzymes whose catalytic action depends on free
amino groups, such as ribonucléase [11]. Although cathepsin D is a carboxyl pro-
tease, it is also modified by formaldehyde (unpublished data). Probably formal-
dehyde does not change the carboxyl active centre of this protease, but modifies the
structural conformation ofthe polypeptide chain near this centre and thereby decreas-
es the protease activity. A similar situation was observed after alpha-1l-antitrypsin
modification by fonnaldehyde [18].

The hydroxymethyl derivatives and imines (the Schiff bases) formed in small
amounts following reactions between formaldehyde and hemoglobin, can undergo
reduction to methyl derivatives. This concerns particularly lysyl residues trans-
formed into methyllysyl or formyllysyl residues [20, 23, 24]. Changes in the poten-
tiometric curve above pH s indicate a raise in the dissociation constants of some
basic amino acids after fonnaldehyde modification (unpublished data). It is known
that dimethylamines are weaker bases than amines [15].

Significant changes were observed in the VIS absorption spectrum at 410 nm,
especially in the Sorét band characteristic of the porphyrin ring, existing due to the
ring system connection. These systems are formed during colourless porphyrin oxi-
dation. Formaldehyde may directly react with methylidene bridges or indirectly
affect amino groups which results in partial reduction of methylidene to methylene
bridges. As a consequence, the Sorét band absorption is significantly decreased.
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Recent experiments indicate that the measurable formaldehyde (HCHO) level is considerably elevated in
the parts of water-melon plants immediately after a nonlethal infection with Fusarium oxysporumf. sp.
niveum. At the same time the level of some quaternary ammonium compounds (Ne-trimethyl-L-lysine,
choline) as potential HCHO generators (gene products) is considerably decreased. That is probably due
to the fact that the alarm reaction phase of this biotic stress syndrome includes an intensive déméthyla-
tion process. It has been proved that HCHO may play a role in dynamic methylation-demethylation
processes that also may include the méthylation of biotic stress proteins.

In this paper we report on qualitative and quantitative changes in the biotransformation steps of the
formaldehyde cycle in different parts of the water-melon plant after nonlethal infection (biotic stress)
with Fusarium.

In consequence of the infection identical quantitative changes, but to a different degree, of the com-
pounds examined are observable in both varieties. The connections resulting from the depiction of the
time-dependent quantitative changes of the measured methylated compounds due to infection show a pic-
ture similar to that of Selye’s stress syndrome model.

Keywords: Biotic stress - méthylation - déméthylation - formaldehyde - quaternary ammonium com-
pounds

INTRODUCTION

According to the results of experiments conducted during the last few years, a
detectable amount of formaldehyde (HCHO), using a special isolation procedure, can
be found in biological systems [5, 12, 19]. This endogenous HCHO can originate
from both méthylation [¢] and déméthylation [7, 9] processes. Recently, the S-CH3-
3H of S-adenosyl-L-methionine (SAM) in the course of the enzymatic conversion of
histamine to NT-methylhistamine in the presence of dimedone as a HCHO capture
molecule suggested that the formation of HCHO is probably linked to the enzymatic
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transmethylation of histamine [s]. It also follows from these results that the high
level of HCHO and at the same time the accumulation of N-methylated substances
during the early development stages and in rapidly dividing cells originate from
intensive transmethylation reactions [22].

With regard to the production of endogenous HCHO, the important formation
pathways are the déméthylation reactions of different N-, S- and O-methylated com-
pounds [3, s]; these compounds can, therefore, be considered as potential precursors
of HCHO.

A correlation exists between the external temperature and measurable amount of
HCHO in Pinto bean leaftissues. The level of some potential HCHO generators, such
as choline, trigonelline and N£&trimethyl-L-lysine (TML), moderately decreased with
heat shock in comparison to normal room temperature. In the presence of dimedone
the amount of these HCHO generators further decreased at all temperatures [21]. It
can generally be said that naturally occurring quaternary ammonium compounds
(choline, glycinebetaine, trigonelline etc.), which form a structurally heterogeneous
class of compounds with the unifying character of a polar, often methylated ammo-
nium head, are the potential metabolic components of stress tolerance [1].

There are also observations on the role of déméthylation in biotic stress situations.
The amount of HCHO increases considerably in virus infected tobacco leaves [18]
until the appearance of lesions, thereupon, the level decreases to that of control
leaves [17]. The higher level of HCHO is probably the result of enhanced enzymat-
ic déméthylation of L-methionine and SAM [2].

Trigonelline, the fully N-methylated derivative of nicotinic acid, and choline
were accumulated in tomato plants with an increasing N 03nitrogen supply (salt
stress) [20]. It can generally be said that naturally occurring quaternary ammonium
compounds are the potential metabolic components of the stress tolerance. Choline
and glycine betaine in wheat germ extract stimulate Fusarium gramineum in
vitro [16]. The increased resistance of tomato plants against Fusarium wilt, induced
by a high NO3nitrogen supply in the nutrient solution, is associated with an
increased juvenility of the tissue [10].

A correlation exists between Fusarium tolerance of different water-melon vari-
eties and the amount of HCHO and level of fully N-methylated compounds measur-
able in water-melon seeds [13].

Results of comparative examinations have shown a relationship between the level
of HCHO and some quaternary ammonium compounds measured in leaf tissues of
different snap bean genotypes and their natural disease resistance (to Pseudo-
monas) [12]

It follows from these new results that there is an analyzable amount of HCHO in
different biological systems and that HCHO is not a side product, but a basic and
indispensable substance of the biological processes. There is a HCHO cycle in bio-
logical systems, that is, the enzymatic méthylation reactions take place through
HCHO and at the same time all methyl groups are potential HCHO precursors. There
exists a number of quick HCHO pathways through the methylol groups of different
binding force [19, 22].
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MATERIALS AND METHODS
Plants and pathogen culture

We have examined the effect of biotic stress on two varieties of water-melon plant
(Citrullus vulgaris L); the Fusarium-tolerant Charleston and the sensitive Sugar
Baby, which were cultivated in commercial compost in a greenhouse. The seeds were
collected from field experiments (1993) according to the practice of the Department
of Genetics and Plant Breeding (University of Horticulture and Food Industry).

The inoculum used for the infection had been produced by the multiplication (on
potato dextrose culture medium) of Fusarium isolated from infected water-melon
plants. The density of spore suspension was 107—10s cell/cm3. Before infection, the
soil was scratched with a sharp scalpel between the lines in order to injure the roots
thus promoting the rapid introduction of the pathogen. The same procedure was
applied to the control plants to secure identical conditions. The spore suspension of
30-30 cms was applied to every furrow between the lines of plants. The control
plants were treated with an equal volume of distilled water.

We observed the biochemical changes due to Fusarium infection by examining
three groups of plants grown at different times but under identical conditions and
treated in identical ways. Sampling took place 1, 3 and s hours after the infection on
the same day and at 24 hour intervals after that. Each sample consisted of 15 plants
or parts of these plants.

Synthesis offormaldemethone

Formaldemethone, as an adduct of dimedone, was prepared for identification pur-
poses by adding HCHO solutions (20 cms 0f40% solution) to a solution of dimedone
(5 g) in hot ethanol (30 cm3) and water (5 cm3). The white precipitate which sepa-
rated was filtered and recrystallised from aqueous ethanol, m.p. 191 °C [15].

All other chemicals and solvents used were of analytical grade and were pur-
chased from REANAL Co. (Budapest, Hungary) and Merck Co. (Darmstadt,
Germany).

Chemical preparation ofplant samples

The fresh parts of plants were frozen with liquid nitrogen, powdered and treated with
dimedone solution (0.02% dimedone in methanol) (e.g. 0.25 g plant powder/0.7 cms
of dimedone solution). This suspension was centrifuged at 1500 g for 10 minutes at
4 °C. The clear supematans were used for overpressured layer chromatographic
(OPLC) examination [4] and, after dilution, for HPLC separations [11].
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EQUIPMENTS

OPLC separations

The separations were carried out with a CHROMPRES 25 OPLC chromatograph
(Factory of Laboratory Instruments Co., Ltd., Budapest, Hungary). Densitograms
were taken with a Shimadzu CS-930 scanner (Shimadzu Co., Kyoto, Japan). Samples
were applied with a NANOMAT sample applicator (CAMAG Co., Muttenz,
Switzerland).

The separations were carried out on OPLC silica gel 80 F 254 precoated chro-
matoplate using chloroform-methylenechloride (35 : 65, V/V) for formaldemethone
determination and i-propanol-methanol-0.1M sodium acetate (20 : 3 : 30, V/V) for
quaternary ammonium compounds. Calibration curves were made by means of
authentic substances (at X = 265 nm for formaldemethone and at X = 525 nm for qua-
ternary ammonium compounds using in this case Dragendorff reagent) [4].

HPLC separation

A Liquochrom Mode 2010 liquid chromatograph equipped with a UV 308 detector
(Factory of Laboratory Instruments Co. Ltd., Budapest, Hungary), a OH-814
recorder (RADELKIS Co., Budapest, Hungary), Digint-180 Integrator (Servintem
Co., Budapest, Hungary) and a 20 pi loop were used.

Formaldemethone was eluted with methanol at a flow-rate of 0.7 cmVmin and
with UV detection (*.=260 nm) using a BST Si-lIO0O-S-C-18 column (250 mm *4 mm
1.D., 10 pm) (BioSeparation Technical Cooperative, Budapest, Hungary) [11].

RESULTS

Table 1 displays the resistance to Fusarium oxysporum f. sp. niveum infections,
known from cultivation experience, of the examined water-melon varieties.

Table 1
The resistance of varieties of water-melon plants to Fusarium oxysporumf. sp. niveum infections from
cultivation experience

Water-melon The order of varieties on the basic of their resistance
varieties to Fusarium

Charleston Resistant

Crimson Resistant

Gomb FU-TO Tolerant

Hevesi FU-TO Tolerant

Szigetcsépi 51 Sensitive

Sugar Baby Sensitive
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The phases of Selye’s stress syndrome model are shown in Fig. 1 [14].

RESISTANCE ALARM RESISTANCE NORMALISATION o1
POTENTIAL PHASE PHASE EXHAUSTION PHASE
Resistance

Fig. I. The phases of Selye’s stress syndrome model

Fig. 2. Amount of HCHO in the parts of water-melon varieties with different resistance levels

Figure 2 demonstrates the amount of HCHO in the parts of water-melon varieties
with different resistance levels. In the case ofwater-melon plants, first ofall the high-
er concentration of NEtrimethyl-L-lysine (TML) and choline is related to the resis-
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Fig. 3. Amount of TML and CHOLINE in the plant tissues of water-melon varieties of
different resistance levels
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tance against Fusarium. The relationships between the amount of the fully N-methy-
lated compounds and the natural disease resistance (to Fusarium oxysporum f. sp.
niveum) of the varieties are shown in the first place by the results ofthe examination
of the root and the resting seeds (Fig. 3).

The effect of Fusarium infection, based on the results of the root examination of
a sensitive water-melon variety (Sugar Baby) can be seen in Fig. 4.

Figure 5 shows the time-dependent concentration changes due to the infection of
a resistant water-melon variety (Charleston).

Figures 4-5 show that an increased level of HCFIO is measurable for both vari-
eties and in all the examined plants parts as soon as 1 or 2 hours after the infection.
The biggest increase can be observed in the roots, that is where the plant is attacked
by the pathogen through the injured surface. After that, from a certain time (e.g. in
the case ofroot from 24 h) the level of measurable HCHO was decreased.

The figures illustrate clearly that in parallel with the increase of FICFIO the level
of some fully N-methylated substances such as choline and TML is decreased in the
aftermath of infection. It is obvious that this decrease of fully N-methylated (quater-
nary ammonium) substances belongs to the alarm phase of the stress syndrome.

Fig. 4. Effect of Fusarium infection on the level of  Fig. 5. Effect of Fusarium infection on the level of
measujred compounds in the root of a sensitive  measured compounds in the root of a resistant
water-melon variety (Sugar Baby) water-melon variety (Charleston)
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2.0+

Time after the infection (h)

Fig. 6. Effect of Fusarium infection on the level of  Fig. 7. Effect of Fusarium infection on the level of
measured compounds in the stem of a sensitive ~ measured compounds in the stem of a resistant
water-melon variety (Sugar Baby) water-melon variety (Charleston)

From a certain time there is a significant increase in the fully N-methylated sub-
stances practically in all plant parts as the aftermath of the normalization process of
the stress syndrome (Figs 4-5). The levels of HCFIO measured on the 4th day after
infection are higher than the original values for the root tissues of both examined
varieties. Flowever, there are differences between the varieties. After the normaliza-
tion process (stabilization phase) the level of FICFIO is similar to its original level in
the Fusarium-tolerant variety, but it is higher in the Fusarium-sensitive variety. The
levels of the TML and choline are higher in the tolerant variety and lower in the
Fusarium-sensitive variety than the original values.

The effects of Fusarium infection, based on the results of the stem examination of
a sensitive water-melon variety (Sugar Baby) can be seen in Fig. 6.

Figure 7 shows the time-dependent concentration changes due to the infection of
a resistant water-melon variety (Charleston).
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DISCUSSION

We identified HCHO in dimedone adduct form by UV spectra and mass spectrome-
try in water-melon plant tissues. At that time we developed an efficient liquid chro-
matographic method (HPLC) for the measurement of HCHO in dimedone adduct
form [11].

It is obvious that there is a given level of HCHO and fully N-methylated sub-
stances in the normal state of plants. The level of these molecules determines partly
the resistance potential (natural disease resistance) ofthe plant tissues. Figure 3 illus-
trates that there is a relationship between the level of fully N-methylated compounds
(as HCHO precursors) measured in young parts of plants and the natural disease
resistance of the various varieties of water-melon. This relationship is especially
attractive in the case of root and resting seed.

Comparison of the starting points of Figures 4-5 and 6-7 shows the differences
between the Fusarium-resistant and -sensitive varieties: The resistant variety is char-
acterized by a higher methylated level in the stressfree condition (homeostasis).

On the basis of the concentration of fully N-methylated compounds, it can be sup-
ported that the disease resistance of the resistant variety was increased, while the
variety sensitive to fungus infection was not able to restore its original methylated
level after the stabilization phase. That conclusion is further supported by the fact
that the infected plants of the Fusarium-sensitive variety are totally destroyed with-
in 2 or 3 weeks, while the resistant variety survives this period.

CONCLUSIONS

1. Infection with Fusarium (biotic stress) decreased the amount of fully N-methy-
lated compounds while the level of endogenous HCHO simultaneously was
increased during the alarm phase of the stress syndrome.

2. The HCHO molecules originating from the methyl groups during the déméthy-
lation processes can take part in reactions which may cover the stress sensitive points
(enzyme proteins, nucleic acids) of the biological system through méthylation.

3. Comparing the concentrations measured in the normalization phase, we found
a dramatic increase of level of fully N-methylated substances in the case of the resis-
tant variety and a significant decrease in the case of the sensitive one.

4. On the basis of our experiments, it seems that the endogenous HCHO and cer-
tain fully N-methylated compounds generally play an important role during stress-
reactions: varieties with a higher methylated level have a potentially higher resis-
tance.

5. As a consequence, we can suppose that the formation mechanism of methyl-
groups or the endogenous transmethylation processes are involved in the phases of
the stress syndrome.
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The effect of heat shock (40 °C) on the formaldehyde cycle has been studied in European Turkey oak
(Quercus cerris L.) acorns germinated to a 10% increase in mass. Hydroxy-methyl groups bonded to sul-
fur, oxygen and nitrogen atoms were made to react with dimedone and the derivative obtained (formalde-
methone), which represented the endogenous formaldehyde level, was determined by high performance
liquid chromatography. Qualitative alterations of methyl donors and acceptors in the response of acorns
to the heat shock have been mapped by MALDI (matrix assisted laser desorption-ionization) mass analy-
sis. In the first experiment the acorns were prevented from withering by wrapping them in aluminium foil
and in the second they were not. The relatively high temperature of the acorns wrapped in aluminium foil
was the dominant stress effect and the role of withering was subsidiary. Alteration of the endogenous
formaldehyde level in the seed-leaves reflected the phases of the stress syndrome. If the withering were
not hindered, two local minima in the alteration of endogenous formaldehyde level were found. First, the
increase in temperature decreased the endogenous formaldehyde level and after a local maximum a
repeated local minimum was observed as a delayed response. It is presumed that the second minimum
was induced by the decreasing water amount becoming more and more significant in the seed-leaves.

Keywords: Formaldehyde - formaldemethone - high performance liquid chromatography - matrix
assisted laser desorption/ionization mass spectromery - heat stress - Quercus cerris L.

INTRODUCTION

Of the forest areas in Hungary 33.3% are oakenshaws. The European Turkey oak
{Quercus cerris L.) accounts for 11.3% of the oak forests since it has a wide ecolog-
ical niche [4]. The oak-trees having economic significance (pedunculate oak, robur
oak, etc.) periodically bear acorns every 2nd to 5th year. Thus, it is an important task
to store the acorns without damaging their quality for growing seedlings as well as
for forest regeneration between two crops. The classification of the stored acorns
demands the development of methods which can supply some information about
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their biological condition. We have investigated endogenous formaldehyde and its
generators as marker compounds for the biological characterization of the stored
and germinating acorns [1]. It has been established that these substances (for exam-
ple: formaldehyde, methylated compounds) reflect the developmental stages and
the characteristic periods of the response given to cold shock [2]. In this work the
quantitative alteration of marker compounds playing a key role in heat shock was
studied.

MATERIALS AND METHODS

Fresh acorns of European Turkey oak (Quercus cerris L.) were gathered from
Hungarian trees (Vitnyéd, Hungary).

After removing the shells of the acoms the seeds, with about 1.27 g/cms density
and no mould growth were picked out for germination. A hundred seeds were half
buried in abed of wet sterile pearlite (P2 pearlite, Baumit Ltd., Hungary). The mass-
es and densities of the imbibing seeds were measured each day. Seeds with approxi-
mately the same density showing about a 10% increase in mass were selected and
divided into two groups. Two experiments were carried out. In one of them the acoms
were wrapped in aluminum foil and in the other not. The acorns with and without alu-
minum foil were put into a drying chamber at 40 °C. After storing the seeds for dif-
ferent times the seedleaves of the acoms were broken into small pieces in the pres-
ence of liquid nitrogen. The 0.25 g masses of powdered seedleaves were suspended
in 0.7 cms methanol containig dimedone in 0.01% concentration. The suspensions
were stored at 22 °C at atmospheric pressure for seven days. The determination of
the endogenous formaldehyde level was based on the separation of the derivative
compound (formaldemethone) originating from the reaction between dimedone and
hydroxy-methyl groups bound to O-, S- and N- atoms [5]. For the chromatographic
separation by HPLC and the MALDI analysis the concentrated methanolic extracts
were diluted with methanol in a ratio 1 : 11.

After dilution with methanol, the supernatant (0.5 pi) was mixed with 0.5 pi
oc-cyano-4-hydroxy cinnamic acid (ACH) matrix (2 mg/cms in 60% methanol/40%
water) directly on the disposable sample slide. The droplet was allowed to dry natu-
rally for MALDI MS analysis. Preparing a sample of the authentic formaldemethone
was carried out by described earlier, but the diluted supernatant was substituted for
the standard solution (2 « 105 M).

Chemicals

The solvents for the separation by HPLC were obtained from Merck Chemical Co.
(Germany) and Reanal Chemical Co. (Hungary). The matrix material, a-cyano-4-
hydroxy cinnamic acid (ACH) for the MALDI analysis and the methyl donor and

acceptor compounds (trigonelline, y-amino-butyric acid betaine and y-amino-butyric
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acid) were bought from Sigma Chemical Co. (USA). Formaldemethone (1,1',3,3'-
tetraketo-5,5,5',5'-tetramethyl-2,2'-dicyclohexylmethane) was prepared for identifi-
cation purposes by adding formaldehyde solution (20 ml of 38% solution) to a solu-
tion of dimedone (5 g) in hot ethanol (30 ml) and water (5 ml). The white precipitate
was filtered and recrystallized from aqueous ethanol, m.p. 191 °C [3]. The suspen-
sion was centrifuged at 1000 g for 10 minutes at 20 °C. The clear supernatants were
used for MALDI analysis, as well as for HPLC separation.

Equipment

The mass spectrometer used in this work was a Finnigan LASERMAT 2000
(Finnigan MAT Ltd., Hemel Hempstead, UK). The HPLC equipment consisted of a
Gynkotek M 480 pump, a TOSOH 6040 UV detector (260 nm), and a Rheodyne
8125 injector with a 20 pi loop. The column used was a ChromSpher C-18 (150 * 4.6
mm; 5 pm). The chromatograms were recorded through an EF 2102 ADDA convert-
er (Elektroflex GM, Szeged, Hungary) by a personal computer. The applied mobile
phase was methanol - 0.01 M HC1 (76 : 24, v/v; pH = 2.63) [1].

RESULTS
The endogenous formaldehyde levels versus the duration of the heat effect (40 °C)

are depicted in Fig. 1in the case of acoms without their shells as well as for acoms
peeled and wrapped in aluminum foil.

Fig. 1. The alteration of endogenous formaldehyde level in germinated acoms during the heat shock
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The results of the two investigated groups differ from each other. The endogenous
formaldehyde level of wrapped acorns shows only one minimum (D) while the sec-
ond has two local minima (A, C). There is also a considerable difference in the
formaldehyde contents of the resistance range. The MALDI spectra in Fig. 2, belong-

Germinated acorns without their shells

Germinated acorns without their shels

Tim« oT h«M «hoch : 30 r Tim« of beat stock : 120 min
€ 9
70
60
a2 | jsolslzl
100 150 200 250 300 350 400 450 500 600 100 150 200 250 300 350 400 450 500 600
Maas / chare« number (mI®) Masa / charge number (m/j)

Germinated acorns wrapped into aluminium foil

Fig. 2 MALDI spectra of the extracts from germinated acorns exposed to the heat shock
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ing to the characteristic stages of the heat shock response, indicate various com-
pounds extracted from acorn seedleaves in the small molecular mass range
(0-650 D).

It can be seen that there are significant differences in the signal intensities and con-
stituents of the spectra. Among the signals the one at m/z 104 (molecular mass/charge
number value), which can be found in all spectra, derives from y-amino-butyric acid.
The signal unidentified up till now at m/z ss appears in the control state but not in
the other spectra. This was also experienced in the cold shock investigation in one of
our earlier works [2].

The other signals in the spectra are also unidentified and alterations and relations
among them have not yet been found.

DISCUSSION

Germinated acorns without their shells respond to heat shock by an alarm phase hav-
ing two local minima (A-C) and nearly double the amount of endogenous formalde-
hyde in the resistance range than that of the control acorns. After removing the acorn
shells and soaking, some acoms were wrapped in aluminum foil so as to model the
role of the shell in stress condition. The heat shock responses of the wrapped acoms
and the ones without shells are different from each other. The wrapped acoms is char-
acterized by only one local minimum (D) and, although, they have also a higher
endogenous formaldehyde level than the control ones, their values are lower than
those of the acoms without shells.

When shells are removed it is supposed that the two local minima are the result of
increasing the temperature and, afterwards, the withering which becomes more and
more significant during the stress effect.

The heat shock response shown in the endogenous formaldehyde level is reflect-
ed also in the MALDI spectra.

The signal intensities of MALDI spectra belonging to the various stress phases
differ from each other significantly. The compound (m/z ss), which has not been
identified yet and which is present in the germinating acoms, disappears after the
heat shock. A high amount of y-amino-butyric acid (m/z 104) is associated with low
endogenous formaldehyde levels (A-C-D) while high formaldehyde levels involve
small y-amino-butyric acid signals (B-E).
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Acorns of Quercus cerris L., after saturation with water and storage at-20 °C, were studied for changes
in their contents of endogenous formaldehyde and its potential precursor and generator compounds. For
the measurement of formaldehyde, after conversion to formaldemethone and some methyl acceptor and
donor substances, high performance liquid chromatography (HPLC) were used. First, the amount of
formaldehyde was drastically decreased. Having reached a minimum value within three to five days of
the beginning of low temperature storage, a higher steady-state than the control acorns was recorded.

Trigonelline and y-amino-butyric acid in seedleaf extracts were identified by matrix assisted laser des-
orption-ionization mass spectrometry (MALDI-MS).

Keywords: Formaldehyde - formaldemethone - high performance liquid chromatography - matrix
assisted laser desorption/ionization mass spectrometry - Quercus cerris L.

INTRODUCTION

Methyl groups linked to O-, S- and N-atoms, after oxidation into hydroxy-methyl
groups, are involved via formaldehyde, in enzymatic transmethylation of S-adeno-
syl-L-methionine (SAM) [4, 5, 9]. The rate of these transformations is significantly
altered when enviromental conditions alter. Such changes can be attributed to stress
in both animal and plant species.

The endogenous formaldehyde level in virus-infected tobacco leaves (biotic
stress) has been shown to increase considerably [7]. The extract from tobacco leaves
in the early stage of the infection in the presence of L-methionine and SAM indicat-
ed increased demethylase activity [2].

A strong correlation also exists between external temperatures and the amount of
measurable formaldehyde in Pinto bean leaf tissues [s]. Moreover, high levels were
detected after heat shock treatment of the leaves, which led to the levels of three
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potential formaldehyde generators (trigonelline, choline and laminine) being
decreased moderately. The higher activities of demethylase at elevated temperatures,
including heat shock, is the cause of higher amounts of formaldehyde being detect-
ed (abiotic stress) [3].

On the basis of the citations mentioned above it was assumed that the formalde-
hyde cycle of germinating acoms from the European Turkey oak (Quercus cerris L.)
would show sensitive responses to stress effects.

Based on knowledge of the formaldehyde levels of European Turkey oak
seedlings in their early stages of development [1], we have studied the changes in the
formaldehyde contents ofthe seedleaves after the acoms had absorbed water to about
10% of their original mass and exposure to a temperature o f-20 °C. These changes
have been tracked by HPLC and both the methyl donor and acceptor compounds
associated with the cold shock have been mapped by MALDI-MS.

MATERIALS AND METHODS

Fresh acoms of the European Turkey oak were gathered from Hungarian trees
(Vitnyéd, Hungary).

After removing the shells, seeds with a density of about 1.27 g/cms and shown no
signs of fungal attack were picked out for germination. A hundred seeds, standing
upwards, were planted into a wet, sterile pearlite (P2 pearlite, Baumit Ltd., Hungary)
bed as far as their half volumes. The masses and densities of the planted seeds were
measured daily. Seeds of similar density, showing an increase in weight of about
10%, were wrapped in aluminum foil and put into a refrigerator set at 20 °C. After
storing the seeds for different times, the seedleaves were powdered in liquid nitro-
gen. The powder (0.25 g) was suspended in 0.7 cms 0f 0.01% dimedone solution in
methanol and stored at 22 °C at atmospheric pressure for seven days. Determination
of the endogenous formaldehyde level was based on the separation of the derivative
compound (formaldemethone) originating from the reaction between dimedone and
hydroxy-methyl groups bound to 0-, S- and N- atoms [10]. For HPLC separation and
MALDI-MS analysis the concentrated methanolic extracts were diluted with
methanol ¢« : 11).

After dilution the supernatant (0.5 pi) was mixed with 0.5 pi a-cyano-4-hydroxy
cinnamic acid (ACH) matrix (2 mg/cms in 60% methanol/40% water) directly on the
disposable sample slide. The droplet was allowed to dry naturally for MALDI MS
analysis.

Chemicals
The HPLC solvents were obtained from Merck Chemical Co. (Germany) and Reanal
Chemical Co. (Hungary). The matrix material, a-cyano-4-hydroxy cinnamic acid

(ACH) for the MALDI analysis and the methyl donor and acceptor compounds
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(trigonelline, y-amino-butyric acid) were bought from Sigma Chemical Co. (USA).
Formaldemethone (1 .ran'-tetraketo-S.S.S'M-tetramethyl~™'-dicyclohexyl-
methane) for identification purposes, was prepared by adding formaldehyde solution
(20 ml of 38% solution) to a solution of dimedone (5 g) in hot ethanol (30 ml) and
water (5 ml). The white precipitate was filtered and recrystallized from aqueous
ethanol, m.p. 191 °C [s]. The suspension was centrifugated at 1000 g for 10 minutes
at 20 °C. The clear supernatants were used for MALDI analysis, as well as for HPLC
separation.

EQUIPMENT

The mass spectrometer used was a Finnigan LASERMAT 2000 (Finnigan MAT Ltd.,
Hemel Hempstead, UK). The HPLC equipment consisted of a Gynkotek M 480
pump, a TOSOH 6040 UV detector (260 nm), a Rheodyne 8125 injector with a 20 pi
loop. The column used was ChromSpher C-18 (150 x 4.6 mm; 5 pm). The chro-
matograms were recorded through an EF 2102 ADDA converter (Elektroflex GM,
Szeged, Hungary) by a personal computer. The applied mobile phase was methanol
- 0.01 M HC1 (76 : 24, viv; pH = 2.63).

RESULTS

For determination of endogenous formaldehyde levels of seedleaf extracts, the chro-
matogram of a typical separation is shown in Fig. 1 The chromatogram depicted
with the peak of authentic formaldemethone indicates that the formaldemethone sig-

417.7

(mv)
- 432 .
mv) Stationary phase: Chrompack
r. ChromSpher C18(150 * 4.6 mm ; 5 u)
1 i Eluent: 77 * MeOH ¢23 % 0.01 MHC
1j Wavelength: 260 nm
1 354 .
\ l . Flow rate: 1 ml/min
161.5
\ Seedleaf 276
V extract 43 | 4
/ J. 275.« sec
A Formaldemethone
Standard / \ 275.07 sec
94.7
00 18 36 5.3 71 (min)

Fig. 1. A typical HPLC chromatogram of seedleaf extracts
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nal in the sample appears as a single peak without overlapping. This made the repro-
duction of serial separations possible.

The endogenous formaldehyde contents, with their confidence intervals
(P = 0.05), of the seedleaves stored for different times at -20 °C are depicted in
Fig. 2. The amount of formaldehyde was drastically decreased for the first three
hours. However, having reached a minimum value within three to five days of the
beginning of low temperature storage, a higher steady-state than the control acorns
was recorded.

0 1 2 3 4 5 12 24 48 72 96 120 144 168

Fig. 2. The alteration of endogenous formaldehyde in germinating acoms stored at low temperature (-20 °C)

The MALDI spectra of the extracts of frozen acorns exhibited significant differ-
ences between the control and alarm phases. The spectra of the resistance range have
been shown to be very similar to those of the alarm phase.

y-amino-butyric acid, identified as a methyl acceptor compound, and trigonelline
as a methyl donor, were present in all samples. The intensities of their signals did not
differ significantly from each other.

The MALDI spectra of control and alarm phases can be seen in Fig. 3. The spec-
trum belonging to the control state contains two characteristic peaks at m/z ss and
153 which are absent from the spectrum of the seedleaves subjected to cold shock.
However, the latter contains a signal, of high intesity, at m/z 130. The identification
of these three substances is progress. It is hypothetisised that the compound at m/z
se IS a methyl acceptor substance whose methylated and hydroxyl-methylated deriv-
atives are responsible for the compound with m/z 130. If this supposition was suc-
cessfully proved then it would show that the acoms can respond to cold shock by
methylating compounds with a small molecule mass.
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Fig. 3. The MALDI spectra of germinating acorns under control and cold shock conditions.
(3a - control; 3b - alarm phase, time of stress effect: two hours)

DISCUSSION

The formaldehyde cycle in seedleaf tissue of germinating acorns can react to low-
temperature stress in a short time. The change in formaldehyde content after cold
shock follows the phases of the stress syndrome. It is possible to infer that the altera-
tion of resistance potential from the measured values belongs to the stress phases. It
has been shown that MALDI analysis can give a comprehensive picture of small
molecular weight compounds and that this analytical technique is of value in show-
ing changes brought about by stress.
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The effect of mercury accumulation on the formaldehyde cycle of different pig tissues resulted by a sin-
gle dose of mercury (0.4 mg mercury in Hg(ll)-chloride form, 500 kBq Hg-203/animal) has been stud-
ied. Daily mercury excretion was tracked, and having reached the steady-state mercury level of the body
(10th day), samples were taken from the liver, kidney and muscle (musculus longissimus dorsi). After
reaction with dimedone the endogenous formaldehyde levels in the samples were measured by high per-
formance liquid chromatography.

Our results show that the endogenous formaldehyde level decreased by more than 50% in the liver
and the kidney, where the average mercury accumulation was the highest (1017 Bqg/100 g and 625
Bq/100 g, respectively). In contrast, the muscle tissues, with a low mercury level (139 Bqg/100 g),
responded to the stress effect by about a 30% increase in their endogenous formaldehyde level.

Keywords: Mercury accumulation - formaldehyde - stress - pig

INTRODUCTION

The mercury level of feed supplements (e.g. fish meal) used in pig feed can reach 2
mg/kg [3], part of which accumulates in the organs of the animals. The amount accu-
mulated varies from 0.01 to 0.1 mg/kg, depending on the organ [7].

It is well known that mercury forms coordination complexes with compounds,
including those with sulphur atoms [5], and thus changes their biological activities.
A number of compounds containing sulphur take part in the formaldehyde cycle of
cells. Of these compounds S-adenosyl-L-methionine (SAM) has a key role in trans-
methylation [2]. The mercury attached to thiol groups (-SH) can decrease the amount
of methyl acceptor compounds, which will influence both the intensity and the direc-
tion of methylation-demethylation processes.
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The effect on the formaldehyde cycles of various organs has been studied result-
ing from the addition of a single dose of mercury.

For the optimalization of the single mercury dose, two aspects were taken into
consideration. The first was not to overdose the animals. The tolerable weekly rate
for mercury intake for humans set by the WHO is 0.3 mg. On the other hand, the dose
given had to lead to a significant increase in the mercury content of the tissues. As a
result, the dose chosen was 0.4 mg mercury.

For establishing the additionally accumulated amount of mercury excretional
investigations were carried out and alterations in endogenous formaldehyde levels in
some tissues were studied. The additional accumulated mercury was tracked using a
radiometric analytical technique which was sensitive to the mercury intake, excretion
and additional accumulation.

Endogenous formaldehyde levels in different tissues were measured as the deriv-
ative compound, formaldemethone, which originates from the reaction of dimedone
with hydroxy-methyl groups bound to O-, N- and S-atoms [¢]. The separation of
formaldemethone from extracts of pig tissues was achieved by high performance lig-
uid chromatography (HPLC) [1].

MATERIAL AND METHODS

The experiment was carried out on ¢ male Hungarian Large White x Pietrain pigs
(16-18 kg body weight). The animals were housed in cages with variable basic areas
which made it possible to collect separately faeces and urine. The animals were fed
ad libitum with MT-10 standard diet produced by Dél-Dunantili Grain Co. (Pécs,
Hungary) and consumed common tap water ad libitum. The animals were divided
into two groups each of three animals. After a three day acclimatization period, the
control (Group 1) and trial groups (Group IlI) consumed 0 and 500 kBq activity
(0.4 mg of mercury content) contaminating substance, respectively, in one dose. The
contaminating substance was mercury(H)-chloride labelled with 208Hg isotope (half-
life: Tv2 = 46.8 d; y-energy: Emax= 279 keV).

The specific activity of faeces and urine were measured daily, and thus the mer-
cury excretion was followed.

The nuclear measuring system consisted of the following units: ND-321 measur-
ing head equipped with a scintillation detecting crystal in a NZ-138 measuring set
(GAMMA Co., Hungary) and a NK-370 adapter (GAMMA Co., Hungary), which
includes a 256-channel amplitude-analyzer and a personal computer. In order that the
radioactive decay should not affect the results, the specific activities measured have
been calculated from the time of mercury intake (so-called zero time).

Within 10 days of the mercury intake the daily mercury excretion had decreased
to below the detectable level and at this stage samples were taken from the liver, kid-
ney and muscle (musculus longissimus dorsi). The specific activity and formalde-
hyde level of the samples were measured.
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Sample preparation

Samples (0.25 g) were suspended in 1 ml 0.01% dimedone in methanol and stored at
22 °C at atmospheric pressure. After seven days the formaldehyde content of the sus-
pensions was determined by High Performance Liquid Chromatography (HPLC).

The HPLC equipment consisted of a Gynkotek M 480 pump, a TOSOH 6040 UV
detector (260 nm), and a Rheodyne 8125 injector with a 20 pi loop. A ChromSpher
C-18 (150 X4.6 mm; 5 pm) column was used. The chromatograms were recorded
through an EF 2102 ADDA converter (Elektroflex GM, Szeged, Hungary) by a per-
sonal computer. The applied mobile phase was methanol - 0.01 M HCL1 (76 : 24, vlv;
pH = 2.63) at 1 ml/min flow rate. The injected amount was 20 pL.

RESULTS AND DISCUSSION

The cumulative excretion curve (Fig. 1) shows that more mercury was excreted via
faeces than urine. The maximum daily excretion was recorded on the second day
after intake, and the majority occurred during the first 5 days. O fthe mercury ingest-
ed, 70% was excreted during the first 10 days. The excretion curve could be charac-
terized by an exponential curve. The highest accumulation of mercury was in the
liver followed by the kidney and muscle (Table 1). This is in accordance with our for-
mer experiments [4].

days

Fig. 1. The cumulative excretion of Hg-203 in Group I
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Table 1
The relative Hg-203 activity and concentration of pig organs

Liver Kidney Muscle
kBa/kg ga’kg kBa/kg go/kg kBa/kg ga/kg
Group Il X 10.17 8.14 6.25 5.0 1.39 111
SD 2.68 2.14 0.90 0.72 0.26 021
Table 2

The formaldehyde level of pig tissues

Content of formaldehyde (mg/100 g)

liver kidney muscle
X 1.180" 0.875" 0.624"
Group |
SD 0.017 0.028 0.012
"X 0.698b 0.397b 0.817h
Group 11
SD 0.027 0.003 0.005

In the same column, figures followed by different letters are significantly different (P < 0.05)

The formaldehyde level of each tissue altered significantly as a result of the addi-
tional mercury intake, although the nature of the changes has not yet been interpre-
tated (Table 2). While the formaldehyde concentrations in the liver and kidney
decreased by half, increases were observed in the muscle.

Ofthe inorganic mercury ingested, 70% was excreted during the first ten days, the
majority via faeces. The 0.4 mg additional mercury intake, as a stress factor, caused
significant alteration in the endogenous formaldehyde levels of the liver, kidney and
muscle. The direction and extent of the alteration presumably depends on the amount
of mercury accumulated. The applied analytical process proved to be competent to
indicate the abiotic stress effect caused by mercury.
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Changes in the level of endogenous formaldehyde (HCHO) and some N-methylated compounds were
investigated in the leaves of snap bean (Phaseolus vulgaris L.) during ontogenesis. In addition, the activ-
ity and isozyme pattern of peroxidase enzymes were also examined. HCHO, as dimedone adduct, and
fully N-methylated compounds were determined by overpressured layer chromatography in different
development stages of snap bean plant. Peroxidase activities were measured by spectrophotometry and
isozyme patterns were examined by isoelectric focusing. HCHO level decreased until blooming with
aging of the plant being the highest in the youngest leaves all the time, but then increased again in old
leaftissues. At the same time the concentration of choline and trigonelline as potential HCHO generators
(marker molecules or gene products) decreased considerably while peroxidase activity increased with
aging of plants.

Keywords: Déméthylation - fully N-methylated compounds - méthylation - ontogenesis - peroxidase
activity - snap bean

INTRODUCTION

According to earlier reports, formaldehyde (HCHO) can be found in human bodies
[19] and animals [s] as well as in plant tissues [21].

The endogenous HCHO can be produced by both méthylation and déméthylation
processes catalyzed by demethylases and peroxidases [9, 10, 12].

Since the endogenous transmethylation processes occur via HCHO [9], this com-
pound can be considered as one of the basic constituents of biological systems.
Analysis of different plant samples has shown that a correlation exists between the
amount of endogenous HCHO and the amount of endogenous fully N-methylated
compounds and the natural disease resistance and/or stress tolerance of the given
plant [14, 16, 17].
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Peroxidases play roles not only in déméthylation processes but they are indicators
of different stress reactions and they are important in the identification of different
genotypes [1,4]. Attempts have been made to use leafperoxidase activity as a mark-
er of ontogenetic age of plant, too [13].

In our previous studies relationships have been found between the amount of qua-
ternary ammonium compounds (choline, trigonelline) and the biotic stress tolerance
of some varieties of snap bean having known resistance genes. Pseudomonas,
Colletotrichum and virus resistant varieties especially in their young trifoliates have
higher concentrations of these quaternary ammonium compounds than other geno-
types [17].

The differentiation of various developmental stages (primary leaf-trifoliate leaf) is
particularly important with regard to the stress response of plants. It is a well known
phenomenon that plants at different developmental stages show different reactions to
pathogen infections. In Phaseolus vulgaris L. - Pseudomonas syringae pv. phaseoli-
cola host - pathogen relationship the primordial leaf is sensitive to the pathogen in
spite of the presence of the recessive plr resistance gene [18].

The aim of this study was to reveal relationships between the amount of HCHO,
some quaternary ammonium compounds (choline, trigonelline) and the activity and
isozyme patterns of peroxidase enzymes in primary and trifoliate leaves of snap bean
at different developmental stages.

MATERIALS AND METHODS

The snap bean plants were cultivated in commercial compost in a greenhouse. Leaf
samples were collected at different phenophases, following the stages of ontogenesis
from the semideveloped primary leaf stage to the appearance of young pods
(Table 1). In our experiments we have studied the seed-leaf, the different develop-
mental stages of primary leaves (the leaf primordium, half grown, fully developed)
and the leaf primordium of the first trifoliate leaf, too.

Preparation ofplant samplesfor chromatographic analyses

Leaf tissues were frozen with liquid nitrogen, powdered and suspended in dimedone
solution (0.05% dimedone in methanol) (e.g. 0.25 g plant powder/0.7 ml of 0.05%
dimedone solution). This suspension was centrifuged at 1500 g for 10 minutes at
4 °C. The clear supernatants were used to overpressured layer chromatographic
(OPLC) [7] and HPLC separations [15].

OPLC separation

OPLC separations were carried out on OPLC silica gel 80 F 254 precoated chro-
matoplates using a chloroform-methylenechloride mixture (35 : 65, V/V) for formal-
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demethone determination and an i-propanol-methanol-0.1 M sodium acetate mixture
(20 :3:30, V/V) for quaternary ammonium compounds. Calibration curves were
made by means of authentic substances (at X= 265 nm for formaldemethone and at
X =525 nm for quaternary ammonium compounds which were detected by Dragen-
dorff reagent) [7].

The separations were carried out with OPLC chromatograph (developed by
OPLC-NIT Co., Ltd., Budapest, Hungary). Densitograms were taken with a
Shimadzu CS-930 scanner (Shimadzu Co., Kyoto, Japan). Samples were applied
with a NANOMAT sample applicator (CAMAG Co., Muttenz, Switzerland).

HPLC separation

Separations were carried out with a Liquochrom Mode 2010 liquid chromatograph
equipped with UV 308 detector (Factory of Laboratory Instruments Co. Ltd.,
Budapest, Hungary), OH-814 recorder (RADELKIS Co., Budapest, Hungary),
Digint-180 Integrator (Servintem Co., Budapest, Hungary) and a 20 pi loop.

Formaldemethone was the eluted with methanol at a flow-rate of 0.7 cm3min
using a BST Si-I00-S-C-18 column (250 mm x4 mm 1.D., 10 pm) (BioSeparation
Technical Cooperative, Budapest, Hungary) and determined with UV spectropho-
tometry (3, =260 nm) [15].

Sample preparationfor isoelectricfocusing

Leaves (1 g) were homogenized in 1 ml ice cold 20 mM Tris-HCI extraction buffer
(pH = 7.8), containing 0.2 mg/ml MgCIl2, 10 mg/ml polyvinylpyrrolidone, 200
mg/ml sucrose, 3.4 mg/ml potassium metabisulfite, 0.35 mg/ml bovine albumin, 100
mg/ml Triton X-100. The crude extracts were centrifuged with 1500 g at 4 °C for 15
minutes and the supernatants were analyzed.

Isoelectric focusing was carried out on a PhastSystem (LKB-Pharmacia, Sweden).
In order to develop pH gradient (pH 3-9) ready-made gels were prerun by 2.5 mA at
10 °C, for 75 Vh, and crude extracts of samples were applied onto the acidic (pH 4.5)
end of the gel and run by 2.5 mA at 10 °C, for 700 Vh. Gels were stained for perox-
idase activity with o-dianisidine [20]. Dry gels were evaluated by Image Master den-
sitometer (Sharp JX-330).

The total peroxidase activity (U/ml) was measured by a spectrophotometric
method at A= 460 nm (by a Varian DMS 100 UV-Visible Spectrophotometer) [3].

RESULTS

We have determined the concentration of HCHO and some quaternary ammonium
compounds and the activity of peroxidase enzymes in the seed leaf, primary leaves
and trifoliates in different developmental stages of snap bean plant (Table 1).
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Table 1

Leaf samples were collected at different phenophases, following stages of ontogenesis from the semi-
developed primary leaf stage to the appearance of young pods

Ageing of plant

Phenophases 1 1 in v \Y% \Y/
. middle developed, developed, the oldest,
Primary leaves developed .
developed young old yellowing
First trifoliates middle developed, developed developed,
developed young old
Second trifoliates the youngest developed, developed
young
Third trifoliates the voungest developed,
(blooming) young young
- the
Foudrth trifoliate the youngest  youngest,
(pods) upper leaf
Pods the youngest . cm long

Figure 1shows the concentration of HCHO measured in the primary and trifoliate
leaf tissues of different ages. These results clearly show that the amount of endoge-
nous HCHO decreased with aging of plant tissues until blooming, but increased
again in old leaf tissues of old plants. The relatively high level of HCHO can be pro-
duced by déméthylation processes of the methylated substances catalyzed by perox-
idases and/or demethylases in the old leaf tissues of old plants.

Figures 2 and 3 summarize the changes of the concentration of trigonelline and
choline in different phenophases in the snap bean leaves. The figures clearly show
that in parallel with the development of leaf and/or the aging of plants the concen-
tration of trigonelline, choline was decreased.

In parallel with the determination of endogenous fully N-methylated compounds
peroxidase activity was also analyzed in the same samples. Figure 4 shows the rela-
tionship between the level of fully N-methylated compounds and the activity of per-
oxidase enzymes in a given developmental stage. The peroxidase activity was
increased with the ageing of leaves, reversely the concentrations of choline and
trigonelline were decreased from the youngest leaves to the oldest ones in a given
developmental stage of the plant. The same tendencies were observed during the
senescence of a given leaf, too. A possible explanation for these result is that the
méthylation processes are more intensive in the rapidly proliferating cells (semi-
developed and the youngest leaves).
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Fig. 5. The peroxidase isozyme patterns (1 - seed leaf, 2 - leaf primordium of primary leaf, 3 - primary
leaf half grown, 4 - primary leaf fully developed, 5 - leaf primordium of the first trifoliate)

Considerable differences could be indicated in the peroxidase isozyme patterns in
the various phenological phases of ontogenesis. We have found well-detectable per-
oxidase isozyme bands in the basic pH range but there were differences both in num-
ber of bands and isozymes activities during the development of bean plants (Fig. 5).

At the seed leaf stage we obtained four isozyme bands (Fig. 5, band 1). and at the
next stage of development only one fraction could be seen. Results of isozyme activ-
ity indicated that with the ageing of the plant the activity of isozymes increased in
the primary leaves (Fig. 5, bands 2, 3, 4) but at the trifoliate stage (Fig. 5, band 5) the
activity was lower.

DISCUSSION

The high level of HCHO in young leaf tissues observed in our studies appeared to
originate from méthylation processes [24]. The level of choline and trigonelline
decreased with ageing of the plant and during the development of a leaf. The content
of HCHO also decreased with ageing of bean plants [s ], but increased again in old
leaftissues of old plants The relatively high level of HCHO in old tissues can be orig-
inated from déméthylation processes of the methylated substances catalyzed by per-
oxidases and/or demethylases. It is known that peroxidase enzymes participate in
hidrogén peroxide-dependent déméthylation processes [5]. It is supposed that the ele-
vated peroxidase activity observed in old tissues contributed to the accumulation of
HCHO in these tissues.

The phenophase dependence of relative peroxidase activities in snap bean plants
shows a continuous decrease in activities from old leaves to younger ones [s].
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A possible explanation for the observed time dependence of HCHO concentration
is that in young proliferating cells méthylation processes are dominant over déméthy-
lation [24] while in the old leaves the oxidative déméthylation - in which beside
demethylases, peroxidases play crucial role - overwhelms méthylation [24].

The decrease of fully N-methylated compounds during ontogenesis as well as an
increase in peroxidase activity support the idea that not only demethylases but per-
oxidases can be involved in oxidative déméthylation [11].

It could be concluded that peroxidase activities and level of fully N-methylated
compounds showed close connection with plant development and its senescence
stage. The increase of peroxidase activity which is in connection with development
of primary leaves showed similar tendencies with the changes of peroxidase activi-
ties measured in plants having leaves of different ages and stages of development.
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The influence of cadmium chloride and/or high temperature on the level of selected parameters were
examined in both medium and mycelium of some Basidiomycetes belonging to white-rot fungi:
Abortiporus biennis, Trametes versicolor and Cerrena unicolor. We investigated changes in the
formaldehyde (FA) level and in the level of superoxide radical anions (SR). Accordingly, the capacity of
three enzymes was also studied: two enzymes of the cellular antioxidative system - superoxide dismu-
tase (SOD; EC 1.15.1.1), and catalase (CAT; EC 1.11.1.), and laccase (LAC; EC 1.10.3.2) - the main
lignin-modifying enzyme, which is produced by white-rot fungi. During the first 24 hours after applica-
tion of separate stressors, or jointly with two stressors to 10-day-old cultivation, changes in all selected
parameters were observed. Moreover, we found significant changes in the levels of extracellular SR, FA
and extra- and intracellular activity of LAC. Simultaneous action of two stressors in the fungal cultures
decreased the extracellular LAC level, intracellular CAT activity and the level of SR in the medium com-
pared to the control values, while using the two stress factors separately would strongly make these val-
ues increase. Stressful conditions brought a rapid increase in the level of FA in all fungal species. The
results of our study, carried out on selected strains of Basidiomycetes, seem to have shown that: (1) LAC,
the lignin-modifying enzyme, may have an important application in fungal stress response, and take part
in the cross-protection between responses to heat shock and cadmium resistance; (- ) the oxidative burst
as a result of cadmium and high temperature treatment is an additional factor to damage fungal cells;
(3) FA may be a determining factor in the phases of fungal stress syndrome.

Keywords: Basidiomycetes - cadmium - heat shock - cross-protection - formaldehyde

INTRODUCTION

In response to various stressors, a complex of cellular adaptations commonly called
“stress response” is triggered so as to assure the survival of fungi [3, 23, 30].
Different stress conditions may prompt a general stress response by creating the same
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SR - superoxide radicals.
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intracellular signals, such as: abnormal and denatured proteins [9, 18], internal acid-
ification [27], alterations in cytoskeletal structures [s], changes in the level of intra-
cellular cyclic AMP [7, 28], or overproduction of reactive oxygen species [5, 29].

Based upon the recent literature, production of formaldehyde from its potential
generators can also be considered as an initial response. Endogenous N-, S- and O-
methylated substances are potential formaldehyde generators in enzymatic déméthy-
lation [15] and transmethylation processes [16]. The measurable level of formalde-
hyde was dramatically elevated as a result of disease stress, e.g. in infected tobacco
leaves [s] or in Citrullus vulgaris after a nonlethal infection with Fusarium oxyspo-
rum [31]. The same result was found in the case of changes in temperature, or after
application of different exogenous substances, e.g. in pinto bean leaves after heat
shock, or in Quercus cerris after cold shock treatment [2, 32]. As a result of the
action of these biotic and abiotic stress factors, levels of potential formaldehyde gen-
erators were considerably decreased [33].

MATERIALS AND METHODS

Fungal material and growth conditions

Abortiporus biennis (Bull, ex Fr), Cerrena unicolor (Bull, ex Fr) and Trametes ver-
sicolor (L. ex Fr) Pil. were obtained from the culture collection of the Department of
Biochemistry, University of Lublin, Poland. Selected strains were incubated at 25 °C
for 10 days in 25 ml Erlenmayer flasks containing 10 ml medium according to
Lindeberg (for A. biennis and C. unicolor) or Fahreus (for T. versicolor) [10, 21].
After that time they were treated with either separate stressors [cadmium chloride
(CdClz2 x 2.5 H20) and/or high temperature], or jointly with both. The temperature
and concentration of CdCl. were established experimentally for each kind of fungus
on the basis of extracellular laccase activity, the main lignin-modifying enzyme. The
following values were obtained: for A. biennis 10 mg L1 CdCl2 and/or 90 min at 55
°C; for C. unicolor 25 mg L1 CdClz and/or 90 min at 45 °C; and for T. versicolor 25
mg L1 CdCL and/or 60 min at 45 °C [12, 24]. After treatment with the stressors the
cultures were kept for five days.

Preparation ofthe myceliumfor all determinations

The mycelia from three vials (1 g wet weight) were harvested and homogenized at a
low temperature in a motor-driven Potter’s homogenizer, in 2 ml of 0.005 M Na-
phosphate buffer pH 7.0. The homogenates were then centrifuged for 10 min
(10 000 g at 4 °C) and the clear supernatant fluids obtained were used for enzyme
activity detennination and as superoxide radical sources.
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Determination ofprotein, superoxide radicals and formaldehyde

Protein determinations were performed according to the dye-binding method of
Bradford using bovine serum albumin as a standard [4]. Relative concentrations of
the superoxide radicals (SR) were assessed spectrophotometrically in the alkaline
medium by detection of the superoxide-dependent formation of formazone from
nitrotetrazolium blue (NBT). The reaction was carried out in 3 ml 0.05 M NaOH con-
taining 0.5 [tM NBT and 0.1 ml of sample. After incubation at 25 °C for 30 minutes,
the absorbance was monitored at 560 nm. In the above-mentioned conditions the pre-
cipitation of dark-blue formazone was avoided. The level of formaldehyde (FA) was
determined using the 4-amino-3-hydrazino-5-mercapto-1,2,4-triazol method of
MERCK (Darmstadt, Germany).

Enzyme assays

Laccase (LAC) activity was measured spectrophotometrically with syringaldazine
(2.5 |iM) as a substrate using 0.1 M citrate-phosphate buffer pH 5.2 [20]. The activ-
ity of superoxide dismutase (SOD) was calculated on a percentage basis by the
autoxidation inhibition of pyrogallol (one unit = 50% inhibition) [25]. Briefly,
0.1-0.2 ml of each sample was mixed with 0.1 ml 5 mM pyrogallol and adjusted to
a final volume of 3 ml with 50 mM Tris-HCI buffer (pH 8.5), containing 0.1 mM
EDTA. The autoxidation rate of pyrogallol was measured as absorbance changes at
320 nm. The catalase activity (CAT) was examined by the modified Aebi method [1],
by monitoring the disappearance of H20 2 at 240 nm. Samples (0.01-0.02 ml) were
mixed for a short time with 0.1 M Na-citrate buffer (pH 5.2) containing 3 |iM H20 2.

RESULTS

Having measured the activity of the extracellular LAC during the first five days
(Fig. 1), we found that treating with both stress factors alone distinctly increased the
LAC activity, while simultaneous treatment with both stressors made its level
decrease almost to the control value. This was particularly noticeable in the medium
of C. unicolor and T. versicolor. Meanwhile in the mycelium of all the studied strains
we observed an increase in the level of intracellular LAC after the onset of stress.

During the first 24 hours following the shock treatment, we noted an increased
level of SR as compared to the control values in the medium and that of all the exam-
ined strains (Fig. 2). When using the two stress factors jointly, we observed a
decrease in the level of SR in the medium, to a value almost similar to that of the
control.

Increased activities of both SOD and CAT were found after application of CdCl2
and/or high temperature, except that the supply of CdClz to A. biennis strain decreased
the activity of intracellular SOD (Fig. 3). After using the two stressors jointly on
A. biennis and C. unicolor, slight inductions of activities of CAT were established.
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Fig. 1 Changes in laccase activity (nkat/mg of protein) in the mycelium and medium after stress
influence (CdCl. and/or high temperature) on :0-day-old cultures
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Fig. 2. Level of superoxide radicals in the mycelium and medium after stress influence (CdCl. and/or
high temperature) on 10-day-old cultures of Basidiomycetes
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Fig. 3. Intracellular activities of superoxide dismutase (SOD; U/mg of protein) and intracellular catalase
(CAT; jrkat/mg of protein) after stress influence (CdCl. and/or high temperature) on 10-day-old cultures
of Basidiomycetes
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Abortiporus biennis

Trametes versicolor

Cerrena unicolor

Fig. 4. Level of intracellular formaldehyde (pmol/mg of protein) after stress influence (CdCl. and/or high
temperature) on 10-day-old cultures of Basidiomycetes
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Stressful conditions caused a rapid increase in the FA level of all the fungal species
(Fig. 4). The observed changes occurred during the first 24 hours following the treat-
ment with high temperature and CdCl2 separately. FA production under stressful con-
ditions was several times higher in comparison with the control cultures. After using
these two stress factors jointly, we also observed a rapid increase in the FA level.

DISCUSSION

The results of our investigation suggested a link between the activities of LAC, CAT
and SOD, and the relative SR and FA levels in fungal cultures as a response to a sin-
gle stress condition, such as the addition of abundant Cd2+or subjection to high tem-
perature. It was also observed that the simultaneous action of both stressors signifi-
cantly changed the resultant levels of tested biochemical parameters. There was a
decrease in LAC activity and SR level in the culture medium of all three investigat-
ed fungal strains during the 5 days following the simultaneous application of both
stress factors. Moreover, the level of CAT activity was changed drastically when
determined in the mycelium of A. biennis and C. uhicolor after twenty hours of stress
duration, yet when both stressors were applied the activity of CAT fell to that of the
control.

Contrary to the examined enzymes, the level of FA increased as soon as the stress
was initiated and showed a tendency to accumulate in the mycelium of the cultures.
The same tendency was observed for SOD activity and SR, when determined in the
mycelium. Various types of environmental stress, such as changes in temperature,
heavy metal concentration, and fluctuations in osmotic and humidity conditions
affect fungal metabolism. Stress factors induce resistance and develop toleration
for other kinds of stress, a mechanism known as cross-protection or cross-resis-
tance.

There are many reports of cross-protection among bacteria and plants [14, 22].
According to Ferianc et al., cadmium induced general stress protection and activated
the global stress mechanisms in E. coli [11]. Cadmium-stressed cells were found to
be cross protected against subsequent cadmium and oxidation stresses, osmotic and
heat shock, and exposure to ethanol [11]. Exposure to cadmium and heat shock
induced broad protection against other environmental stress in the cells of Vibrio
parahaemolyticus [19].

To our knowledge, the literature provides little information about changes in FA
level under various stress conditions. The FA level was drastically elevated in virus
infected tissues of Citrullus vulgaris after a nonlethal infection with Fusarium oxy-
sporum [31]. The same result was found in the case of various abiotic stress factors,
for example in pinto bean leaves after heat shock and in Quercus cerris after cold
shock treatment [2, 32].

It has been recently documented that some shock proteins, already present in cells
not preexposed to stress conditions, are activated by stress signals to initiate a cas-
cade of e.g. protein kinases [23, 30]. This early response provides a minimal protec-
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tion against sudden stress, initiating a delayed response and synthesis of heat shock
proteins, enzymes scavenging toxic oxygen radicals, or nonenzymatic defense sys-
tems, such as glutathione and ascorbic acid [17, 26]. These last protect cells more
permanently and effectively by allowing an adaptation to another stress.

Our investigation showed that the FA level estimated in the fungus culture myceli-
um after two simultaneous shocks approximates to the sum of the two individual
stress values. This is particularly noticeable for T. versicolor and C. unicolor cul-
tures; these two are high-laccase strains of Basidiomycetes and are very active in the
process of lignin destruction. They are very tolerant of various stress conditions, such
as high Cd2+levels [12, 13, 24]. The third fungus, A. biennis, is not so resistant to
high concentrations of Cd2+and not so active in lignin destruction. For this strain, the
accumulated FA level remained at the same level as that for each individual stress
condition. This result showed that FA production was proportional to the ligninolyt-
ic fungal condition and for this reason, it may be take into consideration as a deter-
mining factor in the phases of fungal stress syndrome.

On the other hand, LAC and CAT, the lignin-modifying enzymes, may have an
important application in fungal stress response and take part in the cross-protection
between responses to heat shock and Cd resistance [13]. The enhanced LAC activi-
ty under stressful conditions also suggests its important role in the fungal adaptation
process, but its biosynthesis seems to be regulated at the molecular level when the
stress conditions are competitive to each other for activation of LAC genes. Though
molecular aspects of these cross-reactions are not clear yet, our results show a dis-
tinct correlation between LAC and CAT activity, FA production and the pool of SR
and SOD activity in the reaction medium, which is likely to damage fungal cells.
Physiological amounts of FA could assume a protective role against the damaging
activity of stress conditions in fungal organisms because of its very reactive charac-
ter and its possibility to take part in méthylation processes.
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Relationships between demethylase activity, formaldehyde and oxygen were investigated. Demethylase
activity was measured against the following substrates: veratric, vanillic, and isovanillic acids, as well as
in the presence of guaiacol. The influence of ATP and GTP on demethylase activity was also checked.
Demethylase activity was found to be dependent on the capability of the cells for endogenous oxygen
uptake. In some cases ATP produced the opposite effect: instead of being taken up, oxygen was released,
which suggested a reversibility of the déméthylation reaction. Curiously enough, GTP demonstrated the
same effect. Changes in enzyme activity were correlated with those occurring in the level of formalde-
hyde. The latter increased after addition of ATP, but decreased after addition of GTP.

Keywords: Déméthylation - demethylase - formaldehyde - Rhodococcus erythropolis —veratric acid

INTRODUCTION

All biological systems have HCHO-yielding potentials, which can originate from
déméthylation and méthylation processes [12]. Enzymatic méthylation reactions pro-
ceed with formaldehyde release, and all methyl groups generate formaldehyde [11].

Participation of formaldehyde in the déméthylation reaction of veratric acid was
proved by Ribbons [9, 10] in his research on Pseudomonas aeruginosa and P testos-
teroni. He showed that the reaction needed 4 atoms of oxygen, and that this process
was not stoichiometric, as more than one mole of formaldehyde per one methoxyl
group (-OCH3) was released in the reaction. These results made it possible to devel-
op a scheme of déméthylation of methoxyphenolic compounds. According to this
scheme, oxidative déméthylation proceeds with the participation of demethylating
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monooxygenase (demethylase) and simultaneously, formaldehyde production
[9, 10]. A similar enzyme was found by Bernhardt et al. [1, 2] in Pseudomonasputi-
da. It was a multienzymatic membrane complex, responsible for monooxygenase
activity.

Nocardia and Rhodococcus strains are able to decompose methoxyphenolic com-
pounds in the déméthylation reaction. Veratric acid (two methoxyl groups) was
degraded by the above strains of Acitnomycetes to vanillic and isovanillic acids, both
resulting from partial déméthylation of veratrate and protocatechuic acid-product of
the total déméthylation of veratrate under the effect of 3-0 and 4-O-demethylases
[3, 4, ¢]. Each reaction followed the scheme proposed by Ribbons [9, 10], which
meant that it was accompanied by oxygen uptake, and formaldehyde was released in
the process. Guaiacol (the result of decarboxylation of vanillic acids) and catechol
(the result of decarboxylation of protocatechuic acid) also appeared among the prod-
ucts of degradation of veratrate [s]. Investigation of the properties of demethylases
has shown a constitutive character for 4-O-demethylase and an inducible one for
3-O-demethylase [7]. The déméthylation reaction of veratrate may be reversible,
although no unequivocal evidence has been obtained so far. It was illustrated only by
using formaldehyde-lsC, which can be incorporated into the methoxyl group.
Formaldehyde may be a bearer of the methoxyl group in the methylation/demethyla-
tion reaction and thus become a main regulator in these processes [5,7]. Déméthyla-
tion of veratrate - a substrate for the two demethylases - is accompanied by oscilla-
tory changes in the level of endogenous oxygen uptake, that is consequently a sub-
strate for inducible monooxygenases [s, s ].

In our earlier research we proved that cells of Rhodococcus erythropolis showed
different reactions at the maximum and minimum oxygen uptakes in the presence of
effectors. This paper demonstrates relations between demethylase activity, formalde-
hyde and oxygen uptake, at different stages of oxygen uptake.

MATERIALS AND METHODS

Biological material

Rhodococcus erythropolis (Nocardia DSM 1069) was subcultured on agar medium
supplemented with 0.04% guaiacol, prepared according to Malarczyk [4]. The strain
grown in this medium grew less intensively than that on the standard medium, but it
adapted to the metabolism of methoxyphenolic compounds.

Cultures of Rhodococcus erythropolis
The cells were transferred from agar slants to the liquid medium without the guaia-
col described above. Cultures were grown in 250 ml conical flasks fdled with 100 ml

of liquid medium on a rotary shaker (150 rpm/min) at 30 °C until the middle-loga-
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rithmic phase of their growth was reached. Finally the cells were collected by cen-
trifugation at 104 Xg, and a suspension of optical density Asso = 1, prepared with an
adequate portion of 0.06 M phosphate buffer, pH 7.4.

Induction experiments

Veratric acid (0.02%) in the form of Na-veratrate was added to this suspension as an
inducer, and incubation was continued on a rotary shaker at 30 °C in the dark. The
determination of oxygen uptake by Rhodococcus erythropolis cells started with the
addition ofveratrate and was measured with a biological oxygen monitor (YSI model
5300) in 3 mL incubation suspension. The cells were collected separately at the start
of incubation, during the maximum and minimum oxygen uptake, as well as between
the two stages (intermediate) (Fig. 1).

300
— ¢ — +veratrate
----------- buffer LR 4
MAX o4} l/ \\
3, 200 +
(0] * «
I 150 COKA
*
¢ MED
(;%
0 s0l*__ o MIN
START
0
4 6 8 10 12

Incubation time (hours)

Fig. 1 Changes in oxygen level during incubation of Rhodococcus erythropolis cells with veratric acid
(0.02%)

Enzyme assay

The measurements of biological oxygen uptake were carried out according to
Malarczyk [¢]. Similarly the influence of ATP and GTP on demethylase activity was
examined. We added an extra 3.34 x 10 s % ATP and GTP before and after adding
phenolic substrates.

Formaldehyde assay

The formaldehyde concentration, after assaying demethylase activity, was deter-
mined spectrophotometrically with the Merck test (Dannstadt, Germany). The
formaldehyde test was also made on phenolic compounds alone and the values

obtained taken into consideration is the determinations of formaldehyde.
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RESULTS

Our results showed that the oxygen uptake was dependent on the stage of the cells,
in the presence of phenolic compounds (MF). Oxygen release (values below 0) was
observed for cells at the start in the presence of guaiacol, and at the intermediate
stage in the presence of veratric acid. In the other cases only oxygen uptake was
noticed. The greatest differentiation in the oxygen level was observed in the presence
of veratrate, vanillate and guaiacol.

In further investigations, the influence of ATP on oxygen uptake and the level of
HCHO was examined (Fig. 2). ATP added after MF compounds brought oxygen
release for all stages in the presence of veratric acid, vanillic acid (except cells at the
start), and at the initial and intermediate stages in the presence of isovanillic acid.
Guaiacol combined with ATP also released oxygen in the cells at the start. At the
maximum stage ATP showed the opposite effect in the presence of vanillic and iso-
vanillic acids, which might be due to the different position of the methoxyl group in
these compounds.

intte presenceofverafricadd and ATP inthepreserecfverilicaddaxi AIP

irlhBfiBIm3eof iscveniicaddardATP inthe presencecfglLaaod and ATP

Fig. 2. Changes in oxygen uptake and concentration of HCHO in the presence of MF compounds and
ATP (added after the addition of MF). Columns denote oxygen uptake, and the line HCHO concentrations
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Fig. 3. Changes in oxygen uptake and concentration of HCHO in the presence of MF compounds and
ATP (added before the addition of MF). Columns denote oxygen uptake, and the line HCHO concentrations

Addition of ATP before MF compounds inhibited oxygen release in the presence
of veratrate (Fig. 3), which was observed when ATP was added after a MF com-
pound. Added ATP demonstrated the opposite behavior in the presence of vanillic
and isovanillic acids. ATP made oxygen release at the maximum in the presence of
vanillate and at the minimum in the presence of isovanillate, but the minimum oxy-
gen uptake was noted in the presence of vanillate, and the maximum one in the pres-
ence of isovanillate. Consequently the influence of GTP was also checked. Addition
of GTP after MF compounds decreased the oxygen uptake, which was observed for
MF compounds alone (Fig. 4). Thus GTP emphasized a different behavior of the cells
in the presence ofvanillate and isovanillate, because at the maximum oxygen release
for vanillate and oxygen uptake for isovanillate was observed. GTP decreased the
HCHO level in comparison with that observed for ATP. The highest HCHO concen-
tration was demonstrated in the presence of guaiacol. Adding GTP before MF com-
pounds decreased the effect of phenolic compounds (Fig. 5). At the minimum oxy-
gen uptake, GTP resulted in oxygen release, but a subsequent addition of MF com-
pounds effected oxygen uptake.
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Cdaages Cd stages

Fig. 4. Changes in oxygen uptake and concentration of HCHO in the presence of MF compounds and
GTP (added after the addition of MF). Columns denote oxygen uptake, and the line HCHO concentrations

start mat rrin msd

Cai stages

Fig. 5. Changes in oxygen uptake and concentration of HCHO in the presence of MF compounds and
GTP (added before the addition of MF). Columns denote oxygen uptake, and the line HCHO concentrations
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At the other stages we observed oxygen uptake in the presence of GTP, which
turned in most cases into oxygen release after addition of phenolic compounds: at the
start for all phenolic compounds, at the maximum for veratric, vanillic and isovanil-
lic acids, at the minimum for isovanillic acid. We observed no HCHO in the presence
of vanillic acid at the initial, maximum and intermediate stages; in the presence of
isovanillic acid at the start, and for guaiacol at the maximum and minimum stage.

DISCUSSION

Rhodococcus erythropolis cells incubated with veratric acid showed a varied capa-
bility of endogenous oxygen uptake. They also revealed different respiratory proper-
ties, which depended on the level of oxygen uptake. During experiments, we distin-
guished 4 oxidative cell stages, designated as start, maximum, minimum and medi-
um (Fig. 1). For each group of cells, belonging to separate stages, changes in oxygen
uptake were determined in the presence of methoxyphenolic compounds. These were
veratric (VER), vanillic (VAN), and isovanillic (IVA) acids, and guaiacol (GU), as
products of partial déméthylation of veratric acid. Having completed the measure-
ments of oxygen uptake, the level of formaldehyde was determined in the reaction
medium. The same determinations were repeated in the presence of ATP and GTP,
taking account of double sequence of additions of nucleotides, adding them before
and after MF compounds. Indeed, addition of high-energetic compounds influenced
oxygen uptake in all measurements, turning the process of oxygen uptake into that of
oxygen release. The greatest differences in oxygen level always occurred at the max-
imum and minimum stages. The type of MF compounds, and the type and sequence
of addition of nucleotides distinctly differentiated the investigated cell material. It
was observed that smaller differences occurred in the oxygen level after addition of
GTP, whereas the highest concentration of HCHO was present in the medium. This
indicated a higher efficiency of the déméthylation process. GTP stabilized the oxy-
gen uptake, if added after MF substrate. When GTP was added before the substrate,
addition of substrate distinctly decreased the oxygen uptake and HCHO production.
These correlations appeared distinctly in the presence of guaiacol. ATP added at the
beginning of measurements, before adding the substrate, inhibited HCHO produc-
tion, as was seen in the presence of isovanillic acid. When ATP was added as sec-
ondary effector, the production of HCHO increased 3 times.

These observations indicated the essential participation of phosphorylating factors
in the déméthylation process of methoxyphenols. These last seem to compete with
the appropriate MF substrate, causing strong modifications in the direction of oxy-
gen transformations from oxygen uptake into oxygen release. According to the reac-
tion of Ribbons [9, 10], it would be an effect of reversibility of the directions ofreac-
tion, when a high oxygen level is accompanied by a low HCHO level and vice versa.
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Taking into consideration that HCHO level in cells of plant, animal and human tissues as well as in body
fluids depends from physiological state of an organism in the current study it was decided to find out if
there are changes of HCHO level in different physiological and pathological hard tissues of teeth. The
obtained results showed in all 4 groups of teeth separately analysed that there were some regularities in
the level of HCHO as far as similar physiological or pathological states are concerned. This was best seen
when comparing the obtained results with mean 1ICHO level of the studied groups of teeth.

Keywords: Formaldehyde - quantitative TLC - stress in human tissues - HCHO in human teeth

INTRODUCTION

Nowadays the issue of oral pathology and in particular of dental pathology is not
only a morbidity problem but an important social problem as well. During recent
years more and more attention has been paid to studies of human teeth and their state
(physiological and pathological). Various analytical methods were used in these stud-
ies but chromatography proved to be one of the most efficient for this purpose. So far
it is generally believed that pathological changes of hard tissues of teeth and in peri-
odontal tissues are mainly the result of deficit of microelements such as fluorine. The
studies of composition of proteins of human teeth and particularly of their basic com-
ponent - collagen (90% of organic matter of teeth) were described [3], while the con-
tent of many other substances in teeth-proteins among other - has also been
described [18]. The relationships between physical and chemical properties of hard
tissues of teeth and their biochemical components were extensively studied in
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[4, s—s]. The role of aminoacids in tissues of living organisms as well as tissues of
oral cavity was also examined [1]. Despite numerous considerable achievements the
hitherto existing studies did not give clear answer concerning the relation between
physiological state of teeth and their chemical content.

Lately the importance of formaldehyde (HCHO) in biological systems came to
light. It was proved [s, 9] that HCHO was not a by-product in these systems but
rather their basic and indispensable component. HCHO is formed inside plant cells,
animal and human tissues. It is formed intracellulary in the course of enzymatic
transmethylation of histamine. Biochemical research using radioactive isotopes and
experimental data presented by other authors suggest presence of so- called HCHO
cycle [16, 17]. The formaldehyde reacts with the amino group of an amino acid
forming a methyloprotein complex. The hydroxymethyl (-CH20H) group of this
complex is labile and can be transferred to an acceptor molecule [12]. On the basis
of the papers [1, 9-13] it was proved that in tissues of human teeth there were
analysable amounts of HCHO. Thus they confirmed the information [2, 5] on pos-
sibilities of analysis of HCHO levels in human tissues.

In our previous works we demonstrated that there exists a relation between HCHO
level and physiological state of hard tissues of teeth. We found that the higher level
of HCHO was observed in the case of carietic teeth. The current study was aimed to
find out if the observed changes in HCHO levels in different physiological and
pathological hard tissues of teeth show characteristic regularities. We concentrated
on studying the problem if there are observed regularities in HCHO level in hard tis-
sues of healthy and pathologic teeth.

MATERIALS AND METHODS

Four groups of teeth (5 teeth in each group) were used in the study:

I. deciduous teeth
1. orthodontic teeth
Ill. periodontal teeth
IV. retained teeth
V. carietic teeth.

Preparation ofteeth for analysis
After mechanical purification and drying the studied teeth were preliminarily
brought up in order to obtain the particles of 0.5-1 mm. Then they were individual-

ly pulverised by means of the vibrational mortar Pulverisette (Fritsch, Germany) dur-
ing 1 hour. The pulverised teeth from each group were mixed and homogenized.
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Quantitative chromatographic determination ofHCHO in teeth
HCHO extraction

0.25 g ofthe pulverised sample was weighed and placed in polyethylene contain-
er for centrifugation of eppendorf type of 1.5 cms volume. 0.4 dm3 of methanole
solution of dimedone, as capture molecule of HCHO was added. The extraction was
carried out during 1hour in a mechanical shaker. After the extraction the mixture was
centrifuged during ¢ min in order to separate the precipitate. The optimum dimedone
concentration for extraction was chosen in experimental way -100 g/cm3. During the
analysis it was attempted to minimalise air access to solutions containing dimedone
due to possibility presence of trace amounts of HCHO in laboratory atmosphere.

Synthesis of HCHO-dimedone adduct standard

Less than stechiometric amount of HCHO (10 cms of 37% HCHO solution) was
added to hot alcohol solution of dimedone (2.5 g of dimedone +15 cms of ethanol +
2.5 cms of water). The obtained adduct was crystallised and purified by means of
repeated crystallisation with ethanol.

Chromatographic analysis

The analysis was carried out on Silica Gel Fzs4 plates on aluminum foil (Merck).
Twenty pi of studied extracts were applied on the plates with the use of TLC
Applicator AS 30 of Desaga (Gennany) in nitrogen atmosphere. The blind sample
was the dimedone solution used for extraction as well as 5 pi of methanol solutions
of HCHO-dimedone adduct standard in concentration range from 0.05 to 0.50
mg/cma3. In order to limit air access after application of the following samples the
application sites were covered with a glass plate. The chromatogram was developed
immediately after application. As the mobile phase there were used the chloroform-
dichloromethane solutions (10 : 30 v/v). The development of chromatogram was car-
ried out in US chamber. After the development the adduct reaches RF of about
0.4-0.5 (the spot is visible in UV light at 254 mm wave length). The quantitative
analysis was carried out using CS-9001 PC Shimadzu densitometer at the 275 nm
wave length.

RESULTS AND DISCUSSION

The HCHO level determined in the form of the dimedone adduct formaldemethone
is presented in Table 1, as densitograms of particular investigated samples (Figs 1-4)
and in the form of diagrams in Fig. 5. In Table 1in two cases in the samples 3 and 4
there are no data concerning the group of teeth number Il due to difficulties in col-
lecting sufficient amount of comparative material. However, a general tendency can
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Fig. 1. Densitograms of formaldemethone in samples of teeth in the experiment 1 | - deciduous teeth;
Il - orthodontic teeth; Il - periodontal teeth; IV - retained teeth; V - carietic teeth

Fig. 2. Densitograms of formaldemethone in samples of teeth in the experiment 2. For details see Fig. 1

be observed that quantitative values of formaldemethone are similar in different sam-
ples within the same groups of teeth. So the highest formaldemethone level is
observed in the case of carietic teeth in all samples. In one case (sample I, 1) rela-
tively high HCHO level provides evidence that decideous teeth were also carietic.
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Fig. 3. Densitograms of formaldemethone in samples of teeth in the experiment 3. For details see Fig. 1

Fig. 4. Densitograms of formaldemethone in samples of teeth in the experiment 4. For details see Fig. 1

Relatively low HCHO level is detected in teeth extracted due to orthodontic reasons
because these teeth are sound teeth. Similar HCHO levels are found in periodontal
teeth that is ones where pathological process is limited to periodontal tissues while
the tooth itselfis healthy. Considerable differences in HCHO levels were observed in
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retained teeth. These teeth, apart from being retained, are affected also by concomi-
tant pathological changes such as for instance inflammatory changes in periodontal
tissue.

On the basis of these more extensive studies it can be generally concluded that
undoubtedly there exist regularities concerning HCHO level in hard tissues of teeth.

Table 1
Level of formaldehyde (in dimedone adduct form) in different human teeth

Group a) Mass of FD [chromatogram] / b) [ggFD in 20 pi of extract]
| I 1} v \%
Sample \ a b a b a b a b a b
1 0.024/0.120 0.015/0.075 0.029/0.145 0.029/0.145 0.050/0.250
2 0.031/0.155 0.028/0.140 0.025/0.125 0.013/0.065 0.049/0.245
0.019/0.095 0.030/0.150 - 0.045/0.255 0.045/0.225
0.051/0.255 0.032/0.160 - 0.021/0.105 0.059/0.295

Average value 0.0312/0.156 0.0263/0.131 0.027/0.135 0.0285/0.1425  0.0508/0.2538

0,35 Formaldemethone
0,3
0,25
0,2
0,15
01
0,05
0
Average value
4

2
Number of experiment

Fig. 5. Diagram ofthe amount of formaldehyde as dimedone adduct (formaldemethone) in different sam-
ples of teeth (Jig/20 |il of the extract). 1, 2, 3, 4 - numbers of particular experiments. | - deciduous teeth,
Il - orthodontic teeth, Il - periodontic teeth, IV - retained teeth, V - carietic teeth
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It is most clearly visible on the diagram containing average HCHO values (in the
form of formaldemethone) from 4 independent experiments (diagrams 5 in Figures
1-5). At present the connection between these values and metabolysm in cells of hard
tissues of teeth should be established. In order to do this it is necessary to compare
HCHO levels in tissues of teeth with levels of its potential generators, but such inves-
tigations would exceed the boundaries of the present paper.
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Soil application to the roots of tomato plants (Lycopersicon esculentum) of a commercially-available
alkaline extract of the brown alga, Ascophyllum nodosum, resulted in a significant reduction in the num-
ber of second-stage juveniles of both Meloidogyne javanica and M. incognita invading the roots, com-
pared to those of plants treated with water alone. Egg recovery from the seaweed extract treated plants
was also significantly lower. The three major betaines found in the seaweed extract (y-aminobutyric acid
betaine, s -aminovaleric acid betaine and glycinebetaine) also led to significant reductions in both the
nematode invasion profile and egg recovery when applied at concentrations equivalent to those present
in the extract. This led to the conclusion that the betaines present in the seaweed extract play a major role
in bringing about the observed effects.

Treatment of Arabidopsis thaliana plants with seaweed extract also resulted in a significant decrease
in the number of females of M. javanica which developed in the roots. Significant reductions in egg
recovery were also achieved from plants treated with the seaweed extract and similar effects were pro-
duced with the betaines found in the seaweed extract. As the experiments were conducted under monox-
enic conditions, it can be concluded that the results obtained with the application of either the seaweed
extract or betaines are not dependent on microorganisms associated with the rhizosphere.

Keywords: Seaweed extract - root-knot nematode - Meloidogyne species - betaines - formaldehyde
cycle

INTRODUCTION

Extracts of marine brown algae are used in agriculture and many economically-use-
ful results have been recorded after application of these products [1]. The alga most
commonly used for the production of the commercial extracts in Europe and North
America is Ascophyllum nodosum (L.) Le Jol. One of the benefits claimed for the
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extracts is that treated plants have increased resistance to pathogen attack [1]. In par-
ticular, there are several reports which show that application of seaweed extracts to
plants resulted in decreased levels of nematode attack [11]. The effects on root-knot
nematodes (Meloidogyne species) have been studied using products derived from
Ecklonia maxima (Osbeck) Papenfuss [3, 4], and A. nodosum [5, 11, 12]. In all cases,
application of the seaweed products resulted in reduced root-knot nematode infection
of the plants.

The compounds in the seaweed extract responsible for increasing the resistance of
treated plants to root-knot nematode attack have not been determined, although it has
been suggested [4] that the effects could be due to cytokinins present in the seaweed
extracts. However, the role of betaines in the extracts could also be of importance.
The A. nodosum extracts used contain y-aminobutyric acid betaine, 5-aminovaleric
acid betaine and glycinebetaine [2]. When applied at low concentrations, betaines
have been demonstrated to increase the resistance of plants to attack by fungi
[¢,7, 10]. It was decided, therefore, to determine the possible involvement of the
betaines present in the A. nodosum extracts in conferring resistance to root-knot
nematode attack by plants treated with the extracts.

MATERIALS AND METHODS
Seaweed extract

The seaweed extract used was an aqueous alkaline extract of the brown marine alga
Ascophyllum nodosum. This is marketed as Maxicrop Original (Maxicrop Inter-
national Ltd.) and contains approximately s % dissolved solids. When assayed for
betaines [2], the extract used in the tomato trials was shown to contain y-aminobu-
tyric acid betaine (52 mg/L), 5-aminovaleric acid betaine (15 mg/L) and glycinebe-
taine (4 mg/L), while the extract used in the Arabidopsis trial contained y-aminobu-
tyric acid betaine (62 mg/L), 5-aminovaleric acid betaine (21 mg / L) and glycinebe-
taine (18 mg/L).

Nematodes

For the tomato trials, Meloidogyne javanica and M. incognita were obtained from
stock cultures maintained on tomato plants (Lycopersicon esculentum cv. Ailsa
Craig). The eggs harvested from the entire root ball were hatched to release infective
second stage juveniles (J2s) over 7 days at 25 °C in water [11].

For the Arabidopsis trial, eggs of M. javanica were obtained from egg sacs dis-
sected from stock cultures maintained on tomato plants (cv. Tiny Tim).These eggs
were hatched to release J2s over 2 days at 25 °C in water.
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Inoculation and treatment
Tomato trials

In each experiment, a sample of 60 tomato plants (cv. Ailsa Craig), all at the 4-leaf
stage and planted in approximately 450 cms John Innés No. 1 compost, was divided
into 2 groups of ¢ experimental sets containing 5 plants per set, all arranged ran-
domly. One set of s was used to determine invasion profiles, and the second set of s
for egg recovery. The experimental sets were treated with 30 ml per plant of one of
the following: (i) water, as a control; (ii) Maxicrop Original (36 ml diluted to 1 L),
(iii) y-aminobutyric acid betaine solution; (iv) s -aminovaleric acid betaine solution;
(v) glycinebetaine solution (each betaine being applied in the same quantity as that
present in the 3.6% Maxicrop Original solution); and (vi) a mixture of the three
betaines in the concentrations applied in (iii), (iv) and (v).

Two plastic pipette tips with additional perforations were pushed into the soil to a
depth of 2 cm on either side of the tomato stem. The inoculum (750 J2s of either
M. javanica or M. incognita) was applied through the pipettes. Plants were inoculat-
ed 2 days after treatment and were watered every day. The plants were maintained
under glasshouse conditions at 20 °C £ 4 °C.

Arabidopsis trials

A. thaliana was grown in Gamborg’s B5 medium (pH 6.4, 1.5% sucrose) contain-
ing 0.8% agar. The test solution was prepared by replacing the water of the medium
with either 0.075% Maxicrop Original or a solution of betaines containing the same
concentrations as those in the 0.075% Maxicrop Original solution. Approximately 10
ml medium, previously sterilized by autoclaving at 121 °C for 15 min,was used for
each 9 cm i.d. plastic Petri dish, just to cover the base of the dish.

A. thaliana (Landsberg erecta) seeds were soaked for 1 min in 70% ethanol fol-
lowed by 5 min in 1.05% sodium hypochlorite solution and 0.05% Tween 20. The
surface-sterilized seeds were then washed 5 times in sterile water before being trans-
ferred to an agar plate (1 seed per plate). There were 15 replicates of each treatment.
The plates were sealed with Parafilm and kept at 23 °C with a 16 :s h light : dark
cycle.

A suspension of freshly hatched J2s of M. javanica was centrifuged at 1000 rpm
for 2.5 min. The pellet of J2s was taken up in 4.5 ml water to which 0.5 ml 0.1%
HgClz solution was added. The tube was covered with Parafilm, the contents were
mixed gently and then centrifuged at 100 rpm for 2.5 min. Most of the supernatant
was removed with a sterile glass pipette, except for about 200 pi, which contained
the J2s. The surface-sterilized juveniles were washed 5 times, by replacing the super-
natant with sterile water, followed by centrifugation, as described above. After the
final wash, the J2 concentration was adjusted to 10 J2/pl. Ten days post-germination,
each A. thaliana seedling was inoculated wih 100 J2s, which were placed in the cen-
tre of the agar plate about 1 cm from the main root tip.
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Countingjuveniles and eggs
Tomato trials

Fourteen days post-inoculation, the roots of each plant were washed free from soil,
bleached, stained with acid fuchsin and the number of juveniles in the root tissues
counted [9].

After one generation, at 49 (M. javanica) and 63 (M. incognita) days post-inocu-
lation, the egg sacs from each plant in each experimental set were removed using 1%
sodium hypochlorite solution and the total numbers of eggs recovered from the egg
sacs were counted under a microscope [9].

Arabidopsis trials

At 45 days post-inoculation, the number of M. javanica females and eggs were
counted under a microscope [10]. For the egg count, the plants were removed from
the plates and the eggs extracted with 10 ml 1.05% sodium hypochlorite solution.

For both tomato and Arabidopsis trials, means and standard errors of the mean
were calculated using /-test comparisons for significance. All statistical calculations
utilized ‘Minitab’ computer programmes.

RESULTS

Application of a 3.6% solution of an alkaline extract of Ascophyllum nodosum as a
soil drench to tomato plants resulted in a significant reduction (P < 0.05), compared
to water-treated controls, in the number of second-stage juveniles of Meloidogyne
incognita and M. javanica invading the roots (Table 1). Significant reductions
(P < 0.05) also resulted when y-aminobutyric acid betaine, s-aminovaleric acid
betaine and glycinebetaine were used in the same amounts as those applied in the
seaweed extract. A mixture of these betaines also produced significant reductions
(Table 1).

The soil drench treatment with the seaweed extract also led to a significant
(P < 0.05) reduction in egg recovery from plants infected with M. incognita and
M. javanica after one generation (49 and 63 days, respectively, post-inoculation;
Table 2). Similar significant reductions were achieved with the use of y-aminobutyric
acid betaine, s-aminovaleric acid betaine, glycinebetaine and a mixture of all three
betaines, when used in the same quantities as those when the seaweed extract was
used (Table 2).

Growing Arabidopsis thaliana plants under monoxenic conditions in the presence
of the A. nodosum extract resulted in a significant (P = 0.05) decrease in the number
of M. javanica females found in the roots at 45 days post inoculation (Table 3).
Similar results were obtained when the plants were grown in the presence of the mix-
ture of y-aminobutyric acid betaine, s -aminovaleric acid betaine and glycinebetaine
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Table 1
Mean number (£ standard error) of second stage juveniles (J2s) of Meloidogyne incognita and
M. javanica per tomato plant 14 days post-inoculation

Mean number of J2s per plant

species

Seaweed Betaine
Control extract GABAB DAVAB GB mixture
M. incognita 106.2+ 15.0 104+6.4 21.6+57 48 +3.6 172+ 7.4 23.4+49
P <0.001 PcO.0l Pc0O.Ol P<o.01 PcO.0l
. . 89.2+ 11.0 9.6 +3.5 55.6+ 120  52.2+ 130 194+ 6.1 68.0+9.2
M. javanica

P<o.01 P<0.05 P<0.05 P<o0.001 P =0.096

GABAB = y-aminobutyric acid betaine; DAVAB = S-aminovaleric acid betaine; GB = glycinebetaine;
P = probability.

Table 2
Mean number (+ standard error) of eggs of Meloidogyne incognita and M. javanica per tomato plant
63 and 49 days post-inoculation, respectively

Mean number of eggs per plant

species

Seaweed Betaine
Control extract GABAB DAVAB GB mixture

M. incognita 11400+ 1800  660+157 1040+225 1320 + 206 940+ 112 1460 + 448
P <0.05 P <0.05 P <0.05 P<0.05 P <0.05

M. javanica 18540+ 1569 4600 + 899 2940+ 730 6400+1994 3660 + 453 3260 + 733
P <0.001 P<o.001 P < 0.001 P<o.001 P<o.001

GABAB = y-aminobutyric acid betaine; DAVAB = 5-aminovaleric acid betaine; GB = glycinebetaine;
P = probability.

Table 3
Numbers of Meloidogyne javanica females observed in, and egg recovery from, Arabidopsis thaliana
plants grown in a control medium and in a medium containing either seaweed extract or a mixture of
betaines (45 days post-inoculation)

Number of females per plant Egg recovery per plant
mean SE P mean SE P
Control 5.2 0.99 - 1011 202 -
Seaweed extract 3.0 0.856 0.05 590 123 <0.05
Betaine mixture 3.4 0.51 0.06 559 179 0.05

S.E. = standard error; P = probability.
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in quantities equal to those present in the medium containing the seaweed extract.
Significant reductions in egg recovery were recorded for the plants grown in media
containing the seaweed extract and betaines (Table 3).

DISCUSSION

The reduction in the numbers of eggs of both Meloidogyne javanica and M. incog-
nita recovered from the roots of tomato plants after treatment with seaweed extract
are consistent with earlier findings [11]. The seaweed extract treatment also result-
ed in significant reductions in the numbers of second stage juveniles of both nema-
tode species which successfully invaded the roots. Similar results were obtained
with the plants treated with the betaines found in the seaweed extract, either when
applied separately or as a mixture. These data indicate clearly the major role played
by the betaines present in the seaweed extract in reducing both the numbers of J2s
invading the roots of tomato plants and the number of eggs recovered after one gen-
eration. However, the mode of action of the betaines is not obvious. One proposi-
tion is that the active constituents of the seaweed extract are absorbed by the plant
and then undergo transformation, leading to the formation of compounds which are
responsible for the reduction in root invasion by the nematodes. However, the sea-
weed extract may stimulate the growth of microorganisms in the rhizosphere, which
could lead to the results observed. It was to resolve this problem that the experi-
ments with Arabidopsis thaliana were undertaken as this is an established model
host for developmental studies of plant parasitic nematodes under monoxenic con-
ditions [s].

When 4. thaliana was challenged with M. javanica under monoxenic conditions,
the inclusion of seaweed extract in the growth medium resulted in significant reduc-
tions, both in numbers of females in the roots and in the numbers of eggs recovered
45 days after inoculation. Similar results were obtained when the betaines were
incorporated into the growth medium. Seaweed extracts and betaines may have
effects on soil microorganisms and may stimulate the growth of some which affect
the level of nematode invasion. However, this work shows that the seaweed extract
and its constituent betaines produce their effects independent of soil microorgan-
isms.

The role of betaines and other quaternary ammonium compounds in increasing
plant resistance to fungal attack has been reported [10]; this work linked the resis-
tance of tomato plants to Fusarium oxysporum to their content of trigonelline,
glycinebetaine and choline. Trigonelline has also been shown to be a potential resis-
tance inducer in plants against obligate biotrophic fungi [s].

A formaldehyde cycle has been postulated for biological systems. All methyl
groups are potential precursors and hence betaines are potential sources of formalde-
hyde. It has also been proposed that the formation of this compound is linked to the
induction of disease resistance [7]. Our results are consistent with these findings. It
is probable that the betaines in the seaweed extract are a major contributor to the
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increased resistance shown by the plants treated with the seaweed extract, although
other methylated compounds may be present in the extract which could potentially
also contribute to the overall effect.

=
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We have studied the effect of I'-methylascorbigen, an immunostimulating substance in animal systems
on the resistance potential of barley, bean and wheat plants to the fungal pathogens Erysiphe graminis,
Uromyces phaseoli and Puccinia recondita, respectively.

The effectiveness of protection depends - as in the case of other endogenous, N-methylated com-
pounds - on the dosage of applied I'-methylascorbigen and on the time interval between the chemical
pretreatment and inoculation.

The time- and dose-dependent double immune response was clearly demonstrated in case of the bar-
ley - Erysiphe graminis and bean - Uromyces phaseoli host-parasite relationships while in case of the
wheat —Puccinia recondita relationship the relatively long-time interval between pretreatment and inoc-
ulation allowed manifestation of only a single immune response.

Keywords: Biochemical immunization - double immune response - formaldehyde cycle - formaldehyde
generator - '-methylascorbigen

INTRODUCTION

According to Schonbeck et al. [13] all plants possess a genotype-dependent resis-
tance potential which can be activated by inducers. Therefore, this type of disease
resistance is not a static but rather an elastic feature of plants [7, 18, 19]. Induced
resistance means the improvement of the natural resistance of plants without alter-
ation of their genome [14]. Schonbeck et al. [14] proposed the following criteria for
the verification of induced resistance: absence of toxic effects of the inducer on the
parasite, necessity of a time interval between application ofthe inducer and the onset
of effects in the plant, supression of the induced resistance by specific inhibitors
affecting the gene expression of the plant, and absence of a significant dose-response
correlation.
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An important component of the disease resistance repertoire of plants is systemic
acquired resistance (SAR) which is characterized by durability and a systemic type
of resistance response, a broad spectrum of disease control and an associated coordi-
nate expression of a set of genes (SAR genes) [3, 4, 12]. The SAR defence pathway
is activated by pathogens that cause a necrotic reaction originating from a hypersen-
sitive reaction or from a disease lesion, as well as by chemical treatment of plants
(e.g. salicylic acid (SA), benzo(l,2,3)thiadiazole-7-carbothioic acid S-methylester
(BTH)) [3.,4, 12].

Another type of induced resistance concerns the application of endogenous N-, O-
and S-methylated compounds (e.g. betaines) for the induction of disease resistance
in the host by pretreatment of plants with the inducer before inoculation [7, 16,
17-20]. Tyihak et al. [16] were the first to report on the induction of disease resis-
tance in bean plants to Uromyces phaseoli by NEtrimethyl-L-lysine (TML). They
observed a special “immune response” of the system: infection rate at 1(Ls and
10-9 mol/1 concentrations of applied TML in case of an induction time of s days was
low. From these preliminary experimental data it can be established that TML as an
inducer significantly decreased disease severity at the concentration values men-
tioned.

On the basis of numerous experiments it can be concluded that the inducers act
within two concentration ranges characterized by low infection rates. In case of a
short induction time (2 days) these ranges are around 10-5 and 10 12 molx concen-
tration values, respectively, of the applied substance. It seems that there is a “phar-
macological dose-dependent” (high concentration) and a “physiological dose-depen-
dent” (very low concentration) induced resistance [7, 18,21]. Between these “active”
ranges there is an “inactive” range (5-7 dilutions) characterized in general by a high
rate of infection. This phenomenon is called the double immune response [7, 19, 21].

The degree of protection also depends on the time interval between pretreatment
and inoculation of plants [7, 16, 17, 21]. The time-dependence of the double immune
response which is manifested by the shift of the two active concentration values so
that the inactive range between them remains the same, may be due to continuous
metabolism of methylated substances in the host plant [7, 16, 21].

It is evident that the mechanism of interaction between the pathogen and the
chemical agent has to be indirect, involving a characteristic change in host plant
metabolism [7]. The successive déméthylation of the inducer by the host plants and
the participation of formaldehyde (HCHOQO) formed in different reactions may be
the basic phenomenon underlying this mechanism [19]. It follows from this that the
chemically labile bound forms of HCHO (mainly in the form of a -CH20H group)
and its potential generators constitute a part of the resistance potential of
plants [21].

The type of induced disease resistance in which the HCHO cycle plays a deter-
mining role with the contribution of dynamic, enzymatic methylation-demethylation
processes, is called biochemical immunization (BI) [16, 17, 19]. However, the mech-
anism by which different types of methylated substances manifest their immuniza-
tion effects is not clear at present.
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Ascorbigen (ASC; 2-C[(indol-3-yl)methyl]-a-L-threo-D,L-glycero-3-hexulo-
furanosonic acid 1,4-lactone; Fig. 4) is a natural, indole ring containing derivative of
L-ascorbic acid (AA). The biological evaluation of ASC and its synthetic derivatives
showed that the most active substance is I'-methylascorbigen (MeASC, Fig. 4): it
inhibited the growth of different types of tumors in animals, protected animals from
certain bacterial and viral infections, and manifested an immunomodulating activity
[1,2, 10, 11]. Recently it was proved that MeASC has a pronounced apoptotic effect
in vitro. It was concluded that HCHO formed in situ from the methyl group of the
MeASC molecule plays a determining role in its apoptotic effect [15]. It is assumed
that MeASC, a potential HCHO generator and immunomodulating substance in ani-
mal test systems, can be used for Bl of plants in a similar way as other methylated
substances. MeASC was first used for the induction of disease resistance in plants
against pathogens in case of the barley - Erysiphe graminis relationship. Preliminary
results showed that MeASC has an immunostimulating effect on barley plants in
response to this parasite [5].

The aim of this work was to study the effect of MeASC on the resistance poten-
tial of barley, bean and wheat plants to the fungal pathogens Erysiphe graminis,
Uromyces phaseoli and Puccinia recondita, respectively.

MATERIALS AND METHODS

Authentic MeASC was synthesized essentially as previously described [s, 8-10, 22].

Plants and pathogens: barley (Hordeum vulgare cv. GK-Omega), bean (Phaseolus
vulgaris 1., cv. Inka), and wheat (Triticum vulgare cv. Yubileynaya) plants were cul-
tivated in commercial compost in the greenhouse. Erysiphe graminis, Uromyces
phaseoli and Puccinia recondita were maintained on barley, bean and wheat plants,
respectively, in the greenhouse.

Biochemical immunization: aqueous solutions of MeASC with concentrations of
10 210 14 mol/1 were used. The solutions were sprayed onto the leaf surface in case
of wheat and barley plants and onto the abaxial leaf surface in case of bean plants.
Plants treated with water were used as controls.

Inoculations: plants were inoculated with an aqueous spore suspension of the
pathogens 2, 4, and s days after treatment with the inducer solution and then incu-
bated at 22 °C for 24 hours.

Evaluation of data: pustule densities were assessed 7 days after inoculation and
disease severity (infection rate) was expressed as pustules x errr2 in case of bean
plants (using a special, home-made pattem) and as the average number of pustules
on a leaf in case of wheat and barley plants. These characteristics were reported to
the corresponding values of the control plants to obtain relative (expressed in per-
cents) data.

In order to study the effect of MeASC on the resistance potential of these plants,
the dependence of infection rate on the concentration of MeASC administered
(expressed in logarithmic scale) was examined.
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RESULTS

Figure 1illustrates the effect of MeASC on the disease resistance of barley plants to
Erysiphe graminis after an induction time of 2 days. The characteristic, dose-depen-
dent double immune response of the biosystem is manifested at 10 s mol: and
10-10 moli1 concentration values which correspond to two minima of the infection
rate: 46% and 47% of control, respectively.

Fig. 1 Effect of MeASC on the resistance potential of barley plants against Erysiphe graminis. Induction
time: 2 days. Fifth degree polynomial regression: Y = -4509.4909 + 3917.6892 - 1284.9758X2 +
201.2825X3- 15.0529X4+ 0.4313X5 R = 0.9225, R, = 0.851, SD = 21.0630

The effect of MeASC on the resistance potential of bean plants to Uromyces
phaseoli is shown in Fig. 2. In this case the induction time was 4 days. Two concen-
tration values (10 3 molix and 10-10 mol/i) correspond to significantly decreased rates
of infection (28% and 32% of control).

Figure 3 shows the induction of resistance in wheat plants to Puccinid recondita
by exogenous administration of MeASC with an induction time of ¢ days. In this
case the existence of two resistance values corresponding to two different inducer
concentrations could not be clearly demonstrated. The minimum infection rate (10%
of the control) occurred in response to 10 7 mol/1 MeASC.

The inactive range in each experiment is characterized by a high rate of infection:
129% of control for the barley - Erysiphe graminis, 102% of control for the wheat -
Puccinid recondita and ss% of control for the bean - Uromyces phaseoli relation-
ships, respectively.
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In case of all three host-parasite relationships investigated the statistical evaluation
of data showed a strong functional correlation (polynomial regression) between the
infection rate and concentration of MeASC.

-log (mol/liter)

Fig. 2. Effect of MeASC on the resistance potential of bean plants against Uromyces phaseoli. Induction
time: 4 days. Fifth degree polynomial regression: Y = 408.0771 - 376.3698X + 131.4627X2- 19.6716X3
+ 1.3128X4- 0.0321Xs, R = 0.9839, R. = 0.9680, SD = 4.5911

-log (mol/liter)

Fig. 3. Effect of MeASC on the resistance potential of wheat plants against Puccinia recondila. Induction
time: ¢ days. Fifth degree polynomial regression: Y = - 647.0965 + 542.36517X - 152.8956X2 +
19.1448X3- 1.6757X5 R= 0.9721, R. = 0.9450, SD = 9.9067
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DISCUSSION

Results of the present study indicate that MeASC conferred an immunostimulating
effect on barley, bean and wheat plants in response to infections by Erysiphe grami-
nis, Uromyces phaseoli and Puccinia recondita, respectively. Pretreatment with
MeASC generated a characteristic double immune response in case of the barley -
Erysiphe graminis and bean - Uromyces phaseoli host-pathogen relationships while
in case of the wheat - Puccinia recondita relationship the relatively long-time inter-
val (s days) between pretreatment and inoculation allowed manifestation of only a
single immune response. The results of this latter case can be interpreted considering
the time-dependence of the double immune response. During a longer induction time
a larger amount of the inducer is metabolised in the host plant (it is supposed that
MeASC is demethylated in plant tissues due to the effect of demethylases and/or per-
oxidases according to Fig. 4), so its effective concentration in the plant should cor-
respond to a higher dosage value. The occurrence of the second minimum of infec-
tion rate shifted from the ca. 10 u mow1 inducer concentration to the 10 7 mod/a,
while the first minimum from the ca. 10-s mol/1 value to about 10 1 mol/1. This means
that the first immune response could not be “catched” in this experiment and the min-
imum of the infection rate corresponds practically to the second immune response.

It is an important fact that ASC, an unmethylated substance, has no immunostim-
ulating activity.

Also, it must be pointed out that in accordance to the above described and other
numerous experimental results, there is a significant dose-response correlation in the
case of BI.

It is interesting that TML, a fully N-methylated substance which promotes animal
tumor cell proliferation in an earlier study [18], generated an immunostimulating
activity on the plant systems [16]. In this experiment we demonstrated that MeASC
which is a tumor cell proliferation retarding factor [15], had also an immunostimu-

HCHO

Methylated compound Demethylated compound
(Generator of HCHO) (Potential HCHO acceptor)

Fig. 4. Enzymatic déméthylation supposed of MeASC
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lating activity in different plant systems. TML and MeASC have a common feature:
both are natural methylated compounds, that is, they are potential endogenous
HCHO generators. However, the exact mechanism of their action is unclear.
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The investigations proved that D-glucose (as reducing sugar) can easily be activated in a ternary system
(L-lysine : D-glucose : H2 2) similarly to formaldehyde at 20 °C, in pH = 7.4 forming chemilumines-
cence (CL) and singlet oxygen. The Kinetic investigation showed that : CL lasted many hours (permanent
emission) and had no bell-shaped curve differently from other aldehydes e.g. formaldehyde. The reason
of the effect is that D-glucose exists mainly in ring form in water solution (Haworth ring form) and the
open form (the aldehyde group) is slowly liberated during the excited reaction. These excited reactions
may be important in human organism, because D-glucose and lysyl residues of proteins occur perma-
nently in human body and endogenous formaldehyde and H20 2 may be liberated there, too.

Keywords: L-lysine - formaldehyde - D-glucose - hydrogen peroxyde - chemiluminescence emission

INTRODUCTION

Szent-Gyorgyi drew the attention first for the specific reaction between L-lysine
(casein) and methyl-glyoxal forming excited molecules already at room temperature
proved by ESR investigation [¢]. Similar reaction can take place between L-lysine
and other unsaturated aldehydes and ketones ;acrolein, malondialdehyde, 4-
hydroxy-nonenal, dihydroxy-acetone (the last compound induced skin-browning)
etc. It was proved that this type of excited reaction requires dissolved oxygen since
it does not occur in N2 or Ar atmosphere [13]. Saturated aldehydes e.g. formalde-
hyde, acetaldehyde, propionaldéhyde, benzaldehyde could be activated only in the
presence of L-lysine and hydrogen peroxyde. The L-lysine mediated ternary system
(L-lysine : aldehyde : H20 2) showed excited reactions forming burst of chemilumi-
nescence emission (CL), excited aldehyde and singlet oxygen [s, 9, 10, 11]. The
excited reaction was investigated in detail for formaldehyde. The reaction mecha-

* Presented at the 4th International Conference on the Role of Formaldehyde in Biological Systems,
July 1-4, 1998, Budapest, Hungary.
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nism has been solved. We can explain how singlet oxygen and excited formaldehyde
are formed. The investigations were extended to biological objects (liver S9-mix,
plants) [11, 14, 15] and to formaldehyde precursors (dimethyl-nitrosamine, N-
methyl-hydrazine etc.) [7].

It is known that in Maillard browning reaction between L-lysine and various
reducing sugars CL and singlet oxygen could be formed at 100 °C, or higher tem-
perature [5, 16]. Low oxygen level inhibited CL and no CL was produced in nitrogen
purged solution [5]. The reaction parameters and the reaction mechanism of the
excited Maillard reaction (>100 °C) are well determined in the literature. The reac-
tion conditions (>100 °C) could not adapt to living organisms because D-glucose was
supposed to be non-activable at room temperature (20 °C).

As in D-glucose which has a hidden aldehyde group (in Haworth ring form), sim-
ilar reactions were supposed between L-lysine : D-glucose : H202 at 20 °C and phys-
iological pH as in the case of formaldehyde has been found in the appropriate ternary
system [11]. The open form is in very low concentration in water solution (0.0026%
at 25 °C) [3]. The excited reaction took place permanently, therefore, the aldehyde
group had to be liberated slowly according to the equilibrium during the reaction.
The ternary system may be present in human body because there are D-glucose and
a lot of lysyl side chains in proteins and endogenous H20 > may be liberated.

We found analogies and differences between the reactions of formaldehyde and
D-glucose in the appropriate ternary systems.

MATERIALS AND METHODS

Chemiluminescence (CL) emission measurements

Reaction condition : 0.1 M phosphate buffer (pH = 7.4), 25 °C. CL emission meas-
urement was carried out in Packard TriCarb LSC using coincidence operating mode
on 3H channel.

Light emission analysis. The chemiluminescence (CL) spectral distribution was
analysed by the spectrometer model VG-05 developed at the Central Research
Institute for Chemistry of Hungarian Academy of Sciences in Budapest. Transmitting
CL radiation through a series of colored glass filters having different cut-off wave-
length characteristics enabled the spectral profile of the emission to be calculated
thus pinpointing the emitter even in complex situations (Fig. 2.) [s, 9].

HPLC investigationsfor formaldehyde determination

(Waters HPLC system)

The prepared samples were injected through a 20 |il loop (Rheodyne, USA) for
analysis on a reversed-phase silica column (LiChrosorb-7-RP-18 250 x 3.9 mm 1.D.,

Merck, Darmstadt, Germany) at 30 °C temperature. The mobile phase (pH = 4.5) was
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30% acetonitrile in 0.05 M KH2P 04 pumped by a Waters Model 501 HPLC pump at
a flow-rate of 1.0 mix min-1. Detection was carried out using a Waters 470 type
spectrofluorimetric detector at 237 nm (excitation) and above 370 nm (emission)
wavelengths. The amplification of the detector was hundredfold.

Reaction mixtures:

- 100 mM D-glucose + 30 mM L-lysine x HC1 in 0.1 M phosphate buffer
pH = 7.4.

- 100 mM D-glucose + 30 mM L-lysine x HC1 + 30 mM H20: in 0.1 M phos-
phate buffer pH = 7.4.

- 100 mM D-glucose + 30 mM L-lysine x HC1 + 30 mM H:0: + 3.0 mM
Ks[Fe(CN)6] in 0.1 M phosphate buffer pH = 7.4.

Reaction mixtures were held at 37 °C for s hours, then were diluted 100 fold with
distilled water. 4.0 ml hydrazine hydrochloride (HP-HC1) reagent (10 mg in 100 ml
0.2 M KH2P04) was added to 4.0 ml reaction mixture. It was heated on a boiling
water bath for 15 minutes then 20 pi aliquotes of reaction mixtures were injected
directly into the HPLC apparatus. The concentration of formaldehyde in the samples
was determined by interpolation from calibration curve constructed by plotting the
peak areas of triazolo (3,4-a) phtalazine (formaldehyde adduct) versus the concen-
tration of formaldehyde.

Investigations with labelled compound

L-Lysine : D-glucose(:4C) : H20 2 (molar ratio =1:3:1) were reacted in phosphate
buffer (pH = 7.4) at 37 °C for 1 hour. The specific radioactivity of D-glucose-(14C)
was 187.2 MBg/mmol, 12.8 mCi/mmol. TLC analysis was carried out on Kieselgel
HF2s2 sheet. Running solution was n-buthanol-acetic acid-water = 8:1:1 (see
Fig. 4). Experiments were carried out using L-lysine-s (sH) (187.2 MBg/mmol, 5.06
mCi/mmol), unlabelled D-glucose and H20 2 for the identification of L-lysine-glu-
cose adduct in the same molar ratio as before.

RESULTS AND DISCUSSION

CL emissions were similar in several aspects for the formaldehyde and D-glucose
reactions in the appropriate ternary systems (Table 1). Both compounds were acti-
vated in the presence of H20 2 if the pH of the system was higher than 10. However,
at physiological pH both compounds could be activated in the presence of L-lysine
and H20 2

The investigation of CL emission as a function of time showed considerable dif-
ferences between the CL emissions emerged in the reactions of D-glucose and the
other investigated aldehydes (Fig. 1). The durations of excited reactions are relative-
ly short in case of formaldehyde and methyl-glyoxal (about 0.5-1 hour), but the
intensity of CL emission is very high in both case. The intensity of CL emission is
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Fig. 1. Chemiluminescence emission curves of different ternary systems versus time. 1 1mM L-lysine :

1 mM methyl-glyoxal : 1 mM H20 2 (pH= 7.4, 20 °C); 2 1 mM L-lysine : 1 mM CH2 : 1 mM H2 2

(20 °C, pH = 7.4); 3 1 mM L-lysine : 3 mM D-glucose (+ dissolved oxygen in water, Maillard browning

reaction, 100 °C) 4 1 mM L-lysine : 3 mM D-glucose : 1 mM H20 2 (20 °C, pH = 7.4, permanent emis-
sion)

much lower in the case of D-glucose, however, the excited state lasted many hours
(10-20 hours). The CL emission of D-glucose reaction did not show a bell-shaped
curve as in the case of formaldehyde and methyl-glyoxal were because the D-glucose
containing ternary system produced a permanent long-term life emission. It is known
from the literature an excited reaction between D-glucose and L-lysine (Maillard
reaction) if the temperature is >100 °C. The CL emission of the Maillard reaction
takes much longer than the CL emission of aldehydes investigated on 20 °C (Fig. 1).

The light emission analysis at different wavelength indicates that at the excited
reaction e.g. in the case of formaldehyde (Fig. 2) excited aldehyde (430 nm) and sin-
glet oxygen (633 nm, 705 nm) could be formed and in the reaction mixture a signif-
icant amount of NMormyl-lysine was detected [11]. Similar reaction was proved
with radiochemical method in the case of D-glucose.

Radiochemical analysis with labelled D-glucose (Fig. 3) showed that in the ternary
system (L-lysine : D-glucose-(1sC) : H20 2) glucose radical could be formed at 20 °C
and this radical can react with oxygen and lysine radical and CL and singlet oxygen
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Chemiluminescence emission (CL) investigation

Table |

Temperature

441

Reaction mixture (H=7.4) CL
L-lysine + CH20 20'C -
L-lysine + H202 20°C -
CH20 + H20 2 20'C very weak
CH:20 + h202 20 °C,pH> 10 +++ burst
L-lysine + D-glucose 20 °C -
D-glucose + H20: 20 'C -
D-glucose + H20: 20 "G pH >10 +++
L-lysine + CHz20 + H20: 20'C +++ (burst)
L-lisine + D-glucose + Hz0:z 20'C +++ (long life emission)
L-lysine + D-glucose + Oz 5100 °C ++ (Maillard browning

(dissolved oxygen in water)

SCALING: Y -i

LYZINE H20r H2CO

reaction)

blue light emission red light emission

excited ~C==0 singlet oxygen (k3r)
group in formaldehyde formation

2'0i —» 20j+hv
C=0 + hv |
h h 633 nm

Fig. 2. Light emission analysis at different wavelength in a mixture including L-lysine : CHD : H20 2,
molar ratio: 1:1:1 mM, at 25 °C in 0.1 M Sorensen buffer, pH 7.4 (8)
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Fig. 3. Radiochromatogram of the reaction between 1 rnM L-lysine : 3 mM D-glucose-U-(14C) : 1 mM
H20 2. 1 D-glucose-U-(14C) 2 L-lysine-D-glucose-U-(l4C)

o

Fig. 4. HPLC chromatogram of reaction mixture: D-glucose, L-lysine and HX 2(37 °C, 8 h). Peaks: 2.52

min (unknown), 3.96 min hydralazine reagent, 4.89 min (unknown), 5.46 min hydralazine - D-glucose

adduct, 6.99 min hydralazine-formaldehyde adduct (formaldehyde concentration 0.065 mM), 7.98 min
(unknown)
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could be formed in the reaction (see later the reaction mechanism). Formation of
L-lysine-D-glucose adduct (Fig. 3, peak 2) could be identified and confirmed using
L-lysine-s (sH) in the investigation. Radiochemical experiments proved, that similar
excited reaction cannot take place between L-lysine and D-glucose-(,4C) at 20 °C
without H20 2. The situation is very similar in the case of formaldehyde, where large
amounts of Ne-formyl-L-lysine could be fonned in the ternary system simultaneous-
ly with singlet oxygen liberation. Between L-lysine and formaldehyde do not exist
CL and HO: liberation.

There is another very interesting result in the ternary system: L-lysine : D-glu-
cose : H20 2. We supposed from theoretical considerations that in the ternary system
formaldehyde could be liberated from D-glucose. HPLC investigations brought con-
firmatory evidence that formaldehyde was liberated in the reaction of the ternary sys-
tem (Figs 4, 5). The result may be significant in biological systems especially in
human body because without L-lysine does not liberate formaldehyde from D-glu-
cose and H202 at 20 °C and 37 °C. L-lysine is a catalyst in this reaction. What is the
biochemical pathway of the liberated formaldehyde, will it take place in excited reac-
tions or not, may it be harmful or not, it is not known up to date.

What is the main difference between D-glucose and other aldehydes in the excit-
ed reactions? The main difference is: D-glucose exists mainly in ring form in aque-
ous solution (Flaworth ring form) and the open form is liberated slowly in the excit-

Fig. 5. HPLC chromatogram of reaction mixture: D-glucose, L-lysine, H2 2 and K4[Fe(CN)§]. 2.53 min
(unknown), 5.64 min hydralazine-glucose adduct, 7.03 min formaldehyde-hydralazine adduct (formalde-
hyde concentration 0.077 mM), 8.07 min (unknown)
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ed reaction (L-lysine : D-glucose : H20 2). The equilibrium will be shifted slowly for
the open form (Fig. ) forming permanently D-glucose. D-glucose has very low car-
bonyl concentration in aqueous solution (open form 0.0026% at 25 °C) [3]. Other
aldehydes are in open form or in hydrated form (e.g. formaldehyde) in aqueous solu-
tion.

o=ch CH OH

ho-1h K=104 ~
fii—OH 20 °C 'r~

a P
D-glucose

(openform 0.002% a - D - glucopyranose
in aqueous solution) B - D -glucopyranose

Fig. 6

According to the reaction mechanism only the open form can react with excited
lysine radical forming excited glucose radical molecule and the equilibrium will be
shifted to the left side.

Kurosaki et al. [5] suggested a reaction mechanism for the excited reaction (CL
and '0:. formation) between L-lysine and D-glucose when the temperature was
>100 °C. First in the reaction an Amadori compound could be formed from lysine
and glucose then radical compounds were formed by heat from Amadori compound
(Fig. 7).

In our ternary system at 20 °C Amadori compound could not be formed, therefore,
it has to be supposed that D-glucose may be activated by lysine radical (Fig. s).

The reaction mechanism is validated by CL emission and singlet oxygen libera-
tion (supported by light emission analysis, radiochemical investigations and the
quenching of reaction by NaN3).

The excited reactions may be important in the human organism, because D-glu-
cose and lysyl residues of proteins occur permanently in human body and endoge-
nous formaldehyde and H202 may be liberated there too. The elevated D-glucose
level in patients with diabetes may be especially harmful due to the consequences of
the excited reactions.

The excited formaldehyde and glucose molecules are very reactive and can attack
proteins, DNA and RNA, while the formed singlet oxygen can attack DNA at guano-
sine forming s -hydroxy-guanosine and DNA may be degradated [1,4].
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Lys-ENH Lys—eNH
CH2 heat (100 °C)
A=o0 % o

Amadon compound: substituted
I-amino-l-deoxy-2 ketose

Lys—eNH Lys—eNH
HC-O0-OH H2
cmo “r >0
- c=0 singlet
i OXygen
excited molecule

CL

Fig. 7. Proposed reaction mechanism for generation of chemiluminescence (CL) and singlet oxygen in
Lysine : D-glucose Maillard browning reaction (100 °C), according to [5]
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HC=0 D-glucose

Fig. 8. Proposed reaction mechanism for generation of chemiluminescence (CL) and singlet oxygen
(10 2 in L-lysine : D-glucose : H:0 > ternary system at 20 °C (pH = 7.4), according to authors
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MICROBIAL UREA-FORMALDEHYDE
DEGRADATION INVOLVES A NEW ENZYME,
METHYLENEDIUREASE*
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The enzymic mechanism of metabolization of urea-formaldehyde condensation products (methyl-
eneureas; MU) and the fate of the degradation products ammonium, urea and formaldehyde were stud-
ied in bacteria isolated from garden soil, which were able to use methyleneureas as the sole source of
nitrogen for growth. An organism identified as Ochrobactrum anthropi completely degraded methyl-
enediurea (MDU) and dimethylenetriurea (DMTU) to urea, ammonia, formaldehyde and carbon dioxide.
An enzyme designated as methylenediurease (methylenediurea deiminase; MDUase) was responsible for
the degradation of both MDU and DMTU as well as higher polymerized MU. Growth on MU as the
nitrogen source specifically induced the synthesis of this enzyme, which seems to be located in the
periplasm of the bacterium. Under these growth conditions, urease as well as NAD-specific formalde-
hyde and formiate dehydrogenase were expressed to high levels, efficiently using the products of MU
degradation, and high-affinity transport systems for urea and ammonia were synthesized scavenging the
environment for these products.

Keywords: Methyleneurea - urea-formaldehyde - degradation - ammonification

INTRODUCTION

Urea-formaldehyde compounds (methyleneureas; MU) are widely used as a slow
release fertilizer on greens, lawns and in greenhouses [2] and have been employed to
improve the nitrogen status of forest soils [1]. These compounds are condensation
products of urea and formaldehyde, their degree of polymerization largely depend-
ing on the ratio of urea and formaldehyde during the condensation process. With
formaldehyde in excess, high-molecular resinous polymeres are produced which are
used as plastics, insulating materials and adhesives. At a molar ratio of urea and
formaldehyde between 1.2-:.5 to 1, condensates suitable for the use as a slow-
release fertilizer are formed, consisting of a mixture of MU polymers having a shorter
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chain length, e.g. methylenediurea (diureidomethane), dimethylenetriurea, trimethyl-
enetetraurea (MDU, DMTU, TMTU) etc. MU are known to be mineralized by micro-
bial activity [5], but nothing was known regarding the mechanism of their degrada-
tion until recently, when an enzyme from a strain of Ochrobactrum anthropi was iso-
lated and purified [s]. It was shown that MU degradation is a result of both biotic and
abiotic reactions, with in a first step the hydrolytic release of a terminal amino group
from these compounds. In the present study, the fate of the products of microbial
degradation of MU, i.e., ammonia, urea and formaldehyde, was studied in more
detail, and it is shown that they are efficiently used by O. anthropi as a source of
energy and nitrogen for growth.

MATERIALS AND METHODS

Ochrobactrum anthropi was grown to the early stationary growth phase in a mineral
medium as previously described [s] with o.2% (w/v) glucose as the carbon source
and the nitrogen sources indicated in the experiments, harvested by centrifugation
(10 000 Xg for 20 min at 4 °C) and washed twice in 50 mM Na:HP04, pH 7.5, 3 mM
mercaptoethanol. Cell-free extracts used for the enzyme assays were prepared as
described previously [s]. Osmotic shock was carried out as described by Nossal and
Heppel [11]. All enzyme and transport activities were measured as described before
[3, 6,7 8,9, 10]. The activity of alkaline phosphatase was determined in 1 M
diethanolamine, 10 mM p-nitrophenylphosphate, 0.25 mM MgCl. and shock
fluid/cell-free extracts in appropriate amounts at pH 9.8; absorbance was read at 410
nm after 20, 40 and 60 min of incubation at 30 °C.

RESULTS AND DISCUSSION

In a previous study, a bacterium able to use MU as the sole source of fixed nitrogen
for growth has been isolated and identified as a strain of Ochrobactrum anthropi [s].
The MU metabolizing enzyme from this organism was designated as methylenedi-
urease (MDUase) and has been shown to be specifically induced by MDU and frac-
tions of ureaform of different water solubility to activities of up to 26 nmol ammo-
nium released from MDU per min and mg protein [s]. In the present study even high-
er activities are observed when the cells were grown with unfractionated methyl-
eneureas (Table 1), and the aim of our work was to investigate the fate of the prod-
ucts released during the degradation of MU.

Products released in the breakdown of MU are further metabolized by O. anthropi
through a series of different enzyme and uptake systems. While a number of enzymes
responsible for the assimilation of ammonium are expressed at similar levels at
growth with both ammonium and MU as nitrogen source (glutamine synthetase, ala-
nine dehydrogenase, glutamate-pyruvate transaminase), the transport systems for
urea and ammonium as well as enzymes responsible for the further metabolization of
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Table 1

451

Transport and enzyme activities in O. anthropi after growth with ammonium and

methyleneureas as a nitrogen source

Nitrogen source 20 mM NH4ClI meth%lir%lureas
MDUase 0.4 970
Urease 90 471
Forraaldehyd-DH 2.2 99
Forrniat-DH 0.2 45
NH4+ transport 0.1 4.0
Urea transport 0.2 14
Gin Synthetase 139 138
GOGAT nd nd
Glu-Pyr Transaminase 49 41
Ala-DH (NAD) 154 118
Glu-DH (NAD/NADP) nd nd

All activities are given in nmol product formed/substrate metabolized or transported/min x mg protein
nd = not detected

the products of MU degradation (urease, formaldehyde and formiate dehydrogenase)
are induced or derepressed at growth with MU (Table 1). A remarkable finding is the
absence of a glutamate dehydrogenase in O. anthropi. Instead, ammonium is metab-
olized to amino acids via glutamine synthetase, an NAD-dependent alanine dehy-
drogenase (AlaDH) and specific transaminases. Formaldehyde is oxidized via formi-
ate to C02 by NAD-dependent formaldehyde and formiate dehydrogenase, thereby
using these compounds as a source of energy. No evidence was found for an assimi-
lation of formaldehyde as a carbon source for growth in O. anthropi.

The molecular mechanism of degradation of MU was studied with MDUase from
cells grown with MU as the sole source of nitrogen, which was purified by a proce-
dure consisting of heat treatment and a series of chromatographical methods includ-
ing HIC, SEC and IEC, as described before [s]. Using this purified enzyme prepara-
tion, a complete degradation of MDU, DMTU and TMTU was observed. These com-
pounds were hydrolysed to ammonium, formaldehyde and urea in a molar ratio of
2:1:1 (MDU), 4:2:1 (DMTU) and 6:3:1 (TMTU). The proposed pathway of
the degradation of MDU by the MDUase is shown in Fig. 1 The degradation of
DMTU (TMTU) is catalysed by the same enzyme and may occur by the same route.
In the first step ammonium and carbon dioxide are formed as well as an aminated
methyl-MDU (methyl-DMTU), which hydrolyses to ammonium and N-hydroxy-
methyl-MDU (N-hydroxymethyl-DMTU). The latter compound subsequently
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NH2CONHCH2NHCONH:2

MDUase + H20

NH2CONHCH2NHCOOH + NHs3

h

NH2CONHCH20H + CO02 + NHs

t

NH2CONH2 + ch2o

Fig. 1. Pathway of MDU degradation by O. anthropi. See text for further explanation

decomposes to formaldehyde and MDU (DMTU), which is then degraded via the
route described above. An identification of the postulated intermediates is restrained
by their instability.

Table 2
Localization of methylenediurease in O. anthropi

Percent volume activity

E

nzyme in the shock fluid
M DU ase 7.7
Urease 0.4
Ala-DH (NAD) 0.0
Alkaline phosphatase 6.7

Total enzyme activities of both extract and shock fluid were determined, and the percentage of enzyme
activities in the shock fluid was calculated.
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Highly condensated methyleneureas are large molecules, and the cytoplasmic
membrane of the cells is expected to act as a permeability barrier for the uptake of
these compounds. Therefore, transport systems would be needed in order to allow
sufficiently fast translocation of MU through the membrane and their subsequent
degradation. Another possibility would be an extracellular localization of the
MDUase, i.e. a secretion of the enzyme into the periplasm or into the culture super-
natant. Since MDUase activity was not observed in the culture fluid at any phase of
growth of the organism, attempts to detect the enzyme in the periplasm were carried
out using sphaeroplasts and osmotically shocked cells. O. anthropi turned out to be
highly resistant to lysozyme, even in the presence of high concentrations of EDTA
(results not shown), and no sphaeroplasts could be obtained in order to test the
hypothesis of a localization of the enzyme in the periplasm by this approach.
Furthermore, the cells were comparingly resistant to osmotic shock treatment, and
only low amounts of protein were released from the cells during this procedure; these
findings are in accordance to the high resistance of this organism to a range of antibi-
otics, which may be due to an extraordinarily ‘tight’ cell surface [4]. However, sig-
nificant activities of methylenediurease and alkaline phosphatase (known as a mark-
er for periplasmic enzymes) were detected in the shock fluid, while urease and ala-
nine dehydrogenase were virtually absent (Table 2). Furthermore, the metabolization
of methylenediurea by whole cells was not inhibited by the uncoupler carbonyl-

MDU / DMTU etc
Fig. 2. Current model for MU degradation in O. anthropi. EC 1.2.1.2 = formiate dehydrogenase; EC

1.2.1.46 = formaldehyde dehydrogenase; EC 1.4.1.1 = alanine dehydrogenase; EC 2.6.1.2 = glutamate-
pyruvate aminotransferase; EC 3.5.1.5 = urease; EC 6.3.1.2 = glutamine synthetase
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cyanide-m-chlorophenylhydrazone known to inhibit energy-dependent membrane
transport systems (results not shown); if active transport processes were involved in
the translocation of MU through the bacterial cytoplasmic membrane, an inhibition
would have been expected. Both findings suggest that methylenediurease may be a
periplasmic enzyme, and our current model for the degradation of MU in O. anthropi
is depicted in Fig. 2.

Further studies are required in order to determine whether higher condensated
urea-formaldehyde compounds as they occur in MU used as fertilizers (tetramethyl-
enepentaurea, pentamethylenehexaurea, etc.) are also degraded by the enzyme. Until
now, such studies are hampered by the very low solubility of these condensates and
both the lack of pure substances and suitable analytical techniques. However, a slow
but continuous release of ammonium was observed from hot-water insoluble meth-
yleneurea incubated with purified MDUase. Since this MU-fraction does not contain
significant amounts of urea, MDU, DMTU and TMTU, this indicates that methyl-
eneureas with a higher degree of polymerization may also be metabolized by this
enzyme.
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Competitive enzyme-linked immunosorbent assay (ELISA) systems are proposed for the indirect moni-
toring of formaldehyde by the parallel detection of its iV-methylated precursors and the corresponding
demethylated compounds. As an example for such immunoanalytical differentiation between an A-hete-
rocyclic compound and its JV-methylated derivative, the quantitative detection of the systemic triazole
fungicide, myclobutanil, is discussed. Antibodies recognizing the non-zwitterionic structure of 2-(4-
chlorophenyl)-2-[(1,2,4-triazol-l-yl)-methyl]-hexanonitrile (myclobutanil) showed only minor binding
to corresponding N-alkylated derivatives of myclobutanil. And vice versa, literature data indicate that
antibodies raised against the pyridilium ionic structure of the herbicide paraquat, displayed only
mediocre reactivity towards the corresponding dealkylated derivatives. Thus, both experimental and lit-
erature data suggest that immunoanalytical methods for differential detection of /\V-methylated heterocy-
cles (potentially including formaldehyde precursors) and their non-methylated counterparts are possible
to develop.

Keywords: ELISA- immunoassay - cross-reactivity - myclobutanil - paraquat

INTRODUCTION

As the significance of biological methylation/demethylation processes is revealed,
differential quantitative detection of various TV-compounds (amines or heterocycles)
and their N-methylated counterparts becomes of increasing importance. This applies
particularly to studies when generation of formaldehyde or the kinetics of its precur-
sors are examined.

Enzymatic déméthylation of N- or S-methyl compounds have been proposed to
result in the generation of formaldehyde [s, 7]. Moreover, endogenous formaldehyde
has been hypothesized to be generated though méthylation processes as well [4].
Putative key intermediates in formaldehyde generating déméthylation processes are
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quaternary <Y-methyl derivatives. Although the majority of stress-related physiologi-
cal A-methylated compounds (including presumed formaldehyde precursors)
includes quaternary derivatives of aliphatic amines (e.g., glycine betaine, choline,
Are-trimethyl-L-lysine, L-camithine, etc.), several quaternary heterocyclic formalde-
hyde precursors (trigonelline, stachydrine) are also assumed. Trigonelline (3-car-
boxy-1-methylpyridinium hydroxide inner salt, nicotinic acid A-methylbetaine, caf-
fearine, gynesine) has been long known to occur in coffee beans, as well as in seeds
of various plants including Trigonella foenumgraecum L. (Leguminosae),
Strophanthus spp. (Apocynaceae), Cannabis sativa L. (Moraceae) and many other
species [5, 9, 20, 23]. Stachydrine (2-carboxy-I,I-dimethylpyrrolidinium hydroxide
inner salt, methyl hygrate betaine, hygric acid methylbetaine) also occurs widely in
nature, especially in alfalfa, Chrysanthemum, Citrus and Stachys species [22]. Both
of these compounds are quaternary ammonium salts (trigonelline is a monomethyl
derivative of an aromatic /V-heterocyle, while stachydrine is a dimethyl derivative of
a cycloaliphatic A-heterocycle).

It is important to note, however, not only quaternary (“fully alkylated”) A-alkyl
ammonium compounds can act as formaldehyde precursors. A-methyl-ascorbigen.
an indolyl derivative of ascorbic acid, is also suspected to generate formaldehyde.
This compound, formed in méthylation of ascorbigen and isolated from cruciferous
vegetable tissues, has been proven to exert strong biological activity including
immunomodulating and antitumoral effects. Previous studies suggested that these
beneficial effects are related to formaldehyde generation [10]. In addition to
A-methyl-ascorbigen, several other, not “fully alkylated” compounds containing no
quaternary ammonium moieties have been suspected as formaldehyde generators,
including epinephrine, ethylmorphine, nicotine or nicomorphine [24].

Formaldehyde is readily detected by instrumental analytical chromatographic
methods e.g., HPLC, OPLC or TLC, nonetheless, it is often monitored indirectly by
measuring the concentration of certain formaldehyde scavengers (e.g., dimedone) or
the level of the formaldehyde precursor A-methyl compounds and their demethylat-
ed derivatives. An interesting novel possibility of such indirect detection is offered
by the use of immunoanalytical methods. Recent developments in the field of
immunodetection of small molecules have proven that immunoassays serve as facile,
time- and cost-effective alternatives to instrumental analysis [2, 3]. Enzyme-linked
immunosorbent assays (ELISAs) are particularly applicable in environmental moni-
toring, where large numbers of - mostly aqueous - samples are analyzed [3, 19].

As an example to illustrate characteristic differences in antibody affinity as a func-
tion of A-alkylation of the antigen, cross-reactivity patterns of our antibodies against
a triazole fungicide, myclobutanil (2-(4-chlorophenyl)-2-[(l,2,4-triazol-I-yl)-
methyl]-hexanonitrile) [11, 13] is discussed with respect of differential sensitivity to
alkylated and non-alkylated triazole derivatives. In addition, literature data for dif-
ferences in immunorecognition of the pyridylium herbicide, paraquat and its N-
demethylated derivatives [16-18] are cited. These data together suggest the possibli-
ty of immunoanalytical distinction between methylated and demethylated forms of
putative formaldehyde precursors as well.
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MATERIALS AND METHODS
Hapten synthesis, conjugation and verification

Haptenic compounds and immunogenic conjugates were prepared as described by
Székdcs and Hammock [13]. 2-(4-chlorophenyl)-2-[(l,2,4-triazol-1-yl)-methylj-
hexanoic amide (Il) was prepared by the partial hydrolysis of myclobutanil (1) under
phase transfer conditions, while 2-(4-chlorophenyl)-2-[(I**-triazol-I-ylj-methylj-
hexanoic acid (I11) was prepared by the nitrosation of Il. The products were purified
and characterized by IR, '"H NMR, 14C NMR and mass spectroscopy. Spectral data
are listed in Székacs and Hammock [13]. The hapten (I11) was conjugated to carrier
proteins, i.e. conalbumin (CONA) and bovine serum albumin (BSA), via amide
bonds by the DCC method [15].

Immunization, serum collection and enzyme-linked immunosorbent
assay (ELISA)

New Zealand white rabbits were immunized intradermally with the immunogen I11-
CONA (CONA conjugate). The immunoglobulin fraction of the serum was collect-
ed by sodium-sulfate precipitation.

ELISA determinations were performed in 96-well microplates following the basic
solid phase immunoassay principle of Voller [21]. BSA conjugates were used as plate
coating antigens. Bound antibodies were exposed to anti-rabbit IgG (1 : 2500 dilu-
tion in phosphate buffer) conjugated to horseradish peroxidase (HRP) and enzymat-
ic activity was measured using hydrogen-peroxide as a substrate and o-phenylenedi-
amine (OPD) as a chromophore. Analyte concentrations were measured indirectly by
competition with the coating antigen for antibody binding sites.

RESULTS AND DISCUSSION

Hapten synthesis and conjugation

In order to obtain and utilize antibodies, immunoanalytical methods require the syn-
thesis of analogs of the target analytes (haptens) containing functional groups for
coupling to larger molecules. These small and immunologically inactive compounds
are rendered immunogenic by being coupled to carrier proteins. A haptenic deriva-
tive (111) of myclobutanil (1) (Fig. 1) was conjugated to proteins (CONA, BSA). The
quantity of the hapten coupled to the protein was determined by the back-titration of
the free amino groups available on the protein before and after conjugation, and was
found to be 0.19 and 0.23 mmol hapten/g protein for the CONA and the BSA conju-
gate, respectively. An additional hapten with a quartemary nitrogen atom in the tria-
zole ring (V) was prepared by alkylation of the parent compound.
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Fig. 1. Chemical structure of myclobutanil and its haptenic and quartemary alkylated derivatives

Immunoassay development and characterization

Enzyme-linked immunosorbent assays (ELISASs) detect given target compounds by
their characteristic binding to target-specific antibodies. A-methylation or déméthy-
lation results in outstanding differences in molecular features of the given com-
pounds: water solubility is highly increased by quaternary salt formation, moreover,
the electron distribution within the molecule is also greatly modified. These differ-
ences are expected to result in expressed alterations of antigenic properties and
immugoneity. Therefore, antibodies specific for given ~-methylated compounds are
likely to recognize the corresponding demethylated derivatives with a characteristic
difference, and vice versa. This differential sensitivity of the above-mentioned anti-
bodies makes immunoanalysis an applicable and facile method in monitoring of
putative formaldehyde precursors, and therefore in the indirect monitoring of
formaldehyde.

In this study, an immobilized antigen based, competitive indirect immunoassay
was utilized, where binding of the antiserum to an immobilized macromolecular anti-
gen is supressed by the target analyte in solution. The assay is therefore based on a
competition between the target analyte in solution and the hapten immobilized on the
solid surface as a protein conjugate. The influence of the following factors were test-
ed on assay performance: pH (4.9-9.4), incubation temperatures (4 °C, room tem-
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perature and 37 °C), the amount of the coating antigen (1 ug/mL to 20 pg/rnL), as
well as the addition of surfactants. Comparative competitive inhibition experiments
were carried out under optimized conditions.

Inhibition by myclobutanil appeared to be in the micromolar range that is close to
the sensitivity of similar immunoassays reported [1, 8]. Competitive inhibition tests
with the purified antiserum were run in at least three replicates with a coefficient of
variation of less than 7%, under optimized conditions. The minimum detectable con-
centration of myclobutanil was 0.2 mg/mL. The 19 values of myclobutanil (1) and
intermediates 11 and 111 were found to be 4.9, 1.4 and 2.4 mg/mL, respectively.

Utilization of the present ELISA system has been discussed elsewhere [11, 14].
Nonetheless, it is a particularly interesting feature of the antibody that it shows char-
acteristically low binding to TV-alkylated derivatives of the parent compound. This is
seen particularly from cross-reactivity values. [Cross-reactivity of a given compound
is defined as a percentage ratio of the ICX value of the reference compound
(myclobutanil) and that of the given compound.] Cross-reactivities with various tri-
azole derivatives ranged between 0-15%. The assay, however, was not inhibited by
/V-alkylated triazoles. One analog of this kind, TV-alkylated on the triazole ring by a
5-carboxypentyl moiety (V) was prepared intended to be used as an additional
immunogen. Antibodies raised against the conjugate of intermediate 111 did not
appear to bind to this analog.

Literature results indicate that antibodies are possible to be formed against TV-alky-
lated quaternary compounds [16-18]. One example is the herbicide paraquat (v 1)
(Fig. 2), where antibodies of good affinity were obtained against the parent com-
pound containing two quaternary pyrimidinium nitrogen atoms. The same antibod-
ies, however, showed highly reduced binding to the partially or fully demethylated
analogs (v 111, 1x) (Table 1).

Fig. 2. Chemical structure of paraquat and its haptenic derivatives
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Table 1
Cross-reactivities of (A) polyclonal antibodies raised against a haptenic derivative (111) of myclobutanil (1) with various related compounds (B) poly-
clonal antibodies raised against a quartemy alkylated haptenic derivative of paraquat (v 1) with various related compounds. Data on paraquat and its
derivatives are cited from Van Emon et al. [22]

Compound Cross-reactivity3 Compound Cross-reactivity3
G B
100 mo

Myclobutanil (1) (ICs0 = 4.9 + 0.5 pg/ml) Paragueat (V1) (ICs0 = cca. 1 ng/ml)
fl-l(;l-chlorophenyl)-z-[( 1,2,4-hexanoic amide 354 Alkyl paraguat derivatives (V11)
2-(4-chlorophenyl)-2-[(1,2,4-triazol-1-yl)-methyl
J 204 RI =Et, R2 = & 89
hexanoic acid (LL)
N-methyl-myclobutanil (TV) 21 Ri = Me, R2 = Pr 100
N-(5-carboxypentyl)-myclobutanil (V) 4.6 R, =Pr,R2= Pr 94

Rl = Hex, Rz = Hex 42

RI = Oct, Ri = Oct 32

Rl = By, Ri = ®u 18

Rl = Bz, R2 = Bz 45

Monodesmethyl paraquat (monoquat) (VI11) 31

Didesmethyl paraquat (4,4’-bipyrididyl) (IX) 14

“Cross-reactivities are defined as the percentage ratio of the 1IC value (the concentration which inhibits the assay by 50%) of the reference compound

(myclobutanil or paraquat) and of the given compound. IC30values were calculated from four-parameter fit, and were not determined above 1 mg/mL con-
centration.
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CONCLUSION

In conclusion, literature data and our laboratory results indicate that antibodies, in
certain cases, sharply distinguish between (V-alkylated and non-alkylated counter-
parts of /A-containing heterocycles. A prerequisite for this differentiation is that the
antibody recognizes at least one ofthese chemical types of molecules. A small /V-het-
erocycle, 1,2,4-triazole was found not being immunogenic of sufficient affinity to
bind to antibodies raised against various triazole derivatives [1, 12, 14, 19]. Other N-
heterocyles e.g., triazines appear highly immunogenic [3]. In two such cases, highly
different immunoaffinity is seen towards derivatives of different alkylation rates on
the ring nitrogen atom(s). Could antibodies of sufficient affinity be raised against
putative formaldehyde precursors, the ratio of their methylated and non-methylated
forms may be detected, and therefore, immunoassays may offer a means of indirect
monitoring of minute levels of formaldehyde generated.
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Specifications of wood adhesives must be in correlation with the requirements for the corresponding
wood products, for which they will be used. Formaldehyde emission of wood products bonded with urea-
formaldehyde resin based adhesives is strictly regulated by standards and there is a compromise is
between formaldehyde emission and performance, such as strength, or water resistance. Since values of
formaldehyde emission depend on the test method used, in Europe urea-formaldehyde resins for adhe-
sives may generally be classified according to HCHO emission in the particleboard rating of Emission 0
to Emission 1 class (E-0 to E-I). According to DIN EN 120, particleboard quality El emits<6.5
mg/100 g dry article determined with the perforator method. Although a great number of factors effect
the formaldehyde emission of the cured products, such as the hardener system, the type of wood etc., the
emission of formaldehyde is in strict correlation with the free formaldehyde content of the resin before
the curing process. El emission class can be achieved, if the free formaldehyde content of the resin is
lower than 0.2% by mass. Urea-formaldehyde resins containing, higher than 0.5% free formaldehyde by
mass exceed emission class E2, and are not accepted. Since the free formaldehyde content of the urea-
formaldehyde resin effects the emission of formaldehyde in the cured product, low formaldehyde con-
tent must be ensured during resin synthesis. This can be achieved by properly selecting synthesis condi-
tions as well as raw materials. The quality of raw materials is an essential and determining factor for the
synthesis of urea formaldehyde resins. The principal changes which may take place in the formaldehyde
solution on storage are the polymerization and precipitation of the polymer, Cannizzaro reaction, methy-
lal formation, oxydation to formic acid, condensation to hydroxyaldehydes and sugars. Any of these reac-
tions are detrimental to product quality. The state of formaldehyde is also an essential factor, since the
reaction of poly(methylene glycol)s with urea leads to methylene ether linkages resulting in emission of
formaldehyde during storage and later on during the process of curing. Hydrolysis, isomerisation and
decomposition of urea may take place simultaneously during improper storage conditions, such as high
humidity, high temperatures, industrial atmosphere. The side products formed affect the reaction with
formaldehyde during the synthesis resulting in high free formaldehyde content of urea-formaldehyde
resins. The relation between synthesis conditions, free formaldehyde content and performance of urea-
formaldehyde resins are discussed in detail.
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INTRODUCTION

Hazardous properties of exogenous formaldehyde are very well known, although
formaldehyde-based resins still make a considerable part of synthetic resins overall.
The most important representatives of formaldehyde-based products are the pheno-
plastics and aminoplastics, the first synthetic thermosetting plastic materials.
Precursors of phenoplastics are the phenol-formaldehyde resins, whereas the most
important precursors of aminoplastics are urea-formaldehyde and melamine-
formaldehyde resins. Due to their excellent performance, durability, ease of synthe-
sis, and relatively low price, all these thermosetting resins still have a widespread
application all over the world. This may only be possible, if these materials meet the
international requirements of environmental protection. This refers to the free
formaldehyde content of these resins, which is in strict correlation with the formalde-
hyde emission of the cured product.

Urea-formaldehyde resins are excellent adhesives for wood products and are
widely used even nowdays as wood adhesives [1]. Inspite of their advantageous
properties, i.e. excellent adhesion to lignocellulosics, excellent intrinsic cohesion,
ease of handling and application, lack of colour in the finished product and low cost,
urea-formaldehyde resins have two main drawbacks. They do not resist weather and
water and emit formaldehyde vapours during the use of wood products bonded with
them. While the lack of weather resistance is a drawback, which can be tolerated
when these adhesives are used for interior wood products, formaldehyde emission is
especially harmful because of environmental reasons. Application of these products
is possible only if the free formaldehyde content is reduced to a minimum level.
Efforts are made all over the world to decrease formaldehyde emission, which may
be achieved on one side by using urea-formaldehyde resins of very low free
formaldehyde content. This paper reveals the factors, which influence and determine
the free fonnaldehyde content of urea-formaldehyde resins. These factors include the
state and reactions of raw materials during improper storage, state of formaldehyde
before and during synthesis, side reactions of monomers, and the effects of synthesis
conditions on the free formaldehyde content of the resin. A short survey is given on
the requirements described by the international standards on free fonnaldehyde con-
tent of the resins and formaldehyde emission ofthe final products, and the ways, how
to achieve these requirements, are discussed.

FORMALDEHYDE EMISSION
Methodsfor determination offormaldehyde emission
Formaldehyde emission of wood products may be determined by different methods.
The perforator or extraction method is given by the European standard EN
120:1992. The principle of this method is that formaldehyde in test samples is

extracted with boiling toluene, absorbed in distilled or deionized water, and deter-
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mined photometrically by using acetylacetone as reagent. The value of formaldehyde
emission is given in mg/100 g dry board. The gas analysis method is described in EN
717-2:1994. The principle of this method is the following: test sample of known sur-
face and thickness is inserted in a tempered vessel and air is flown through the ves-
sel with a constant rate. The eliminating formaldehyde will be carried by the flowing
air and is absorbed into distilled water. The analysis is carried out photometrically by
using acetylacetone as reagent. The quantity of formaldehyde is given in mg/mzh.
The evaluation chamber method is given by EN 717-1. The principle of the chamber
test is that the test sample is placed in a closed chamber, which is ventillated accord-
ing to a strictly given program. The equilibrium concentration of formaldehyde in
ppm is measured. Any of these methods may be carried out in Hungary by the Wood
Quality Control and Consulting Ltd., Budapest (Faipari Min6ségellen6rzd és Ta-
nacsado Kft., Budapest).

Classification ofwood products according toformaldehyde emission

Wood products, such as chipboard, fibreboard or plywood, are classified according
to formaldehyde emission, i.e. according to the expectable concentration of
formaldehyde in the air of rooms, where they are used. The German Committee for
Uniform Technical Building Regulations (Ausschuff fur Einheitliche Technische
Baubestimmungen - ETB) published in April 1980 the Regulations for the
Application of Wood Panels relating to the Restriction of Formaldehyde
Concentration in Closed Area. The limits of formaldehyde emission and the referring
classes of wood products were established on the emission values determined by the
perforator method [earlier described by DIN 68763-1989]. As there are some other
methods for determining formaldehyde emission, different from the perforator
method, such as the gas analysis method [earlier by DIN 52368-1984] or the cham-
ber test method [2], which was standardized later in CEN-Norm pr EN 717-1, it is
rather difficult to draw a correlation between the values gained by the use of these
different methods. The Regulations for the Application of Wood Panels relating to the
Restriction of Formaldehyde Concentration in closed Area published first in April
1980 have been continuously surveyed and were republished in October 1991 by the
German Institute for Building Technic (Deutsches Institut fur Bautechnik - DIBt)
with the new title “Regulations on the Classification and Control of Wood Panels
relating to Formaldehyde Emission”. In the last publication of these Regulations in
June 1994 [3] the following classes of wood products are distinguished according to
value of formaldehyde emission of the wood product (Table 1).

Factors effectingformaldehyde emission

Formaldehyde emission of wood products depends on a rather great number of fac-
tors. One ofthese is thefreeformaldehyde content o furea-formaldehyde resin. There
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is an experimental relation between free formaldehyde content of urea-formaldehyde
resins and formaldehyde emission of wood products bonded with those resins.
According to this for EI class wood product the free formaldehyde content of the
resin should not exceed 0.2%. This, however, may not definitely garantees low emis-
sion of formaldehyde, corresponding to class E|, if the structure ofthe resin allows
methylene ether linkages. Kim and Amos [4] revealed the relation between formalde-
hyde to urea molar ratio and methylene linkages in urea-fonnaldehyde resins on the
base of 13C-NMR-spectroscopy. Ferg, Pizzi, and Levendis apply model equations
relating peak intensities assigned to IsC-NMR resonance of the possible functional
groups in urea-formaldehyde resins with molar ratio of formaldehyde to urea in the
corresponding resin, and with the help ofthese equations the release of formaldehyde
during storage and application may be predicted [5]. This means that the presence of
methylene ether linkages in the resin structure results in elimination of formaldehyde
in a later stage. The other important factor contributing to formaldehyde emission is
the latent formaldehyde in wood itself. The different procedures for determining
formaldehyde emission take into consideration the elimination of formaldehyde
deriving from wood. Storage conditions, such as temperature and humidity, also
effect formaldehyde emission.

Freeformaldehyde content of urea-formaldehyde resins, and
the influencingfactors

In order to reduce formaldehyde emission, the free formaldehyde content of urea-
fonnaldehyde resins should be restricted to a minimum, i.e. for EI class resin to
under o .2 %, and the formation of methylene ether linkages should be eliminated
from the structure as much as possible. Free formaldehyde content of urea-formalde-
hyde resins is mostly effected by the quality of raw materials and by the conditions
of resin synthesis.

Raw materials

Raw materials must definitely meet standard specifications, and proper storage con-
ditions must be maintained.

Reactions of urea during storage

Specifications for urea for industrial uses are given by MSZ 3437-81. Urea is sta-
ble only in solid form at ambient temperature and dry conditions. It undergoes a num-
ber of reactions on heating above its melting point (m.p. 132.7 °C). At 150-160 °C,
it decomposes to yield ammonia, ammonium cyanate (NFI4OCN) and biuret
(HN(CONH2?2). As the temperature is raised further, other products including the
cyclic compounds of cyanuric acid, C3N3(OFI)3, and ammelide, NH2C3(OH)2, are
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formed [¢]. In the absence of microorganisms neutral solutions of urea are
hydrolyzed very slowly to ammonia and carbon dioxide. Hydrolysis is accelerated by
higher temperatures, addition of either acids or bases, presence of the enzyme ure-
ase, or increase in the concentration of urea [¢]. Urea undergoes oxidation to form
carbon dioxide, nitrogen and water in the presence of oxidizing agents such as
hypochlorite. Hydrolysis, isomerisation and decomposition may take place simulta-
neously during improper storage conditions, such as high humidity, high tempera-
tures, industrial atmosphere. The side products formed affect the reaction with
formaldehyde during the synthesis of urea-formaldehyde resins.

Reactions caused by impurities in urea during urea-formaldehyde resin synthesis

Reactions caused by product ofisomerization Ammoniumcyanate, NHsOCN, is a
product resulting from the isomerisation of urea [7]. It reacts with formaldehyde to
form cyanic acid:

NH4sOCN + CH2 NH=CH: + HOCN + H2

The fonnation of cyanic acid results in decrease of pH during the dissolution of
urea in neutralized formaldehyde solution. Decrease in pH results in an increasing
rate of polycondensation of urea and formaldehyde before completion of methylol
formation. This leads to resin precipitation and high free formaldehyde content.

Reactions caused by product of hydrolysis As a result of improper storage (e.g.
under high humidity) urea contains ammonium carbonate, (NH4)2C 03, as a hydroly-
sis product:

H2NCONH: + 2H2 (NH4)2C 03

Formaldehyde reacts with ammonium carbonate to form urotropin according to
the equation:

2(NH4)2C03 + 6CH2 ~ CsH,2N4 + 2H2C0s + 6H20
The above reaction results in the loss of formaldehyde from the reaction mixture.
Consequently the degree of methylolation and solubility of condensed resin decreas-
es leading to resin precipitation. Wirpsza [7] deals also with the effect of some impu-
rities in urea which may form during its production.

Reactions during storage of commercial formaldehyde solution

Formaldehyde for industrial use is marketed mostly in the form of aqueous solu-
tions of 37% inhibited with 10-11% methanol to prevent precipitation of solid poly-

Acta Biologica Hungarica 49/2-4, 1998



468 Viktéria Vargha

mer. Storage conditions depend on methanol content, formaldehyde concentration
and temperature. Specifications of commercial formaldehyde solution used for urea-
formaldehyde resin synthesis are given in MSZ 2337-83. The principal changes
which may take place in formaldehyde solution on storage are the followings [s, 9]:
Polymerization and precipitation of polymer, Cannizzaro reaction, methylal forma-
tion, oxydation to formic acid, condensation to hydroxyaldehydes and sugars. All of
these reactions are detrimental to product quality but may be avoided or kept at a
minimum by maintainance of proper storage conditions. Proper storage in general
involves the avoidance of temperature extremes and the use of lined containers or
storage tanks constructed of materials, i.e. aluminum or stainless steel, which are
substantially inert to corrosion by the mildly acidic solution. The temperature of stor-
age depends on formaldehyde concentration and on type and concentration of sta-
biliser. For a 37 per cent formaldehyde solution in water, stabilized with 11 per cent
methanol, a range of 10-25 °C is recommended. The above reactions except poly-
merization result in loss of formaldehyde, polymerization, however, may lead to the
formation of methylene ether linkages in the resin structure. Therefore poly-
(oxymethylene glycol) formation will be discussed in detail.

Polymerization and precipitation ofpolymer Formaldehyde dissolved in water
exists in hydrated form. At ordinary temperatures these hydrates have a relatively
high degree of stability, and precipitation occurs at relatively high concentrations.
Dissolved formaldehyde is present principally in the form of monohydrate, i.e. meth-
ylene glycol, CH2(OH)2 and a series of low molecular mass polymeric hydrates or
poly(oxymethylene glycol)s of the general formula F10(CH20)rFl. A small concen-
tration of monomeric formaldehyde is also present but its concentration is well under
0.1 per cent even in concentrated solutions. Low formaldehyde concentrations favor
methylene glycol and high concentrations favor the poly(oxymethylene glycol)s. The
concentration of poly(oxymethylene glycol)s and their average degree of polymer-
ization increase progressively with increase of the total concentration of dissolved
formaldehyde. Poly(oxymethylene glycol)s decrease in solubility with increase of
molecular mass and precipitate from solution when their concentration exceeds their
solubility in the solution media at the prevailing temperature and concentration.
Solubility increases with temperature, which also favors a somewhat increased meth-
ylene glycol content and a somewhat decreased poly(oxymethylene glycol)s content.
Solution composition may be represented by the following sequence of reversible
reactions:

CH2 + H20 HOCH?20H

2HOCH20H  HO(CH20)2H + H
HOCH2H + HO(CH20)2H  HO(CH20)3H + FLO

HOCH20H + HO(CH20)3H «2 HO(CH20)4H + h 2
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etc. The major factors which determine the precipitation of polymer are formalde-
hyde concentration, temperature, hydrogen ion concentration, concentration and type
of solution stabilizers, and storage time. Dilution favors depolymerization of poly-
meric formaldehyde hydrate. Table 2 shows the number average molecular mass of
formaldehyde in aqueous solutions at different concentrations determined with the
cryoscopic method [8]. Table 3 shows the fraction of formaldehyde as methylene gly-
col at different temperatures [8].

According to the data in Table 2 the number-average molecular mass increases
with increasing formaldehyde concentration and even at 5% formaldehyde concen-
tration there is polymer formation. The values of the degree of polymeryzation at dif-
ferent concentrations support the above statement [8]. A solution of 5% formalde-
hyde contains overall 82.2% formaldehyde in the form of methylenglycol, whereas
in a solution of 35% formaldehyde the methylenglycol content is only 31.2% [8].
These values refer to the temperature of 35 °C, although temperature was found to
have much less effect on the magnitude of methylene glycol fraction than formalde-
hyde concentration (Table 3) [8]. It must be noted that this statement refers to
formaldehyde solutions where no pH adjustment was made, i.e. in the pH range of
2.6-4.5. As it was shown above the state of equilibrium between mono- and poly-
meric formaldehyde hydrates is determined by the temperature and concentration of
the fonnaldehyde solution. On dilution, the polymeric hydrates depolymerize and a
new state of equilibrium is attained. The third factor effecting the state of equilibri-
um between formaldehyde monohydrate and polymeric hydrates is the hydrogen ion
concentration. The rate of depolymerization is at minimum in the pH range 2.6 to 4.8
and increases rapidly with higher or lower pH values. The lowest rate of depolymer-
ization was found by lliceto at ice water temperature and at pH 4.75 [8]. Magnetic
susceptibility measurements confirmed that high pH values favor the monomeric
methylene glycol [8]. The effect of hydroxyl ion was found to be 107times stronger
than that of the hydrogen ion. In general, solutions having a pH in the range 2.6 to
4.8 are the most stable with respect to polymer precipitation since both polymeriza-
tion and hydrolysis proceed at minimal rates in this range. Solutions in which poly-
mer has precipitated can be clarified by warming if exposure to unfavourable tem-
peratures has been short; after long exposure, clarification is practically impossible.
Methylene glycol is not stable at high temperatures, although hydrolysis of poly-
oxymethylene glycols is extremely slow at 0 °C. The state of formaldehyde during
resin synthesis significantly effects the structure of the forming resin and indirectly
effects the formaldehyde emission of wood products bonded with that resin during
storage and application. In respect to urea-formaldehyde resin synthesis most of dis-
solved formaldehyde should be in the form of methylene glycol. Methylene glycol
formation is favoured by low concentration of formaldehyde, i.e. high dilution, pH
value in the range of 8.0-8.5 and in the temperature range of 30-50 °C. All these fac-
tors must be considered during urea-formaldehyde resin synthesis.
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Synthesis conditions

Proper selection of reaction parameters including pH, temperature and molar ratio of
the components is essential for synthesizing urea-formaldehyde resins of low free
formaldehyde content. The basic relationships between reaction conditions and prod-
uct properties have already been elucidated, and a great number of monographs dis-
cuss the subject in detail [6, 10, 11]. It is worthwile, however, to report on the latest
results of investigations on this field considering present environmental require-
ments. Dunky [12] investigated the effect of molar ratio on the properties of urea-
formaldehyde-based adhesives and the obtainable bond strength in gluing of ply-
wood. Six formaldehyde-urea copolymer adhesives having HCHO-urea molar ratios
0f 0.86-1.85 were prepared. Decrease of the molar ratio resulted in a decrease of the
free and methylol formaldehyde, which was responsible for longer gelation times at
20 and 100 °C. Viscosity and density decreased, although the adhesives had the same
solid contents measured after 2 h at 120 °C. The water-soluble content increased with
higher HCHO content. Plywood bond strength was independent of molar ratios at
>1.2, whereas a strong decrease occurred at ratios <1.2. Tomas [13] investigated the
effect of the molar HCHO-urea ratio (R) and MeOH content in the initial polymer-
ization mixture on the quality of urea-formaldehyde resins. The free HCHO content
and the amount of splitted off HCHO increased with increasing HCHO-urea ratio but
decreased (at HCHO-urea ratio =1.5) with increasing condensation degree and
methanol content. The content of methylol groups increased with increasing HCHO-
urea ratio but decreased with increasing condensation degree and methanol content.
The condensation time at 100 °C decreased with increasing HCHO-urea ratio.
Absence of methanol improved the reactivity of formaldehyde-urea copolymer with
low HCHO-urea ratio. The adhesive bond strength was insufficient at HCHO-urea
ratio = 1, but increased significantly with increasing HCHO-urea ratio. Serantes et al.
[14] determined the limit of HCHO concentration in a urea-HCHO resin adhesive
formulation to minimize free HCHO in the final product. The authors found that
resins with a HCHO to urea molar ratio of >1.3 were highly reactive and had a high
concentration of free HCHO. The amount of free HCHO in the resin to obtain parti-
cleboard of quality E2 according to the German standard DIN 68763 was 0.4-0.5%.
The resin manufacturing parameters, which must be maintained to produce ur-ea-
formaldehyde resins for low - formaldehyde - emission particleboards of class El
are presented and discussed by Pizzi et al. [15]. At laboratory level, even formula-
tions of HCHO-urea molar ratio as low as 0.7 gave an acceptable balance of results,
while industrially the optimum balance of properties appeared to be reached in the
molar ratio range of 0.9 to 1.0 but particularly at around 0.96. EI emission levels of
5 mg/100 g board and lower (by perforator test) were achieved with ease according
to the authors. Hse et al. [16] studied the effect of catalysts used for adjusting reac-
tion pH on properties and performance of urea-formaldehyde resins. Based on the
bond strength and HCHO emission data, the weak acid catalysts seemed to provide
the best compromise between the strong acid and the conventional catalyst system
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currently used for formulating aminoplast wood adhesives. Ph control of resin struc-
ture and of formaldehyde emission of urea-formaldehyde resins are discussed by
Szesztay et al. [17].

MATERIALS AND METHODS

For 13C-NMR-spectroscopy measurements formaldehyde solution of analytical grade
supplied by Reanal Rt. (Budapest) was used. The raw materials, urea and formalde-
hyde, used for the synthesis were commercial products, the catalysts, sodium hydrox-
ide and formic acid, were of analitical grade. Specifications for formaldehyde are
given in MSZ 2337-83, for urea in MSZ 3437-81.

Free formaldehyde content was determined according to the sodium sulphite
method by MSZ 7757-86.

For pH measurements a Radelkis OP-274 Microproc pH/ion meter was used.

For 13C-NMR-spectroscopy a Bruker DRX-500 instrument was used. The samples
were dissolved in DM SO-d6.

Gelation time was detennined according to MSZ 7757-86.

Plywood Adhesion Strength in normal state and after warm water treatment was
determined according to MSZ 775786 on lauan veneer of 0.6 mm thickness. Tensile
shear strength measurements were carried out by using a Zwick 1445 mechanical
testing instrument with a rate of 50 mm/min.

RESULTS AND DISCUSSION

State offormaldehyde before methylolformation

The effect of pH and temperature on the state of formaldehyde have been investigat-
ed by 1X-NMR-spectroscopy. 13C-NMR-spectra of formaldehyde solution before
pH adjustment (at pH 3.18) at room temperature (at 30 °C, 303 K) and at 80 °C
(353 K), as well as after pH adjustment to pH 8 at 30 °C (303 K) and at 80 °C (353 K)
were taken. The results are represented as intensities of resonance peaks correspond-
ing to the carbon atoms in methylenehydroxide in methylene glycol, dimethylene
glycol and in poly(oxymethylene glycol)s in Table 4.

The data in Table 4 show that in formaldehyde solution monomeric methylene gly-
col and five oligomers up to hexamer could be detected by ,3C-NMR-spectroscopy.
Increase in pH from 3.18 to 8.01 did not significantly effect depolymerization of
oligomers at 30 °C. Increase of temperature from 30 °C to 80 °C for one hour at pH
3.18 did not effect the state of formaldehyde in solution. If the temperature of
formaldehyde solution at pH 8.01 was increased from 30 °C to 80 °C for 1 hour, sig-
nificant depolymerization could be detected, although the pH decreased to 6.39 after
thermal treatment. The concentration of monomeric formaldehyde, i.e. methylene
glycol, increased, while the hexamer disappeared from the solution. Since all ofthese
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reactions are equilibrium reactions, it must be considered before and during the syn-
theses of urea-formaldehyde resins, that simultaneous effect of pH and temperature
is needed for depolymerizing poly(oxymethylene glycol)s in formaldehyde solution.

Syntheses

Urea-formaldehyde resins of low formaldehyde content on the other hand have to
meet the following requirements: good dispersion stability, adequate curing time,
adhesion strength, adequate hydrolytic stability and low formaldehyde emission of
the cured product. On the base of literature results and preliminary experiments the
syntheses have been carried out in the following stages:

Depolymerization of formaldehyde at 70 °C and at pH3

Methylol formation at 70 °C and at pH3

First stage of polycondensation at 90 °C and at pHb

Second stage of polycondensation at 90 °C and at pHb

pHadjustment to pH 8.0

The characteristics of the synthesized resins are summarized in Table 5. The struc-
ture of the resins have been evaluated by I3C-NMR-spectroscopy.

By properly selecting syntheses conditions including the treatment of formalde-
hyde solution before the addition of urea, in order to promote depolymerization of
poly(oxymethylene glycoljs, the requirements could be met for a urea-formaldehyde
resin as a matrix resin for wood adhesive. Table 5 shows that the equilibrium content
of free formaldehyde is below 0.2% m/m if final formaldehyde to urea molar ratio is
1.2. This ensures adequate strength of adhesion and water resistance of the adhesive.
Formulations 3-7 may ensure low formaldehyde emission, since the intensity of
methylene ether bridges, detected by 13C-NMR-spectroscopy at 75, 78.9 and 79.1
ppm is negligible. Free formaldehyde present in the resine is in the form of methyl-
ene glycol, detected at 65.00 and 71.56 ppm. Methylene linkages could be detected
at 47.24 ppm and in the range of 65.30-63.71 ppm. By one-stage polycondensation,
however (Resin N03), separation of the resin from the water phase occurs, and the
adhesive bond is not resistant to water. This may be due to lack of polydispersity.
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Table 1
Classification of wood products according to formaldehyde emission determined by different methods [3]

Coloumn No. 1 2 3a 3b 4a 4b
No.
MATERIAL CLASS FORMALDEHYDE EMISSION
ppm mg/100 g dry board mg/m2h
(Perforator test)1 (Gas analysis)
(Chamber test) . .
CEN-Norm EN 120: 1992 EN 717-2: 1994
pr EN 717-1
average value2 spare value2 average value2 spare value2
1 Uncoated chipboard El <o.1 <6.5 <s.0
2 Uncoated chipboard El <o.1 <70 <s.0 - -
Uncoated plywood, laminated <5.0; <503
3 El <o.1 - -
wood and veneer <2.5: <3.5
Coated chipboard and fibreboard <105 <35
4 El <o.1 - -
coated plywood <3.56 <35
5 Chipboard and fibreboard to be
Elb (<o .1)8 - <10 - -

coated:

‘The values refer to a state of material of 6.5% moisture content

ZThe average value is determined as gliding half year value

uick test: max. 3 days after preparation

4Tested 4 weeks after preparation (storage at 20 °C and 65% relative humidity)

Perforator value of the vehicle plate before coating max. 10 mg/100 g: Perforator value after grinding the coating off max 12 mg/100 g.

6Values of gas analysis of the vehicle board such as the spare values in line 3 column 4b

TRaw panels with perforator values - s and <10 mg HCOH/100 g dry board must be tradd only with the following remark, according to CEN-Norm pr.
EN 717-1: “It may be used only if coated. The suitable coating must be proven”

8After coating



Table 2
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Number-average molecular mass of formaldehyde in aqueous solutions [s ]

Formaldehyde concentration
(% m/m)

10
15
20
25
30
35
40
45

Table 3

42.5

50.7

35 "C

33.6
37.5
41.3
45.1
48.8
52.6
56.4
60.9
66.3

Fraction of dissolved formaldehyde as methylene glycol at different temperatures [s]

Formaldehyde concentration

(% m/m)

10
15
20
25
30
35
40
45
50
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0.36

Fraction of methylene glycol

35 "C

0.82
0.67
0.55
0.46
0.41
0.36
0.31
0.27

100 "C

0.78
0.63
0.55
0.48
0.43
0.40
0.36
0.33
0.29
0.25
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Table 4

475

Assignment and intensity of :C-NMR-resonances of hydroxymethylene carbon atoms of formaldehyde
solution at different pH and temperatures

Components

Monomer
HO-CH20H

Dimer
HO0-(CH20)2H
Trimer
HO0-(CH20)3H
Tetramer
HO0-(CH20)4H
Pentamer

HO-(CH20)5H

Hexamer
HO-(CH20)6H

80 ‘C (353 k)*

pH 3.18
30 "C (303 K)
chem. chem.
shift intensity shift
(ppm) (ppm)
81.90 12.13 82.26
85.36 11.83 85.94
85.75 2.74 86.28
85.90 4.59 86.45
86.07 1.14 86.56
86.15 2.59 86.64

intensity

11.01

11.44

2.46

451

1.01

80 "C (353 k)*

pH 8.01

30 "C (303 K)

chem. chem.
shift intensity shift
(ppm) (ppm)
81.86 11.52 82.27
85.31 11.92 85.95
85.71 2.69 86.29
85.85 4.32 86.46
86.03 0.98 86.65
86.11 2.37 R

intensity

11.79

10.43

2.28

3.57

Thermal treatment at 80 °C took place for 1 hour and |!C-NMR-spectra were taken before thermal
treatment, and after thermal treatment. At pH 3.18 the pH of formaldehyde solution did not change, at
pH 8.01 the pH decreased to 6.39 after 1 hour at 80 °C
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Resin No.

1 stage

15

4.00

1.2
0.75

4.00

F/U molar ratio
Free HCOH content (% m/m)

2. stage
12
0.95

12
1.93

138

1.-50
0.65

1.38
1.04

1.38
1.12

3. stage

12

1.Z
0.19

11
0.42

13
0.53

Table 5
Characteristics of the synthesized urea-formaldehyde resins

Equilibrial

HCOH
(% m/m)

0.40

Time of
gelation

©)

120

60

110

105

150

110

110

Strength of adhesion (MPa)

normal state

1.00 + 0.08

1.06 + 0.14

1.53+£0.02

1.13+0.24

0.95 + 0.20

0.89 +0.21

after water treatment

0.56 + 0.14

1.25 + 0.20

0.91 +0.21

0.77 + 0.05

0.64 + 0.21

0.73 +0.23
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ANNOUNCEMENT

In order to expand the international character of Acta Biologica Hungarica, start-
ing from the next 50th Volume, some changes will occur in the composition of the
Editorial Board. Four leading scientists, three of them foreign members of the
Hungarian Academy of Sciences, B. Gulyas (Stokholm, neuroscience) Eva Klein
(Stocholm, cell biology), D. F. Roberts (Newcastle-upon-Tyne, human biology) and
D. A. Sakharov (Moscow, developmental biology) agreed upon to join our scientific
board. They will take part in reviewing manuscripts and contribute to keep the high
standard of the journal.

At the same time, a distribution of the editorial work will be performed by nomi-
nating Prof. K. Elekes as Editor, while Prof. J. Salanki will function as Editor-in-
Chief. Manuscripts can be sent to either of them, to the address given in the
Instructions.
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