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REGULATION OF CELLULAR POLYAMINES IN MAMMALS
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^ M e rrell Dow Research Institute, 16 Rue d'Ankara, F-67000 

Strasbourg, France
^Department of Zoophysiology, University of Lund, S-223 62 

Lund, Sweden

(Received August 22, 1987)

INTRODUCTION
The name polyamines for putrescine, spermidine and spermine is mislead

ing, but it cannot be changed to a more appropriate term because it has been 
too firmly established during the relatively long history of polyamine re
search. Putrescine (1,4-butanediamine) is a simple aliphatic diamine. Spermi
dine and spermine are two derivatives of putrescine, formed by attachment of 
one (spermidine) or two (spermine) aminopropyl moieties to the terminal nitro
gens of putrescine. The structural formulae of the polyamines and those of 
their most important derivatives are shown in Fig. 1. The metabolic interrela
tionships between the polyamines and their derivatives are evident from Fi
gures 1 and 2.

In the course of the last few decades the polyamines have undergone a re
markable metamorphosis from neglected products of putrefactive bacteria or 
obscure constituents of semen, to essential cell constituents. Archaebacteria, 
algae, higher plants, and also insects contain a number of amines structurally 
related to the three compounds mentioned, but most bacteria contain only pu
trescine and spermidine (Cohen, 1971 ; Bachrach, 1973). With the appearance of 
the cell nucleus in evolution, spermine is introduced. However, this does not 
imply that spermine is exclusively localized within the cell nucleus, although 
it may be present at a higher concentration in the nucleus than in the cyto
plasm (Mach et al., 1982).

All tissues of the vertebrate organism contain putrescine, spermidine and 
spermine in concentrations ranging from nmoles to pmoles per g wet weight, but 
if any, only negligible amounts of related amines are present. The fact that 
these three compounds have been selected at an early stage of evolution and

Abbreviations: see p. 36
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Fig. 
1. The natural polyamines and their most important derivatives.
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have persisted in all cell types of a great variety of organisms developing 
during millions of years is a very strong argument in favor of a general phys
iological significance of the polyamines. Their importance is underlined by 
demanding synthetic routes and by the existence of complex regulatory circuits 
which are employed by the cells in order to control polyamine formation and 
degradation (Pegg and Williams-Ashman, 1981 ; Williams-Ashman and Pegg, 1981 ; 
Pegg, 1986 ; Seiler, 1987b ; 1988).

Polyamines can form covalent bonds with proteins as first shown by 
Rennert et al. (1980). Recently it was demonstrated that the attachment occurs 
in vivo to a glutamate residue by a transglutaminase-catalyzed reaction 
(Beninati et al., 1985). The translation initiation factor elF-4D contains an 
amino acid, hypusine (N-e.-(4-amino-2-hydroxybutyl ) lysine ) which is formed by 
attachment of the aminobutyl moiety of spermidine to lysine followed by hydro
xylation (Park et al., 1984). These and related findings suggest an important 
role of the polyamines in the post-translational modification of proteins.

The polyamines possess structures in which positive charges are dis
tributed along a flexible chain. These charges allow the interaction with a 
variety of negatively charged molecules and structures, such as nucleic acids, 
proteins and anionic sites of membranes. There is little doubt that most func
tions of the polyamines are due to their polycationic nature and consequential 
electrostatic interactions with polyanions. The structural features of the 
polyamines suggest that they may even exert clamp-like action (Marton and 
Feuerstein, 1986). In this function, i.e., in connecting two distant negative
ly charged sites, the polyamines cannot be mimicked by Mg^ + or related inor
ganic cations. This is because of the point-charge of the latter with which 
the polyamines otherwise share many characteristics.

Based on numerous observations one can state that the polyamines can af
fect in vitro virtually all reactions in which nucleic acids are involved. 
These reactions comprise all steps in the replication, transcription and 
translation of the genetic information (Tabor and Tabor, 1984). Moreover, 
polyamines affect in vitro a great number of enzymes which are involved in 
various functions of dividing and non-dividing cells, such as DNA condensa
tion, membrane fusion, transport processes, etc. These observations suggest a 
multifunctional role of the polyamines not only within the machinery that is 
involved in cell growth and replication, but also in differentiated cells with 
specialized functions. The frequently posed question, "what is the precise 
role of the polyamines?" is, therefore, irrelevant.
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A number of polyamine synthesis inhibitors that are of potential use as 
anti-tumor, anti-protozoal, and anti-viral agents (McCann et al., 1987) have 
had a great impact on our knowledge of the role of polyamines in the mammalian 
organism. From future research we expect to learn to distinguish between po
tential functions of the polyamines, which are suggested by their effects in 
vitro, and their actual physiological roles. Modes of action of these polyca
tions will presumably be clarified by detailed studies of their interactions 
with functionally important macromolecules and structures such as nucleic 
acids, proteins and membranes.

POLYAMINE METABOLISM
(a) General Principles

The most important metabolic reactions involving the polyamines are sum
marized in Fig. 2. Currently we are distinguishing between two reaction se
quences, which are termed interconversion pathway and terminal catabolism.

In the interconversion pathway the biosynthetic reactions and a sequence 
of catabolic steps are combined to a cyclic process (Seiler et al., 1981a).
The designation derives from the fact that one polyamine can be converted into 
another, as first shown by Slimes (1967) in rat liver. Subsequently, examples 
of polyamine interconversion have been found in numerous tissues (Seiler et 
al., 1981a). The metabolic scheme implies that spermidine and putrescine, 
formed by degradation of spermine, can be reutilized for synthesis of spermine 
and spermidine, respectively. Experimental evidence for a general physiologi
cal significance of putrescine reutilization in normal tissues (Seiler and 
Bolkenius, 1985 ; Seiler et al., 1985a, Bolkenius and Seiler, 1987) and tumors 
(Claverie et al., 1987) is available. Thus it appears that the polyamine in
terconversion cycle is active in most, if not in all, vertebrate tissues. In
vertebrates, plants and other lower eukaryotes have not yet been studied in 
this regard.

For the de novo synthesis of spermidine and spermine two substrates are 
required : putrescine and decarboxylated S-adenosyl-L-methionine (dcSAM).
L—Ornithine decarboxylase (ODC ; EC 4.1.1.17) and S-adenosyl-L-methionine de
carboxylase (SAMDC ; EC 4.1.1.50) provide these substrates by decarboxylation 
of L-ornithine (Orn) and S-adenosyl-L-methionine (SAM), respectively. They are 
key regulatory enzymes. Aminopropylation of putrescine and spermidine is cata
lyzed by two specific aminopropyltransferases, namely spermidine synthase (EC 
2.5.1.16) and spermine synthase (EC 2.5.1.22). The source of the aminopropyl 
moieties is dcSAM. Together with spermidine and spermine, 5'-methylthio-
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Fig. 2. The polyamine metabolic cycle.
(1) L-Ornithine decarboxylase (ODC)
(2) S-Adenosy 1 -I.-methionine decarboxylase (SAMDC)
(3) Spermidine synthase
(4) Spermine synthase
(5) AcetylCoA:spermidine/spermine N k acetyltransferase (N^-PAT) (cytosolic

8 8(6) AcetylCoA:spermidine N -acetyltransferase (N -PAT) (nuclear)g
(7) N -Acetylspermidine deacetylase (cytosolic)
(8) Polyamine oxidase (flavin dependent) (PAO)
(9) Arginase
(10) L-ornithine:2-oxoglutarate aminotransferase
(11) 5'-Methylthioadenosine (MTA) phosphoryläse
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adenosine (MTA) is formed in stoichiometric amounts. However, in most tissues 
the MTA concentration is less than 3 nmol/g, due to the rapid degradation of 
MTA by MTA phosphorylase (EC 2.4.2.28). The products of this reaction, 5-meth- 
ylthioribose 1-phosphate and adenine are normally efficiently salvaged: ade
nine is converted to AMP, and 5-methylthioribose 1-phosphate is converted by a 
Series of reactions to L-methionine (Williams-Ashman, 1985).

The alternative route to spermidine and putrescine formation is the oxi
dative splitting of N^-acetylspermine and N^-acetylspermidine, respectively 
(Bolkenius and Seiler, 1981). These reactions are catalyzed by polyamine oxi
dase (PAO), a flavin-dependent enzyme that in many respects resembles mono
amine oxidase, although it is not a mitochondrial enzyme, but is localized in 
peroxisomes, at least in liver and kidney (Holttá, 1977). The subcellular lo
calization of PAO in tissues that lack peroxisomes is not known.

N^-Acetylation of spermine and spermidine is catalyzed by a ubiquitous 
cytosolic acetyltransferase (acetyl CoA:spermidine/spermine-N^-acetyltrans- 
ferase; N^-PAT) which has been isolated and characterized by Pegg and his col
laborators (Della Ragione and Pegg, 1982 ; Persson et al., 1985a). Together 
with the two decarboxylases, N^-PAT plays a key role in the regulation of cel
lular polyamine levels.

The aminopropyl transferases and PAO are apparently regulated via the 
availability of their limiting substrates, namely dcSAM and N^-acetylated 
polyamines, respectively. ODC, SAMDC and N^-PAT all exhibit extremely rapid 
turnover rates, which enable new levels of the enzyme protein to be reached 
very rapidly after the application of an appropriate stimulus (Pegg et al., 
1982b).

Each intermediate of the interconversion cycle can serve as substrate of 
a Cu^+-containing amine oxidase (Seiler, 1985). The aldehydes which are formed 
in a first step can be further oxidized to the corresponding amino acids 
(Fig. 1) if a suitable aldehyde dehydrogenase or an equivalent oxidase is 
available. In tissues this is usually the case. Since the reaction products of 
the Cu^+-containing amine oxidases (e.g. serum amine oxidase and diamine oxi
dase (DAO ; EC 1.4.3.6.)) cannot be directly reconverted into polyamines, 
these reactions have been called terminal catabolism (Seiler et al., 1985a).
In contrast to the enzymes of the interconversion cycle, Cu^+-containing amine 
oxidases are unevenly distributed in the vertebrate organism, and there are 
great interspecies variations of enzyme activities. DAO, for which putrescine, 
and probably also spermidine and spermine, is a natural substrate (Seiler et 
al., 1983), has a very high activity in small intestine and placenta, but it
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is considerably lower in most other tissues of rodents (Shaff and Beaven, 
1976). The highest activities of serum amine oxidase are found in the blood of 
ruminants (Blaschko, 1974). Other species have much lower activities.

From the uneven distribution of the Cu^+-containing amine oxidases it is 
evident that terminal catabolic reactions are not participating in the regula
tion of cellular polyamine levels in general. However, these reactions may 
have regulatory functions in specialized tissues, such as the intestinal muco
sa (Kusche et al., 1985), or during specific physiological events, such as 
pregnancy (Piacentini et al., 1986).

(b) Enzyme inhibitors as tools for the elucidation of polyamine regulation
and function
Most of our knowledge on polyamine regulation and function in prokary

otes has been obtained through the establishment and thorough study of mutant 
cell lines, derived mostly from E. coli (Tabor and Tabor, 1984). The same ap
proach has been fruitful also in the case of certain lower eukaryotes, such as 
Saccharomyces cerevisiae, Neurospora crassa and Aspergillus nidulans (Tabor 
and Tabor, 1984). In higher eukaryotes, however, polyamine regulation and 
function has been studied mainly using specific inhibitors of the key enzymes 
in polyamine metabolism.

1) Inhibitors of ODC
It was initially believed that complete inactivation of the ODC would 

lead to arrest of cell division and thus render a new approach in the therapy 
of proliferative disorders. Consequently a large number of ODC inhibitors have 
been synthesized (reviewed by Heby and Janne, 1981; Danzin et al., 1983a, 
McCann et al., 1987), but only very few meet the criteria of specificity.
Among these, D,L-a-difluoromethylornithine (DFMO) gained eminent importance 
(Sjoerdsma and Schechter, 1984). It inhibits ODC activity specifically and 
irreversibly (Bey, 1978), but it has also certain shortcomings, namely a low 
rate of uptake into cells, a relatively high (39 jjM) and a rapid clearance 
from the body by excretion (Haegele et al., 1981). Since the half-life of ODC 
is 3.1 min at saturating concentrations of DFMO (Bey, 1978) the DFMO concen
tration must be maintained at a high level in order to effectively suppress 
the ODC activity. In order to achieve in vivo a blockade of Orn decarboxyl
ation, irreversible inhibition turned out to be essential for the following 
reasons: ODC has the highest turnover rate (10-30 min) among enzymes (Pegg and 
Williams-Ashman, 1981), competitive inhibition invariably leads to the accu
mulation of enzyme protein (Persson et al., 1985b), and putrescine formation
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is enhanced, when the concentration of the competitive inhibitor decreases. In 
the case of an irreversible inhibitor, accumulation of enzyme protein may also 
occur (Persson et al., 1985b) but this does not affect the polyamine pools, as 
long as the rate of inactivation is keeping step with the rate of enzyme for
mation.

Complete inhibition of ODC in cultured tumor cells can usually be 
achieved by 3-5 mM DFMO (Mamont et al., 1978). A relatively complex cascade of 
events follows this treatment, which finally leads to an arrest of cell pro
liferation. Putrescine decreases first, because it is used for spermidine for
mation. In addition, it is subject to catabolic reactions and excretion. Since 
putrescine is an inhibitor of spermine synthase (Wi 1liams-Ashman and Pegg, 
1981), its disappearance from the cell provokes an enhanced formation of sper
mine from spermidine. This process is further favoured since spermidine is the 
only remaining substrate for the transfer of an aminopropyl moiety, and as 
spermidine concentrations decrease, SAMDC is induced compensatorily (Mamont et 
al., 1982; Shirahata and Pegg, 1985). dcSAM accumulates if spermidine is 
greatly depleted (Mamont et al., 1982). It follows that in a situation of lim
ited putrescine supply, cells will be geared toward spermine formation. There 
is evidence that spermine is essential for survival, whereas the loss of pu
trescine and spermidine is followed only by a reversible arrest of cell 
growth.

Rapidly growing tumor cell lines, such as HTC cells (Morris hepatoma tis
sue culture cells) typically go through one normal cell cycle in the presence 
of 5 mM DFMO (Mamont et al., 1978). In parallel with the depletion of cellular 
spermidine due to conversion into spermine and dilution by cell division, the 
cell cycle time is gradually prolonged. When the spermidine content decreases 
below a critical level, cells stop growing. Depending on the inhibitor and the 
cell line the arrest may occur preferentially in Gl, as is the case of HTC 
cells, rat brain tumor cells, human and mouse fibroblasts, among others, or in 
the S-G2 phase, as was reported for some other tumor cells (Heby and Jà'nne, 
1981). These findings indicate that the cells are either unable to enter DNA 
synthesis, or cannot fully replicate the DNA for another cell division. In HTC 
cells and human lymphocytes the first observable consequence of spermidine de
ficiency is an impairment of protein biosynthesis (Rudkin et al., 1984 ; 
Holttá, 1985). A general inhibition of polypeptide synthesis would explain 
many of the effects observed following polyamine depletion. However, polyamine 
depletion may also be the direct cause of the defects in cytokinesis observed 
in DFMO-treated cells (Sunkara et al., 1979 ; Pohjanpelto et al., 1981). Poly
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amine depletion may also directly affect RNA and DNA formation, their confor
mational stability (Heby and Janne, 1981) and the maintenance of chromatin 
structure (Pohjanpelto and Knuutila, 1982 ; Sunkara et al., 1983).

2) Inhibitors of SAMDC
Specific inhibitors of SAMDC have not been available in the past. A num

ber of structural analogues of dcSAM have been shown to be potent inhibitors 
of SAMDC in cell-free extracts (Kolb et al., 1982), but they were not useful 
in vivo, presumably due to slow penetration through the cell membrane. Most 
investigators have used methylglyoxal-bis(guanylhydrazone) (MGBG). This com
pound was originally designed as an antileukemic drug, and turned out to be a 
reversible inhibitor of SAMDC (Williams-Ashman and Seidenfeld, 1986). However, 
the fact that MGBG increases the SAMDC content, by stabilizing the enzyme, 
makes it less effective as an inhibitor in vivo. Also, it is not a highly 
specific agent because it inhibits DAO (Pegg and McGill, 1978) and it is an 
effective inducer of N^-PAT (Pegg et al., 1985). Owing to structural simi
larities to spermidine, MGBG uses the ame cell membrane transport system and 
consequently may interfere with spermidine uptake’(Jâ’nne et al., 1983). As a 
result of the exposure of cultured cells to micromolar concentrations of MGBG 
one observes a rapid decrease in spermidine and spermine concentrations, an 
increase in the putrescine level, and arrest of cell proliferation (Heby and 
Jänne, 1981, Janne et al., 1983). The effect of MGBG on cell growth can be 
reversed by spermidine and spermine (Janne et al., 1983). Hibasami et al. 
(1986) described a derivative of MGBG which simultaneously inhibits ODC, SAMDC 
and spermidine synthase. Recently, 5'-deoxy-5'-[N-methyl-N-(3-hydrazinopro- 
pyl)]aminoadenosine has been found to be a specific inhibitor of SAMDC 
(Madhubala et al., 1987). The fact that it inhibits growth of DFMO-resistant 
cells indicates the potential value of SAMDC inhibitors as anticancer agents 
when ODC inhibitors are ineffective.

3) Inhibitors of spermidine and spermine synthase
As far as inhibitors of aminopropyltransferases are concerned, we are 

only at a beginning, although some useful compounds have been developed. The 
fact that MTA is an endogenous inhibitor of spermine synthase (Pajula, 1983) 
suggested that cellular spermine synthesis may be regulated by this product of 
spermidine and spermine synthase. However, if we disregard cells that lack MTA 
phosphoryläse (Iizasa and Carson, 1985) the low endogenous concentrations of 
MTA are unlikely to be important. Even in MTA phosphorylase deficient cells 
accumulation of MTA is limited due to excretion, and has only a restricted 
effect on spermine synthesis. However, since these cells cannot salvage MTA,
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they should have an increased need for methionine and ATP. S-Methyl-5'-methyl- 
thioadenosine (MMTA) inhibits spermine synthase in cell-free extracts even at 
micromolar concentrations, and when SV-3T3 cells were treated with 50-400 pM 
MMTA there was complete inhibition of spermine synthesis and a concomitant in
crease in spermidine concentration (Pegg and Coward, 1985). However, in spite 
of the profound depletion of spermine, the growth rate of the cells was not 
significantly impaired. This indicates that spermidine can fulfill functions 
of spermine. MMTA is not specific for spermine synthase. At elevated concen
trations it inhibits spermidine synthase (Pegg and Coward, 1985). More impor
tantly, it is a potent inhibitor of SAMDC [K^ = 2 pM (Kolb et al., 1982) or 6 
pM (Pegg and Jacobs, 1983].

Recently a series of 5'-substituted adenosines have been reported to also 
inhibit preferentially spermine synthase (Pegg et al., 1986). Their effects on 
SV-3T3 cells were comparable to those of MMTA. The cells compensated for the 
inhibition of the aminoprolyltransferases by increasing the production of 
dcSAM and putrescine.

Among the several compounds that have been reported to inhibit spermidine 
synthase [cyclohexylamine (Hibasami et al., 1980), SAM analogues (Pankaskie et 
al., 1981), l-aminooxy-3-aminopropane (Khomutov et al., 1985), N-chlorosulfon- 
yl dicyclohexylamine (Nakashima et al., 1986)] only S-adenosy1-1,8-diamino-3- 
thiooctane (AdoDATO) seems to fulfill the criteria for specificity. It can be 
considered a "transition state analogue" inhibitor. Both mammalian (Pegg et 
al., 1982a) and bacterial spermidine synthase (Pegg et al., 1983) are inhibit
ed by this compound. Exposure of mammalian cells to micromolar concentrations 
of AdoDATO produces a decrease in spermidine content, but an increase in pu
trescine, dcSAM, and spermine contents (Pegg et al., 1982a). The increase in 
spermine content occurs presumably because spermine synthase competes more 
favorably than spermidine synthase for dcSAM in the presence of AdoDATO. One 
may conclude from these observations that SAMDC is regulated by spermidine, 
but not by spermine.

Spermidine has been shown to exert a specific function in lactogenesis 
(Oka et al., 1981). Apart from this observation we cannot presently distin
guish between the physiological function of spermidine versus that of sper
mine, although the electrostatic interaction of spermine with anionic binding 
sites is much stronger than that of spermidine (Bloomfield and Wilson, 1981). 
It can be expected that systematic studies with specific inhibitors of 
spermidine and spermine synthase will help to define the functions of each of 
these two polyamines.
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A) Inhibitors of acetyltransferases
In order to evaluate the significance of polyamine acetylations in a va

riety of physiologic and pathologic situations in vivo, specific inhibitors of 
these reactions would be required. N-[2-(S-CoA)acetyl]sym-norspermidine amide
is a potent inhibitor of f^-PAT, but also inhibits the nuclear acetyICoA:sper- 

8 8midine N -acetyltransferase (N -PAT) and histone acetylases (Erwin et al., 
1984). Since specific acetyltransferase inhibitors are not available at pre
sent, and since not even the available compounds have been fully explored, a 
serious gap remains in our knowledge.

5) Inhibitors of amine oxidases 
1 4N ,N -bis-a1lenylputrescine and related compounds are very potent and 

specific inactivators of PAO. They have allowed us to study in vivo the signi
ficance of polyamine interconversion reactions, particularly the reutilization 
of putrescine for de novo spermidine synthesis, i.e. putrescine that is formed 
from spermidine by acetylation and oxidative splitting of N^-acetylspermidine 
(Fig. 2) (Seiler et al., 1985b). Thus it has recently been demonstrated that 
putrescine reutilization is not only of great quantitative importance in brain 
(Bolkenius and Seiler, 1986) but in other tissues as well (Bolkenius and 
Seiler, 1987).

For the study of Cu^+-containing amine oxidases aminoguanidine seems to 
be the most efficient tool presently available (Seiler et al., 1983 ; Seiler, 
1987a). It apparently has no side-effects even if it is given to human beings. 
The most conspicuous result obtained after complete inhibition of both PAO and 
Cu^+-containing amine oxidases in experimental animals was the lack of appar
ent pathologic or behavioral effects. Nevertheless, considerable changes oc
curred in polyamine metabolism and these were in line with the expectations.
It appears that those portions of the substrates which are normally metabo
lized by PAO and Cu^+-containing amine oxidases are eliminated from the body 
by urinary excretion without a serious drawback for the organism (Seiler et 
al., 1985a).

REGULATION OF ENZYMES INVOLVED IN POLYAMINE METABOLISM
(a) ODC

A major advancement in our understanding of ODC regulation has emanated 
from studies using two important tools: monospecific, high-affinity antibodies 
(Persson, 1982; Isomaa et al., 1983; Seely and Pegg, 1983) and radiolabeled 
DFMO (Seely et al., 1982; Kameji and Hayashi, 1982; Zagon et al., 1983). ODC 
antiserum has been used for the identification of ODC, for radioimmune assay
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of ODC protein, and for identification of ODC cDNA clones (Berger et al.,
1984; Kahana and Nathans, 1984; Kontula et al., 1984; McConlogue et al.,
1984). The antiserum to mouse kidney ODC appears to cross-react with ODC from 
all mammalian species (Persson et al., 1984), and it reacts almost as effi
ciently with avian ODC (Löwkvist et al., 1987). Radioactive DFMO has been used 
to label ODC specifically and to measure the amount of active enzyme (Seely et 
al. 1982).

In most cells ODC constitutes a very minor part of the total soluble pro
tein content (Kameji et al., 1982). In unstimulated rat liver, for example, 
there is only about 1 part of ODC in 6 x 10^ parts of soluble protein. How
ever, ODC is universally induced by stimuli of cell growth and proliferation, 
such as growth factors, hormones, tumor promoters, etc. Following such stimu
li, cellular ODC can undergo large and rapid increases in activity and con
tent. The ODC activity usually seems to be regulated through modulation of the
amount of the enzyme protein (Seely and Pegg, 1983). After maximal induction

3the androgen-stimulated mouse kidney may contain 1 part of ODC in 8 x 10 
parts of soluble protein (Persson, 1982; Seely et al., 1982) and ODC synthesis 
may amount to 1% of the total soluble protein synthesis (Persson et al.,
1984). This high rate of ODC synthesis relative to total protein synthesis is 
due to the rapid turnover of ODC protein (Persson et al., 1984).

The cellular ODC activity and content is regulated by changes both in the 
rate of synthesis and degradation of the enzyme, i.e. enhanced ODC activity 
may result from both an increase in the rate of synthesis and a decrease in 
the rate of degradation (Seely et al., 1982; Isomaa et al., 1983; Seely and 
Pegg, 1983).

Most biochemical studies indicate that ODC is predominantly a cytoplasmic 
enzyme (Murphy and Brosnan, 1976), but there are also reports of ODC being 
found in the nucleus (Bartholeyns, 1983). The localization of ODC in cells 
overproducing the enzyme has recently been studied by autoradiography and 
immunocytochemistry, using radiolabeled DFMO and monospecific antibodies to 
ODC, respectively. The patterns of ODC distribution observed largely agree 
with the biochemical results. However, there was further evidence for the pre
sence of ODC in the nucleus, particularly in the nucleolar region (Emanuelsson 
and Heby, 1983; Anehus et al., 1984; Zagon et al., 1984). The suggestions of 
Russell (1983) and Atmar and Kuehn (1981) that ODC protein may serve as an 
activator of RNA polymerase I and as a regulator of ribosomal gene expression 
are consistent with a nuclear ODC. However, more detailed analyses do not 
support these hypotheses (Seely et al., 1984).
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The occurrence of exceptionally large amounts of ODC mRNA in mouse kidney 
after maximal stimulation with androgen, and in mouse cell lines with an am
plified ODC gene, facilitated the molecular cloning of mouse ODC cDNA. A num
ber of cDNA clones, containing part of the coding region, have been described 
(Berger et al-, 1984; Kontula et al., 1984; Kahana and Nathans, 1984; 
McConlogue et al., 1984). ODC gene amplification may be promoted either by ex
posure of cells to step-wise increases in DFMO concentration (Choi and 
Scheffler, 1983; McConlogue and Coffino, 1983; Kahana and Nathans, 1984; 
Alhonen-Hongisto et al., 1985; Holm et al., 1987; Leinonen et al., 1987) or by 
starving arginase-deficient cells for Orn, i.e. in response to polyamine de
pletion without exposure to an inhibitor (Pohjanpelto et al., 1985). Cell 
lines were obtained that overproduced ODC protein as a result of amplification 
of the ODC gene, and striking increases in ODC mRNA levels and in translation
al efficiency. One of these cell lines (McConlogue and Coffino, 1983) contain
ed more than a 300-fold excess of ODC mRNA, compared to the wild-type cells.

Southern blot analysis of restriction endonuclease-digested genomic DNA 
under conditions of stringent hybridization has revealed that there is a fami
ly of mouse ODC genes related by sequence homology (Berger et al., 1984;
Kahana and Nathans, 1984; 1985a; McConlogue et al., 1984; Alhonen-Hongisto et 
al., 1985). The members of this multigene family appear to be dispersed and 
are found on at least 6 chromosomes (Berger et al., 1984). In most ODC over
producing cell lines only one of the ODC genes is greatly amplified (Kahana 
and Nathans, 1984; 1985a; McConlogue et al., 1984; Pohjanpelto et al., 1985).

Mouse tumor ODC genes have been shown to be extensively methylated 
(Alhonen-Hongisto et al. 1987), but it remains to be determined whether the 
degree of méthylation plays a role in the regulation of the activity of the 
gene. Méthylation of cytosine residues in the ODC gene, as a means of regul
ating its activity, is particularly interesting in view of the extremely GC- 
rich upstream region.

ODC cDNA probes hybridize to two species of mouse ODC mRNA, 2.0-2.4 and 
2.6-2.7 kb in length, with the shorter usually being in greater abundance than 
the longer (Berger et al., 1984; Kontula et al., 1984; McConlogue et al.,
1984; Alhonen-Hongisto et al., 1985; Hickok et al., 1986). The nucleotide se
quence of the shorter ODC mRNA has been determined. It was found to have an 
untranslated region of about 330 nucleotides at the 5' end, a single long open 
reading frame of 1383 nucleotides, a UAG termination triplet, and at the 3' 
end an untranslated region of about 350 nucleotides containing an AAUAAA poly- 
adenylation signal and a poly(A) tail (Gupta and Coffino, 1985; Kahana and
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Nathans, 1985a). The nucleotide sequences of two cDNAs containing the 3' ends 
(in addition to part of the coding region) of the 2.4 and 2.7 kb mouse ODC 
mRNAs indicate that the size heterogeneity of these mRNAs is due to different 
lengths of their 3' noncoding regions (Hickok et al., 1986). The 3' noncoding 
region of the 2.7 kb ODC mRNA contains two sets of the strongly conserved 
consensus sequence (AAUAAA), which acts as a signal for poly(A) addition. The 
alternative use of two poly(A) signals within a single ODC gene could explain 
the presence of the two mRNA species (Hickok et al., 1986). However, in view 
of a number of mismatches in their overlapping nucleotide sequence, it seems 
more likely that these mRNAs are either the products of two separate ODC genes 
or the products of the two different alleles of a single gene.

In androgen-induced mouse kidney there was a 26 h half-time for full mRNA 
induction, and the level of ODC mRNA decreased with an apparent half-life of 
about 24 h (Berger et al., 1984).

The increased rate of ODC synthesis following growth stimuli may be at 
least partly due to a large increase in the amount of ODC mRNA, as shown for 
many types of cells and stimuli (Berger et al., 1984; Kahana and Nathans,
1984; Kameji et al., 1984; Kontula et al., 1984; McConlogue et al., 1984; 
Persson et al., 1985b; Hickok et al., 1986). Using nuclear runoff transcrip
tional analysis, it has recently been shown that an increase in ODC transcrip
tion accounts for the mitogenic induction of ODC mRNA (Katz and Kahana, 1987).

Two forms of ODC have been observed in mouse kidney but only one form 
occurs in rat liver and hepatoma (Persson et al., 1984; Seely et al., 1985). 
The two forms of mouse kidney ODC may be due to minor differences between 
closely related genes. However, since they differ slightly in charge but not 
in molecular weight, it is more likely that one form is phosphorylated. How
ever, evidence for two forms of ODC mRNA has been obtained as has been already 
mentioned.

The complete amino acid sequence of mouse ODC has been deduced from the 
nucleotide sequence of cDNAs containing the full coding region of the ODC mRNA 
(Gupta and Coffino, 1985; Kahana and Nathans, 1985a). The encoded protein con
tains 461 amino acid residues, has a molecular weight of about 51,100 and re
presents the subunit of the native enzyme, which is a homodimer. Within the 
sequence there are 1'2 cysteine residues. These are assumed to be responsible 
for the dependence of ODC on high thiol concentrations (Jänne and Williams- 
Ashman, 1971). In the absence of reducing agents the enzyme forms di-and oli
gomers, which have no enzymatic activity. It is not known which physiological 
thiols or other reducing agents are affecting the sulfhydryl status of ODC in

1
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PuNNAUGG = Kozak s consensus sequence

UCCAUGG

I--1
423 449

-------  PEST

DFMO binding
(298 lys)

casein kinase H phosphorylation
(303 ser)

maximum hydrophilicity

Fig. 3. Summary of the characteristics of mouse ODC cDNA and features of ODC, 
that have been deduced from the nucleotide sequence of the cDNA.

For details of the consensus sequence, see Kozak (1984).
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vivo. In Fig. 3 the characteristics of (mouse) ODC cDNA and the structural 
features of ODC that have been deduced from the nucleotide sequence are sum
marized.

The amino acid sequence offers a possible explanation for the rapid turn
over of the enzyme. Eukaryotic proteins with very short (< 2 h) intracellular 
half-lives have been shown to contain one or more regions rich in proline (P), 
glutamic acid (E), serine (S) and threonine (T) (Rogers et al., 1986). Mouse 
ODC contains two PEST regions in the C terminus. It was suggested that these 
two regions account for the intracellular instability of the enzyme. This hy
pothesis is in accordance with the recent finding that trypanosome ODC, which 
undergoes no detectable turnover within 6 h lacks the corresponding PEST re
gions (Phillips et al., 1987). Conceivably, the slow turnover of ODC in trypa
nosomes is the basis of the selective antitrypanosomal action of DFMO 
(Sjoerdsma et al., 1984).

Although the location of the active site has not been established, there 
is some evidence to suggest the involvement of a sequence in the vicinity of 
the lysine residue at position 298, the apparent site of DFMO binding (Pegg, 
1986). This suggestion is supported by the fact that the N- and C-terminal 
ends do not seem to contain critical portions of the active site (Macrae and 
Coffino, 1987). Close to the presumed active site there is a potential site 
for phosphorylation by casein kinase II (Kahana and Nathans, 1985a), which 
coincides with the most hydrophilic part of the protein. However, even though 
ODC contains phosphate and is phosphorylated by casein kinase II and nuclear 
kinase N2 there is no evidence that phosphorylation affects the ODC activity 
(Meggio et al., 1984; Seely et al., 1984).

Recently, human ODC cDNAs have been cloned and sequenced. It was esta
blished that human ODC mRNA contains a 5'-noncoding region of 335 nucleotides, 
an open reading frame of 1383 nucleotides, a 3'-noncoding region of 346 nucle
otides, and a poly(A) tail of 9 nucleotides (Hickok et al., 1987). The amino 
acid sequence of 461 residues deduced from the open reading frame predicts a 
molecular weight of 51,156. Human ODC was found to have about 907. homology 
with the amino acid sequence of mouse ODC. Unlike the mouse genome, the hap
loid human genome only seems to contain two ODC genes (Winqvist et al., 1986). 
In view of the fact that human cells only express a single (2.2-2.3 kb) ODC 
mRNA species, it appears that either both loci give rise to similar mRNAs or 
that only one of the ODC genes is expressed, the other being a pseudogene. 
Using mouse x human somatic cell hybrid clones it has been found that human 
ODC sequences are localized on chromosomes 2 and 7. The ODC sequences on chro
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mosome 2 were found in a region of the short arm which contains the N-myc on
cogene and which is often amplified in neuroblastomas and small-cell lung car
cinomas. However, there appears to be no coamplification of the N-myc oncogene 
and the ODC gene in such tumors. On the other hand, coamplification of the 
genes for ODC and ribonucleotide reductase (also localized on chromosome 2) 
was recently observed in hamster cells selected for resistance to hydroxyurea 
(Srinivasan et al., 1987). Amplification of the ODC gene has also been induced 
in human cells by exposure to DFMO (Leinonen et al., 1987).

Translation of ODC mRNA has been studied in various cell-free systems 
(Berger et al., 1984; Kontula et al., 1984; McConlogue and Coffino, 1983; 
McConlogue et al., 1984; Kameji et al., 1984; Kahana and Nathans, 1984; Kameji 
and Pegg, 1987). In the reticulocyte lysate system ODC mRNA is translated very 
poorly (McConlogue and Coffino, 1983; Kahana and Nathans, 1984). This may be 
due to the presence of a long noncoding 5' leader in the ODC mRNA (Gupta and 
Coffino, 1985; Kahana and Nathans, 1985a), because its removal has been shown 
to cause a 40-fold increase in in vitro translation (Kahana and Nathans, 
1985b).

The translation of ODC mRNA is markedly affected by the cellular poly
amine content. A decrease in polyamine content elicits an increase in ODC 
translation (Persson et al., 1985b) and an increase in polyamine content eli
cits a decrease (Kahana and Nathans, 1985b; Holttá and Pohjanpelto, 1986; 
Persson et al., 1986). This feed-back regulation by the pol-yamines is mainly 
exerted at the level of ODC translation, because there is no change in ODC 
mRNA content and only little change in the rate of ODC degradation. Concei
vably, the activity of ODC mRNA could be regulated by polyamine-induced mask
ing or unmasking of the upstream ribosome start site.

These findings have been corroborated by studies of ODC mRNA translation 
in cell-free systems. Since reticulocyte lysates contain rather high concen
trations of polyamines there is an increase in the rate of ODC mRNA transla
tion upon removal of the polyamines by gel filtration, and a decrease upon 
addition of polyamines (Kameji and Pegg, 1987a; Holm et al., 1988; Persson et 
al., 1988).

There is general agreement that the synthesis of ODC protein can be regu
lated at the level of transcription of the gene and at the level of transla
tion of the message. Thus far, however, there have been no analyses of the 
processing of primary transcripts.
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An ODC inhibitory protein named antizyme has been extensively studied in 
the course of the last ten years (Canellakis et al., 1985). Antizyme was shown 
to increase rapidly in cultured cells upon exposure to putrescine, or in liver 
of rats treated with putrescine (Canellakis et al., 1979), but a high content 
of antizyme was also found in normal rat brain (Hietala, 1983) and in the mam
mary gland of starved lactating female rats (Brosnan et al., 1983). Antizyme 
from rat liver was purified to apparent homogeneity (Kitani and Fujisawa, 
1984). It was reported to have a molecular weight of 22 kD (Canellakis et al., 
1979). Mammary gland antizyme, however, is larger (55 kD) (Hu and Brosnan, 
1987), which may indicate the proteolytic cleavage of the liver antizyme 
during isolation. Formation of the complex between ODC and antizyme is rapid, 
but a finite time is necessary (Kitani and Fujisawa, 1984).

The role of antizyme in the regulation of ODC activity has not yet been 
clarified. There is evidence that one component of the down-regulation of ODC 
in mammary gland (Hu and Brosnan, 1987) and in liver (Fujita et al., 1984) by 
food restriction is the induction of antizyme. The fact that the ODC protein 
content decreases more rapidly after exposure to polyamines than after inhib
ition of protein synthesis by cycloheximide (Canellakis et al., 1979; Seely 
and Pegg, 1983; Persson et al., 1984; Murakami and Hayashi, 1985; Murakami et 
al., 1985), suggests that antizyme may be involved in the degradation of ODC.
A macromolecular inhibitor of the antizyme, which reverses the inhibition of 
ODC, has also been found (Fujita et al., 1982).

(b) SAMDC
The aminopropyl groups in spermidine and spermine are derived from dcSAM, 

which is formed in a reaction catalyzed by SAMDC. In mammalian cells the con
centration of dcSAM is normally very low and dcSAM is therefore a limiting 
factor in polyamine synthesis. The amount of the enzyme protein is also small, 
even in tissues (e.g. rat prostate), which have relatively high SAMDC activi
ties (Shirahata and Pegg, 1985). Mammalian SAMDC has a subunit molecular 
weight of about 32 kD and associates to dimers and oligomers. The enzyme con
tains a covalently bound pyruvate which serves as a prosthetic group (Pegg, 
1986). Translation of SAMDC mRNA in a cell-free system indicates that the pro
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tein is synthesized as an inactive precursor with a molecular weight of 37 kD, 
which is converted to the active enzyme subunit of 32 kD, simultaneously gen
erating the pyruvate at the N-terrainus (Shirahata and Pegg, 1986). This con
version is enhanced by putrescine (Kameji and Pegg, 1987b), which implies that 
putrescine is not only an activator of SAMDC (Williams-Ashmann and Pegg, 1981) 
but is also involved in the regulation of its formation.

An enzymatic assay, a method for the titration of the active site of 
SAMDC (using radiolabeled dcSAM), and a radioimmune assay (using high-affinity 
monospecific antibodies to the enzyme) have been used to show that the ratio 
of enzyme activity to protein usually remains constant under various physiolo
gical conditions (Shirahata and Pegg, 1985). These methods also revealed that 
the half-life for loss of SAMDC activity and titratable protein after inhibi
tion of protein synthesis by eyeloheximide is very short (35 min) compared to 
the half-life for loss of imrounoreactive protein (139 min). Therefore, it was 
proposed that the degradation of the enzyme proceeds via inactivation of the 
active center prior to loss of immunoreactive protein. Loss of the active site 
could be brought about by proteolytic cleavage and removal of a small peptide 
at the N-terminus where the pyruvate prosthetic group apparently is located 
(Shirahata and Pegg, 1985).

SAMDC can undergo large and rapid changes in content and activity. In ad
dition to the mentioned positive regulation by putrescine, it is negatively 
regulated by spermidine (Mamont et al., 1982). The activation by putrescine 
ensures that the supply of dcSAM increases when putrescine level increases, 
such that both substrates are available to spermidine synthase. Consequently, 
putrescine is converted into spermidine.

Growth stimulation has been shown to cause increased SAMDC activity in 
many experimental systems. This is due to increases both in the rate of syn
thesis and in the half-life of the enzyme (Seyfried et al., 1982). The in
crease in the rate of SAMDC synthesis is greater than the general increase in 
translational activity. cDNA clones coding for bovine and rat SAMDC have been 
used as probes to further analyze the expression of the SAMDC gene in mitogen- 
activated bovine lymphocytes (Mach et al., 1986) and in rat ventral prostate 
(Pegg et al., 1987). The increased rate of SAMDC synthesis was found to be a 
consequence of both an increase in SAMDC mRNA content and in translational ef
ficiency. The increase in SAMDC mRNA content was more than 2-fold relative to 
total RNA. The increase in translational efficiency seems to arise from a se
lective increase in the rate of initiation, leading to more ribosomes per 
polysome encoding SAMDC mRNA. Northern blot analysis has revealed that bovine
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lymphocytes contain two SAMDC mRNA species of 2.4 and 3.6 kb in length (Mach 
et al., 1986). Both are coordinatedly expressed and are present in polysomes. 
The sixes of the two SAMDC mRNA species found in rat ventral prostate were ap
proximately 1.7 and 3.0 kb (Pegg et al., 1987).

Cellular polyamine depletion (due to treatment with DFMO, MGBG or 
AdoDATO) leads to increased SAMDC activity and protein, and polyamine accumu
lation leads to reduced activity (Mamont et al., 1982; Shirahata and Pegg, 
1985). The increase in SAMDC is attributable to both an extended half-life of 
the enzyme and an increased rate of synthesis. The increased synthesis is due 
to a rise in the amount of translatable mRNA for SAMDC and an enhanced trans
lation efficiency (Shirahata and Pegg, 1986). Some results indicate that MGBG 
itself, rather than the altered polyamine content, retards the degradation of 
SAMDC (Shirahata and Pegg, 1985). Since MGBG is a competitive inhibitor of 
SAMDC it may stabilize the enzyme by binding to the active site. The degrada
tion of SAMDC protein is enhanced by polyamines but the mechanism is unknown 
(Shirahata et al., 1985).

In reticulocyte lysates the synthesis of SAMDC is much more strongly in
hibited by the addition of polyamines than is protein synthesis as a whole 
(Kameji and Pegg, 1987b). This finding indicates that the rate of translation 
of mRNA for SAMDC is a direct function of the intracellular polyamine concen
tration. Taken together, studies on ODC and SAMDC regulation, indicate that 
the polyamines control their own synthesis by affecting both ODC and SAMDC 
synthesis.
(c) Spermidine synthase and spermine synthase

The aminopropyltransferases that catalyze the formation of spermidine and 
spermine are not regulated by induction. Spermidine synthase is a homodimer 
with a subunit molecular weight of 36 kD (Raina et al., 1984) and spermine 
synthase has two subunits of 44 kD (Yamanoha et al., 1984).

These enzymes have Km values in the micromolar range for dcSAM, implying 
that their activities in vivo are limited by the availability of this sub
strate, for which they compete. These two synthases are remarkably insuscep
tible to regulatory influences of small molecules, disregarding that of MTA. 
Since they are present in mammalian tissues in excess of ODC and SAMDC (Raina 
et al., 1978) one has to assume that they are not rate-limiting under any phy
siological or pathological conditions.
(d) SAT and PAO
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Very little is presently known about the nuclear N -PAT. Preparations of 
purified enzyme (Libby, 1983) are not only acetylating spermidine and putres- 
cine, but also histones. There is no single event known that leads to an al
teration of the activity of this enzyme.

The cytosolic acetyltransferase (N^-PAT) has in many aspects opposite 
characteristics, compared to the nuclear enzyme: histones and putrescine are 
not substrates, and spermidine and spermine are exclusively acetylated in 
Imposition. While the nuclear enzyme seems not to be subject to activity chan
ges, there are a great number of stimuli that are inducing the cytosolic ace
tyltransferase (Pegg, 1986; Seiler, 1987b). The induced enzyme has been puri
fied to homogeneity. It has a molecular weight of 115 kD (Della Ragione and 
Pegg, 1981). Its biological half-life of 15-45 min (Matsui and Pegg, 1981; 
Persson and Pegg, 1984) makes it suitable for regulation. Interestingly the 
(low) basal N^-PAT activity in tissues does not cross-react with antibodies 
that have been obtained against the induced enzyme (Persson et al., 1985a).
All inductions of N^-PAT seem to be brought about by an increase in the amount 
of enzyme protein, and in some cases by a decline in the rate of degradation 
(Pegg et al., 1985; Karvonen and Pöso, 1984). However, the mechanisms involved 
have not yet been studied, but in view of the importance of N^-PAT as a rate- 
limiting enzyme of the interconversion pathway, a progress in this area can be 
expected soon. Aspects of the role of polyamine acetylation in the regulation 
of cellular polyamine levels are discussed below.

Polyamine oxidase of rat liver has a molecular weight of 60 kD. FAD is 
tightly bound as a prosthetic group and there is some evidence that Fe^+ may 
be a co-factor (Holttá, 1977). Treatment with clofibrate, a drug that causes 
induction of peroxisomes in liver, caused also an increase of PAO activity 
(Beard et al., 1978). However, since PAO is usually present in virtually all 
tissues in large excess, and since its turnover is slow (Seiler et al., 1980; 
Seiler et al., 1985b), there is no reason to assume that it is a regulatory 
enzyme.

CELLULAR POLYAMINE REGULATION
It is evident from what has been discussed up to now that ODC, SAMDC and 

N^-PAT are the major regulatory enzymes in polyamine metabolism. Changes in 
the concentrations of free spermidine and spermine are presumably the most im
portant signals for enhancing or decreasing cellular polyamine levels, but 
many other signals may be important as well. Thus it appears from the indue-
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tion of N^-PAT by 1-methy1-3-isobutyIxanthine (Danzin et al., 1983b) and iso
prénaline (Stefanelli et al., 1986) that cyclic AMP may signal the enhancement 
of polyamine degradation in pancreas and heart muscle.

Despite the fact that our knowledge of the regulation of individual en
zymes in polyamine metabolism is rapidly improving, the composite picture of 
cellular polyamine regulation remains vague. One can only describe in general 
terms what is expected to occur under certain circumstances. Detailed studies 
will be required in order to establish which of the various regulatory factors 
are important in a given situation. Fig. 4 summarizes conceivable intracellul
ar movements of the polyamines and their derivatives.

Evidence has been presented (Bolkenius and Seiler, 1986) for profound 
changes in polyamine metabolism during the development of the vertebrate 
brain, from a state of rapid cell growth and proliferation to a steady state 
situation characterized by highly differentiated cell functions. One may as
sume that similar changes occur in most normal tissues in the course of their 
functional maturation, and in tumor cells if they are induced to differen
tiate.

In embryonal brain the activity of SAMDC seems to limit the rate of sper
midine and spermine formation (Seiler, 1982). We assume that this is the case 
in all proliferating cells with high putrescine concentrations. SAMDC is ex
pected to be activated to a high degree. Putrescine competes effectively with 
spermidine for the available dcSAM. Since putrescine is less firmly bound to 
anionic sites than spermidine (Bloomfield and Wilson, 1981) the concentration 
of free putrescine may considerably exceed that of free spermidine even when 
present at lower total concentrations. Thus spermidine synthesis will occur at 
a maximal rate. Putrescine formation by oxidative splitting of N^-acetylsper- 
midine (Fig. 2), although detectable both in embryonal brain (Bolkenius and 
Seiler, 1986) and in tumors (Claverie et al., 1987), plays a minor role as 
compared with Orn decarboxylation. The high spermidine/spermine ratio in ra
pidly growing tissues (Janne et al., 1978) is the direct result of this pat
tern of polyamine metabolism.

While this scheme is appropriate for rapid polyamine formation, it is not 
suited for producing rapid changes in cellular concentrations. Further en
hancement of synthesis rate may be achieved (a) by elevation of the Orn con
centration (i.e. saturation of ODC with its substrate); (b) by enhancement of 
ODC activity and (c) by enhancement of SAMDC activity.
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Fig. 4. Intracellular movements of the polyamines
Major sites of regulation are ODC, SAMDC, N^-PAT and transport.

The products of terminal polyamine catabolism have been omitted in this 
scheme. They are important only in certain cell types. In principle elimina
tion of the polyaraines by outward transport and oxidative deamination and ex
cretion of the reaction products are physiologically equivalent as means of 
polyamine elimination.

©-----activation or induction
inhibitory effect



24 Seiler and Heby: Regulation of Poly amines

A decrease in cellular polyamine content occurs by cell division, whereby 
the polyamine content is divided between the daughter cells. Another possibil
ity of decreasing the polyamine content is by enhancement of the DAO activity. 
In addition to small intestine (Shaff and Beaven, 1976), there are certain 
tumors (Baylin and Luk, 1985) and hypertrophic tissues (Perin et al., 1985) 
that have enhanced DAO activities. Spermidine is formed first. Spermine con
centrations will only be enhanced if free spermidine can effectively compete 
with putrescine; i.e. when spermidine concentrations have increased signifi
cantly.

With the functional maturation of the brain, the ODC activity decreases 
considerably and the SAMDC activity increases (Seiler, 1982). As a matter of 
fact, all non-growing tissues of adult animals that are in a steady state sit
uation as far as polyamine metabolism is concerned, show this same enzyme pat
tern, usually accompanied by excessive spermidine and spermine synthase activ
ities (Raina et al., 1978). Changes analogous to those observed in brain (i.e. 
decreases in ODC activity and putrescine and spermidine concentrations) were 
observed in Friend's erythroleukemia cells during differentiation (Gazitt and 
Bachrach, 1983) and are presumably characteristic of many other differentiat
ing cells.

It has been shown that the interconversion pathway contributes with a 
very high proportion of the total amount of putrescine formed : 70 % in adult 
mouse brain (Bolkenius and Seiler, 1986). Other organs seem to be comparable 
in this regard (Bolkenius and Seiler, 1987). This putrescine is assumed to be 
reutilized for spermidine synthesis. Analogous considerations should be valid 
for the spermidine that is formed from N^-acetylspermine. According to Fig. 4, 
ODC has the function to substitute the losses of the putrescine moiety, which 
may occur either by oxidative deamination (terminal catabolism) in those tis
sues which are equipped with the appropriate Cu^+-dependent oxidases, or more 
generally by transport. The monoacetyl derivatives of spermidine and putres
cine are the major urinary polyamine metabolites (Seiler et al., 1981).

A consequence of the polyamine metabolic cycle is the formation of stoi
chiometric amounts of MTA and ß-alanine (Fig. 2) along an energy demanding 
reaction sequence. However, there is no obvious use for these products. Ac
cording to Baldwin and Krebs (1981) "a cyclic process is to be postulated as 
the most efficient mechanism for the organization of certain metabolic proces
ses". Therefore, it has been suggested (Seiler, 1981) that the polyamine meta-
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bolic cycle is a means of controlling cellular polyamine concentrations, and 
that it enables relatively rapid changes in spermidine and spermine concentra
tions, despite the slow turnover rates of these amines.

Owing to a low putrescine concentration, SAMDC is not fully activated in 
nongrowing organs, as has been shown for mouse brain (lentile et al., 1985).
An increase in putrescine concentration, for instance by induction of ODC, 
will activate SAMDC, and both the formation of spermidine and spermine will be 
enhanced at the same time (Fig. 4). This is in contrast to the situation des
cribed for rapidly proliferating tissues. If the concentrations of spermidine 
and spermine have increased to a certain extent they may signal the induction 
of N^-PAT, as suggested by Erwin and Pegg (1986). Enhancement of N^-acetyla- 
tion will cause the production of putrescine, which reenters the synthetic 
path. As a result, polyaraine turnover will be increased until a new steady 
state situation has been established. That a rise in putrescine concentration 
causes increased spermidine turnover, and that a reduction causes decreased 
spermidine turnover, has been demonstrated for mouse brain (Seiler and 
Bolkenius, 1985). (As far as polyamines are concerned the brain is a quasi- 
closed metabolic system. It is therefore more suitable than peripheral organs 
for turnover measurements). According to these observations it is not suffi
cient to induce N^-PAT, in order to produce a rapid decrease in cellular poly
amine content. Release from the cells has to be activated concomitantly, be
cause without the enhancement of transport, only the turnover rate would be 
enhanced, and the decrease of polyamine content would only be gradual. It has 
been mentioned before that N^-acetylspermidine is a suitable excretory pro
duct, presumably of many cell types, although only a few have been studied 
(Wallace and Keir, 1985). Excretion of putrescine, however, would serve the 
same purpose. Spermine is presumably strictly intracellular, unless cells 
loose viability. It is assumed that N^-acetylspermine may be eliminated from 
cells, although it is not found in significant amounts in urine.

Inhibition of polyamine formation is not sufficient to achieve rapid con
centration changes in non-proliferating cells. Even the nearly complete inhib
ition of putrescine formation along both reactions produces only a decrease in 
spermidine concentration, initially at the rate of its normal turnover. The 
turnover rate decreases further with decreasing spermidine concentration, be
cause first the loosely bound spermidine is removed from its binding sites and 
subsequently the concentration of the free spermidine is gradually diminished 
(Bolkenius and Seiler, 1987). Under these conditions the spermine concentra
tion does not decrease, but increases. It has been mentioned before that this
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is due to the fact that spermidine is the only substrate remaining for amino- 
propylation, and in addition, the formation of dcSAM is enhanced due to induc
tion of SAMDC (Mamont et al., 1982 ; Shirahata and Pegg et al. 1985).

The role of the nuclear acetylase (Seiler and Al-Therib, 1974;
Blankenship and Walle, 1978) is comparable to that of the cytosolic enzyme. 
Since no intranuclear catabolic reactions of the polyamines are known, we as-

g
sume that N -PAT controls the nuclear turnover of the polyamines (Fig. 4). 
Evidence for its in vivo activity has been obtained by inhibition of the cy
tosolic deacetylase, which is responsible for the hydrolytic cleavage of ace-g
tylputrescine and N -acetylspermidine (Blankenship, 1978). Inhibition of the

g
deacetylase resulted in a time-dependent accumulation of N -acetylspermidine 
in HTC cells (Mamont et al., 1984).

Very little is presently known about the factors which regulate the 
transport of polyamines and their derivatives through cell membranes. It would 
be of especial interest to know what actually controls the export of N^-ace- 
tylspermidine versus its oxidative splitting to putrescine by PAO (see 
Fig. 4). It would also be interesting to know how polyamine uptake is signal
led. Tumors (Volkow et al., 1983) and transformed cells (Bachrach and Seiler, 
1981 ; Wallace and Keir, 1982) take up polyamines from the circulation, and 
the culture medium, more avidly than their normal counterparts, apparently due 
to their greater demand for polyamines. The intracellular signals that affect 
the rate of uptake are not simply decreased polyamine levels, since tumor 
cells usually have elevated putrescine and spermidine concentrations.

CONCLUSIONS
Spermidine and spermine occupy an eminent position among the biogenicI

amines. They are ubiquitous and more abundant than other naturally occurring 
amines, and their cellular concentrations and those of their precursors are 
highly regulated. In contrast to inorganic cations, which are nearly exclu
sively regulated by transport, regulation of the polyamines also involves 
transcriptional, translational and post-translational mechanisms. The polyca- 
tionic nature of the polyamines suggests multiple functions in all living 
cells. In addition to their rather well established roles in processes of cell 
growth and proliferation, polyamines are presumably also involved in normal 
functions of specialized cells and tissues. For example, the very high spermi
dine concentrations in pancreas (Rosenthal and Tabor, 1956), mammary gland
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(Russell and McVicker, 1972) and myelin (Seiler and Schmidt-Glenewinkel, 1975) 
and of putrescine in pituitary (Harik and Snyder, 1974) suggest specific roles 
of these amines in the generation, storage or excretion of the secretory mate
rial and in the stabilization of myelin sheaths by interlocking neighboring 
layers (Schmidt-Glenewinkel, 1979). Formation of polyamine-y-glutamy1-linkages 
catalyzed by transglutaminase (Schrode and Folk, 1978; Beninati et al., 1985) 
may turn out to be a major reaction in the post-translational modification of 
proteins.

These few examples may be sufficient to demonstrate that the polyamines 
constitute a class of compounds of especially profound and broad importance in 
biology, created to optimize a multitude of life processes.
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SUMMARY
Of the steroids produced by pig adrenal homogenate, 
the output of cortisol+ll-deoxycortisol, corticosterone, 
llß-hydroxyandrostenedione, and the steroid intermediates 
pregnenolone, 17a-hydroxypregnenolone, progesterone, 
17a-hydroxyprogesterone were analysed. The incubations 
were carried out with and without aeration. Without 
aeration the oxygen tension in assay medium decreased 
during incubation in spite of constant shaking. However, 
it remained constant (140 Hgrnrn) with aeration throughout 
the incubation (60 min). The results of steroid analysis 
demonstrated that the output of llß-hydroxyandrostene
dione decreased strongly, and that of cortisol slightly 
without aeration, however, the output of corticosterone 
did not change. The addition of 17a-hydroxypregnenolone 
or 17 a-hydroxyprogesterone to the incubation medium 
eliminated the decrease in the output of cortisol, 
but not that of llß-hydroxyandrostenedione.
The observations suggest that the activation of oxygen 
in the enzyme reaction catalyzed by 17, 20-lyase, 
and perhaps by 17a-hydroxylase is weaker than the 
activation mediated by 2 1 -hydroxylase and llß-hydroxyl- 
ase.

INTRODUCTION

The requirement and utilization of molecular oxygen 
by the hydroxylation steps of steroidogenesis is well known. 
However, influence of oxygen supply on steroidogenesis 
in the adrenal homogenate during incubation has not been
Abbreviations: DHA, dehydroepiandrosterone; DHA-S, dehydroepiandrosterone- 

sulphate; GC, gas chromatography; 110-hydroxylase 
(EC 1.14.15.4); 17a-hydroxylase (EC 1.14.99.9); 
21-hydroxylase (EC 1.14.99.10)
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studied. This inspired us to investigate the production 
of various steroids, both corticoids (e.g., cortisol, 1 1 -deoxy- 
cortisol, corticosterone) and androgens (e.g., llß-hydroxy- 
androstenedione), in the adrenal homogenate under different 
conditions of oxygen availability. In these experiments 
the output of the endproducts and the intermediates of 
steroidogenesis was studied in nucleus free homogenates pre
pared from the two inner zones of pig adrenal cortex using 
air atmosphere and aeration. Our findings show that the 
corticoid-androgen dissociation can be produced in the homo
genate of pig adrenal cortex incubated in air atmosphere 
without aeration.

MATERIALS AND METHODS

Preparation of tissue
Pig adrenal glands were removed from animals within 

15 min following slaughter, were placed in polythene bag 
and transported immediately to the laboratory on chrushed 
ice. Experimental work on tissues started within 30 min of 
their removal. The glands were decapsulated, minced, and 
then homogenized in a solution containing 250 mM sucrose,
20 mM Tris/HCl (pH 7.4) and 25 mM niacin amid. The ratio 
of tissue to buffer was 1:5 (w:v). The homogenate was centri
fuged for 1 0 minutes at 800 g and the precipitate discarded. 
Incubation

A quantity of homogenate equivalent to 1.5 g fresh 
gland was suspended in each experimental Erlenmeyer flask, 
containing 2.1 mM glucose-6 -phosphate, 3.5 mM malate, 0.3 mM 
NADPH, 25 mM potassium chloride, 2.5 mM magnesium chloride 
and 250 mM sucrose-Tris buffer to the final volume of 20 ml. 
Incubation was performed in 50 ml Erlenmeyer flasks with 
gentle shaking at 37°C for 60 minutes with or without aeration. 
When the samples were incubated without aeration the incuba
tion was carried out in open Erlenmeyer flasks. The oxygen 
tension in the assay media was 140 Hgmm at the beginning 
and 50-80 Hgmm at the end of the incubation (decreasing 
oxygen tension). The pH was 7.4 and the tension of carbon 
dioxide in the assay media was less than 10 Hgmm, their 
values did not changed during the incubation time.

When the samples were incubated with aeration, air 
filtered through cotton-wool plug was blown through the in
cubation media at a rate of 60-70 ml/min. The oxygen tension 
in these assay media was 140-150 Hgmm at the beginning 
and 140 Hgmm at the end of incubation (constant oxygen 
tension). The pH was 7.4 and the tension of carbon dioxide 
in the assay media was less than 10 Hgmm, their values 
did not change during the incubation time.
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The oxygen tension was determined using Clark oxygen 
electrode, pH and the tension of carbon dioxide were deter
mined in Astrup apparatus as described by Rispens, Zijlstra 
(1974) .
Extraction of steroids from pig adrenal homogenate and 
estimation of corticosteroids by paper chromatography
Table 1. Extraction of steroids. Experimental protocol: 

samples were incubated without adding exogenous 
steroid, Group I: incubation made without aeration, 
Group II: incubation made with aeration. Samples 
were incubated without aeration, Group Ilia: in 
the presence of exogenous pregnenolone of progesterone. 
Group IVa:in the presence of exogenous 17a-hydroxypreg- 
nenolone or 17a-hydroxyprogesterone. Samples were 
incubated with aeration, Group Illb: in the presence 
of exogenous pregnenolone or progesterone, Group 
IVb: in the presence of exogenous 17a-hydroxypreg- 
nenolone or 17a-hydroxyprogesterone.

Exp. No.
Group Group Group Group Group Group

I II Ilia Illb IVa IVb
Number of samples

1.
2 .

3.
4.
5.
6.
7.

2
2
1
2

2
2

2
2
2
2
2
2
2

2

1
2

2

2
1

2
2
2

2
2

1 1 

2
2

2

Total: 11 14 7 9 5 7
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In 7 experiments, 53 incubations were done (Table 1).
Two to four flasks were incubated where no steroid was 
added to the assay media during incubation. Into two of 
our four flasks, 1 0 0  nmoles of steroid intermediates of 
various kinds listed in Table 1 were added to the incubation 
media at the beginning and at the 10th, 20th, 30th 40th 
(final concentration 25 pM) minutes of incubation time.
The experiments were started with the addition of cofactor 
NADPH.

The extraction procedure, the separation of cortisol, 
corticosterone and 1 1 -deoxycortisol by paper chromatography 
and their estimation by densitometry was identical to that 
reported previously (Palotás et al., 1985).
Gas chromatography of androgens and steroid intermediates 
in the extract prepared from pig adrenal homogenate

Androgens and steroid intermediates were analysed 
by gas chromatography in a Packard 7300 instrument equipped 
with a double flame ionization detector and with two glass 
columns, 1.82 m x 2 mm. The stationary phase was 3 % SP 
2401 (Supelco Inc.). A second column was applied parallelly 
at the qualitative analysis which served only to strenghten 
the specificity of the steroid analysed in biological material. 
It was the combination of 3% SP 2401 and 3% SP 2100 column 
material in the ratio of 0.83:0.17, respectively. Highly 
purified nitrogen was used as carrier gas. An aliquot part 
of extract equivalent to 0.5 g fresh gland was dissolved 
in 50 pi ethanol-benzene (1:1), 50 nmols of cholesteryl 
acetate (internal standard) dissolved in benzene was added to 
the sample prior to analysis. The steroids in the pig 
adrenal homogenate extract were identified on the basis 
of the retention time relative to 5a-cholestane as shown 
in Table 2. Peak area measurement was used for the quantita
tive analysis, the relative response of each component 
was determined with different amount of reference steroids 
on the basis of the ratio of their peak area to the peak area 
of the same amount of internal standard. The relative response 
to each steroid is shown in Table 2. They were calculated 
from 24 GC runs of the mixture of standard steroids during 
sixteen months of a period.

The following equation was used for the calculation 
of a steroid compound in homogenates equivalent to 1 g 
adrenal tissue:

In this equation 21.2=represents the number of pg of inter
nal standard added to the extract, 2=represents the grade 
of the dilution, RR= is the relative response, MW= is the 
molecular weight of the steroid. The lowest detectable 
amount of the steroid was 1.25 nmol/g fresh gland when 
the relative response was 1.0. The precision of the method 
was checked on the basis of difference between the results 
of duplicate analysis of pregnenolone concentration in

nmo1 /g Peak area of a steroid in sample x 21.2 x 2 x 
Peak area of the internal standard
x 1000

MW
x I

RR
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Table 2. Gas chromatographic retention time relative to
5cecholestane of steroid intermediates and androgens 
on 3% SP 2401 and on 3% SP 2401 + 3%SP 2100 combined 
column. The relative response of the standard 
steroids calculated from 24 separate runs of a 
mixture on SP 2401 column.

Steroids
SP 2401_____ SP 2401+SP 2100
retention time relative 
to 5cx-cholestane = 1

Relative 
response 
on SP2401

Mean S.D.

pregnenolone 2.23 1 . 2 2 0.95 +0.15
17a-hydroxypregnenolone 
internal standard:

3.48 1.78 0.36 + 0.06

cholesteryl acetate 4.30 3.44 1 . 0 0

androstenedione 4.89 2.18 1.03 +0.18
16a-hydroxyprogesterone 6.09 3.16 - a
progesterone 6.89 3.07 0.94 +0.14
1 1 ß-hydroxyandrostene- 
dione 9.88 4.07 0.69 +0 . 1 0

17a-hydroxyprogesterone 10.31 4.78 0.59 + 0 . 1 0
1 1 ß-hydroxyprogesterone 13.50 6.37 -a

a = not evaluated quantitatively

five adrenals analysed without incubation. Here the formula

s was applied,
where "d" means the difference in nmol/g and "n" the number 
of duplicate determinations. The value of "s" amounted to 
3.5 nmol/g pregnenolone in the concentration range of 12.0- 
62.6 nmol/g.
Data analysis

The effect of the aeration on an end-product was tested 
by t-test with or without the assumption of the equality of 
variances. The equality of variances was tested by Levene's 
test (1960). The comparisons between end-products were per
formed by an variance analysis with a repeated-measures 
model.
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Considering that the samples are small, the assumption 
of normality was not tested quantitatively, but the compar
isons were also performed in an alternative way using the 
nonparametric tests of Mann, Whitney (1947) or Kruskal,
Wallis (1952), where it seemed reasonable.

The concentrations of steroids (17a~hydroxypregnenolone, 
17a-hydroxyprogesterone and llß-hydroxyandrostenedione in 
unaerated media) whose values were under the sensitivity 
level of the GC-method were regarded as zero. Therefore non
parametric tests were also used at the statistical analysis.

RESULTS

In the unaerated incubation media, the hormone outputs 
of the three steroidogenic pathways leading to cortisol, 
corticosterone and androgen respectively were different 
(Fig. 1, Group I). The mean value of llß-hydroxyandro
stenedione production was not more than one third of cortisol 
and one fourth of the corticosterone output (p^0.002). In 
the aerated incubation media (Group II), there was no signif
icant difference between the mean value of corticosteroids 
and the llß-hydroxyandrostenedione output. Comparing the 
aerated group to the unaerated one, the output of llß-hydroxy
androstenedione was found higher significant and that of 
cortisol showed a tendency of increasing (p=0.07), but that 
of corticosterone hardly increased in the aerated group.

Pregnenolone or progesterone added to the unaerated in
cubation media did not increase either the cortisol or the 
llß-hydroxyandrostenedione output (Group Ilia) compared to 
the control values (Group I). Most of the exogenous steroids 
added to the incubation media were not utilized as indicated 
by high concentration of progesterone. The production of cor
ticosterone hardly increased though its precursor, progester
one, was present abundantly in the media. Pregnenolone or 
progesterone added to the aerated incubation media (Group 
Illb) did not increase the output of steroid end-products 
compared to the control values (Group II). Comparing Group 
Illb to Group Ilia, the output of cortisol+11-deoxycortisol 
and llß-hydroxy-androstenetione was found higher and the 
accumulation of progesterone smaller in the aerated group.
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cortisol pathway
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Fig. 1. Output of steroids by pig adrenal homogenates in
cubated for 60 min at 37°C using air atmosphere and 
aeration. In control experiments the steroid output 
from endogenous precursors alone was investigated 
without (Group I) and with aeration (Group II). By 
addition of pregnenolone or progesterone (Pg/Po;
Group Ilia and Illb) and 17a-hydroxypregnenolone or 
17a-hydroxyprogesterone (17OHPg/170HPo; Group IVa and 
IVb) to the incubation media at a pharmacological 
level (25 pM) , the effect of steroid intermediates 
was investigated on the steroid output at the two 
forms of incubation. The bars represent the mean (+SD) 
expressed in nmol/g per h. The ratio of two corticoid 
pathways is also presented. The statistical significance 
of differences between the two forms of incubation is 
shown (4 p  ^  O.Q5;^^p ^  0.02 ikkkP 4. 0.01) .
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17 a -Hydroxypregnenolone or 17a-hydroxyprogesterone 
added to the unaerated incubation media (Group IVa) did not 
increase the low output of 1lß-hydroxyandrostenedione, however, 
the output of cortisol+11-deoxycortisol showed an increasing 
tendency compared to the control values (Group I). The two 
17 a-hydroxylated intermediates added to the aerated incubation 
media (Group IVb) did not change the mean values of the 
output of steroid end-product compared to the control values 
(Group II). Comparing Group IVb to Group IVa, the output of 
corticosterone and 1lß-hydroxyandrostenedione was higher and 
the accumulation of progesterone originated from endogenous 
precursors was smaller in the aerated group.

DISCUSSION

In these experiments we found a larger output of cortisol 
and 1lß-hydroxyandrostenedione of pig adrenal homogenates 
in the aerated incubation media than in unaerated ones. The 
difference in the output of 1lß-hydroxyandrostenedione was 
very significant between the two forms of incubation, while 
the difference in the output of corticosterone was negligible. 
From these observations and the fact that the oxygen tension 
in the unaerated incubation media decreased we inferred that:
a. / Both the side-chain splitting of cholesterol in mito
chondria and the utilization of steroid intermediates increase 
when the oxygen tension in the incubation media is kept
on a constant level by aeration.
b. / The enzyme reactions catalyzed by the 17a-hydroxylase 
and 17,20-lyase are more sensitive to the decrease of oxygen 
tension in the incubation media than the transformations 
catalyzed by 21-hydroxylase and llß-hydroxylase.
c. / The corticoid-androgen dissociation cannot be observed 
in the incubation media at constant level of oxygen tension, 
therefore we consider the decrease of llß-hydroxyandro- 
stenedione as the sign of a defective degre« of oxygen supply.
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Our results obtained with aeration compared with the 
data in literature were gained in 95 per cent oxygen and 
5 per cent CC>2 atmosphere. In our experiment the total pro
duction of corticoids (the sum of cortisol + 11-deoxycortisol 
+ corticosterone) from endogenous precursors and from endo
genous precursors + pregnenolone or progesterone and from 
endogenous precursors+17<x-hydroxypregnenolone or 17a-hydroxy- 
progesterone was 165, 150 and 193 nmol/g per 60 min, respec
tively. The activity of 21-hydroxylation in the microsomal 
fraction of pig adrenal cortex was found to be 214 nmol/g 
per 60 min calculated for original tissue by Inano et al.
(1969). The ration of cortisol/corticosterone was 1.1, 
in their investigation these values are very near to the 
values observed in our experiments.

Corticoid-androgen dissociation was not found at the 
incubation of isolated human adrenal cells (Keymolen et 
al., 1976): DHA, DHA-S, androstenedione, cortisol and cortico
sterone increased in the same portion no matter what the 
degree of ACTH stimulation was. The incubation was made 
with 95% C>2 : 5% CO  ̂ atmosphere.

Our results show that corticoid-androgen dissociation 
in the steroid pattern of pig adrenal homogenate can be 
induced with decreasing the oxygen tension in the incubation 
medium during incubation. It must be noted that besides 113 - 
hydroxyandrostenedione the output of cortisol and 11 -deoxy- 
cortisol also showed a decreasing tendency. The decrease of 
the androgen output could not be influenced by the addition 
of various steroid intermediates to the incubation medium, 
however, the decrease of cortisol can be eliminated by 
adding 17a-hydroxypregnenolone or 17a-hydroxy:progesterone 
but not by adding pregnenolone or progesterone.

These observations suggest that the activation of oxy
gen in the enzyme reaction catalyzed by 17,20-lyase and 
perhaps by 17a-hydroxylase is weaker than the activation 
mediated by 21-hydroxylase and 133-hydroxylase.

Cholesterol-pregnenolone transformation is a common 
and rate-limiting step of adrenal steroidogenesis.
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Nevertheless, ACTH-induced activation of cortisol and androgen 
pathways to different degrees has sometimes been observed.
Two interpretations of this paradox phenomenon is known. 
According to Deshpande et al. (1976) the adrenal androgen 
production is influenced by another hypophyseal factor in 
addition to ACTH. In contrast, Nieschlag et al. (1973) suppose 
that cofactors necessary for either the action of 17,20-lyase 
on 17-hydroxypregnenolone or for the 17-hydroxylase of preg
nenolone become temporarily depleted. The biosynthetic pathway 
to cortisol would then proceed uninterruptedly and DHA 
secretion would decrease briefly. In our earlier investigations 
(Kecskés 1985) we found a dissociation of corticoid and 
androgen excretion in the urine of prepubertal girls during 
surgical stress. On the basis of the present experiments 
we suggest that changes in adrenal blood flow and the sub
sequent alteration in local osygenation of adrenal cortex 
might play a role in the corticoid-androgen dissociation 
observed during surgical stress.
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SUMMARY

Vitamin D^ and 2 5 -OH-D2 were tested for their 
effect on' glycosaminoglycan (GAG) production in micro 
high density cultures of stage 22-24 chicken limbgbud 
mesenchyme. Vitamin D_. (at concentration of 5x10 °M) 
and its biologically activg metabolite, the 25-OH-D, 
(at concentration of 5x10 °M) stimulated the synthesis 
of GAGs indicating the increase of radioactive sulfate 
incorporation and uronic acid content in a dose-de- 
pendent way. The findings obtained after the treatment 
with 25-OH-D- are comparable with earlier studies per
formed on chondrocyte cultures (Corvol et al. 1978, 
1980), while the results observed after the vitamin D3 
treatment are the first indications that vitamin D. 
can also influence the cartilage matrix composition.

INTRODUCTION

Few and contradictory data are available on the effects 
of vitamin D and its metabolites on the cartilage matrix 
in vivo and in vitro. The majority of in vivo information 
was obtained from experiments on rachitic animals and they 
can therefore be regarded only as indirect evidences.

It is known that the biological effects of vitamin 
D are attributed to its hydroxylated metabolites, namely 
the 25-OH-D3 formed in the liver, l,25(OH)2D3 and 24,25 (OH) 
formed in the kidney.

Dikshit (1959) has shown that the activity of enzymes 
involved in hexosamine biosynthesis is increasing, while 
the hexosamine content is decreasing in the cartilages of

Akadémiai Kiadó, Budapest
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the rachitic rats 96 hours after the treatment with vitamin 
D. Pita et al. (1970), however, could not demonstrate an 
increase of large aggregates of proteoglycans (PGs) along 
the hypertrophic zone in rachitic epiphyseal cartilage as 
in that of the normal rats. Using autoradiography, on the 
other hand, Mankin and Lippiello (1969) gave evidence of 
a considerable decrease of sulphate incorporation in the 
maturation zone of rachitic rat epiphyseal cartilage compared 
to the normal animals which was rapidly restored by the 
vitamin D treatment. A similar compensation tendency could 
be demonstrated in the maturation zone in the epiphyseal 
and articular cartilages of rachitic rat treated with vitamin 
D using polarization optical method (Kern et al. 1975a,b, 
Földes 1975). It was also described that the PG subunits 
isolated from growth cartilage of rachitic chicks were of 
much smaller size than the corresponding preparations from 
the normal or vitamin D treated chicks but no differences 
were found in their chemical composition (Dickson and 
Roughley 1978, Dickson et al. 1979, Roughley and Dickson 
1980, 1986).

Our histochemical, biochemical, radiochemical polariza
tion and electron microscopic results indicated an increase 
of the amount and orientation of glycosaminoglycans (GAGs) 
in cartilage matrix in rats treated with low doses of vitamin 
D (Földes 1975, Földes and Kern 1973, Földes et al. 1975,
1979) .

The effects of biologically active metabolites of
vitamin D on cartilage have scarcely been studied. Corvol et
al.(1978,1980)showed that 24,25(OH)2D3, 1,25(OH)ÿ>3 and 25-OH-D3
stimulated both the synthesis and the secretion of PGs in
the cultured chondrocytes while vitamin D.. was inactive at

-14 -7Jconcentrations ranging from 10 to 10 M. Garabedian et al. 
(1978) demonstrated that the cultured chondrocytes and 
cartilage tissue could also transform 25-OH-D3 into 24,25 
(OH)2D3. On the other hand, in repeated experiments Hinek 
et al. (1987) didn't find a significant influence on uronic 
acid contents of growth plate and nasal cartilage cultures
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by 24,25(OH)2D3 singly or in combination with l,25(OH>2D3.
All the above data suggest that vitamin metabolites 

may have an effect upon the synthesis of PGs in chondrocytes.
In this work we studied the effect of vitamin and 25-OH-D3 
on GAG biosynthesis in chondrifying mesenchymal cells isolated 
from embryoiic chicken limb buds. Up to now no data are 
available on vitamin D actions in vitro.

MATERIALS AND METHODS

Materials
Cholecalciferol (D̂  vitamin) was obtained from Serva. 

25-OH-D2 (Calcifediol) was purchased from Roussel (France). 
Ham's FJ12 nutrient mixture (Flow Labs), newborn calf serum 
(Human, Hungary) were used in these studies. Carrier free 
(35g)-sulfate as the sodium salt was obtained from the Central 
Institute of Nuclear Research, Academy of Sciences GDR, 
Dresden.
Cell cultures

Micro high density cultures (type Ahrens et al. 1977) 
were prepared from limb buds of White Hybro B chicken embryos 
of Hamburger-Hamilton stages 22-24 as described previously 
(Hadházy et al. 1982). In brief, the limbs were dissociated 
by treatment I with 0.25% trypsin - 0.15% EDTA-disodium in 
Ca2+/Mg2+-frée phosphate buffered saline (CMF-PBS). From 
cell suspension 2x1 0  ̂ cells per ml, five 1 0 jul drops were 
plated onto coverslides placed on the bottom of glass Petri 
Dishes. The dishes were incubated for 120 min at 37°C, 95% rel. 
humidity, 5% CC>2, thereafter they were added 2,5 ml medium 
consisting of Ham's F 12 nutrient mixture supplemented with 
10% newborn calf serum, 50 jug/ml ascorbic acid and antibiotics 
(50 IU penicillin and 50 jug streptomycin per ml). This will 
be referred to as standard medium (S).

After 2 4 hours - on the first day - the dishes were 
distributed at random into eight groups. One of them was 
provided with medium S, as described above. The other group 
was supplied with medium S containing 0.5% (v/v) ethanol 
as a solvent of cholecalciferol and calcifediol (medium E).
The ethanol in concentration of 0.5%(v/v) decreased the 
content of DNA on the average by 11.5+3.4%) and uronic acid 
(8 .7+1.8 ) of normal cultures. Therefore in the present inves
tigation the basis for comparison parameters of cultures 
contained in medium E were used. Further groups were provided 
with medium E containing 1x10 5M (medium D..A), 5xlO-8M (medium 
D3B), 1x 10-8m  (medium D 3C) cholecalciferol and 5xlO"^M 
(medium 25-OH-D3A), 5xlO-8M (medium 25-OH-D3B), 5xlO_9M 
(medium 25-OH-D3C) calcifediol, respectively. Doses of agents
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were selected in preliminary experiments.
On days 4 and 10 the cultures in media S, E, D^B and 

25-OH-D..B, on day 6 the cultures of all groups were investi
gated. The cultures of all groups were fed on every other 
day.

In spite of the fact that serum contains small quantities 
of vitamin and 2 5 -OH-D2 our cell cultures were cultivated 
in medium containing serum. In serum-free medium (in F-12 
stock) the cell generation time of identical cultures was 
especially retarded, a few cartilage noduli of small size 
were formed, the uronic acid content of day 6 cultures was 
about a fifth of cultures in medium containing serum (Hadházy, 
unpublished).

Histochemical reactions
Cultures were fixed in a 4:1 mixture of ethanol and 

formaldehyde for 30 min. The following histochemical reactions 
were carried out. Picrosirius red F3B staining for insoluble 
collagen (Constantine and Mowry 1968) , dimethylmethylene 
blue metachromatic staining for glycosaminoglycans (Módis 
19 74) . The stained specimens were investigated both in normal 
and polarized light microscope.

Autoradiography
The cultures were fixed in Kahle solution for 30 min.

The fixed and stained cultural materials (staining with 
chromotrope) were embedded in paraffin. 10 pm thick sections 
were collected on glass and were coated with 0.5% gelatine. 
After drying 24 hours the slides were dipped into Ilford 
L 4 emulsion (Ilford Ltd, Ilford, Essex, England) diluted 
1:1 with distilled water. The radioautographs were exposed 
for 1 month at 4°C and developed in Kodak D 19 for 3 min 
at 15°C. After fixation and rinsing, the sections were co
vered with glycerine and gelatine mixture.

35Radioisotope labeling and isolation of ( S)-sulfate
labeled glycosaminoglycans
On the 4th, 6th or 10th days of culture the medium was 

removed and changed with 2 ml appropriate medium containing 
80 pCi/ml Na^Sso^. The cultures were labeled for 6 hr.

(35g)-sulfate^labeled glycosaminoglycans were isolated 
from the cultures by the method of Solursh et al. (1980) 
as described elsewhere in details (Módis et al.) Samples 
were counted in an Isocal 300 (Searle, Nuclear Chicago) 
liquid scintillation spectrometer.

Analitical procedures
The DNA content of cultures were determined (Burton 1956) 

after perchloric acid extraction (Paul 1965). The uronic 
acid contents of cultures were tested by the method of B-ifter 
and Muir (1962).



Figs la, b: 6-day-old untreated chondrifying high density cell culture after dimethylmethylene blue staining taken in 
normal light. An intensive metachromatic staining of the cartilage nodules is seen in untreated (a) and treated (b) sections.

Scale: 100 gm.



Figs 2a, b: Autoradiogramm. 6-day-old culture. Control. Carti
lage nodule showing a moderate concentration of grains. Scale: 
100 /im. b: Autoradiogramm. 6-day-old culture treated with 5 X 
X 10-6M vitamin D3. Cartilage nodule containing a stronger accu

mulation of grains. Scale: 100 gm.
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The quantitative measurements were performed in two in
different series fo cultures with different cell populations. 
In each series five samples were used, one sample consisted 
of the pool five cultures. The means + SD were tabulated.
P values were calculated by Student's t-test.

RESULTS

Light microscopy

In the cultures cell aggregates appeared in the central part on 
the first day. In the course of the 2nd day, some of the 
aggregates differentiated into cartilage nodules containing 
extracellular matrix. The size and number of the nodules 
increased with time. Their continuous expansion and further 
internodular cell accumulations led to fusion of neighbouring 
noduli. Myoblast differentiation occurred between the noduli. 
On day 4 the majority of noduli were solitary but they had 
a tendency to coalesce. On day 6 and 10 the cartilage differ
entiation extended into increasingly larger areas.

In 4-, 6 - and 10-day old cultures stained with dimethyl- 
methylene blue for GAGs a strong red metachromasia could 
be demonstrated in the extracellular matrix of cartilage 
nodules both in the untreated controls and the treated ones 
(Fig. la and b). The metachromatic matrix areas are gradually 
increased between day 4 and 10 of culture and they showed 
an optical anisotropy under polarization microscope indicating 
that GAG molecules are not only present but they are arranged 
in an oriented manner in the extracellular space. As for 
the metachromasia, it detects sulfated GAGs and it seems 
to be reasonable to suppose that GAGs stained in these spec
imens are the side chains of the matrix proteoglycans.

No obvious changes could be observed between untreated 
and treated cultures.

After picrosirius red F3B staining a moderate red colour 
could be seen extracellularly in the central part of the 
cartilage nodules. Both in the control and the treated cul
tures an optical anisotropy of low intensity could be ob
served in the stained matrix areas of cartilage nodules.
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The intensity of optical anisotropy was gradually increased 
between day 4 and 10 of culture. It seems that the extra
cellular matrix of cartilage nodules is gradually enriched 
in oriented collagen as the cartilage differentiation proceeds. 
The orientation pattern of collagen was similar in control 
and treated cultures.

Autoradiography

, 35A marked increase of ( S)-sulfate incorporation could 
be detected both in chondrocytes and extracellular matrix 
of the cartilage nodules of 6 -day-old cultures treated with_ r _ o5x10 M vitamin and 5x10 M 25-OH-D.j compared with the 
control cultures (Fig. 2a and b.). On day 10, on the other 
hand, no significant differences were found between treated 
and control cultures.

35Incorporation of ( S)-sulfate (Table I)

35( S)-sulfate incorporation gradually increased from day
354 until day 10 of culture. On day 4 the ( S)-sulfate in

corporation in cultures treated with vitamin D, at concentra-
“ 6  ̂tion of 5x10 M was significantly higher as compared to that

35of the controls. On day 6 ( S)-sulfate incorporation was also
significantly increased in cultures treated with vitamin D,

— 6  ̂in concentration of 5x10 M but it was decreased in the pre
sence of medium D..A and C. Compared to the untreated cultures, 
35( S)-sulfate incorporation was similarly stimulated by 25-OH-_ gat concentration of 5x10 M on day 4 of culture and 

maximum response could be observed on day 6 . Other dosis mod
ified the rate of (^S)-sulfate incorporation unspecifically.

The results of DNA determinations (Table II)

Földes et al.: Vitamin D^ and Glycosaminoglyoans

The amount of DNA increased progressively in the cultures 
in course of time but no significant differences were found 
between the control and treated cultures.



Table I. ( S)-SO. uptake into cultures in media supplimented by different concentrations of
q 3vitamin and 25-hydroxyvitamin (averages expressed in cpm x 10 /jig DNA + SD).

35

Duration 
of culture

Parameter Control 
Medium E

Vitamin D^ 25-OH-D3
1x 10-5M
Medium
D 3A

5xlO_bM
Medium
D3 B

1x 10-6M
MediumD3C

5x 10_7M
Medium25-OH-D3A

5x10 ÖM
Medium

2 5 -OH-D3 B

5x10 yM
Medium

2 5 -OH-D3 C
Mean 27.89 - 43.15 - - 34.03 _

+ SD +3.33 +3.98 + 4.034 days In % of the 1 0 0 % - 154.71% - - 1 2 2 .0 1 % -

control
Mean 62.61 48.10 82.02 41.43 67.48 119.43 51.22

6 days + SD + 6.89 +7.62 + 8.29 +4.10 + 7.83 +10.60 + 2 . 1 2
In % of the 1 0 0 % 76.82% 131.00% 66.17% 107.78% 190.75% 81.81%
control

Mean 111.95 - 107.98 - - 109.98 -

+ SD + 6.89 + 8.62 +6.77
1 0 days In % of the 1 0 0 % - 96.45% - - 98.24%

control
Significance of differences:

compared groups P < compared groups P <
4 th day Medium E - Medium D^B 0.001 4th day Medium E - Medium 25-OH-D,B 0.05
6 th day Medium E - Medium D^A 0 . 0 2 6 th day Medium E - Medium 2 5-OH-D^A N.S.

Medium E - Medium D^B 0.005 Medium E - Medium 25-OH-D^B 0.001
Medium E - Medium D^C 0.005 Medium E - Medium 25-OH-D^C 0 . 0 2

1 0 th day Medium E - Medium D^B N.S 1 0 th day Medium E - Medium 25-OH-D^B N.S.

O
CO

O
v -i

Ci
O3
CO

Ln
Ln
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Ulo>Table II. DNA content of the cultures in media supplemented by different concentrations
of vitamin and 25-hydroxyvitamin (averages expressed in pg DNA/culture + SD).

Duration 
of culture

Control 
Medium E

Vitamin D^ 25-OH-D3
Parameter 1x10 5M

Medium
D3A

5xlO_bM
MediumD3B

lxl0-bM
MediumD3C

5x10 7M
Medium

2 5 -OH-D3A

5x10 ÖM
Medium

2 5 -OH-D3B

5x 10-9M
Medium

2 5 -OH-D3C
Mean 
+ SD

2.91 
+ 0.58

- 3.01 
+ 0.52

- “ 3.14
+0.34

“
4 days In % of t; 

control ieioo% - 103.43% - - 107.90% -

Mean 3.47 3.33 3.40 3.16 3.71 3.58 3.51
6 days + SD + 0.31 + 0 . 2 0 + 0.56 + 0.49 + 0.29 +0.53 +0.27

In % of the
control 1 0 0 % 95.96% 97.98% 91.06% 106.91% 103.17% 101.15%

1 0 days
Mean 
+ SD

In % of tl
5.02

+0.61
le '

5.18 
+ 0.55

5.57
+0.72

control 1 0 0 % 101.79% 110.95%

Földes et al.: 
Vitamin D, and Glycosaminoglycans



Table III. Uronic acid content of the cultures in media supplemented by different concentra
tions of vitamin and 25-hydroxyvitamin (averages expressed in pg uronic 
acid/pg DNA + SD).

Duration 
of culture

Control 
Medium E

Vitamin D^ 25-OH-D3
Parameter 1x 10_5M

Medium
D 3A

5x10 bM
MediumD3B

1x 10_6M
MediumD3 C

5xlO-/M
Medium25-OH-D3A

5xlO-0M
Medium

2 5 -OH-D3B

5xlO_yM
Medium

2 5 -OH-D3C
Mean 
+ SD

0.31 
+ 0.05

- 0.58 
+ 0.15

- - 0.34
+0 . 0 2

-
4 days In % of t: 

control 16 1 0 0 % - 187.10% - - 109.68% -

Mean 0.85 0.82 1.06 0.59 0.92 1.19 0 . 8 6

6 days + SD
In % of tl

+ 0.19 
ie

+0.03 + 0 . 1 0 +0.03 + 0.16 + 0 . 2 0 + 0 . 1 2

control 1 0 0 % 96.47% 124.70% 69.41% 108.23% 140.00% 101.18%

1 0 days
Mean 
+ SD

In % of tl
1.40

+0 . 1 0
ie

1.54 
+ 0 . 1 1 '

1.31
+0.05

control 1 0 0 % 1 1 0 .0 0 % 93.57%

Significance of difference:
compared groups P < compared groups P <

4 th day Medium E - Medium D B 0 . 0 2 0 4th day Medium E - Medium 25-OH-D B N.S.
6 th day Medium E - Medium Df A N.S 6 th day Medium E - Medium 25-OH-D^A N.S.

Medium E - Medium D3B 0.05 Medium E - Medium 25-OH-D^B 0.025
Medium E - Medium üf C 0.05 Medium E - Medium 25-OH-DfC N.S.

1 0 th day Medium E - Medium D 3 B N.S. 1 0 th day Medium E - Medium 25-OH-D3B N.S.

Földes et al.: 
Vitamin D, and Glycosminoglyoans
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Content of uronic acid (Table III)

The uronic acid content of control cultures was gradually
augmented with the time of culture. Vitamin D._ concentration 

”6of 5x10 M highly increased the uronic acid content of cul
tures on day 4 and moderately on days 6 and 10 compared to 
the controls. A diminution of uronic acid content was found 
in vitamin treated cultures at concentration of 1x10 ®M. 
Significant increase of uronic acid content of cultures_ gtreated with 2 5 -OH-D2 at concentration of 5x10 M was found 
only in the 6-day stage. No significant change in uronic 
acid content of the cultures was determined at other concentra
tions and stages used.

DISCUSSION

In the present study vitamin D, could increase both the 
35 Jincorporation of ( S)-sulfate and the content of uronic 

acid in high density chondrifying mesenchymal cell cultures. 
Similar results were obtained after treatment of 2 5 -OH-D2 . 
Differences of the effect on the cultures between the two 
treatments were found in the magnitude and time of stimula
tion. Vitamin D.. at concentration of 5x10 increased most 

J 35significantly the ( S)-sulfate incorporation on day 4. On
day 6 a more moderately elevated, on day 10 a practically 

35uninfluenced ( S)-sulfate incorporation was observed. On
35the other hand, the highest stimulation of ( S)-sulfate

incorporation with the treatment of 25-OH-D., at concentration
— 8 ^of 5x10 M appeared on day 6, while the incorporation of 35

35( S)-sulfate remained unchanged on day 10 as it was found
at concentration of 5x10 ® M. 25-OH-D^ provoked a more
significant effect than vitamin D,. The uronic acid content

J 35of cultures changed similarly to the ( S)-sulfate incorpora
tion. As regards the unchanged uronic acid content found 
by Hinek et al. (1987) after treatments with 24,25(OH)2Ü2 
or in combination with l^SfOH^Dj in growth plate and 
cultured nasal cartilage cells the following two differences
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between our and their experimental systems is to be considered. 
First, our experiments were performed in chondrifying mesen
chymal cells culture in contrast with the calcifying cartilage 
model of Hinek et al. (1987), secondly, our models were not 
treated with the two metabolites used by them. The observa
tion that the main effect of 25-OH-D3 appeared generally 
on the sixth day of culture corresponds to the data of Kochhar 
et al. (1976), Mayne et al. (1978) and Lash et al. (1960) 
who found that different treatments of this type of cultures 
resulted in maximal changes on the 6-8th days.

The difference in time-dependence of vitamin and 25-OH- 
can be explained as follows. The half life of vitamin 
is short in plasma. It was found to be 22 hours (Avioli 

et al. 1967). There are no data showing that cartilage cells 
can convert vitamin into 25-OH-D3, although this possi
bility cannot be excluded. It may be supposed that the peak 
in increase of uronic acid content and ( S)-sulfate in
corporation i.e.the increased GAG biosynthesis on day 4 
of culture is due to vitamin molecule itself having a 
relatively short life-time. Corvol et al. (1978, 1980) could 
not demonstrate any alterations of PG biosynthesis in 
chondrocyte cultures caused by vitamin but they used lower 
concentrations of vitamin than we did. Garabedian et al. 
(1978) showed that chondrocytes could convert 25-OH-D3 into 
24,25(OH)2 ^ 2  which is a highly active metabolite of vitamin 
D^. This conversion can be well explained by the presence 
of 24-hydroxylase in the cartilage cells (Garabedian et al. 
1979) . Supposedly this conversion needs time in our system 
because the enzyme bearing cartilage cells start to develop 
only from day 2 of culture. It is possible that the peak 
of the increase of GAG biosynthesis observed on day 6 when 
2 5 -OH-D2 was added to the medium is due to the effect of 
24,25(OH>2D2 produced by the cartilage cells. The findings 
obtained after the treatment with 25-OH-D3 are comparable 
with earlier studies performed on chondrocyte cultures 
(Corvol et al. 1978, 1980), while the results observed after 
the vitamin treatment are the first indications
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that vitamin can also influence the cartilage matrix 
composition. We could not find significant differences 
between untreated control and treated groups using histo- 
chemical reactions for GAGs. It is not very much surprising 
if we consider that these morphological techniques are not 
quantitative and are less sensitive as compared to the bio
chemical and radiochemical methods.
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SUMMARY
Vanadate stimulated NADH oxidation was detected in 
sarcoplasmic reticulum membrane preparations. The reac
tion showed enzymatic character, with half maximal 
activating concentration of 1.2 mM vanadate and maximal 
NADH oxidation 50 ÿpol/mg protein/minute. Acidic pH, 
micromolar free Ca concentration and decavanadate 
addition increased the rate of NADH oxidation. The 
described enzyme activity is similar to the ones observed 
in erythrocyte liver and cardiac plasma membranes. The 
vanadate stimulated NADH oxidation in sarcoplasmic 
reticulum preparations does not seem to originate from 
other contaminating membrane elements. The presence 
of this enzyme activity in the sarcoplasmic reticulum 
should be taken into consideration when planning ex
periments with vanadate, especially when measuring 
ATPase activity through NADH oxidation with coupled 
enzymatic assay.

INTRODUCTION

Erdmann and his associates (10) demonstrated first 
the increased NADH oxidation in plasma membrane suspension 
upon addition of vanadate. The phenomenon was observed 
with erythrocyte cardiac muscle and liver plasma membranes 
from different species (11,20). Vijaya and his coworkers 
(28) attributed this activity to a specific vanadate

Abbreviations: DOC, deoxycholate; EGTA, ethyleneglycol-bis (aminoethyl 
aether) - N, N, N'N' -tetraacetic acids NADH, nicotin- 
amide-adenin-dinucleotide reduced form; OD, optical 
density; SR, sarcoplasmic reticulum
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stimulated NADH oxidoreductase enzyme. The oxidation of 
the NADH is supposed to be the final result of a chain 
oxidation process, in which vanadate serves as electron 
acceptor (13). The generation of vanadyl cations was observ
ed only in oxygen-free systems, with excess NADH present 
(28) . Superoxide dismutase inhibited the reaction (4).
In a recent paper Liochev and Fridowich demonstrated similar 
vanadate stimulated NADH oxidation in the presence of sugars 
and sugar phosphates, without membrane preparations (14).

The inhibition of Na+K+ ATPase by nanomolar concentra
tions of vanadate in vitro, encouraged further research for 
the cardiotonic application of vanadates (1). Tissue culture 
experiments gave disappointing results soon, since the Na+K+ 
ATPase in intact cells remained insensitive to added vanadate, 
because the sarcolemmal NADH oxidase enzyme transformed 
the added vanadate into the ineffective vanadyl form inside 
the cells (11) . Since this observation several regulatory 
functions have been attributed to this enzyme, although its 
real function is still unclear (2 2 ).

Ramasarma et al. demonstrated vanadate stimulated NADH 
oxidation in endoplasmic reticulum membrane as well (23).
In the sarcoplasmic reticulum such enzyme activity has not 
been tested so far.

The widespread use of vanadate in the biochemical and
2 +structural studies on the sarcoplasmic reticulum Ca -ATPase 

makes any information regarding the fate of the added 
vanadate in an SR containing sample important (21,6,7,8,
9,18).

The ATPase activity measurements via coupled enzymatic 
assays are based on the measurement of NADH oxidation rate 
by detecting the UV absorbance changes in the sample. The 
NADH oxidation is supposed to originate in a chain reaction 
of ATPase, pyruvate kinase and lactate dehydrogenase, with 
the ATP hydrolysis as limiting step (5). The vanadate stim
ulated NADH oxidation activity of the membrane can lead to 
misconclusions by decreasing the NADH concentration in the 
system withouth the stimulation of the ATPase activity.
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Even inhibition of the ATPase by vanadate may be masked by
the increased NADH oxidation. In the case of sarcoplasmic 

2+reticulum Ca -ATPase the inhibiting concentration of vana-
-4 -3date is rather high (10 -10 M) therefore this additional

enzyme activity could be even more misleading (6,18,21).
In the present work we tested the vanadate stimulated 

NADH oxidation activity in fragmented sarcoplasmic reticulum 
membranes.

MATERIALS AND METHODS

Fragmented sarcoplasmic reticulum was prepared from the 
m. longissimus dorsi of rabbit and form cardiac muscle of CFY 
rats according to the method of Nakamura et al.(19). The 
purity of the samples was tested by polyacrylamide gelelectro- 
phoresis, electronmicroscopy and Ca2+-ATPase activity 
measurements (16).

Sarcoplasmic reticulum subfractions were separated on 
sucrose density gradient (20-45%) as described by Lau et al. 
(12). The sarcolemmal contamination in the samples was con
trolled by measuring 5'-nucleotidase activity as described by 
Matlib et al. (17).

Ca2+, Mg2+ activated ATPase enzyme was purified from 
the fragmentes sarcoplasmic reticulum by deoxycholate solubili
zation and subsequent ammonium acetate precipitation (15).

The NADH oxidation was followed by measuring the optical 
density of the samples at 340 nm in a SPECORD UV VIS spectro
photometer. The basic incubation medium contained 0.1 mM NADH,
0.5 mM EGTA, 10 mM TRIS (pH 6 .8 ) and 0.1 mg/ml protein. 
Differences from the above described composition are mentioned 
in the next. The reaction was started by the addition of NADH 
at 25°C. After 1 min preincubation period, the reaction 
velocity was determined on the basis of the changes in the 
optical density during the following 3 min. The decrease in 
OD proved to be linear under these conditions. The activity 
values were expressed in nmole NADH/mg protein/ min.

Decavanadate was prepared in 50 mM Na^VO^ (Fischer 
Scientific Co.) solutions, by adjusting the pH to 2.0.
Before the experiments the pH of the stock decavanadate solu
tion was restored to 7.4 at 2°C. Under these conditions the 
dominant vanadate species in the solution is the deca-form 
for a few hours (27). Monovanadate was prepared by boiling 
50 mM Na^VO. stock solution at pH 10 for 15 min (27).

Control measurements were carried out with SR samples 
previously heated at 60UC for 60 min; in media without 
vanadate; and in media without added SR fraction.

The structure of the sarcoplasmic reticulum membranes 
was tested after negative staining with 1 % uranyl acetate 
with a JEOL 100B electronmicroscope at 80 kV accelerating 
voltage.
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RESULTS

Characterization of the NADH oxidation is sarcoplasmic 
reticulum membrane

Addition of sarcoplasmic reticulum membrane fraction 
(in 0 . 1 mg/ml protein concentration) did not change the 
O D ^ q of the NADH containing medium. The NADH started to 
undergo oxidation, when vanadate was added to the mixture. 
Preheated SR membrane (60°C, 60 min) failed to increase the 
NADH oxidation even in the presence of vanadate.

Vanadate alone, without added SR protein caused 
slight oxidation of NADH, therefore this test was carried 
out during the whole study and its value was subtracted 
from the total NADH oxidation observed in the presence of 
vanadate and SR protein.

The oxidation rate of NADH was sensitive to the
vanadate concentration in the medium, with a half maximal
activation at 1.2 mM vanadate (Table 1). The maximal
rate of NADH oxidation proved to be 50 nmole/mg protein/min

2+in the presence of 0.5 mM EGTA (free Ca in the medium 
less than 1 0 ^M).

The NADH oxidation increased by lowering the pH 
below 7.4. Under pH 6 . 6 the non-enzymatic NADH oxidation 
increased as well. Therefore the pH value of 6 . 8 was 
chosen for the further analysis of the enzyme activity 
(Fig.1).

The vanadate stimulated NADH oxidation started to 
increase above 15°C in the presence of SR membrane (Fig. 2) 
The SR membrane-free samples showed elevated NADH oxidation 
rate only above 35°C. In these samples the activity con
tinued to rise even above 60°C, in contrast to the SR 
containing samples, where the temperature optimum for 
the reaction proved to be around 45°C.
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Table 1. The half maximal activating concentration of vanadate 
and the maximal NADH oxidation rate in different 
sarcoplasmic reticulum preparations, in SR subtrac
tions and in the presence of different incubation 
media

Half maximal activating Maximal NADH
Sample concentration of vana- oxidation rate

date (mM) (nmole/mg/min)
Skeletal muscle SR 1.2+0.05 50+2
DOC washed SR 
(0 . 1 mg/mg protein) 0.7+0.02 79 + 3

. . 2 +Purified Ca -ATPase 0.5+0.02 24+0.7
Skeletal muscle SR 
(10 mM phosphate 
buffer pH 6 .8 )

3.8+0.27 198+14

Skeletal muscle SR 
(decavanadate as 
activator)

0 .1+0 . 0 1 249+15

Skeletal muscle SR 
(0.5 mM CaCl- plus 
0.5 mM EGTA)

1.5+0.04 110+3

Skeletal muscle SR 
(3.0 mM CaCl- plus 
0.5 mM EGTA)

1 .3+0.1 26+2

Cardiac muscle micro
somal fraction (rat) 1.0+0.09 232+21
Skeletal muscle SR 
subfractions 
(sucrose gradient) 

I. (22-25%)
II. (30-35%)

III. (39-45%)
0.5+0.03
0.4+0.03
0.8+0.06

40+2
53+4

192+13
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nM NADH • min • mg protein

Fig. 1. The effect of pH on the vanadate stimulated
NADH oxidation in sarcoplasmic reticulum membrane. 
Incubation medium: 0.1 mM NADH, 0.5 mM EGTA,
3.0 mM vanadate, 10 mM TRIS (pH 6 .8 ), 0.1 mg SR 
protein.
(.) total NADH oxidation; (x) vanadate stimulated 
NADH oxidation; (+) vanadate stimulated NADH 
oxidation in the absence of sarcoplasmic 
reticulum membrane.

Vanadate stimulated NADH oxidation in SR subfractions 
. . 2+and m  purified Ca -ATPase

Removal of the extrinsic membrane proteins from the
sarcoplasmic reticulum membrane with deoxycholate treatment
(0.1 mg DOC/mg protein) decreased the half maximal activation
concentration of vanadate to 0.7 mM, meanwhile the V ofmax
the reaction increased to 79 nmol NADH /mg protein/min 
(Table 1).

2+In purified Ca -ATPase samples we measured lower 
vanadate concentration for half maximal activation, together 
with decreased maximal activity.

All three subfractions of the SR, separated on a 
sucrose density gradient, the vanadate stimulated NADH 
oxidation was retained. Membrane elements, separated on 
the 22-25% part of the gradient, containing mainly surface 
membrane and T tubule elements, had similar activity to the 
one observed in the unfractionated SR (Table 1).
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Fig. 2. The effect of temperature on the vanadate 
stimulated NAEH oxidation in sarcoplasmic 
reticulum membrane. Incubation medium: 0.1 mM 
NADH, 0.5 mM EGTA, 3.0 mM vanadate, 10 mM TRIS 
(pH 6 .8 ), 0.1 mg SR protein.
(x) total NADH oxidation; (.) vanadate stimulated 
NADH oxidation; (o) vanadate-independent NADH 
oxidation without SR protein; (+) vanadate- 
independent NADH oxidation.

The light SR fraction containing fragmented longitudinal 
tubule elements did not differ from the original SR samples 
with respect to the vanadate stimulated NADH oxidation, 
meanwhile the heavy SR, which contains undisrupted triads 
together with terminal cisternae showed 4 times higher 
activity.

After sucrose density gradient centrifugation the half 
maximal activating concentration of vanadate decreased in 
all three subfractions (Table 1).

Microsome fraction prepared from rat cardiac muscle 
showed vanadate stimulated NADH oxidation activity as well.
The oxidation of NADH in cardiac mitochondrial fraction was 
completely insensitive to vanadate addition.
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Effect of the ionic composition of the medium on the vanadate 
stimulated NADH oxidation

Phosphate buffer, instead of TRIS (pH 6 .8 ) increased
the vanadate concentration to 3.8 mM, which is required for
half maximal activation of the enzyme. The maximal oxidation
rate of NADH showed a 4-fold increase in this buffer system
(198 nmole NADH/mg protein/min), see Table 1.

After decavanadate addition (instead of monovanadate)
the maximal NADH oxidation increased to 249 nmole/mg/min,
meanwhile the half maximal activating concentration
of vanadate decreased to 0.1 mM (in monovanadate moles
expressed).

2+Ca concentration of the medium had biphasic effect
on the vanadate stimulated NADH oxidation. In the concentration
of 10 ®M (0.5 mM Ca^+ plus 0.5 mM EGTA present in the
medium) it increased twofold the maximal reaction velocity.

2+In the presence of 3.0 mM Ca the V decreased to about 
2+50% of the CA -free samples. The Ca concentration did 

not influence the half maximal activating concentration of 
the vanadate (Table 1).

2+Addition of 4.5 mM Mg to the medium decreased 
the enzyme activity to 50%.
The effect of the NADH oxidation on the structure of

2+
sarcoplasmic reticulum

The sarcoplasmic reticulum Ca‘ ‘ -ATPase forms T? 2  type 
two-dimensional crystals upon addition of 5.0 mM vanadate 
in Ca^+-free medium. After 16 hours incubation at 2°C 
the crystals could be well observed by negative staining 
electron microscopy on the surface of about 80% of the 
vesicles. The addition of 0.1 mM NADH together with heating 
the sample to 25°C did not cause the disruption of the 
two-dimensional arrays within 30 min of the addition (Fig. 3)

Inclusion of 0.1 mM NADH in the crystallization medium
2+did not prevent the extensive two-dimensional Ca -ATPase 

arrays to develop on the surface of the sarcoplasmic 
reticulum membrane vesicles.
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DISCUSSION

Variadate stimulated NADH oxidation was detected in 
sarcoplasmic reticulum containing samples. The reaction was 
sensitive to the vanadate concentration in the medium as 
well as to the previous dénaturation of the SR proteins. 
Therefore the activity seems to originate from a specific 
enzyme reaction.

The SR membrane vanadate stimulated NADH oxidation
showed similar characteristics to the ones described in
erythrocyte membrane, cardiac sarcolemmal and hepatocyte
plasmamembrane. The maximal rate of NADH oxidation in the
SR membrane proved to be lower compared to the other membrane
elements tested (11,20,23,28).

After sucrose density gradient centrifugation the
heavy SR fraction contained the highest vanadate stimulated
NADH oxidation activity, therefore it cannot be attributed
to the contaminating surface membrane elements, since the
sarcolemmal marker 5'-nucleotidase activity was the lowest
in this fraction. The NADH oxidation in mitochondrial
fraction was completely insensitive to vanadate.

The vanadate stimulated NADH oxidation activity can be
attributed to an integral membrane protein, since removal
of the extrinsic proteins from the SR did not eliminate

2 +the activity. In the purified Ca -ATPase fraction only a
portion of the vanadate stimulated NADH oxidation activity

2+was detectable. This enzyme may not copurify with the Ca — 
ATPase, or the complete solubilization of the membrane may 
inactivate the enzyme.

2+Micromolar-free Ca and slightly acidic pH stimulated
the enzyme. The real effect of the pH is hard to evaluate,
since at acidic pH the vanadate tends to form decavanadate
(2 ), which alone too proved to be a strong activator of«
the enzyme. Ramasarma et al.found the pH optimum of the 
vanadate stimulated NADH oxidation in erythrocyte membrane 
at pH 5.0 (23). The steep increase in the non-enzymatic 
NADH oxidation below pH 6 . 6  prevented us carrying out all
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the measurements at pH 5.0.
The NADH oxidation is supposed to be the final result

of a sophisticated chain reaction of free oxygen radicals
(13,22). In liver homogenates this reaction was found to
cause the peroxidation of phospholipids with subsequent
lysosomal enzyme release (29). In the sarcoplasmic reticulum
membrane the oxidation of the phospholipids, if it takes
place, does not cause structural changes in the two-dimensional 

2+Ca -ATPase crystals, as revealed by electronmicroscopic 
observations.

The vanadate stimulated NADH oxidation seems to be a 
genuine feature of the sarcoplasmic reticulum membrane as 
well. Its significance in vivo may be elusive because of 
the high half maximal activating concentration of vanadate, 
which exceeds about 80 times the total vanadium content of 
the cell (26).

Since the similar enzyme activity in the sarcolemma 
transforms most of the added vanadate into vanadyl cations 
(11), the SR membrane in vivo may interact only with a
minimal amount of vanadate.

2+The Ca transport cycle carries positive charges into 
the sarcoplasmic reticulum vesicles (3). This transport 
does not lead to a potential gradient between the surfaces 
of the SR membrane, since the counter transport of other 
cations (probably H+-ions) dissipates the potential gradient 
(24,25). This H+ efflux may serve as reducing factor for 
the added vanadate, therefore the oxidoreductase enzyme 
activity described above should be taken into consideration
when planning experiments on SR samples with vanadate.

2+ . .The coupled enzymatic Ca -ATPase activity measurements 
give further significance to the vanadate stimulated 
NADH oxidation. In the assay medium NADH serves as indicator 
of the ATP hydrolysis (5). Addition of vanadate may 
decrease the NADH concentration, when vanadate effects are 
tested on the ATPase, the results obtained should be 
corrected for the vanadate stimulated NADH oxidation.



Fig. 3. Two-dimensional C a2+-ATPase 
crystals on the surface o f sarcoplasmic 
reticulum vesicles, incubated in a medium 
of 10 mM TRIS (pH 6.8), 5.0 mM N a3V 0 4, 
0.5 mM EGTA at 2°C for 16 hours, than 
0.1 mM N AD H  was added and the samples 
were incubated at 25°C for an additional 
30 min. Negative staining with 1 % uranyl 
acetate, magnification: 220 000 X.
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SUMMARY
Adenosine reduced the expression of CD4 antigen both 
in HIV infected and uninfected H9 T cells. The contin
uous presence of adenosine (1 pmol/ml) resulted in a 
remarkable delay of HIV expression in the infected 
cells. A relationship is suggested in the effects of 
HIV and adenosine on the human T cells.

INTRODUCTION

AIDS is characterized by extensive immunosuppression 
caused by HIV. This retrovirus containes polyadenylated RNA 
genome (Ratner et al., 1985). HIV is cytopathic for T 
lymphocytes expressing CD4 antigen (Sodrovski et al., 1986). 
Human leukocytes (T,B lymphocytes, monocytes, neutrophils, 
basophils and platelets) posses specific cell membrane (A^,
A£> receptors and intracellular (P) receptors for adenosine 
(Marone et al., 1985). There is some similarity in the 
effects of HIV and adenosine on human T cells, namely, they 
both decrease the expression of CD4 antigen on the cell 
surface (Popovic et al., 1984., Birch and Polmar, 1986). 
Therefore, in this work, we studied the influence of adenosine 
treatment, the activation of receptors, on the infec- 
tivity of HIV in the human T cell line, H9.

Abbreviations: AIDS, aquired immune deficiency syndrome; CD, cluster 
designation; CPE, cytopathic effect, HIV, human 
immunodeficiency virus; IF, immunofluorescence
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MATERIALS AND METHODS
Adenosine and polyadenylic acid (containing 52 adenosine 

nucleotides) were purchased from Reanal (Hungary).
Cells : Clone H9 is an CD4+ T-cell line, permissive for HIV 
replication, but partially resistant to its cytopathic 
effects (Popovic, 1984).
Virus : HIV was obtained from the culture supernatant of a 
persistently HIV infected H9 cell line, H9 HTLV-IIIg,
(Popovic, 1984). The virus titer was approximately 250 ng/ml 
determined by Abbot HIV antigen assay. Samples were stored 
at -70°C until used.
Determination of T-lymphocyte surface antigens and receptors

Uninfected and HTLV-IIIg infected H9 T-cell lines were 
assayed for surface marker distribution by IF techniques 
using OKT4 (for CD4 antigen) and OKT8 (for CD8 antigen) 
monoclonal antibodies (Ortho Diagnostics, U.S.A.) (Birch 
and Polmar, 1986).
Inhibition assay for the cytopathic effect of HIV

Antiviral activity of adenosine based upon the in
hibition of virus-induced syncytia formation. CPE was 
determined by trypan blue exclusion (Baba et al., 1987). 
Briefly, H9 cells were adjusted at 5x10^ cells/ml. 2 ml 
portions of the cell suspension were preincubated with 
adenosine (10~6 M) respectively for 15 min at 37°C. Then 
the samples were exposed to HTLV-IIIg virus (10.000 infec
tious units/cell) for 16 hours at 37°C after Polybrene 
(Behring, GFR) treatment (4 jug/ml, for 30 min at 37°C).
The cells were washed and resuspended in fresh complete 
medium (RPMI 1640 plus 15% fetal calf sera and antibiotics) 
and they were cultured in 24-well Linbro trays (Flow Lab. 
U.S.A.) in 6 parallels, each, at 37°C in 5% CO2 atmosphere.
The cells were continuously exposed to adenosine. Control 
cells were exposed to the virus only. On days indicated, 
syncytia formation and viability of cells were examined 
microscopically.
Inhibition of viral antigen expression

The inhibitory effect of adenosine on the viral 
expression in HIV infected H9 cells were determined by IF 
assay (Nagy, 1983) using high titre polyclonal antibody 
of an HIV infected individual.
The data of Figs. 1. 2. and 3. represent the average of 
6 parallel measurements.

RESULTS
Modulation of the expression of CD4, CD8 antigens by 
adenosine

Exposure of the uninfected and HIV infected H9 T cells
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_ g
to adenosine (0.27 jag/ml, 10 M) resulted in a remarkable 
decrease in the expression of CD4 antigen (Fig. la and 
lc). The increase in the expression of CD8 antigen induced 
by adenosine in the uninfected cells, however, was not 
observed in the virus infected cells (Fig. lb and Id).

Fig. 1. Kinetics of the alterations of CD4 and CD8
expressions induced by adenosine in uninfected 
and HIV infected H9 human T cells.

Effect of adenosine on the cytopathy induced by HIV
The cytopathy induced in H9 cells by HIV infection, 

the formation of syncytia appeared after two days and 
continuously increased during the experiment. On the other 
hand, the cytopathic effects of HIV could be observed in 
the cells treated with adenosine on the 6th (to a smaller 
extent) and on the 1 0 th days after the infection.
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The difference in the appearance of cytopathy in the cell 
cultures indicates that adenosine may have some initial, 
protective effects on the infectivity of virus (Fig. 2) .

Fig. 2. Effect of adenosine on the cytopathy induced by 
HIV. H9 cells, infected with HIV (•); H9 cells 
infected with HIV and treated with 1 pM of adenosine 
(□ ). The cytopathic effect was expressed as per 
cent of syncytia.

Delaying the expression of viral antigens by adenosine
HIV-specific viral antigens could be detected by IF 

in the infected cells after the second day. The increasing 
expression of viral antigens proved that the majority of 
cells became productively infected by HIV. The expression 
of antigens, characteristic of the viral replication was 
found only after the 5th day of infection in the cells 
treated with adenosine. On the 12th day of infection, 
however, the number of cells expressing viral antigens was 
approximately the same in the HIV infectéd, adenosine treated 
and untreated cell cultures. These data can be seen in Fig. 
3. This finding suggests that the continuous presence of 
adenosine has a preventing effect on the expression of viral
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antigens, delaying but not inhibiting the replication of 
HIV.

Fig. 3. Delaying the expression of viral antigens by 
adenosine.
H9 cells, infected with HIV (•); H9 cells infected 
with HIV and treated with 1 pM of adenosine (□ ) .

DISCUSSION

Each approach of the inhibition of HIV infectivity 
has a particular importance. There are several strategies 
for the antiviral therapy of AIDS (Mitsuya and Broder,
1987). Our idea is that HIV genome containing polyadenylated 
3' end, in certain circumstances, can be regarded as a 
macromolecule, similar to polyadenylic acid which can 
contact with the adenosine receptors of human leukocytes. 
Adenosine has immunoregulatory properties including 
alterations of T lymphocyte surface antigens, the reduction 
of CD4 and the enhancement of CD8 expressions (Birch and 
Polmar, 1986). The physiological immunoregulatory functions 
of adenosine are mediated through the adenosine receptors 
(Cronstein et al., 1985). Two types of adenosine receptors
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have been demonstrated on the external surface of cells.
The receptor, decreasing the intracellular cAMP level is 
known as A^, the cAMP increasing one is A2. The activation 
of A^ receptor can take place by nanomolar, of A 2 receptor 
by micromolar quantities of adenosine of its analogues. 
(Marone et al., 1985). In our experiments we used the 
micromolar concentration of adenosine, which means that 
we activated the A^ receptors of H9 T cells. The P receptor 
is located intracellularly, and its interaction with 
adenosine results in the inhibition of adenylcyclase 
activity (Birch and Polmar, 1985) . We found adenosine 
decreasing the expression of CD4 antigen in both uninfected 
and HIV infected H9 cells, similarly to other types of 
human lymphocytes studied earlier (Birch and Polmar, 1986).
In the virus infected cells, in contrast to the uninfected 
ones, adenosine was not able to enhance the expression 
of CD8 antigen. We suppose that during the intensive virus 
replication a diminished synthesis of this surface antigen 
can take place in the cells. Besides, the HIV virions may 
contact with the adenosine receptors of cell surface in 
certain steps of infection. The adsorption of virus to 
its cellular receptor (CD4 antigen) can activate indirectly 
the adenosine receptors, too, resulting in the decrease 
of CD4 expression, which is regarded as an adenosine receptor 
related phenomenon (Birch et al., 1982). Therefore, the 
pretreatment of cells with adenosine, the activation of 
A_> receptors, reduces the expression of CD4 antigens 
available for the viruses in their binding to the cells.
This fact can be one of the explanations for the protective 
and virus antigen expression delaying effects of adenosine. 
Besides, it can not also be excluded that the activation 
of intracellular P receptors by adenosine can modulate 
the replication and maturation of HIV, as well.

The adenosine receptors, together with CD4 antigen, 
may play some role in the binding of HIV to the cells.

Polyadenylic acid also has some immunoregulatory 
effects (Sipka et al., 1973). In all our experiments,
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beside adenosine, we used polyadenylic acid (consisting 
of 52 nucleotides) representing the same adenosine content 
as the solution of monomeric adenosine. No difference was 
found in the effects of the two compounds (unpublished 
data). Supposedly, polyadenylic acid was cleaved on adenosine 
molecules by the exonucleases and it acted as monomeric 
adenosine.

As a conclusion, we suggest that adenosine and its 
analogues or drugs modulating the metabolism of adenosine 
(e.g. dipyridamole, Stafford, 1966., Bittar and Pauly,
1970; coformycin, Nakamura et al., 1974, Szentmiklósi et 
al., 1982 etc.) may have some perspectives in the chemo
therapy of AIDS.
Adenosine may have a direct toxic effect on HIV. Although, 
this possibility can be excluded because all the agents 
toxic on HIV are toxic on the cell Culture, too. We did 
not find adenosine to be toxic on H9 cells even at thousand 
times higher concentration than it was used in the experi
ments (250 ng/ml).
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1. Plasmids

The relative immutability of the genetic code of cells is insured by the 
repair systems. The constancy has to be assured during DNA replication on 
tho one hand, and against various environmental physical and chemical in
fluences on the other. Few of the latter is of natural source, for 
example UV-radiation from the Sun, while others derive from human con
tamination.

Generally the enzymes of the repair systems are coded chromosomally, 
nevertheless there is more and more evidence of the extrachromosomal 
coding of repair functions in plasmids of bacteria. Initially, plasmids 
were in the full glare of publicity because of their property to confer 
resistance to antibiotics. It was established that a great number of 
genes, responsible for antibiotics-resistance, are located in plasmids. 
In the first place, most genes coding enzymes for inactivating antibio
tics are carried by plasmids. Since plasmid-DNA is transferable by conju
gation from one bacterium to the other, we speak about transferable re
sistance.

The general question was whether the genes of repair enzymes coded 
by plasmids are transferable from one bacterium to the other or not. If 
they are, the repair functions and thereby the radioresistance of pro- 
kariotes can be enhanced by the intake of certain plasmids and the 
particular genes.

Plasmids are DNA components of micro-organisms, carrying additional 
genetic information (Jacob, Wollmann, 1958; Novick, 1969). The plasmid 
DNA is independent from that of the chromosomal DNA, however it can be
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integrated in it. Plasmids do not include essential genes, so the host
cell will not disfunction after the loss of the plasmid (Anderson, 1968). 
In the last decades the importance of R-plasmids has grown enormously, 
namely because they are transferable between a wide variety of bacteria, 
pathogen and non-pathogen strains.

At the same time each R-plasmid usually codes resistance to more 
than one antibiotic or chemotherapeutic agent. Moreover, a few special R- 
plasmids (pBR322,RP4) are used as vectors in gene-manipulation 
experiments.
R-plasmids are extrachromosomal genetic-factors, which function as an 
autonomous replicational unit, a replicon, independent of the bacterium's 
chromosomes.

According to their genetic character they are considered to be 
episomal elements, thus they are related to sex-factors called F-factors 
and colicin I. (Ippen-Ihler, 1985; Meynell et al., 1968; Rownd et al., 
1971).

They are transferable in bacteria by conjugation. The transfer is 
independent from that of the host-cell's chromosomal genes (Willets, 
Wilkins, 1984).
The mechanism of conjugation and the transfer is carried out similarly in 
the rest of episome elements. The conjugation requires contact between 
cells, and formation of pili. The conjugation and formation of pili are 
coded by tra (transfer) genes (Frost et al., 1984). The tra genes form at 
least 15 cistrons. Only one of the DNA strands gets in the recipient 
bacterium during conjugation, which then turns into circular double-helix 
during replication.
Since plasmids are independent replicons their replication is not 
definitely synchronous to the host-cell's genom replication. Thus 
dilution, spontaneous loss of plasmids, can occour.
This can be promoted by environmental conditions (e.g. temperature). 
Drugs or chemicals can selectively impede the replication and transfer, 
etc. of plasmids.
Elimination, or curing of plasmids, can be achieved by these agents. 
Plasmid elimination is induced by various biochemical mechanisms 
according to the curing agents (Falkow et al., 1971; Pinney, Smith, 
1973).

Certain R-plasmids show the phenomenon of incompatibility and "entry 
exclusion" recently referred to as mutual exclusion phenomenon and
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superinfectional immunity.
Two parts can be distinguished in a complete R-plasmid:
1. resistance transfer-factor (RTF), which makes conjugation as well as 
replication possible in many cases.
2. resistance-determinating genes (R-genes) which encode enzymes respon
sible for drug-resistance.
The two components are fairly stable in plasmids belonging to the so- 
called classl. (R222, R1,R6,R100,NR1) For example, the two constitutive 
parts of R222, in E.coli, can be isolated as a single, circular DNA mol
ecule, which weighs 70 Mdalton (see gene map of Watanabe, 1967). If this 
is the case, the R-plasmid cannot lose resistance-genes during conjuga
tion or transduction.

Map of R 222

CM

RFT resistance transfer 
factor

TC: tetracyclin 
SA: sulfonamide 
SM. streptomycin 
NM: neomycin 
CM: chlorometacin

Fig. 1. The gene-map of R222 (Watanabe, 1967)

(The rectangles indicate the "IS" elements. The monomer of R-determinants 
is located between two "IS" 1 elements, while within the RTF-region the 
determinants of the tetracycline resistance can be seen, inserted by the 
help of two IS 3 elements.)
The analyses of Tanaka et al. in 1976 showed, that in the NR1 plasmid a 
similar, circular single DNA molecule is formed by the RTF and r-genes, 
but the structure of the plasmid seems to be a bit more complicated (Fig. 
2) .
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The connection between RTF and resistance-determinants is not so 
close in R-plasmids belonging to class I. (e.g. RT1).

Map of NR1-plasmid (ROWND1976)

isi

Fig. 2. The gene-map of NR1

According to Anderson's data (1968) the RTF and its 4 r-determinants form 
individual units in Salmonella typhimurium. RTF can associate with all 
four determinants rendering them transferable. If RTF is not associated 
with the resistance-genes, it alone will get into the recipient.
If it joins one of the r-genes, the r-gene will pass into the other bac
terium first. In most cases the RTF itself does not even get through, 
because the procedure of conjugation is interrupted sooner. Naturally, if 
the whole R-factor (that means RTF as well) does not get through during 
conjugation, the r-genes will not be transferable to other cells as long 
as some kind of a new transmitter gets into the cell.
The significance of "IS" elements is also measurable in plasmids. The 
tetracycline determinant, which always inserts in RTF, is surrounded by 
inverted "IS" sequences, thus it functions as a transposon.
R-plasmids code resistance against metal ions and various chemical agents 
as well as antibiotics (Ericson, 1969; Foster, 1983; Sutton, Sacoby, 
1978). A few col- and R-factors were determined to confer radioresistance 
to strains harbouring them, as early as the sixties. Among them the R46 
and pKMIOl R-plasmids were examined most intensively (Harth, 1965) R46
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was previously called R-Brighton, R1818, and TP120 as well. It is of the 
N-incompatibility group. Its molecular weight is 51.7 kilobases pair.

It can be found or transferred into many species. It possesses 
short, non-flexible pili, to which Ike and RP4 phages can easily be ad
sorbed. It codes resistance to ampicillin, streptomycin, sulfonamide and 
tetracycline (McPhee, 1973).
PKM101 was derived by Mortelmans and Stocker (1976) from the clinically 
isolated R46 by P22 transduction and serial transfer. Thus this, too, is 
of the N-incompatibility group; it codes resistance to ampicillin only; 
it is conjugative, fi- , and does not possess restriction-system type II. 
In addition, it codes for a new ATP-independent endonuclease (Monti- 
Br-gadin et al., 1976).

Poli-r-determinant region of NR1 plasmid

Fig. 3. Poli-r-determinant region of NRl-plasmid

2. DNA repair procedures

To keep a relative constancy generation after generation, the DNA has to 
be unaltered to some extent. Thus, it is not suprising that living 
organisms with the ability to repair damages in their DNA, thereby 
ensuring the immutability of their genetic code, have had advantages in 
selection.
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A number of reviews were issued in connection with DNA repair mechanisms 
of pro- and eukariotes (Bohr, Hanawall, 1984; Bohr et al., 1985; Clark, 
Volkert, 1978; Game, 1983; Grossman, 1981).
A few cf these reviews have discussed the regulation of the repair 
systems (Little, Mount, 1982; Walker, 1984; Witkin, 1976).
A number of genes related to DNA repair were successfully identified in 
E. coli.
The specific biochemical and, occasionally, even the regulatory functions 
of the gene-products were clarified in most of the cases (Hori et al., 
1981; Kato, Shinura, 1977; Little et al., 1980; Witkin, Kogoma, 1984). 
Fig. 4 demonstrates the three most important types of repair.

In situ repair:
The simplest form of DNA repair processes is the "in situ repair" (see 
part ja of Fig. 4), when the damaged DNA is re-established in such a way 
that no new phospho-diesther bonds are synthetized. The most intensively 
studied repair-type among these is the enzymatic photoreactivation, which 
includes the activity of only one enzyme, the photoliase. The DNA-methyl- 
transferase and purine imidazol-cycle cyclase are the same kind of repair 
enzymes (Chetsanga, Grigorian, 1985).
The photoreactivation enzyme (photoliase) was isolated from E.coli. It is 
a flavoprotein, which is encoded by the phr gene (Saucar, Saucar, 1984). 
The enzyme recognizes the region of DNA containing a pyrimidine dimer in 
darkness, and binds to it. Succeedingly, visable light supplies energy 
for the photocatalytic cleavage of the dimer - in situ, thus repairing 
the DNA. Afterwards, the enzyme becomes detached.
The methyltransferase enzyme was first discovered in E. coli, later in 
primate cells. The enzyme is capable of removing a methyl-group from 0^- 
methylguanine and 04-methylthymine. This protein, with 39.000 dalton 
molecular weight, is the product of the ada gene.
The ada gene takes part in the regulation of the so-called "adaptive 
response". The gene-product serves as a methyl-acceptor in the 
methyltransferase reaction of E.coli and it obviously becomes
irreversibly inactivated under such circumstances (LeMotte, Walker, 1985; 
Sedgwick, 1983; Teo et al., 1984).
Excision repair:
During this procedure the involved enzymes excise and remove the arising
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dimers, then replace them with new nucleotides, using the opposite DNA 
strand as a template (see part ^  of Fig. 4).

I .

a
Fotoreactivation
Binding of fotore- 
activated enzyme

hv absorbtion, 
cutting of dimer

II .

III.

IV .

-£L

Release of enzyme 

_____

Replication

Excision repair 
yDamage specific endo

nuclease of glycosilase

DNA polymerase and 5'- 
exonuclease. Repair replication and,cut out

Polynucleotid lygase 
"REJOINING" .
______ ^

Renlicaljjn

Postreplication 
recombination repair
Replication

Nucleases?+ recombination

DNA polymerase+lygase repair replication

Nex^. replication

Fig. 4. The three major repair mechanisms

The excision repair process begins with the recognition of the damaged 
region (including the attachment of an enzyme), then the incision is 
carried out followed by the excision of the damaged part. Subsequently 
new nucleotides are incorporated and the process is completed by the 
rejoining of the DNA strands (Hanawalt et al., 1979). Thus the excision 
repair system involves the activity of at least three enzymes:
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a. an endonuclease, specific for the damaged site
b. DNA polymerase I, with its additional 5'-exonuclease activity
c. and polynucleotide ligase.
The damaged structure of DNA is recognized by the complex endonuclease, 
which is the product of uvrA, uvrB and uvrC genes.
The latter gene's product is responsible for the incision, that is 
carried out at the same time. The damaged site can also be recognized by 
glycosylase which removes the damaged or altered base to generate an 
apurine or apyramidinic (AP) site (Duncan, 1981; Lindahl, 1982); an AP 
endonuclease then breaks a phosphodiester bond at the AP site thereby 
initiating the process of excision repair. Succeedingly, two kinds of 
events can occur. The simpler process is the rejoining of the incision by 
polynucleotide ligase, thus impending the further repair. This is 
regulated by the uvrC gene-product (UvrC), in E.coli, thereby interfering 
with polynucleotide ligase to prevent early closure of the incision 
(Sancar, Rupp, 1983; Walker, 1985; Yeung et al., 1983).
The subsequent steps of the repair are carried out by the helicase II, 
encoded by uvrD gene, the DNA polymerase I (polA gene-product) and the 
polynucleotide ligase (lig gene-product) (Caron et al., 1985; Cooper, 
1982; Tait et al., 1974; Youngs et al., 1974; Youngs, Smith, 1977).
DNA polymerase I, the Kornber enzyme, does 5'-3' excision and repair 
replication at the same time, i.e. it excises and removes a "short patch" 
of approximately 6-12 nucleotides around the damaged site-, while it 
resynthetizes a patch of the same length.
In addition to DNA polymerase I other DNA polymerases, too, effect DNA 
repair synthesis. These latter enzymes might be responsible for repairs 
requiring "long patch" synthesis.
The last step, the rejoining, is accomplished by polynucleotide ligase, 
the same enzyme to function in normal DNA synthesis. It binds the patches 
to the original DNA strand by 3'-5' phosphodiester bonds. The excision 
repair - in contrast to photoreactivational repair, which is very 
specific - comes into action to repair a variety of lesions. The 
glycosylase is a considerably wide-spread enzyme. In E.coli the ung and 
tag genes code the uracyle-DNA and 3-methyladenin-DNA glycosylases, 
respectively.

Postreplicational recombination repair:
The fact that a genetic recombination is the basis of this repair- 

type was first described by Rupp and Howard-Flanders (1968). Essentially,
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normal DNA synthesis is blocked at damaged sites of the parental strand, 
and then resumes at some site past the lesion, thereby forming gaps or 
discontinuities in the nascent strand (see part £  of Fig. 4). In the 
repair of these gaps recombinational strand exchange is involved: the 
gaps of the nascent strand is filled in by the nucleotides of the 
parental strand, so the original lesion remains. Thus this mechanism 
allows cells to tolerate certain lesions at least temporarily. However, 
the lesions in the original strand as well as those transferred to the 
daughter strand can be removed by an excision repair process; in this way 
the daughter strand can serve as a template for the synthesis of gaps in 
the parental strand (Ganesan, Seawell, 1975; Hanawalt et al., 1979; Rupp 
et al., 1971). The operation of some kind of joining repair-synthesis is 
possible during the repair of gaps by recombination at one or both ends 
of the recombinant segment, which is inserted into the discontinuous 
strand. The research of recombinational repair was advanced on a large 
scale by Clark and Volkert (1978), who discovered a new group of mutant 
bacteria sensitive to UV-irradiation. These strains proved to be 
deficient in genetic recombination and, as it was later found, in repair 
functions which involve recombination as well. In E.coli the following 
mutations lead to misfunctions in postreplicational repair: recA(Def), 
ruv, lexA(Ind_) and recF.
Sometimes recombinational repair occurs accidentally and does not require 
the recognition of any specific lesion. Thereby, like excision repair, 
this mechanism is also capable of repairing various types of lesions. 
"Error prone" repair:
This peculiar form of repair processes is known to function in E.coli, 
and likewise in saccharomyces cells (yeast fungus cells). It is a part of 
the SOS response discussed in the succeeding chapter. As a result of the 
induction of at least three genes (recA, umuD, umuC) by DNA damage due to 
UV-irradiation or various chemical agents, mutagenesis increases as a 
consequence of the active cellular mechanisms (Blanco et al., 1982; 
Sancar, Rupp, 1983; Walker, 1984; Witkin, 1976).

The regulation of DNA repair
Naturally damaged DNA induces the expression of genes regulating the 

repair processes, basides inducing the effective repair-genes at the same 
time. Three major regulatory networks are described in E.coli: the SOS- 
response, the adaptive-response, and the heat-shock response (Little, 
Mount, 1982; Neidhardt et al., 1984; Sancar, Rupp, 1983; Walker, 1984;
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Witkin, 1976).
A variety of different treatments of DNA results in the block of 

synthesis of various damages or distorsions which induce the SOS-system. 
The following genes are under SOS-regulation: uvrA, uvrB, uvrC, uvrD, 
recN, ruv, umuD, umuC, recA.

All of these and every other chromosomal din (damage-inducible) 
genes known at the present are repressed by the lexA protein. This is 
cleaved at a specific Ala-Gly bond by the recA protein, when it is 
activated by the signals of damaged DNA, resulting in derepression.

The adaptive-response is induced by methylating agents, such as N- 
methyl-N-nitrosoguanine. The alkA, alkB and ada genes act in this type of 
regulation (Jeggo, et al., 1977; LeMotte, Walker, 1985; Samson, Cairus, 
1977; Sedgwick, 1983).

The genes involved in the regulation of heat-shock response have not 
yet been identified (Sedgwick, Robins, 1980).

3. The protective effect of R46 R-factor and its derivative against UV- 
and ^Co-gamma-irradiation.

Like others, we too supposed the radio-protective effect of R46 to 
be due to coding of repair-related enzyme(s). Therefore the experiments 
were started, using mutant strains lacking excision and recombinational 
repair functions which are less specific to the type of lesion on the one 
hand, and strains considered to be wild-type, according to the latter 
functions, on the other hand.
The mentioned effect was found to be recA-dependent in Salmonella 
typhimurium (Mortelmans, Stocker, 1976), while it proved to be
independent of uvrrB and polA gene-functions. Tweats and co-workers 
(Tweats et al., 1976) examined E.coli and established R46 to be 
protective in recB- , recC”, uvrA”, polA- and lig- mutants, but not in 
recA- mutants. The UV-protective effect showed recA and lexA-dependence 
in our own experiments (Francia et al., 1985), as well.
Mortelmans and Stocker (1976) and Walker and Dobson (1979) declared that 
R46, besides being protective against UV-irradiation, additionally 
increases mutagenesis after exposure to UV-light and chemical agents.
In addition, R46 increases the spontaneous reversion frequency of the 
hisG46. It was suggested that R46 possesses a uvp (ultra violet
protective) gene, which would partly promote the 'error-prone' repair of 
the DNA damage by UV, and partly decrease mutagenesis due to UV-
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irradiation. Apart from this, it would contain a gene to increase the 
spontaneous reversion rate of hisG46 in the abscence of uvp. HisG46 is 
the point-mutant of S.typhimurium LTZ, which demands histidine. The 
property of the plasmid to increase spontaneous mutation frequency was 
denominated "mutator" effect to be distinguished from the advancement of 
mutagenesis due to the plasmid after UV-irradiation.
According Attfield and Pinney (1982) R46 increases mutagenesis after 
treatment with the following substances in E.coli: adriamycin,N,N'-bis 
(2chlorethyl)-N-nitrosurea (BCNU), bleomycin, methy-methansulfonate, 
mitomycin, nitrofurozon, 4-nitrocinolin-N-oxide, cis-platinum(II)- 
diaminodichloride, proflavine (Attfield, Pinney, 1982, 1983).
Our experiments unrefutably proved R46 to enhance resistance against ^ C o  
gamma irradiation as well, and this effect was recA and lexA dependent 
(Francia et al., 1985).
Ionizing radiation causes primarly single-strand, but also double-strand 
breaks in the deoxyribose-phosphate diester backbone of the DNA. For 
every 15 single-strand breaks one double-strand breaks occurs.
Apart from this, the heterocyclic bases are damaged; 5-hydroxymethyl- 
thymine, 5,6-dihydroperoxy-methythymine, 5,6-dihydroxydihydrothymine, 
purine-pyrimidine ring breaks, ring elimination can occur. Crosslinks 
are produced between bases next to, and in front of, each other or 
between bases and amino acids.

The R46 R-factor protected the E.coli AB1157 strain against 
bleomycin, methyl-methan-sulfonate, nitrofurazon, 4-nitrochinolin-N-oxide 
and cisplatinum(II)diaminodichloride (Attfield, Pinney, 1982). These 
agents interact with the DNA differently, however their common property 
is that they modify only one of the strands (Ikenaga et al., 1975; 
Ikenaga et al., 1977; Muncbansen, Rahn, 1975; O'Connor, 1981; Stone et 
al., 1974; Tada, Tada, 1971; 1976).
Strand breaks and gaps are produced at the site of the lesion as a 
consequence of either direct interaction with the DNA or indirectly as 
the first step of the repair (Roberts, Pascal, 1972; Roberts, Thomson, 
1979; Shooter et al., 1972). The authors consider the gene-products of 
R46 to participate in the repair of breaks and gaps produced in one of 
the strands (Hanawalt et al., 1979; Kimball, 1978; Kleinwachter, 1980). 
This process could be primarily error-prone repair according to the 
opinion of the authors.

While R46 conferred protection against agents giving rise to single
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strand breaks, it did not protect the AB1157 strain of E.coli against the 
damaging effect of substances producing double-strand breaks (adriamycin, 
BCNU, mitomycin and proflavine (Ewig,Kohn, 1978; Iyer, Szybalski, 1963, 
1964; Kohn, 1977; Lawley, Brookes, 1968; Murayama, Otsuji, 1973).

While we tried to eliminate the antibiotic resistance-genes from R46 
R-plasmid, presuming the genes responsible for radioresistance (Francia 
et al., 1985), Mortelmans and Stocker (1976) made attempts at transducing 
P22 phage into strains harbouring R46. They wanted to separate the 
mutagenic, the mutator and the UV-protecting effects of R46, however, 
they recieved derivatives of R46 by phage transdution, which kept the 
latter qualities, while losing more or less of the antibiotic-resistance- 
genes. Among them pKMIOl became the favourite test-object of the 
researchers working in this field. This is obviously due to the smaller 
molecular weight, while keeping the parent R46's properties to enhance 
repair and mutagenesis and to be conjugative. The UV-protective and 
mutagenesis increasing effects were confirmed by many authors (Fowler et 
al., 1979; Gőze, Devoret, 1979; McCann et al., 1975; Monti-Bragatin et 
al., 1976; Perry, Walker, 1982; Walker, 1977, 1978a, 1978b; Walker, 
Dobson, 1979).
The pKMIOl raises the problem of reversion of (point and frame-shift) 
mutations caused by a number of carcinogenic and mutagenic agents. It has 
become an important factor of the Ames system, too. As it is known, a few 
of the Salmonella strains of Ames' test harbour pKMIOl in order to be 
sensitized (Ames, 1971; Ames et al., 1973; Ames et al., 1975).

The pKMIOl R-plasmid behaved similarly to R46 in our experiments 
accomplished by using rec" mutants. It proved to be protective against 
DNA damage caused by both UV- and ^Co-gamma-irradiation. The protective 
effect was again recA and lexA dependent.
In E.coli K12 the repair and mutagenesis increasing effects showed recA 
and lexA dependence, and were independent of recB recC or recF genes. 
(Walker, 1977). In salmonella typhymurium LTZ the effect of pKMIOl, like 
that of the parent R46, did not depend on uvrB and polA genes, but it did 
on recA gene.
Fowler et al. (1979) discovered that pKMIOl increases those spontaneous 
mutations primarily in which the transversions of A. T. bases emerge.
The recA and lexA dependence of the effect of pKMIOl (to increase 
survival after exposure to UV and to augment mutagenesis) raised the 
suggestion whether it is correlated to the inducible 'error-prone'-repair
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(Défais, 1983; George et al., 1974; Witkin, 1976). Walker and later 
Shanabruch (1980) isolated a few mutants of pKMIOl. They expected to be 
able to separate the UV-protective and mutagenesis increasing effects, 
however, either both properties were retained or both were lost together. 
Thus it seems that these properties are coded by a common gene.
Based upon published studies and the results of our own experiments, the 
question arises as to how R46 and its derivative exert their protective 
effect against DNA damage caused by UV- and ionizing irradiations in 
host-cells harbouring them.
The two possibilities are that they either act directly by promoting one 
of the repair processes, or indirectly by affecting the regulatory 
functions. If the first possibility is the case the next question is 
which of the repair systems is promoted and by which gene-product does 
the plasmid exert its effect.
In the latter case the question is which gene-product functions in the 
regulation of the repair. The participation of Uvr ABCD gene-products in 
excision repair was proved by many authors (Caron et al., 1985; Cooper, 
1982; Sancar, Rupp, 1983; Yeung et al., 1983). They successfully cloned 
the genes. The molecular weight of uvrA, uvrB and uvrC is 114.000, 84.000 
and 70.000 dalton, respectively. The uvrA, uvrB and uvrC exert 
endonuclease activity, while uvrD is a helicase (Oeda et al., 1981; 
Sancar, Rupp, 1979, 1983; Yoakum et al., 1980).
Until now, the products of seven genes (recA, recB, recC, recF, 
rec0,recN,ruv) were established to be necessary for homologous 
recombination or postreplicational recombination repair (Walker, 1985). 
However, in the order of importance the recA is the first, being 
obligatory for recombination while the others are less important. The 
recB and recC genes encode subunits of endonuclease V which participates 
rather in excision repair.
The recF protein, weighing 40.000 dalton, is not required for homologous 
recombination, however, it is all the more important in postreplicational 
repair (Blanar et al., 1984; Ream et al., 1980).
The R46 and pKMIOl R-plasmids had similar effects in wild-type strains 
and in mutants deficient in genes related to recombinational repair 
(uvrA- , polA- , recB- , recC-, and reF-). The exceptions were the recA- and 
lexA- strains in which the plasmids could not exert their radio- 
protective effect.
The results received suggest that the direct way of exerting the effect
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of the plasmids in excision and recombinational repair is unlikely. 
Therefore, we paid more attention to the recA and lexA gene-functions. 
The recA gene-product weighs 37.000 dalton. It plays two major roles in 
cells. It is indispensable for homologous recombination in E.coli, it 
catalyzes the synapsis- and strand-exchange between homologous DNA 
molecules. Apart from this it regulates the SOS responses. The recA 
protein, when activated, mediates the cleavage of lexA protein, the 
repressor of all SOS related genes. In addition, it cleaves the 
repressors of lambda 434 and P22 phages (Roberts et al., 1978). In vitro 
studies have shown that the activation of recA equires single-stranded 
DNA and nucleosid-triphosphate although the hydrolysis of the latter does 
not occur during the cleavage of lexA or phage repressors. According to a 
number of bacterium-genetical and physiological studies, the activation 
of recA in vivo also requies single-stranded DNA or damaged DNA con
taining gaps. Different kinds or recA mutants exist (D'Ari, Huisman, 
1982; Quillarded et al., 1982).
The lexA gene-product weight 22.700 dalton which represses the SOS genes. 
These genes are located close to their promoters (Walker, 1984). Most SOS 
genes are expressed at a significant basal level even in the absence of 
an SOS-inducing treatment; the uninduced level of expression of an SOS 
gene may be the physical relationship of the LexA-binding sequence or the 
presence of an additional promoter. The KjjS for LexA binding to various 
operator sites vary considerably so that treatments which lead to a 
p^tial depletion of a cell's LexA pools, fully induce a subset of the 
SOS genes. Several classes of lexA mutations have been isolated (Brent, 
1983; Little, Harper, 1979; Sancar, Rupp, 1983).
In E.coli, mutagenesis by UV irradiation and a variety of chemical 
agents, such as methyl-methansulfonate and 4-nitroquinoline-l-oxide, is 
not a passive process but rather requires the intervention of an active 
cellular system that processes damaged DNA in such a way that mutations 
result. This processing has been referred to as 'error-prone repair' or 
SOS repair (Bleichrodt, Verkeij, 1974; Défais et al., 1971; Défais, 1983; 
Walker, 1984; Witkin, 1976).
■The 'error-prone' repair requires the activity of the following genes: 
recA, umuD, umuC. This explains the reason why we had to study the 
functions of the umu genes.
The mutation of umuD and umuC genes render cells non-mutable after 
exposure to UV irradiation or treatment with the above agents (Eisenstadt
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et al., 1980; Kato, Shinura, 1977; Schendel, Défais, 1980; Steinborn, 
1978). Using operon- and gene-fusion techniques, the umuDC operon proved 
to be inducible and regulated by the SOS network. The genes were cloned, 
the molecular weight of umuD and umuC protein is 16.000 and 45.000 
dalton, respectively (Elledge, Walker, 1983; Shinagawa et al., 1983).
A few plasmids, R46 and pKMIOl primarily, are capable of rendering cells 
more mutable and, on the other hand, less sensitive after treatment with 
the above chemical agents or UV-irradiation. This property is probably 
due to their genes analogous to umuDC. As a result of the examination of 
pKMIOl it was established that the mucA and mucB are the analogues, these 
are also under lexA-repression. Their molecular weight is also 16.000 and 
40.000 dalton, respectively.
They are homologous to the umuD and umuC proteins (Elledge, Walker, 1983; 
Park, Cleaver, 1979). With the knowledge of the function of these genes' 
products, the SOS regulation can be described as follows:
RecA and lexA proteins have the leading part in SOS regulation. LexA 
serves as the repressor of all SOS genes. RecA is activated by the 
indirect signals induced by DNA damaging effects, for example by UV 
irradiation or, according to our experiments, by ionizing-irradiation, 
too. A particular Ala-Gly bond is cleaved in lexA due to the interaction 
with activated recA. By this means, the repressor is inactivated 
resulting in a higher level of expression of SOS genes. The SOS response 
is carried out by the activity of these gene-products.
Many of the genes of excision and postreplicational repair proved to be 
inducible and regulated by the SOS network (uvrABCD, polA, recF, recN, 
ruv and recA).
Thus, the excision repair can be activated by the induction of uvrABCD 
and polA genes; the postreplication repair by recF and ruv genes and the 
double-strand break repair by recN genes (Walker, 1984).
The roles of UmuDC gene-products are not clarified yet. They may either 
act mechanistically or by influencing the regulation of SOS repair. Thus, 
it was suggested that umuDC genes might themselves code for a new 'SOS' 
polymerase or might modify the properties of a pre-existing polymerase 
(Walker, 1984).
According to our opinion, the SOS regulation implies more than initiating 
SOS repair functions. SOS repair can only be activated in cells with only 
moderate DNA damage. First DNA degradation has to be stopped which occurs 
consequently upon the damaging effect. In repairable cells DNA
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degradation is blocked by one of the products of recA gene or by umuDC 
proteins. Hereupon the repair is initiated. While in cells with seriously 
damaged DNA the degradation continues resulting in cell-lysis. Therefore 
the recA-lexA activity performs a high-level-regulation of cell functions 
which is unfamiliar in prokariotes.
The R46 and pKMIOl R-plasmids participate in the SOS regulation possibly 
by their MucA and MucB gene-products MucA and MucB proteins are 
synthetized after derepression of mucA and mucB genes by RecA. These 
proteins act as the homologues of UmuB and UmuC, participating directly 
in SOS repair, or exerting regulatory effect.
Finally, R46 and its derivative pKMIOl appear to protect host-cells 
against DNA damage due to both UV- and ionizing-irradiation. This effect 
is recA and lexA dependent. The plasmids possibly exert their effects by 
the MucA and MucB gene-products, resulting in the promotion of 'error- 
prone' -repair, which is a part of the SOS regulatory circuit.
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SUMMARY
The 6l̂ Co gamma-resistance inducing effect of R46 factor, and its 
elimination by 5-fluorouracil were studied. R46 increased the survival of the wild-type strain and its rec~ mutants. After 
treatment with 5-fluorouracil (1 g/liter) the clones lost not only antibiotic resistance, but the °**Co gamma-radioresistance as well, encoded by R46 R-factor.

INTRODUCTION

It turned out that, besides coding resistance to four antibiotics 
(ampicillin, streptomycin, sulfonamide and tetracyclin), R46 R-factor 
codes for UV-resistance as well (Ericson, 1969; Foster, 1983; MacPhee, 
1973; Mortelmans, Stocker, 1976; Tweats et al., 1976). The genetic back- 
round of the protective effect was studied in a number of experiments 
(Attfield, Pinney, 1983; Kato, Shinura, 1977; Rupp, Howard-Flauders, 
1968).
There were trials to separate the antibiotic-resistance and UV-resis
tance. It was partly successful by Mortelmans and Stocker (1976) with P22 
phage.
In our experiments we made an attempt at the same issue using 5-fluoro
uracil (5-FU) (Pinney, Smith, 1973).
This substance eliminated both the antibiotic resistance and the UV- 
resistance (Francia et al., 1987). In our experiments presented here we 
wanted to investigate wether the ^Co-gamma-resistance remains or not, 
after the elimination of antibiotic-resistance and UV-resistance.

Akadémiai Kiadó, Budapest
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MATERIALS AND METHODS

Bacteria: E.coli K12 strains used as recipients were: E.coli K12 AB1157
and its rec~ dérivâtes (as it is described (Francia et al., 1987). 
Bacteria media (Francia et al., 1987).
R-factor elimination (Francia et al., 1987).
Irradiation: Exponential-phase cultures were washed and resuspended to
10® viable organisms/ml at 20 °C on Davis-Mingioli salt solution (Pinney, 
Smith, 1973) which lacked the carbon source (DM base). Two milliliters of 
this suspension were transferred to 5-cm diameter glass Petri dishes and 
irradiated.
Gamma irradiation was carried out by a ^®Co source (50, 100, 150, 200 Gy) 
at a dose rate of 15.42 Gy/min at 20 °C. Viable counts of the ^®Co gamma 
irradiated suspension were estimated by dilution in DM base and spreading
0.1 ml samples into nutrient agar plates. They were incubated overnight 
at 37 °C.
R-Factor DNA determination. Overnight cultures grown in DM were diluted 
10 times into 2.0 ml fully supplemented DM containing 370 kBq/ml 
(methyl-^HHhymidine (sp.act.185 gBq/mmole; supplied by the Radiochemical 
Centre, Amersham, England) and 0.2 g/liter deoxyadenosine.

The subcultures were shaken at 37°C for 150 min and centrifuged 
(1700g, 15 min), and the labelled cell pellets were washed in 0.01 M
phosphate buffer (pH 7.0) containing 0.001 M MgSO^, 0.0001 M CaC^, and
0.1 M NaCl. Washed cells were resuspended at 37 °C in 0.2 ml of 0.05 M 
NaCl and 0.02 M EDTA in 0.02 M Tris-HCl buffer (pH 9.1) and then lysed 
and prepared for alkaline sucrose gradient centrifugation using the 
method of Freifelder et al. (1971).
Gradients were centrifuged at 24 000 rpm for 240 min in the SW 27 swing- 
out rotor of a Beckman-Spinco L3-50 ultracentrifuge at 20 °C. Samples 
were precipitated with 5 per cent cold TCA and water and dried.

RESULTS AND DISCUSSION

The effect of R46 R factor on ^®Co gamma radiation sensitivity are 
shown in the dose-response curves of Figs. 1-4.
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As it is shown in Fig. 1, R46 R factor significantly increased the radio- 
resistance of the control E.coli K12 AB1157 strain and that of the recET 
mutant, too. Fig. 2 shows that the cured clones had lost the aequired 
radioresistance, as well. Fig. 3 reveals that the presence of the R46 R 
factor also confers marked radioresistance in the recCT mutant and cured 
clones and lost the radioresistance again. Similar results were obtained 
with recF- mutant (Fig. 4). (Only the clones that had lost their R46 R 
factor coded resistance to all four antibiotics were tested for ^ C o  
gamma radioresistance).

Fig. 1. Effect of R46 on the survival of E.coli K12 AB1157 and that of recB" mutant after °^Co gamma irradiation

According to our experimental results the R factor curing agent 5-FU 
could also eliminate the 6^Co gamma resistance induced by R46. Ihe cured 
lines lost, beside the antibiotic resistance, their acquired UV-radio- 
resistance (Franciáét al., 1987) and the R46 R plasmid mediated 
protection against ^ C o  gamma radiation.
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DOSE

Fig. 2. Effect of R46 on the survival of E.coli K12 AB1157 and that of recET cured by 5-fluoro- uracil

DOSE

Fig. 3. Effect of R46 on the survival of recC' after 60Co gamma irradiation and recC' cured by 5- 
fluorouracil
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DOSE

Fig. 4. Effect of R46 on the survival of recF~ after 
°^Co gamma irradiation and recF- cured by 5- 
fluorouracil

Thus the curing of R46 seemed to be a complete elimination. For the 
verification of this statement we used the Freifelder (1971) technique, 
labelling both chromosomal and extrachromosomal DNA with tritiated 
thymidine and centrifugating the DNA on linear alkaline sucrose gradient 
to separate the two types of DNA. Fig. 5 shows the separation of co
valently closed circular R46 DNA (peak at fractions 42-46) from chromo
somal fragments (peak at fractions 8-12) in E.coli K12 AB1157 before (A) 
and after (B) the treatment (elimination) by 1 g/liter of 5-fluorouracil. 
Similar values were obtained with recB~, recC- and recF- mutants. After 
the curing there was only one peak in all cases, while before the 
elimination a second small peak appeared indicating the presence of 
extrachromosomal fractions. Thus, both the resistance against the four 
antibiotics and the protection against ^ C o  gamma radiation damage seems 
to be directly connected to the presence of an extrachromosomal DNA.
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_ 3
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Fig. 5. Separation of covalently closed circular R46 
DNA (peak at fractions 42-46) from chromo
somal fragments (peak at fractions 8-12) in E. coli K12 AB1157 before (A) and after (B) 
the elimination by 5-fluorouracil

Therefore, we had to come to the conclusion that by using 5-fluoro 
uracil we have failed to produce a derivate from R46 with smaller molecu 
lar weight coding radioresistance.
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SUMMARY
Single sodium channel currents were compared in two neuroblastoma (NIE 115, N18) and in two neuroblastoma x glioma (108CC5, 

108CC15) hybrid clonal cell lines. Similar single channel parameters 
were reached from every cell line. The single channel conductance was 11 pS for NIE 115 and N18 cells, and was 10 pS for both hybrid 
cells at 7-8 °C. Except for N18 cells, the amplitude histograms could be best fitted by the sum of two Gaussian functions. The mean channel open time was 1.5-2.0 ms for NIE 115 and the hybrid cells 
and it was shorter than 1 ms for N18 cells. Open time histograms from N18 cells could be fitted by a single exponential at most 
potentials, but the sum of two exponentials resulted in a best fit for NIE 115 and the hybrid cells. Differentiation of NIE 115 cells 
elicited by dibutyril cAMP instead of dimethylsulfoxide caused only 
a slight increase in the single channel conductance and open time. 
The results indicate a certain uniformity of the sodium channels in these cell line.

INTRODUCTION

Voltage-operated Na-channels mean the basis of the electrical excit
ability in most nerve and muscle cells. It is believed that sodium 
channels in these cells are functionally similar having wide phylogenetic 
boundaries (Hagiwara, 1983), and are usually thought to represent a 
single, homogeneous population that initiates action potential. The prop
erties of the single Na-channels are similar for different preparations. 
The single channel conductance is 10-15 pS, the mean open time 1-2 ms, 
and the Q^g of the conductance is about 1.3 (Sigworth, Neher, 1980; 
Cachelin et al., 1983; Nagy et al., 1983; Kunze et al., 1985). The mol-
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ecular weight of the main component of the purified sodium channels is 
about 310.000 and is similar for different preparations (Barchi, 1984). 
However, kinetical and pharmacological studies indicate different types 
of Na-channels for some preparations.

Tetrodotoxin (TTX) selectively blocks ion movements through Na- 
channel, however, in most gastropod neurons, the Na-current is less 
sensitive to TTX than in squid axon, and TTX-insensitive channels have 
also been described for Helix neurons (Kostyuk et al., 1974; Salánki et 
al., 1975). Ten Eick et al. (1984) found two types of voltage sensitive 
single Na-currents on the basis of different TTX sensitivities.

Two types of sodium channels have been reported for heart cells 
(Cachelin et al., 1983; Kunze et al., 1985), for myoblasts and myotubes 
(Weiss, Horn, 1986). Functional differences between two classes of sodium 
channels for developing rat skeletal muscle, for dorsal root ganglion 
neurons (Kostyuk et al., 1981), and for squid axon (Gilly, Armstrong,
1984) were also reported. Single channel data from patch-clamp 
experiments suggest that in some preparations Na-channels have a single 
open state (Horn, Vandenberg, 1984; Carbone, Lux, 1986), whereas others 
may have more than one (Nagy et al., 1983). A functional heterogeneity in 
the kinetics of the channels was reported by Patlak et al. (1986).

The above results can be explained either by supposing that Na- 
channels coded by different genes simultaneously exist in the membrane, 
or that Na-channels have functionally and kinetically different modes 
(Patlak, Ortiz, 1985).

In the present work single channel parameters of sodium channels in 
two neuroblastoma (NIE 115, N18) and two neuroblastoma x glioma hybrid 
(108CC5, 108CC15) cell lines are compared.

MATERIALS AND METHODS

Experiments were performed on clonal cell lines NIE 115, N18 and 
mouse neuroblastoma x rat glioma hybrid cells (108CC5 and 108CC15). The 
cells were cultured as described earlier by Moolenaar and Spector (1978) 
and Hamprecht (1977). The NIE 115 neuroblastoma cells were maintained in 
tissue culture and grown in Dulbecco's modified Eagles medium (DMEM) 
supplemented with 10 per cent fetal calf serum at 37 °C in humified air 
containing 5 per cent CO2. Differentiation of the NIE 115 and N18 cells
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was induced by medium containing 1.5-2.0 per cent dimethylsulfoxide. To 
observe a possible change of the single channel parameters elicited by 
alternative ways of differentiation the NIE 115 cells were also incubated 
with DBcAMP in some experiments. Similarly to the hybrid cells, these 
cells were also kept for 2-3 days in medium containing 1 mM DBcAMP.

The mouse neuroblastoma x rat glioma hybrid cells were grown in DMEM 
containing 10 per cent fetal calf serum, hypoxanthine, aminoptérine and 
thymidine (HAT). After 2-3 days of incubation the medium was supplemented 
with 1 mM DBcAMP sodium salt in order to induce cell differentiation. 
During the experiments the composition of the bath solution was (in mM/1: 
NaCl 121, KC1 5.5, CaCl2 1.8, MgCl2 0.8 HEPES 20, pH 7.3. In cell 
attached recording configurations patch electrodes were filled with bath 
solution. In outside out patches the composition of the pipette solutions 
was (in mM/1: NaCl 12, CsCl 120, TEA 20, EGTA 2, HEPES buffer 5, adjusted 
to pH 7.1 with NaOH.

Patch-clamp curents were recorded with the gigaseal method using 
glass pipettes of 2-10 MOhm resistance (Hamill et al., 1981). The 
pipettes were fabricated as described earlier (Nagy et al., 1983). Single 
channel currents in inside-out patches were measured by setting the 
holding potential between -80 and -100 mV. Cell attached patches were 
hyperpolarized by -30 to -60 mV to remove resting inactivation. Single 
channel currents were recorded by a microcomputer (DEC LSI 11/23) as 
described by Hof (1987) and were off-line analysed. Half-amplitude 
threshold detection was applied to measure the open time of single 
channels (Colquhoun, Sigworth, 1983).

Single channel records were digitized and analysed on microcomputer. 
The data were low-pass filtered by a 4-pole Bessel filter using a cut-off 
frequency of 1 kHz. The sampling rate was 5 kHz. The pulse duration was 
80 ms at 1 or 2 s interpulse interval. In all cases, "idealized" records 
were used for analysis (Nagy et al., 1983).

The temperature was kept constant, between 6 and 10 °C, during each 
experiment.
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RESULTS

Single sodium channel currents were recorded from cell-attached or 
excised membrane patches of neuroblastoma (NIE 115, N18) and neuro-
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Fig. 1. Na-channel currents observed in cell-attached patches from NIE 115 (A), 
N18 (B), and hybrid cells (C).
Single channel currents were leakage- and capacitance-compensated. Numbers on the left side of the records refer to the voltage to which the membrane was depolarized. Numbers on the right represent the serial number of the records. Calibration: 10 ms and 0.5 pA
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blastoma x glioma hybrid cells (108CC5, 108CC15). The resting membrane 
potential (RP) was measured by breaking the membrane under the pipette, 
which was filled with internal solution (see Materials and Methods). The 
mean resting potential at 8 °C was -50*10 mV (n=15) for both hybrid cells 
and 48Í11 mV (n=19) for the N18 cells. These values are slightly more 
negative than the mean RP of the NIE 115 cells, which was found to be 
about -40 mV (Nagy et al., 1983; see also Moolenaar, Spector, 1978).

Unitary sodium channel currents recorded from outside-out patches of 
NIE 115, N18, and 108CC15 cells are shown in Fig. 1. These records
indicate no significant difference in the mean single channel current 
size of channels measured in different membrane patches. The single 
channel conductances ( Y ) of these cell lines were also very similar 
(Fig. 2): 11 pS for N18, 10 pS for hybrid cells at 7-8 °C. These values
are practically the same as the 12 pS conductance of the NIE 115 cells 
(Nagy et al., 1983).

Fig. 2. The I-V relationship of the single Na-channel 
currents. The channel conductance of the Na- channels of hybrid cells (•) was 10 pS, and 11 pS for N18 cells (o)
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It was reported that the single channel current amplitude histograms 
could be best fitted by the sum of two Gaussian functions for the NIE 115 
cells (Nagy et al. 1983). The amplitude histograms of the hybrid cells 
could also be best fitted by the sum of two Gaussian functions as Fig. 3A 
demonstrates. The two current levels are present probably due to the 
multiple open conductance states of the channels, which was observed in 
chloramine-T and sea anemone-toxin modified channels (Nagy, 1987). A 
single Gaussian function resulted in a good fit for current amplitudes 
measured in N18 cells (Fig. 3B). This could be explained by the shorter 
open time of these channels (see later), which did not make possible to 
resolve a fine structure in the amplitude histogram with the used time 
resolution of the measuring system.

A B

Fig. 3. Single channel current amplitude histograms 
constructed for a hybrid cell (A) and for 

an N18 cell (B). The continuous curve is the sum of two Gaussian functions. Dotted lines in A are the Gaussian components with para
meters: ii=0.83 pA, io=l.19 pA, o i=0.20 pA, 
°2=0.I? pA, w^O.19, W2=0.81. The fit in B resulted in parameters of i=0.91 pA and ^=0.19 pA
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The mean open time of channels in hybrid cells was between 1.5 and 
2.0 ms. This range is similar to that reported for NIE 115 cells (Nagy et 
al., 1983). However, the mean open time of channels in N18 cells was 1.0 
ms or shorter. Examples of open time histograms and their fits obtained 
from a hybrid and N18 cell are shown in Fig. 4A and B, respectively. Open 
time histograms from the hybrid cells could be fitted by the sum of two 
exponentials, but from N18 cells they could generally be best fitted by a 
single exponential. The biexponential fit of open time histograms 
indicates the existence of two open states (Nagy et al., 1983; Nagy 
1987).

A B

Fig. 4. Open time histograms for a hybrid (A) and an N18 cell (B). Plot in A was fitted by 
the sum of two exponentials: N=139 exp(-t/l.l)+5.6 exp(-t/4.0). The sum of events was 836. The plot in B for 374 events 
resulted in a single exponential:N=99exp(-t/0.8)

Although the plot in Fig. 4B suggests a slow component (note that the 
experimental data are definitely larger at around 2.5 ms than the 
exponential function), the weight of the slow component was generally 
negligible. The lack of the slow component for the N18 cells suggests 
that the occurrence of longer open state is less frequent in this cell 
line.
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The voltage dependence of the open time for N18 cells was less 
pronounced (Fig. 5a), than it was reported for the NIE 115 cells (Nagy et 
al., 1983), or obtained for the hybrid cells (open circles in Fig. 6B).

Fig. 5. Plot of open times of N18 cells vs. voltage

The moderate voltage dependence of the open time in N18 cells can be 
explained by the reduced slow component of the open time histograms. 
Since hybrid cells were differentiated by dibutyril cAMP, for comparison 
the effect of this substance was also studied on NIE 115 cells. Single 
channel current size vs. membrane potential is shown in Fig. 6A for 
native and DBcAMP treated cells. The plot indicates a slight increase of 
the conductance elicited by the DBcAMP incubation, but no change in the 
reversal potential (i.e. in the selectivity of the channel) is 
observable.

The incubation of NIE 115 cells in DBcAMP containing medium elicited 
a moderate increase in the channel open time, too. This is demonstrated 
in Fig. 6B. The voltage dependence of the open time was more pronounced 
for the treated cells than for those cells which were differentiated by 
dimethylsulfoxide.



Kissj Nagy: Single Na-channel Parameters of Neuroblastoma Cells 119

Fig. 6. A/ A comparison of the I-V relationship for
normal saline (•, HP=-110 mV) and DBcAMP saline (o,HP=-120 mV) in NIE 115 cells. Solid lines are linear regression fits to the mean values.The slopes correspond to single channel 
conductances of 10.6 pS and 12 pS. Data from several patches are pooled.
B/ The voltage dependence of open times in normal saline and in the presence of DBcAMP
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DISCUSSION

The present work compares the single channel parameters obtained 
from two neuroblastoma and two neuroblastoma x glioma hybrid cells and 
suggests that there may not be substantial differences between the 
overall properties of sodium channels in these types of neurons. This 
conclusion is based on the following observations:

1. ) The unitary conductance (11 pS) and the ion selectivity of the 
channels were very similar for each cell line.

2. ) For the hybrid cells (and previously for the NIE 115 cells, Nagy
et al., 1983) the current amplitude histograms could be fitted by the sum 
of two Gaussian functions and the channel open time histograms by the sum 
of two exponential functions. These indicate two open states of channels 
as it was reported for the NIE 115 cell line. For the N18 cells the 
amplitude histograms were fitted by a single Gaussian function and the 
open time histograms generally by a single exponential. These differences 
compared to the hybrid and NIE 115 cells could be explained by the
limited time resolution of the measuring system and by the reduced 
occurrence of the longer open state (see Results).

3. ) The single channel conductance, ion selectivity and channel open
time did not depend oh the differen conditions used for differentiation. 
However, minor differences may occur depending on cell line or the
culturing conditions, but these do not alter the overall functional 
properties of the channels (probably only the fine structure of the
molecules). Somewhat different results have been reported even for the
cell line NIE 115 from different laboratories (Aldrich et al., 1983; 
Fukushima, 1981; Quandt, Narahashi, 1982). There is no agreement in the 
literature about the multiple open states or multiple open conformations 
of channels. Several authors reported a single exponential for the 
channel open time (Fukushima, 1981; Quandt, Narahashi, 1982; Aldrich et 
al., 1983; Horn, Vandenberg, 1984). In contrast, indications for multiple 
open states have already been observed (Nagy et al., 1983). Recent 
kinetical analysis of the channel open time supports the previous 
observations and gives evidence for multiple open states (Nagy, 1987). 
Furthermore, the subconductance states reported for chloramine-T and sea 
anemone-toxin modified channels (Nagy, 1987) also indicate that the 
sodium channels in neuroblastoma have multiple open conformations. In
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other preparations, however, inhomogeneous populations of Na-channels 
were described (Patlak, Horn, 1982; Benoit et al., 1985). It is not clear 
whether these differences are due to the different conditions of 
measurements, calculations and culturing, or are inherent properties of 
Na-channel molecules in different species.

Our results support the idea about uniformity of the sodium channels 
for a certain strain (or species) of excitable cells.

Basically, one can suppose a uniformity for the Na-channel molecule 
throughout the animal kingdom. The existing differences in the properties 
of Na-channels are probably due to the presence of different subunits, 
ligands and lipids in the surrounding membrane, by which the Na-channel 
molecule makes complexes.
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BOOK REVIEW

BIOELECTROANALYSIS, 1. Edited by E. Pungor. Akadémiai Kiadó, 
The Publishing House of the Hungarian Academy of Sciences,í\Budapest, 1987. 434 pages. (ISBN 963 05 4641 8)

This book contains the entire scientific material of the 
1st Bioelectroanalytical Symposium held at Mátrafüred, 
Hungary, 6-8 October, 1986 (10 plenary lectures and 17 
discussion lectures).

Plenary lectures cover topics of general interest.
An encapsuled enzyme working alone or in collaboration with 
coupled enzymes can produce electroactive material from 
carbohydrates on the electrode surface. Other enzymes bound 
to an antigen or an antibody provide the bases of a compet
itive or sandwich electrochemical immunoassay. Electroactive 
material packed in liposomes is released after the lysis 
of the liposomes by the enzymes of the complement system. 
Alternatively, antibody anchored liposomes can be liberated 
from the surface of derivatized glass beads by the free 
antigen and their active content can be detected electro- 
chemically after detergent lysis. These are just a few 
examples demonstrating how the specificity of enzyme 
catalysis and antibody-antigen interaction, as well as the 
amplifying effect of enzyme cascades have been utilized in 
the construction of highly sensitive biosensors.

The above sensors together with conventional electro
chemical methods are in turn used in the investigation of 
biological objects. Several lectures illustrate the applica
tion of voltametry in studying neurotransmitter metabolism, 
diffusion, release and uptake in the central nervous system.
A critical evaluation of the problems encountered during 
these investigations is of special interest for scientists 
involved in brain research. Other plenary lectures describe 
new carrier-mediated sensors and the corrosion control of 
implanted prostheses.



124 B O O K  R E V I E W

The discussion lectures are mainly technical reports 
on the use of classical electrochemical techniques in the 
studies of biological samples and details of biosensor 
construction. These reports contain valuable information 
for the specialists.

The presentation of the lectures follows the format 
of regular scientific papers, thus a short abstract, full 
documentation of the results and references are also included. 
The discussions of lectures (questions and comments) are 
also incorporated. The editor, associate editor I. Buzas 
and the publisher did their best to produce a good quality 
volume within a short period of time. The modern theoretical 
approaches and technical innovations summarized in this 
publication will be of great interest to those working in 
the fields of neurochemistry, clinical chemistry and 
electrochemistry.

V. Dombrádi

PRINTED IN HUNGARY
Akadémiai Kiadó és Nyomda Vállalat, Budapest
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SUMMARY

Steady-state fluorescence quenching data for proteins 
in the presence of ligands can be obtained in such a 
fashion as to yield information about ligand induced 
changes in the bimolecular quenching constant, K+, 
without the necessity to determine the excited state 
lifetimes in separate measurements. We introduce Kr, 
the relative quenching constant assigned for the liganded 
protein (defined as the product of the bimolecular 
quenching constant characteristic of the enzyme-ligand 
complex and the average fluorescence lifetime in the 
absence of ligand and quencher) which reports, in com
parison with the Stern-Volmer constant (K„ ) assigned 
to the free protein, about the relative change in the 
dynamic exposure of the proteins fluorophore. Regardless 
of whether the protein is saturated with the ligand or 
not, the steady-state fluorescence data obtained with 
ligand and quencher concentrations as independent vari
ables can be plotted to obtain linear relationships from 
which the values for K and can be calculated.

INTRODUCTION

The dynamic properties of protein molecules, like intra
molecular fluctuations of thermodynamic functions, etc., seem 
to play an important role in the functions of proteins (1-3). 
In the wide spectrum of the different physical methods, 
fluorescence spectroscopy proved to be a successful one in 
studying protein dynamics (4-11).

The subject of the present paper is to show how the 
quenching of protein fluorescence can be used to obtain

Akadémiai Kiadó, Budapest
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information about the ligand induced change in the protein 
dynamics.

Fluorescence emission from intrinsic fluorophore groups 
of proteins, such as tryptophan, tyrosine, etc., can be 
quenched by a number of charged and uncharged molecules 
mainly by a collisional mechanism. The simplest model for 
this leads to the well known equation describing the quenching 
effect in terms of Stern-Volmer constants, KgV , as

V F = 1 + Ksv V (1 )

where F and Fq represent the fluorescence intensity emitted 
with and without the presence of the quencher, while c^ 
is the quencher concentration. The Stern-Volmer constant, 
Kgv, is related to the bimolecular quenching constant, K+ , 
of the collisional process by

KSV k, T + o (2)

where t is the lifetime of the excited state in the absence o
of the quencher.

The direct interpretation of ligand induced changes 
in Kgv in terms of structural changes rests on the assumption 
that the lifetime tq does not change and that the static 
quenching reaction can be neglected. If the lifetimes with 
and without ligand binding can be measured, a far more 
laborious and exacting task, the ligand induced effects 
can be expressed in terms of K+, the bimolecular rate 
constant. The value of K+ is characteristic of encounter 
pair formation between the fluorophore and the quencher 
molecule. Unless the quenching is taking place via resonant 
(Förster-type) energy transfer, K+ characterizes, at least 
partly, the dynamics of those protein groups separating 
the fluorophore from the solvent.

In general, K+ can then be regarded as a parameter 
sampling the "local" protein dynamics where local refers 
to the average distance covered by the quencher diffusion
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or migration during the excited state life time'*’. Instrumen
tation for lifetime measurements is however complex and 
as a rule available only at major research centers.

We will show that under conditions where a stoichio- 
metrically defined complex exists in equilibrium with free 
ligand and protein molecules and the on and off rate constants 
of the complex formation are slow compared to the fluorescence 
decay* the processes leading to the change in fluorescence 
lifetime can be expressed in the framework of steady-state 
measurements to yield information about the relative change 
of K+ and therefore about the protein dynamics without the 
use of lifetime studies. It should be noted, however, that 
this method by no means can replace lifetime measurements.
Our basic assumption, that the radiative lifetime of the 
protein's fluorophore(s) does not change upon ligand binding, 
can, in many cases, be justified but in other cases should be 
questioned and tested by lifetime measurements. Although 
information obtained by our method is restricted by absence 
of measured lifetimes, the time resolved studies are more 
time consuming and more expensive. Accordingly, it supplies 
information on a less sophisticated level (giving only the 
relative change of K+) but is more cost effective and much 
simpler.

THE STEADY-STATE MODEL

The formation of a protein-ligand complex may lead 
to either attenuation or enhancement of the fluorescence.
It can change the excited state lifetime by either structural 
changes or energy transfer process (es). Such a change can 
be represented as an additional decay pathway for the excited

*0f course, this "local" range may or may not contain part of the 
solvent around the protein depending on the particular quenching 
mechanism and parameters like diffusion constant of the quencher 
inside the protein (in the case of penetration).
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state with a rate constant Kx : 

X KxLP* ---------- »LP. (3)

The constant K ,assumes positive values when, for example 
complex formation results in energy transfer. On the other 
hand, when ligand binding decreases the local quenching 
of the fluorophore, formally has a negative value. The 
presence of ligand can also change the bimolecular quenching 
constant K+ to a new value, K^, due to changes of conforma
tional dynamics. Therefore we write x^ for the lifetime of the 
liganded (saturated) species and x'for the lifetime in the pres
ence of both ligand (in concentration saturating the protein) 
and quencher:
t _To " K + 1/T x o

(4a) and K + K'c + 1/T x + q o
, (4b)

where to is the fluorescence lifetime for the unliganded 
protein in the absence of the quencher and c^ is the quencher 
concentration.

The Stern-Volmer constant characteristic of the liganded 
protein ( Kg v ) , is the product of x '  and K ^ .  Consequently, 
a comparison between Kgv and Kgv does not mirror the desired 
relationship K_̂ /K+ characterizing the relative change of 
protein dynamics. We will show in the next section that 
steady-state measurements allow us to define a constant 

(the product of xq and K^) which is a virtual constant 
for the ideal case when ligand binding has no effect on 
lifetime. The constant K can be calculated from data and 
the relationship Kr/KSy yields directly the desired ratio 
K^/K+. We will derive the necessary equations for two 
favorable but probable cases. The restrictions used can 
be relaxed and similar derivations carried out for more 
complex systems.

Before a detailed discussion, however, we have to 
justify our basic assumption we use throughout the derivations. 
This is that the radiative lifetime ( xR) of the fluorophore 
does not change upon ligand binding therefore the fluorescence
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intensity is proportional to the excited state lifetime
(with an unchanged proportionality factor of T_). Since

.K
is directly related to the electron structure of the 

singlet state this assumption can also be expressed as the 
lack of change in the electronic energy-term-system of the 
atomic groups in question. A typically strong perturbation 
which alters x_ emerges when the fluorescence of model 
compounds are studied in water - organic solvent mixtures 
(see e.g. /12,13/).In cases, however, when studying protein 
fluorescence at different physico-chemical parameters like 
temperature or viscosity (both of which are known to affect 
the conformation state of proteins) it is often permissible 
to use the assumption that td remains unchanged (14-17).

The case of unsaturated protein

If the protein-ligand complex has the dissociation 
constant Kd, the fraction of protein in liganded state, 
a, can be written as

a = CL/(CL + V ' (5)

while the unliganded fraction, 1-a, is represented by

! - a = Kd/(cL + Kd), (6)

where cL is the free ligand concentration. For the case
of a single binding site per molecule the total fluorescence
intensity, F , can then be written by assuming proportionality nq
between fluorescence intensity and lifetime:

Ft = F Lq o
Kd + CL 1 + T K co + q 1 + T K' C +T K o + q o x

’(7)

The first term within the paranthesis represents the intensity 
contribution from the unliganded molecules while the second 
term is that from the liganded ones.
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In the special cases when cg=0 or cL=0, e<3* (7) simplifies
either to

F. = F Lo O
(8)

Kd+CL K.+ CT 1 + T K d L o x

F = F oq o 1 + T K, c o + q
(9)

K'/K+ , the quantity of interest we intend to relate to the 
dynamics of the protein matrix (14), can not be obtained by 
simple linearization of eq.s (7) — (9) . By using eq.s (7) and 
(9) we can write:

F
Foq - FLq

(1 0 )

with
1 +

cq
K, T c + o q (11)

1 + K'T C + + o q K t X o
If we maintain a constant quencher concentration and vary 
ligand concentration, the plot of 
1/c
and intercept, the values of and A can be evaluated. 
By repeating the same titration at different quencher
concentrations, one can obtain a set of A values. Then,cq
after rearranging eq. (11) as

the
F / (F -Ft ) against oq oq Lq' 3

gives a straight line (see eq. (10)). From the slope

1 + K± t c _____+ O q
cq

1 + K T + K't c , x o + o q (12)

we can plot the l.h.s. of eq. (12) against c (using values 
for K+ tq =  Kgv determined in a separate experiment according 
to eq. (9)). The slope of this straight line is Kr (= K _ £ t ) .

In the case when can be identified as the rate 
constant of Förster type energy transfer between the



Somogyi et ál: Protein Fluorescence 131

fluorophore and the ligand,further information is available 
in the form of the donor-acceptor distance calculated by 
standard methods.

The case of ligand saturation

The general equation presented above can be simplified 
if conditions of ligand saturation prevail, i.e. cL >> K^.
In such cases, eq.s (7) and (8) reduce to

FLq = F°1 + K't c + K t + o q x o
and

Ft = F Lo o 1 + K t X o

(13)

(14)

Now, instead of using eq. (10), we can simply titrate the 
liganded enzyme with the quencher and plot the data in the 
form of the modified Stern-Volmer equation:

Lo
F - F Lo Lq

= 1 +
1 + K T _______X o
K' T + o

(15)

The slope of the linear curve given by eq. (15) is directly 
related to the Stern-Volmer constant, KgV , characteristic 
of the liganded enzyme (see eq. (4a)):

KSV K' t ' + o
K,' T+ o
1 + K T X o

(16)

Although KgV itself can not be directly used according to 
eq.s (14) and (16), the value of

KSV = K T + o
‘Lo

(17)



132 Somogyi et dl: Protein Fluorescence

can be determined and used to form the ration of and K+ 
(identical to ^r/KgV).

CONCLUSJON

We have shown that there is ample theoretical justification 
for the interpretation of the quenching of steady state 
fluorescence in proteins in terms of structural dynamics 
associated with ligand binding. By using both ligand and 
quencher concentrations as independent variables, we can 
form expressions for linear relationships between the observ
ables and calculate the ratio of the bimolecular collisional 
rate constants (K^/K+) characteristic of the liganded and 
free states of the protein, respectively. We escape thereby, 
the necessity for independent determinations of fluorescence 
lifetimes. In the case of two emitting fluorophores, the 
average values for the constants can further be dissected 
if any of the residues can be selectively quenched by some 
quencher molecule (18). In such a case the response of 
different residues to ligand binding can be determined and 
interpreted in structural terms.

The steady state approach presented here have the advantage 
of being easily performed in most laboratories equipped 
with standard fluorometers.
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SUMMARY

By using our model, described in the preceeding paper, 
we investigate the effect of tri-N-acetylglucosamine 
binding on lysozyme. Furthermore, we reprocess the re
cently published data (Biochemistry, 1985, 24, 1342) 
on the effect of different inhibitors on adenosine 
deaminase. For lysozyme, the inhibitor binding decreases 
the dynamic accessibility of Trp-108 by changing the 
dynamics of the protein region separating the buried 
Trp-108 from the solvent. The reprocessed data on adeno
sine deaminase - inhibitor systems indicate that the 
inhibitors which presumably stabilize different (ground 
or transient) states alter the protein dynamics in both 
a qualitatively and quantitatively different manner in 
good agreement with the thermodynamic data of inhibitor 
binding.
Our approach allows us to conclude that ligand induced 
changes of protein dynamics are not uniform and usually 
depend on where the protein-ligand complex is situated 
along the reaction coordinate (or phase-space) and are 
not localized to the protein groups building up the 
binding center.

INTRODUCTION

In the preceeding paper we have presented a method based 
upon steady-state measurements of the quenching of protein 
fluorescence (1). This method allows us to gain information 
about the ligand induced changes of protein dynamics by

Abbreviations: PR, purine riboside; DHMPR, 1,6-dihydro-6-(hydroxymethyl) 
purine riboside; COF, coformycin; DCF, 2’-deoxycoformycin; 
NAG, N-acetylglucosamine; NAG^, tri-N-acetylglucosamine



136 Somogyi et dL: Protein Fluorescence (applications)

processing a special set of quenching data.
The interpretation of changes in k+ upon ligand binding 

is not a straight forward problem. The ligand binding must, 
because it takes place spontaneously, result in a complex 
with increased stability (lower free energy). We can thus 
talk about stabilizing the structure and shielding parts 
of the protein from solvent as the nearly obligatory conse
quences of any ligand binding reaction. Thus if changes in 
k+ solely reflect the presence of such a process, little new 
information is to be gained.

We will show that careful consideration of the changes 
of k+ reveal information about the extent of conformational 
change and that the differences in binding effects above 
simple shielding are present and can be interpreted.

We will apply our approach to study the effect of tri- 
N-acetylglucosamine (NAG^) binding on the dynamics of lysozyme 
as revealed by acrylamide quenching. This particular study 
indicates that NAG^ binding induces a change in the dynamics 
of that part of the lysozyme molecule which separates Trp-108 
from the solvent.

As another application, we will further process the data 
recently published by Kurz et al. (2) on the effect of ligand 
binding on the acrylamide quenching of the fluorescence 
emitted by the Trp residues in adenosine deaminase and show 
that the binding of different inhibitors (presumably stabiliz
ing different transition-state conformations of the enzyme 
along the reaction coordinate between the enzyme-substrate 
and enzyme-product state) introduce qualitatively and quanti
tatively different changes in the protein dynamics.

These applications show that in contrast to the evaluation 
of the Stern-Volmer constants as a function of ligand binding, 
the presented approach gives more information about the 
change in protein dynamics and/or conformation.
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APPLICATION

The effect of ligand binding on lysozyme structure

We know that N-acetylglucosamine (NAG) and NAG^, the 
inhibitors of lysozyme, induce structural and dynamic changes 
upon binding to the enzyme (3-6). The localization of the 
resulting changes however are not as clear.

Close to 100% of the total fluorescence emitted by the 
six Trp residues in lysozyme can be attributed to two sources, 
Trp-62 and Trp~108(7). It has been accepted that Trp-62 is 
involved in the substrate binding while Trp-108 is not involved 
directly in the substrate/inhibitor binding (8,9).

Consequently, when observing acrylamide quenching of 
liganded lysozyme, we expect to observe differences in the 
quenching constant for Trp-62 and Trp-108. Although steady 
state measurements in the present case provide us only with 
averaged quenching parameters, we can, using previously deter
mined individual Kgv values for Trp-62 and Trp-108 in the 
free enzyme (10) estimate the individual effects of the ligand 
on the quenching at the two residues.

MATERIALS AND METHODS

Lysozyme (egg white) was obtained from Worthington 
Biochemical Corp. KI (ultra pure) was a Merck product.
NAG2 was purchased from Sigma. Acrylamide (Serva) was re
crystallized from acetone (Merck, spectroscopic grade) before 
use. All the other chemicals (analitical grade) were obtained 
from Reanal Chemical Corp.(Hungary). Fluorescence measurements 
were carried out using Hitachi Perkin-Elmer MPF-4 and Perkin- 
Elmer MPF 44B spectrophotofluorometers operated in ratio 
mode and equipped with a thermostated cell holder. The output 
signal was monitored by a sampling unit and the collected 
data was computer averaged. During the experiments the tem
perature was held constant within 0.1K in the lxlcm quartz 
cell. Tryptophan residues were excited at 295 nm with a 5nm 
bandwidth.

Protein solutions containing acrylamide were prepared 
immediately prior to titration. Protein fluorescence, monitored 
at 337nm, was quenched by repetitive addition of different 
amounts of stock solutions of the quencher. Correction factors 
were applied to compensate for the effects due to dilution
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and to the optical density of acrylamide at the excitation 
wavelength.

RESULTS

We measured first the fluorescence emission spectra 
of lysozyme as a function of NAG^ concentration. As seen in 
Fig.la, the inhibitor binding results in spectral alterations.

Fig. la.The corrected emission spectra of lysozyme in
the presence of OpM (curve a), 15 pM (curve b), 
30pM (curve c) , 60pM (curve d) and 120pM (curve e 
NAG^, in 50 mM phosphate buffer, pH:7.0, 298K.
The excitation wavelength was 295nm, with 
excitation and emission bandwidth of 4nm and 
5nm, respectively.

The measurements of the total areas of the corrected emission 
spectra, i.e. the integral of the emission curve with respect 
to the wavelength, allow us to evaluate the relative change 
of the average lifetime as a function of inhibitor concentra-
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tion assuming linear relationship between the lifetime and 
quantum efficiency. This also provides us with F0/FLo» the 
factor necessary to calculate Kr from eq. (17) of the 
preceeding paper (1). The average lifetime of the liganded 
protein shows a 44.5% increase (see Fig. lb) compared to 
that of free lysozyme. Because the presence of the inner 
filter effect might also alter the emission intensities, 
the absorption spectrum of NAG^ and lysozyme+NAG3 were 
measured and showed no contribution to the inner filter 
correction factor (data not shown).

Fig. lb. The effect of NAG- on the relative total area 
of the corrected emission spectra of lysozyme. 
Experimental conditions are the same as described 
for Fig. la. The area measurements were carried 
out by planimeter, extrapolating the short 
wavelength part of the curves to the baseline.

We show in Fig. lb, that going from 120pM to 200jqM 
inhibitor concentration produced no further changes. We thus 
consider the lysozyme to be saturated at 120pM inhibitor 
concentration, the concentration we used with 5.2pM lysozyme 
for quenching experiments. The effect of NAG^ on the acrylamide
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quenching is shown in Fig. 2, displaying the modified Stern- 
Volmer plot for the free and liganded lysozyme. The average 
quenching constants we obtain here contain information about 
both Trp residues (without the possibility of individual 
characterization of the two residues). Table X shows the

Fig. 2. The modified Stern-Volmer plot for the acrylamide 
quenching of lysozyme (5.2pM) with (▲ ) and 
without (A ) the presence of 12CtyuM NAG. in 50 mM 
phosphate buffer, pH:7.0, at 298K. The excitation 
wavelength was 295nm and the fluorescence was 
monitored at 337nm. The excitation and emission 
bandwidth were 4nm and 5nm, respectively.

fractional acrylamide accessibility as one for both the free 
and the liganded lysozyme while the Stern-Volmer constant 
decreases to 0.12M for the liganded protein in contrast 
to the value of 2.65M characteristic of the free enzyme.
If we calculate Kr instead of KgV , according to eq. (17) of 
the model ( 1 ) , the difference becomes even larger. 
Comparing the 0.08M  ̂ value for K with the KgV values for 
Trp-62 and Trp-108 in the free enzyme (10), Table II, we
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Table I. The quenching parameters of acrylamide for the free 
and NAG2 saturated lysozyme obtained from the data 
of Fig. 2.

free lysozyme liganded lysozyme

Kgv (M ■*") fractional
accessibility Ksv (m-:L> fractional

accessibility

2.65 1.00 0.12 
0.08a

1.00

a: the value of K is calculated according to eq. (17) 
of the preceeding paper

Table II. The quenching parameters of the acrylamide for
Trp-62 and Trp-108 residues of lysozyme in phosphate 
buffer, pH 7.0 at 303K (10)

Trp-62 Trp-108

KSV (M'■*■ ) fractional
accessibility

Kgv (M ■*■) fractional
accessibility

1.62 0.33 3.57 0.63

see significant changes that customarily and qualitatively 
are interpreted as tightening of the protein matrix, i.e. 
the probability of a dynamic opening of the structure is 
diminished (11).

Further discussion of the effect in respect to the two 
residues is possible. It is known that according to the 
Lee-Richards criterion (12,13) , Trp-108 is a largely buried
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residue while Trp-62 is exposed to the solvent (14,15). In 
addition, Trp-62 ishÿdrogen bonded to the inhibitor (8,9), 
which means that the NAGg induced change in the averaged Kgv 
(or Kr) for acrylamide quenching, as a first approximation, 
could be assigned exclusively to residue Trp-62. This agrees 
with the expectation that the bound inhibitor, due simply 
to steric considerations, cuts off the probability of encounter 
pair formation between the quencher and Trp-62. We can test 
this possibility since there are data available about the 
acrylamide quenching constants and the fractional accessi
bilities individually assigned to Trp-62 and Trp-108 in the 
unliganded lysozyme under nearly the same conditions used 
here (10). Using this data(Table II) and the quenching para
meters collected in Table I it is possible to calculate the 
putative Kgv value for acrylamide quenching of Trp-62.

Table III. The variation of the values of Kgv and Kr upon
ligand binding. iKr is the difference between the 
K values belonging to the liganded and unliganded 
proteins

ligand i KSV
(M_1)

Kr
(M_1 )

A Kr
(M-1)

none .... 4.35 4.35
PR 0.02 3.76 3.83 - 0.52
DHMPR 0.69 3.12 10.08 5.73
COF 0.38 3.13 5.04 0.69
DCF 0.41 3.00 5.07 0.72

We assume that KgvTr^ remains unchanged both in terms
of lifetime and the bimolecular collision rate constant. The 
44.5% increase in fluorescence intensity from Fig.lb has then 
to be interpreted as due to an increase in the lifetime
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for the Trp-62 excited state. Further, if the fractional 
accessibility for Trp-62 in the ligand-free state is 0.33 
(Table II) and if the 44.5% increase in intensity is assigned 
to Trp-62, a simple algebraic calculation gives 0.56 for the 
fractional accessibility of Trp-62 in the liganded state. 
Using this data along with the presumably unchanged value 
of KgVTrP *■****, we can ca^cuiate (16) KgVTrP from the 
averaged Stern-Volmer constant and the averaged fractional 
accessibility, aa obtained for the liganded lysozyme from

a = £. a. K. / K. a i l l  l i ( 1 )

and

where K is the average quenching constant'*’ of acrylamide
for the liganded lysozyme (see Table I) while and Ki
(i-1,2) are the accessibility and Stern-Volmer constant
values belonging to Trp-62 and Trp-108. Both eç. (1) and (2),

Tï*d —62 ~ 1however, give negative values for K„ v (-2.59M and-1 bv -3.45M , respectively) which under these conditions is an
2obvious impossibility . Therefore, the assumption that 

NAGg binding induces a change of lysozyme dynamics localized 
at the binding center, i.e. leaving the neighborhood of

* I * Y* __ 1 n  oTrp-108 unchanged, is incorrect. By accepting that Kgv ^ 
is also changed upon the inhibitor binding, we are left with 
two possible ways to explain this change:

1/ Although Trp-108 is not in contact with the bulk 
solvent, it is possible to postulate that acrylamide gets 
access to it (and exerts its quenching effect) through the 
active-site cleft. This would result in a gated quenching

^Since K already contains the putative change of lifetimes (through 
and K.), here the Kgv value (instead of K^) should be considered.

2Due to the 5K temperature difference, the used K and accessibility 
values obtained by the double-quenching method, introduces some 
error. This error, however, in the view of the usually low activation 
enthalpies of the quenching processes in proteins, is certainly not high 
enough to alter our conclusion.
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visualized as transient exposure of the fluorophore. The in
hibitor bound in the cleft is expected to reduce both the rate 
of gating and the lifetime of the exposed state. The gate 
opening in the presence of inhibitor has to involve bond break
ing and is certainly taking place on a much longer time scale 
than the excited state lifetime. Under such circumstances it 
is predicted that the apparent fractional accessibility asso
ciated to Trp-108 would diminish while the quenching rate 
constant would remain unchanged (17). Accordingly the total 
accessibility, the sum of the fractional accessibilities, 
would also decrease. Since the total accessibility does not 
decrease when NAG^ binds, this kind of gated mechanism (taking 
place via the active-site cleft) has to be ruled out.

2/ Then we have to accept the alternate explanation 
that acrylamide has access either by penetration or transient 
unfolding of parts of the protein molecule outside the 
immediate cleft area.

We conclude that by exclusive use of steady state 
fluorescence measurements, one can evaluate the relative 
contributions from more than one emitter and that in the case 
of lysozyme, besides observing a tightening of structure, 
further information about relative changes in different 
areas of the molecule can be obtained. The results with 
Trp-108 in lysozyme are in agreement with the recent findings 
on ligand effects on structural dynamics of lysozyme (18).

The effect of ligand binding to adenosine deaminase

The series of fluorescence quenching measurements 
recently reported for adenosine deaminase (2) provide a good 
example on how to further process a data set of Stern-Volmer 
constants to obtain additional information on the change of 
protein dynamics induced by ligand binding. The authors measured 
the acrylamide quenching of fluorescence from the three Trp 
residues in the presence of different substrate analogues 
in order to see whether the binding of these inhibitors 
(presumably stabilizing different stages of the transition- 
state complex between the enzyme-substrate and enzyme-product



Somogyi- et aL: Protein Fluorescence (applications) 145

states along the reaction coordinate) induce changes in 
the gross protein dynamics detectable by this method. Their 
data was reported in terms of Stern-Volmer constants that 
proved to be uniformly sensitive to the binding, of the diffe
rent inhibitors (see Table III). The binding also resulted 
in a decrease of fluorescence intensity. The decrease was 
measured and listed as "initial quench", i.e. related to 
the measured intensities as

Lo (3)

Since every inhibitor was present at saturation level, it 
can be related to (1 + kxTo> by using eq. (14) of (1) as

1 + k T = -=— — -x o l - i (4)

By using eq.s (16), (17) of the preceeding paper (1) and
eq.s (3) and (4) K (=k,'r ) can be evaluated as -n r + o

Kr (5)

Accordingly, by using the known values of i and KgV 
characteristic of the enzyme complexed with different ligands, 
it is possible to obtain the corresponding values of Kr- 
The values of i and (2), along with the values cal
culated according to eq. (5) are listed in Table III. This 
data shows that the binding of purine riboside (PR), which 
stabilizes the ground state, results in a lower Kr value,
i.e. in a more compact dynamic structure) while the transition- 
state analogues make the enzyme structure more accessible.

The values obtained for Kr are also in accordance with 
thermodynamic data showing that the ligand with less affinity 
(DHMPR) produces a larger change (opposite in direction, 
as compared to that produced by PR) in the global conformation. 
This indicates that the complex formed by DHMPR is located 
at a higher free energy level (as compared to the complexes 
formed by COF and DCF) and considering the acrylamide quenching 
as a measure of the overall protein dynamics, the extra
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free energy is not localized at the binding center. These 
results mean that the transition-state analogues, in contrast 
to the inhibitor NAG^ of lysozyme, bring the enzyme into 
a conformational state characterized by an increased level 
of fluctuation.

CONCLUSION

We present two examples of application. In the first 
example, with lysozyme, we investigate the difference between 
a straight forward shielding of a fluorophore from the 
quencher by the bound inhibitor and changes in protein dynamics 
induced by the inhibitor and other possible avenues of 
approach by the quencher. We show that Trp-108, which is 
buried some distance from the actual ligand binding site, 
is not quenched by a simple on and off type of gating by 
the bound inhibitor. The access to the quencher appears 
to be provided by the dynamics of the protein structure 
outside of the active-site cleft.

In the second example with adenosine deaminase, we were 
able to show that the binding of a series of ligands results 
in a differential response by the enzyme's structure. PR, 
the compound which stabilizes the ground state, produces 
a decrease in the relative bimolecular quenching constant 
for acrylamide which supports a tightening of the structure 
with reduction of the possibility for fluctuations.

The magnitude of the effects is related to the affinity 
of the ligand molecule. The binding of substrate analogues 
presumably stabilizing conformations related to the tran
sition state of the enzyme, induces changes in the opposite 
direction, i.e. the structure of the protein molecule near 
the fluorophore becomes more open, more accessible to the 
quencher.

In the two applications, we have shown that the ligand 
induced changes in protein dynamics are not uniform (k^/k+ 
can either be higher or lower than one). The presented 
approach can then be successfully used to obtain additional 
information about the ligand induced changes in protein
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dynamics.
In further steady-state studies, it appears possible 

that the effects of temperature, viscosity and pressure 
can delineate in thermodynamic terms the difference in the 
conformational dynamics of the proteins induced by different 
ligands.

The steady state methods presented here have the 
advantage of being easily performed in most laboratories 
equipped with s-tandard fluorometers.
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SUMMARY
Compartmentalization of calcium was studied in frog semi- 
tendinousus using 45ç;a radioisotope under exchange diffu
sion condition. Computer based deconvolution was employed 
to determine the "volume" and the apparent binding con
stant of the resolved six components. Assuming kinetically 
parallel and independent compartments nickel treatment 
slows down the calcium movement through the sarcoplasmic 
reticulum membrane and for the calcium ions causes com
petition of the membrane of transverse tubuli and of 
the sarcoplasmic reticulum. Veratrine treatment caused 
different effect in the presence and in the absence 
of sodium ions, demonstrating the essential role of 
Na+«=* Ca2+ exchange processes/ATPases in the Ca2+ uptake 
and release by sarcoplasmic reticulum. Effect of caffeine 
and Dantrolene basically opposite on the compartment 
corresponds to the sarcoplasmic reticulum and similar on 
the transverse tubuli in term of speed of exchange 
diffusion.

INTRODUCTION

Space distribution and movement of calcium play essential 
role in muscle contraction. The first step taken in that 
way to determine the space distribution of calcium ions and 
the kinetic constant in resting muscle, is the assumption of 
a steady-state system - which is true in our experiments - 
within the phase borders where the distribution of calcium 
ions is homogeneous and can reach an equilibrium very fast. 
From one phase into another one - from one compartment into 
another one - the rate of calcium transport is "slow" and 
characterized by kinetic constants. We assumed that the nett 
flux between the compartments is zero which is reasonable

Akadémiai Kiadó, Budapest
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in a steady-state system and the corresponding kinetic 
parameters are independent of time (Anderson, 19 83) . Due to 
the damage of muscle the duration of the experiment as well 
as the radioactivity of medium are limited. Additionally, 
in such kind of experiments only the total amount of radioac
tivity located within the muscle can be measured. We assumed 
parallel and independent compartments which result in super
position of exponential functions in the corresponding 
equations (Colombetti, 1983).

MATERIALS AND METHODS

NÍCI2 was a product of Fluka A. G. (Bucsh, Switzerland). 
45CaCl2 was purchased from Frederic Joliot-Curie Inst. (Buda
pest, Hungary), POPOP were obtained from SERVA GmbH (Heidel
berg, BRD). All other reagents were analytical grade of REANAL 
Inc. (Budapest, Hungary). Radioactivity was determined on 
Nuclear Chicago Mark II, liquid scintillation spectrometer 
using a standard error setting of 0.1%.

Semitendinousus muscles were dissected from Rana Esculenta 
at room temperature and fibre bundles were prepared in a buffer 
having the composition of 115 mM NaCl, 2.5 mM 40caCl2,  ̂
histidine, pH: 7.0. As the preparation was completed, wet 
mass of muscle was determined and the fibre bundles were 
transferred into the incubation chamber (flow cell) having 
an inner volume of 180 pi, approximately. The wet mass of 
fibre bundles varied between 20-55 mg, each. In the flow cell 
the muscle was stretched up to 130% of its tensionless length 
and tension was monitored during the uptake and release of 
45Ca2+ in order to follow the physiological state of the 
muscle. The continuous flow cell made of a special transparent 
material (plexiglas), some extra thin acryl thread and silicon 
tubes for maintaining the circulating perfusion of the solu
tions were employed in order to minimize the nonspecific 
Ca2+ adsorption of the system.

Muscle was incubated in the flow cell - short circuiting 
the two channel continuous flow system - in a hot n-Ringer 
solution having about 0.1 MBq/ml specific activity due to 
its 4^ca content. Incubation time was 60 min. Desaturation 
curves were obtained by opening the circulation circuit con
taining 45ca solution and letting a cold buffer (having 
40ca2+ instead of 45ça2+) run. in the composition of the 
incubation solutions used for uptake and release of 45ca 
there was difference only in radioactivity, and except ex
periment with veratrine treatment, 45ç;a was taken up in an 
incubation medium having 115 mM choline-chloride, 2.5 mM 
CaCl2 , 5 mM histidine, pH: 7.0. Desaturation solution with 
1 pM veratrine was: 95 mM choline-chloride, 2.5 mM 40caCl2,
5 mM histidine, 20 mM (LiCl or NaCl), pH: 7.0. In the expe
riments carried out in the presence of nickel the uptake
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and the desaturation media were: 113.5 mM choline-chloride,
2.5 mM CaCl2 , 5 mM histidine, 1 mM NÍCI2 , pH: 7.0.

Fractions were collected according to the program re
sulting in samples with a radioactivity depending on the 
rate of Ca2+ exchange diffusion between muscle and incubation 
medium. The influence of radioactivity occurring in cold 
incubation medium applied for desaturation on the muscle 
(back flux) was negligible because of continuous flow method 
employed. Radioactivity of fractions - 90-120 fractions were 
collected in each experiment - was measured using liquid 
scintillation counter. The remaining activity of the muscle 
was determined after perchloric acid-hidrogen peroxide diges
tion. From these data - corrected for blank - the radioactivity 
of muscle was calculated as a function of time and expressed 
in mmoles Ca^+/kg muscle wet mass. For other technical details 
see Jóna et al. 1984. This function was applied to characterize 
the calcium movement in the muscle. Each compartment has two 
parameters: kinetic constant which can characterize the move
ment of calcium and the other parameter may characterize 
the amount of calcium located in it. The assumption of parallel 
compartments resulted in a good reproducibility in the experi
ments and indicated that Ca^t might flow from the reservoir 
into the compartments and reverse but not between them.

For the deconvolution of superposition of exponentials 
the Fourier transform method was applied, because it can 
be generally used in the case of theoretically infinite number 
of components (Medgyessy, 1977) and it is not necessary to 
give on approximate value for the parameters and furthermore 
it is less sensitive to stochastical and experimental deviations 
than other widely used methods, such as the linear and non
linear least square or Peeling methods (Gardner, 1963; Evans 
et al. 1980). The number of components should not be set 
in advance but it follows from the calculation ifself without 
any assumption. The theoretical considerations and program 
flow chart were published earlier (Jóna and Kéri-Fülöp, 1981) . 
The deconvolution program was running on a 128k PDP 11/34 
computer using Fortran compiled code having a running time 
of 4-9 hours depending on the individual experiments for 
60-120 data points (FORTRAN program available free for 
qualified users).

RESULTS

The caffeine and Dantrolene are well known agents with 
2+influence on the Ca movement and on the electromechanical 

coupling system.At a caffeine concentration of 1 mM - which 
is well below the —  2.3 mM contraction threshold but exerts a 
senzitization - the effect of caffeine on muscle is fully 
reversible and after sufficient drug-free incubation the 
original state of muscle could be completely restored from 
the point of view of the membrane potential as well as of
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mmol Ca /̂kg

Fig. 1. Effect of caffeine and Dantrolene on the desa
turation curves. Muscles were incubated in 
n-Ringer buffer containing 45ca for 60 mins 
to take up the radiotracer, in the presence 
of 1 mM caffeine or 0.5 mM Dantrolene. Desatu
ration was carried out in a "cold" buffer system, 
having the same composition as the uptake solu
tion. The amount of Ca^+ corresponding to the 
radioactivity in the muscle as a function of 
the desaturation time are given on semilogarith- 
mic scale, and expressed in mmole Ca^t/kg wet 
mass. Filled circles: control; open circles: 
caffeine; crosses: Dantrolene.

muscle contraction. This may suggest that in 1 mM concentra
tion caffeine acts on the membranes in nonspecific way. 
Dantrolene is known as a decoupling agent influencing the 
electro-mechanical coupling. The nickel ion is a competitor 
for the low affinity calcium binding sites as well as an 
electron acceptor which may influence both the calcium move
ment and the membrane potential. The effect of caffeine and 
Dantrolene can be seen on the desaturation curve in Fig. 1 
and that of nickel in Fig. 2. The kinetic parameters of com
partments for these treatments are summarized in Table 1.
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mmol Ca2*/ kc

45Fig. 2. Effect of nickel ions on the desaturation of Ca 
isotopes. Muscles were incubated in n-Ringer 
solution containing 45^a for go mins to take 
up the radiotracer. In the incubation medium 
used for uptake of radiotracer as well as in 
the medium for desaturation 1 mM nickel chloride 
was present. The amount of Ca^+ corresponding 
to the radioactivity of the muscle as a function 
of time was calculated, and expressed in mmole 
Ca2+/kg wet mass on a semilogarithmic scale. 
Circles: control; crosses: effect of nickel.

The theoretical basis and model description was published
earlier (8). Comparing the time constant in the presence
and absence of caffeine there are significant changes in
the parameters of compartment No. 1 (corresponding to the
internal surface and space of sarcoplasmic reticulum) and
in those of compartment No. 4 (corresponding to the luminal
surface of transverse tubuli and the internal surface bound
Ca of sarcolemma). Compartments No. 1 and No. 4 have 2-3
times longer time constant showing a slower exchange diffusion

2+and/or decreasing number of available channels for Ca 
transport. The increase in the calcium binding capacity of
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Table 1. Effect of SR and tubuli active drugs on the calcium 
exchange processes
Each column represents the average of 4-6 independent 
experiments. 1 mM caffeine was present in the ^Ca uptake 
medium as well as during the measurement of desaturation.
In the case of effect of nickel 1 mM NÍCI2 was present both 
in the uptake and in the desaturation medium. In the case of 
Dantrolene 0.5 mM of the drug was included in the corresponding 
solutions during the measurement. ^Ca uptake time was 
60 minutes. Apparent volumes corrected for the uptake time.

Apparent Volume of Compartments 
2+(mmoles Ca /kg muscle)

Comp. Control- Caffeine Dantrolene Nickel

1. 0.14 0.295 0.598 0.58
2. 0.123 0.055 0.212 0.136
3. 0.296 0.159 0.138 0.124
4. 0.2 0.296 0.449 0.3
5. 0.581 0.404 1.805 1.364
6. 1.338 1.47 2.16

Time Constant 
(min)

Comp. Control Caffeine Dantrolene Nickel

1. 110.3 208.8 61.97 198.04
2. 17.9 22.9 13.34 23.82
3. 2.94 4.76 3.14 3.75
4. 0.558 1.536 1.32 1.81
5. 0.2 0.194 0.169 0.227
6. 0.092 0.069 0.093
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these compartments can be partly due to the overall swelling
of muscle during such a caffeine treatment. Dantrolene has
similar effect on compartment No. 4 and an opposite one on
the compartment No. 1 in term of the rate constants. The latter

2+is due to the decoupling wich results in a faster Ca ex- 
. 2+change diffusion and a faster Ca transport into the compart

ments. The increase in the time constant of compartment No. 4
2 +may correspond to a slower Ca transport and/or a decreased

2+number of available Ca channels. The data show how the
kinetic parameters will be set by the resulted new equilibrium.
The increase of the volume of compartment No.l and No. 4

2+has the same meaning and can also show the increased Ca
binding capacity, however, this effect is due to the result
of muscle swelling rather than to the consequence of Dantrolene
treatment. The observation that this treatment caused the
"fusion" of the two outer compartments may indicate that
due to the swelling the diameter of transverse tubuli greatly
increased resulting in much faster diffusion in that lumen;
and as a membrane effect of Dantrolene the binding constant
of the external surface membrane bound calcium could decrease.

2+Nickel has two major effects on the Ca compartmentaliza
tion. The time constant of compartment No. 1 shows that due 

2+to the Ni treatment the exchange diffusion through sarco
plasmic reticulum membrane could slow down to about the half 
of its control value and at the same time its volume increased 
by about fourfold. This calcium was taken up mainly from 
compartment No. 2 and No. 3. The time constant of compartment
No. 4 increased by a factor of three mainly as a result of 

2+ 2+Ca ç==* Ni competition on the membrane of transverse tubuli.
The decreased volume of compartment No. 5 is the result of 

2+ 2+Ca ç=* Ni competition on the external membrane surface
2+binding sites. The Ni has no effect on the surface membrane 

therefore this ion does not cause irreversible changes of 
surface membrane and the nickel ions freely penetrate within 
the muscle, i.e. in the extracellular or interstitial space.

In the absence of sodium (choline-chloride Ringer; see 
materials and methods) the compartments No. 1 and No. 2 were
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mmolCa2A g

45Fig. 3. Effect of veratrine on the Ca desaturation 
curves in the presence of sodium and lithium. 
Muscles were incubated in the presence of 1 yuM 
veratrine as described under Materials and Methods 
in sodium-free buffer system. Desaturation 
started by changing the buffer into a "cold" 
one which contained 20 mM sodium or 20 mM lithium. 
In the case of control curve ^^Ca uptake as well 
as release was carried out in the standard 
n-Ringer solution. Radioactivity of muscle as 
a function of time was calculated on the basis 
of radioactivity of fractions and expressed 
as mmole Ca2+/kg wet muscle.
Filled circles: control; open circles: effect of 
veratrine (Li+); crosses: effect of veratrine 
(Na+).

not filled up with 45Ca2+, demonstrating that the Na%=^ Ca2+ 
exchange may have an essential role in the saturation of 
these compartments. The time constant of all other membrane 
associated compartments decreased. Comparing the time constants 
obtained in the presence of sodium with that obtained if 
lithium was used instead of sodium an about two times longer 
time constant of compartment No. 4 and No. 5 could be found 
in the presence of sodium. This is obviously due to the fact
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2 +Table 2. Effect of veratrine on the Ca compartmentalization
in the presence of lithium and sodium
Compartmentalization were studied under sodium free uptake 
conditions. Desaturation curves measured in the presence of 
20 mM sodium or lithium. Volumes of compartments extrapolated 
up to full saturation and expressed in mmole Ca^/kg wet 
muscle. Rate coefficients expressed in half time of sojourn 
of ions within that compartment.

Apparent volume of compartments 
2 +(mmoles Ca /kg muscle)

Comp. Veratrine (Li) Control Veratrine (Na)
1. 0.14
2. 0.123
3. 0.339 0.296 0.349
4. 0.269 0.2 0.177
5. 2.62 0.581 1.803
6. 3.24 1.338 2.836

Time constant
(min)

Comp. Veratrine (Li) Control Veratrine (Na)

1. 110.3
2. 17.9
3. 4.44 2.94 6.
4. 0.58 0.558 1.3
5. 0.11 0.2 0.222
6. 0.036 0.092 0.043
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that the increasing intracellular sodium concentration on 
the effect of one micromolar veratrine applied simultaneously 
can make the calcium sodium exchange less favourable toward 
outside than inside therefore the desaturation slows down.
This effect could be realized mainly as the effect of low 
sodium on the transverse tubular membrane, but could not
be observed if lithium was present instead. Summarizing the

45sodium calcium antiporter mechanism was studied by our Ca
45 2+method using sodium free choline buffers for Ca uptake 

45 2+and then Ca release was followed in choline-Ringer solution 
containing 1 juM veratrine and 20 mM NaCl or 20 mM LiCl.
Kinetic data are presented in Table 2 and individual desatura
tion curves in Fig. 3.
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SUMMARY
An activated lymphocyte population was isolated from 
tonsils of 3-6 years old children by density gradient 
centrifugation. The isolated light density (LD) cells 
were bearing early B lymphocyte markers and were 5-6 
times more active in DNA synthesis than the high 
density (HD) lymphocytes.
It was found that about 70% of CdR was deaminated and 
converted into dTMP. The cells were very sensitive to 
araC, but the incorporation of [l^cj CdR was twice 
more sensitive to araC than that of [5-^H]CdR. This 
effect can be explained by the interconversion of araC 
into araT nucleotide via the CdR interconversion pathway. 
This suggestion was also supported by the effect of 
5-F-UdR, which decreased the inhibition of DNA synthesis 
caused by araC. 5-FUdR the inhibitor of thymidylate 
synthase, possibly decreases the interconversion of 
araC into araTTP, and its action via a smaller dTTP 
pool of the cells.
Our data suggest, that the sensitivity of cells to araC 
may depend on the capacity of the CdR -* -* TdR intercon
version pathway, which, however, changes during the 
normal differentiation process of lymphocytes. Thus, 
the sensitivity of different malignant cells to araC 
is determined by the differentiation stage at which 
they were arrested during cell transformation.

Abbreviations: LD, light density cells; HD, high density cells; araC,
1-ß-D-arabinofuranosyl-cytosine; 5-F-UdR, 5-fluoro-2’-deoxy- 
uridine; DTT, dithiothreitol; CdR, deoxycytidine; TdR, 
deoxythymidine; dTTP, thymidine triphosphate

Akadémiai Kiadó, Budapest
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INTRODUCTION

Main event of lymphocyte differentiation is the rearran
gement of their genetic material. Rearrangement of the 
chromatin is accompanied by the replication of DNA. The supply 
of this DNA replication by nucleotides was supposed to occure 
in the same way, as in normal, mitotic DNA replication.

Two ways are known to produce deoxynucleotides for the 
DNA synthesis: DE NOVO biosynthesis of nucleotides from meta
bolites and the SALVAGE of nucleosides. The salvage of "ready
made" purines and pyrimidines are of higher importance than 
it has been thought some years ago, when de novo biosynthesis 
received more attention. The salvage pathways of nucleosides 
must have especially a striking importance in the immune 
system. Several inherited defects of the purine nucleotide 
salvage enzymes are associated with severe immunodéificiences, 
characterized as disorders in lymphocyte differentiation 
without affecting the function of other tissues (1). The 
salvage of purine nucleosides has been widely investigated 
during normal lymphocyte differentiation. Different enzyme 
levels have been observed in the mature and immature lymphocytes 
and also in the different malignant states of the lymphoid 
leukemia (1-3) .

The salvage of pyrimidine nucleosides is measured very 
often, first of all the salvage of thymidine is used as a 
universal marker for DNA synthesis in cells. However little 
is known about the connection of pyrimidine salvage and lympho
cyte maturation. Autoradiographic studies have revealed, 
that not only the utilisation of purine nucleotides but also 
that of deoxypyrimidine nucleotides are related to normal 
lymphocyte differentiation. Differences have been found between 
I^H^CdR and [^H]TdR labelling pattern of lymphocytes 

according to the localisation of lymphocytes in the lymphoid 
organ. Lymphocytes in the thymic cortex and germinal centers 
of lymph nodes are more heavily labeled by [3HjcdR than by 
J^H^TdR, and opposite distribution of the labeling has been 
found outside the germinal centers (4,5). Recently the
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regulation of thymocyte proliferation by deoxycytidine (excret
ed by accesory bells) has been shown (6).These results point 
to the differences of deoxypyrimidine salvages in connection 
with the function of the cells.

In addition the salvage pathways of nucleosides are 
important not only for the activation of the natural nucleo
sides, but also for the activation of their analogues used 
as cytostatic agents in cancer therapy, i.e. for araC (7-9).

In this yrork the salvage of deoxycytidine and thymidine 
was analysed in an activated lymphocyte population isolated 
from infant's tonsils, along with the effect of araC on these 
processes.

MATERIALS AND METHODS

[5-3H]cdR (888 GBq/mmol), [14cJ CdR (11.2 GBq/mmol), 
L5-methyl-3H]TdR (962 GBq/mmol) and [^HjdTTP (740 GBq/mmol) 
were purchased from the Institute of Isotopes, Prague, TdR,
CdR, araC, 5-F-UdR and DTT were obtained from Sigma Chemical 
Co., calf thymus DNA was purchased from Calbiochem, La Jolla; 
deoxyribonucleoside triphosphates were products of Boehringer 
Mannheim, glass-fiber paper (GF/C) and DEAE-cellulose paper 
(DE-81) were obtained from Whatman, TLC plastic sheets PEI- 
cellulose F were from Merck, Darmstadt. Other chemicals 
were products of Reanal, Budapest, and all were analytically 
pure.

Monoclonal antibodies used for surface marker determination 
were follows: CDI, CD3, CD9 from Ortho, CD10 from Coulter,
CD19, CD20, CD21 from Beckton-Dickinson and surface IgG,
IgA, IgM from Hyland.
CELLS

Human tonsil lymphocytes were prepared from surgically 
removed tonsils of 3-6 years old children within 2-4 h of 
tonsillectomy, as described earlier (10). Lymphocyte separation 
was performed as follows: 1 ml lymphocyte suspension (103 
cells/ml) was layered on 1 ml of 25% BSA (in Eagle's MEM) 
in 10 mm tubes and centrifuged for 30 min at 1000 g. Lympho
blasts (LD cells) were concentrated in the interphase, small 
lymphocytes (HD cells) were pelleted at the bottom. Cells 
were washed twice with Eagle's MEM and either stored at 
-20UC (determination of enzyme activities), or were resus
pended in Eagle's MEM and used immediately for labelling 
experiments or surface markers determination.

[^H^TdR,[14q]and £5-3hJ CdR phosphorylation and incor
poration was measured after precipitation of labeled lympho
cytes by 70% ethanol as described in (11).
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Distribution of radioactivity between deoxycytidine 
nucleotides was determined in the ethanol soluble supernatant 
of LD tonsillar lymphocytes after evaporation, by two dimen
sional chromatography on PEI-cellulose plates (1st dimension 
was methanol : I^O, 1:1; 2nd dimension 0.75M LiCl). Plates 
were cut for 1 cm peaces, extracted by 1 M NH^OH and the 
radioactivity was measured in dioxane based scintillator, 
as described previously (12).

The in situ activity of thymidylate synthase was measured 
by the release o f ^ H ^ O  (radioactivity not bound to Norit-A) 
into the medium from cells incubated with £5-3h J labeled 
nucleosides (13).
ENZYME ACTIVITIES gCells were suspended (1-2x10 cells/ml) in a buffer 
solution, containing 50 mM TRIS-HCL, pH 7.5; 25 mM KC1;
5 mM Mg-acetate, 1 mM DTT and 0.25 M sucrose. The cell 
suspension was disrupted by sonicatión (3 x 15 sec at 0 C) 
with a Sonic 300 Dismembrator at 30% intensity, centrifuged 
for 20 min at 300 x g, and the supernatant was used immediately 
for enzyme determination.

Enzyme activities were measured as described in (14), 
with small modification.

Thymidine kinase assay. The reaction mixture (50 pi) 
contained: 50 mM TRIS-HC1 pH 7.5, 20 mM NaF, 20 mM DTT, 5 mM 
MgCl2 , 5 mM ATP, 50 pM pH| TdR (0.74 MBg/ml) and extract 
from 0.5-1.0x10° cells. The samples were incubated at 37°C for 
30 min and 40 pi portions were spotted on DEAE-cellulose paper 
discs, followed by extensive washing with 5 mM ammonium formate, 
distilled water and ethanol. The radioactivity of the samples 
was measured in a toluene-based cocktail.

Deoxycytidine kinase assay. The reaction mixture (50 pi) 
contained: 50 mM TRIS-HC1 pH 7.5, 10 mM NaF, 20 mM DTT,
12 mM MgCl2 , 10 mM ATP, 50 pM [3h ] CdR (0.74MBq/ml), 250 pg/ml 
of bovine serum albumin and extract from 0.5-1.0x10® cells.
The samples were processed as in the case of thymidine kinase.

DNA polymerase assay. The reaction mixture (50 pi) 
contained: 50 mM TRIS-HC1 pH 7.5, 10 mM NaF, 20 mM DTT,
0.1 mM EDTA, 10 mM MgCl2 , 1 mM ATP, 250 pM each of dATP, 
dCTP and dGTP, 50 pM [3HJ dTTP (0.74 MBg/ml), 200 pg/ml 
of activated DNA, 250 pg/ml of bovine serum albumin and 
extract of 0.5-1.0x10® cells. After incubation at 37°C,
40 pi samples were spotted on GF/C filters, and extensively 
wasned by 5% TCA contained 0.1 M sodium pirophosphate, than 
by 5% TCA and ethanol. Radioactivity of dried filters was 
measured in toluene-base cocktail.
SURFACE MARKERS

Surface markers were determined by indirect immuno
fluorescence method (15).
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RESULTS AND DISCUSSION

/
Lymphocytes isolated from infant's tonsils were separated 

by 25% BSA according to their density into a "light" so 
called LD and into a "heavy" so called HD cell population.
We have compared the phosphorylation of CdR and TdR, their 
incorporation into DNA (Table 1) and the level of the enzymes 
engaged in this processes (Table 2) between the two lymphocyte 
populations, differed in their buoyant density.

It can be seen in Table 1, that the LD lymphocytes incor
porated 5 times more [^h ] TdR and 4-7 times more [̂ 5-^h ] CdR 
than HD lymphocytes. LD cells also contained 3-10 times 
more radioactivity in ethanol soluble thymidine nucleotide 
pools and 6-14 times more radioactivity in the pool of deoxy- 
cytidine nucleotides. It can also be seen, that the soluble 
pool of thymidine nucleotides in much lower than that of 
deoxycytidine nucleotides both in LD and HD lymphocytes.

To give further evidences for the more intense DNA 
synthesis in LD tonsillar lymphocytes, the corresponding 
enzyme activities were determined (Table 2). Specific ac
tivity of DNA polymerase a was 2-5 times, of thymidine kinase 
was about 7 times and of deoxycytidine kinase was 2-3 times 
higher in the LD cells, than in the HD cells.

The LD lymphocyte subpopulation presented about 5-15% 
of the total cell population and contained about 20-30% more 
DNA per cell than the HD lymphocytes (data not presented).
The two lymphocyte subpopulations differed also in cell 
surface phenotypes characterized by monoclonal-antibody 
reagents in the Institute of Hematology (Table 3). The main 
part of the LD cells is bearing early B cell markers and 
surface immunglobulins. The high rate of CD9 and CD10 markers 
indicate to their proliferative state (16) , in contrast to 
HD cells, which are bearing mainly T cell markers (CD3), 
and are poor in markers characteristic for cell proliferation.

Thus, infant's tonsils contain lymphocytes which occur 
mainly immature B lymphocytes and are active in DNA synthesis. 
This cell population was used further and signed as LD cells.
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Table 1. Phosphorylation and incorporation of deoxypyrimidine 
nucleosides into DNA by tonsillar lymphocyte sub
populations

Cells were suspended in Eagle’s MEM and were labeled at 
37 C for 30 min. immediately after separation. Condition
used were: , 
Exp. 1: 5 x 10, 
Exp. 2: 2 x 10

cells in 1 ml. 74 KBq of [ 3H_] TdR or [5r3H]cdR. 
cells in 800 pi,92.5 KBq ofpljTdR or[5- H] CdR.

Cell Experiment Phosphorylation Incorporation
(ethanol soluble) 

cpm / 10^
(acid
cells

insoluble)

[3H]TdR [5 -3h]CdR [3H]TdR ^5-3h] CdR

LD 1 1628 3780 12963 3241
2 276 805 7218 1293

HD 1 560 587 2590 450
2 26 58 1432 304

LD/HD 1 2.9 6.4 5.0 7.2
2 10.6 13.9 5.0 4.3

Table 2. Enzyme activities related to the deoxypyrimidine 
nucleoside metabolism
Tonsillar lymphocytes were separated on 25% BSA and stored 
at -20°C until used. Preparation of extracts and enzyme 
activity measurements were performed as described in Methods.

Cell Experiment Enzyme activity
pmol / 10®cell / hour

DNA Thymidine Deoxycytidine 
polymerase kinase kinase

LD 1 109.5 1581 262
2 106.0 2274 352

HD 1 21.3 225 123
2 48.4 328 120

LD/HD 1 5.1 7.0 2.1
2 2.2 6.9 2.9
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Table 3. Surface markers on the tonsillar lymphocyte sub
populations
Surface markers were determined shortly after cell separation 
according to (15).

Surface markers (% of cell number) Surface
Cells CD1 CD3 CD9 CD10 CD 19 CD20 CD21 IgG,A,1

LD 1 8 59 68 82 61 72 82
HD 1 51 3 24 11 8 31

DNA synthesis of B lymphocytes is very sensitive to 
araC, a drug widely used for the treatment of acute leukemia 
and solid human tumors. When araC enters the cell it is first 
phosphorylated by deoxycytidine kinase and then by other 
kinases, giving rise to araCTP, the active form of the drug 
(17). AraCTP compete first with dCTP at the level of the 
DNA polymerase (18), and at higher concentrations it incor
porates into the DNA chain (19) causing secondary chromosomal 
aberrations (20, 21).

We can summarize, araC has to be activated by the salvage 
enzymes of CdR, to exert its cytostatic effect on the mammalian 
cells. It is known that the sensitivity of mammalian tumor 
cells against araC is very different. Lymphocyte cell lines 
differ also very much in this sensitivity that can also be 
dependent on the actual stage of the nucleoside salvage of 
the cells (22, 23). This prompted us to investigate the sen
sitivity against araC in B lymphocyte population characterized 
by surface markers as undifferentiated cells.

Fig. 1 shows the effect of araC on [^cjand ̂ 5-^hJ CdR 
and [^H^TdR incorporation into the LD lymphocytes. As it 
can be seen the incorporation of TdR is more sensitive to 
araC than that of CdR-s, but there is also a greate difference 
in the sensitivity of the two CdR-s, labelled in different 
positions. Under the same conditions 1 pM araC
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Fig. 1. Effect of araC on [3h ]t<1R, [14c]cdR and
15- H|cdR incorporation into LD lymphocytes. 
Cells (5xl0^/ml) were labeled for 60 min at 
37°C by [JH]TdR (3 yuM, 148 KBq/ml) , [14cJcdR 
(3.2 yuM, 37 KBq/ml) or [5-3H]cdR (3 yuM,
148 KBq/ml) with indicated concentration of 
araC.

caused 56% inhibition of [34CjCdR and only 13% inhibition 
of [̂ 5-3h] CdR incorporation into DNA. To explain the 
differences between incorporation of the differently labelled 
CdR-s, the possible pathways of this nucleosides are shown 
in Fig. 2.
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CcIR UdR TdR
CELL r t  \\

MEMBRANE <!■-» k in ase  ■+-  1 -» kinase -*— |\

CdR ------ ► UdR TdRIl II II
dCMP dUMP dTMPIl U II

^  nov°.> dCDP dUDP ] dTDPU tl J II
dCTP dUTP dTTP

DNA

Fig. 2. Major pathways of pyrimidin deoxynucleotide 
matabolism.
DA, dCMP deaminase; TS, thymidylate synthase.

One part of CdR finds its direct way into DNA, while an
other part is deaminated and converted to dUMP (or UdR). The
dUMP can be methylated by thymidylate synthase to dTMP and than
incorporated into DNA via the dTTP pool. However if the CdR
has í VI label in the position 5 of the cytosine ring, the |^h 1r 3 T * L Jwill be released as Hj during this interconversion and la
beling in DNA originates only from CdR went directly into 
DNA. In the case of [ 14cJcdR, not only cytosine, but also 
thymine in DNA will become radioactive, since a part of 
[̂ 4cJdCMP can be converted to [44c]dTMP, and be used for DNA 
synthesis. It seems probable that the capacity for conversion 
of dCMP to TMP and utilizing it for DNA synthesis is one of 
the most important factor for the different labeling of 
cells (24).

Table 4 shows the metabolism of ^5-^HjcdR in LD tonsillar 
lymphocytes as a function of CdR concentration. As can be 
seen from the extent of [^H ] -release, at all concentrations 
about 70% of CdR was converted to dTMP, 13-16% of radioac
tivity was incorporated into DNA as [^h ] dCMP, 3-8% was 
present in the soluble [s-^HjCdR pool in the form of nucleo-



168 Spasokukotskaja et al. : DNA synthesis in lymphocytes

Table 4. Metabolism of ^5-^hJccIR in LD tonsillar lymphocytes

Cells (10 x 106/ml) were labeled 30 min at 37°C by [5-3h] CdR 
(148 KBq) at indicated concentrations of CdR. [^Hj -release, 
phosphorylation and incorporation into DNA were measured 
as described in Methods. Radioactivity not bound to DEAE- 
cellulose sheets was calculated as difference between 
total ethanol soluble radioactivity and extent of phosphory
lation.

Jj5-3hJ CdR, fiM 0.2 0.4 0.8 1.6 3.2

activity pmol / 10® cells /hour (%)

£3h ]release (con- 2.5 4.8 8.5 11.9 16.3
version to dTMP) (69.5) (65.8) (71.4) (69.4) (68.2)
Phosphorylation 0.3 0.5 0.6 0.8 0.8
(ethanol soluble (8.3) (6.8) (5.0) (4.6) (3.4)
Ethanol soluble 0.3 1.0 1.2 1.6 3.3
(not bound to (8.3) (13.7) (10.1) (9.4) (13.8)
DEAE-cellulose)
Incorporation 0.5 1.0 1.6 2.8 3.5
into DNA (13.9) (13.7) (13.5) (16.4) (14.6)

Total radioacti- 3.6 7.3 11.9 17.1 23.9
vity in cells (100) (100) (100) (100) (100)

tides, and 8-14% of the total radioactivity taken up by cells 
was incorporated into a substance, determined by HPLC as 
lipodeoxynucleotides (unpublished results). This substance 
presented however 1/3 of the radioactivity not converted 
to dTMP and contained the labelled deoxycytidine. The same 
metabolites of CdR were shown in 3T3 cells (25).

As we have seen the incorporation of [14cJ CdR was about 
twice more sensitive against araC than the incorporation 
of [5-3HjcdR. One can explain this effect, if a definite 
part of araC is also deaminated to araUMP, in the same 
way as CdR is. In this case araC would be converted to araTTP,
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competing with the low dTTP pool of DNA synthesis.
A crucial point of our suggestion is the role of 

thymidylate synthase, which should be responsible for the 
méthylation not only for dUMP but also for araUMP.To switch off 
this step in the cells, the well known inhibitor of thymidylate 
synthase 5-F-UdR (26, 27) was used. The effect of 5F-UdR 
on the incorporation ofpH^TdR, ^^cJcdR and of ^5-^HjcdR 
is shown in Fig. 3. 5F-UdR inhibited only the incorporation 
of CdR and its effect was interrupted by thymidine (date 
not presented).

Following experiment (Fig. 4) shows the inhibitory effect 
of araC on the incorporation of [^HjïdR in the presence of 
1 pM 5-F-UdR, totally inhibiting thymidylate synthase i.e. 
the suggested interconversion of araC into araTTP. No 
synergistic but rather an "extinguishing" effect was observed 
in the presence of the two inhibitor. The inhibition by 
araC was lower in the presence of 5-F-UdR, than in the absence 
of it.

The phosphorylated nucleotides in the ethanol soluble 
pool were analysed on PEI-cellulose sheets after £ 5-^hJCdR 
labeling. As can be seen in Fig. 5, under the experimental 
conditions, the amount of [^H^dCDP andJ^Hj dCTP changed 
negligibly. Similarly, no change was measured in dCTP pool, 
after treatment by 1 pM 5-F-UdR for 3 hours in mouse FM3A 
cells (28). There is a substantial increase in the concentra
tion of the monophosphates, originating from dUMP
(data not presented). We can conclude from these experiments 
that the decrease of araC inhibition in the presence of 
5-F-UdR is not a consequence of the increase in the dCTP 
pool.

Data presented here support our suggestions that the 
interconversion of araC into araTTP may be a very important 
condition for the cytostatic effect of the drug. The sensiti
vity of lymphocytes to araC depends on the normal salvage 
pathway of deoxypyrimidines, which changes during differen
tiation. Previously, the resistance against araC was explained 
exclusively by the presence of dC-deaminase with inactivates
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Fig. 3. The effect of 5-F-UdR on the incorporation of
[3h] t<3R, and [3H]CdR into the DNA in LD tonsillar 
lymphocytes.
Cells (4xl0^/ml) were labeled by [^HJT(îR (3.1 pM, 
148 KBq/ml), [ 14c] CdR (3.2 pM, 37 KBq/ml) or 
[5-3H3cdR (3.3 pM, 296 KBq/ml) for 60 min at 
37°C in the presence of 5-F-UdR in indicated 
concentrations.

the drug. As we know transformed cells are cells stopped 
at different levels of differentiation, containing different 
sets of salvage enzymes which can be the real reason of the 
resistance. The function of the changes of the salvage 
pathways during the normal differentiation process are still 
not known.
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Fig. 4. The effect of araC onpHUTdR incorporation in the 
presence of 5-F-UdR. ,
Tonsillar lymphocytes (LD fraction, 8x10° cells/ 
ml) were labeled by TdR (0.16 jiM, 148 KBq/ml)
in presence of absence of 1 p.M 5-F-UdR and araC 
in indicated concentrations. Values of 10%pHjdTMP 
incorporation were: 5.76 pmoles in the presence 
of 5-F-UdR and 4.08 pmoles in the absence of it.
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Fig. 5. The effect of 5-F-UdR on the phosphorylation 
of [5-3H]cdR.
Lymphocytes were labelled by(_5-3HJ CdR as 
described in Fig. 3. and ethanol soluble super
natant of 2xl06 cells was chromatographed on 
PEI-cellulose plates.
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SUMMARY
Plasma membrane vesicles were purified from roots of 
winter wheat seedlings(Triticum aestivum L. cv. Marton- 
vásári-8) by aqueous polymer two-phase partitioning.
The ATPase activity of vesicles in the presence of Ca 
was independent of but in the presence of Mg depended 
on the EDTA concentration in the ATPase assay. The 
potassium stimulation and vanadate inhibition of the 
MgATPase also depended on the EDTA concentration. 
Consequences of these results are briefly discussed.

Most of the mineral nutrients and metabolites need
energized PM in plants to be taken up by cells, and
energized T to be transported to and stored in the vacuoles.
Energization of the PM in plants occurs predominantly by
a H+-pumping ATPase which 1) is located (embedded) in the
PM, 2) has the ATP binding site on the cytoplasmic side of

2+PM, 3) is activated by Mg (pH optimum about 6), 4) further 
stimulated by K+, and 5) is inhibited by orthovanadate 
(3, 13, 14 ). There is a H+-pumping ATPase also in T which
1) has the ATP-binding site on the cytoplasmic side of T,

2+2) is activated by Mg (pH optimum about 8), 3) further 
stimulated by Cl , and 4) is inhibited by NO^ (9). The 
contamination of a PM preparation by T has often been 
checked by the activity of the NO^ — inhibited MgATPase in 
comparison to the vanadate-inhibited MgATPase activity, and 
vice versa. In this paper, however, it is shown that the
Abbreviations: MES, 4-morpholineethanesulphonic acid; PM, plasma membrane 

(=plasmalemma); T, tonoplast (vacuolar membrane)
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properties of the EM MgATPase greatly depend on the EDTA 
concentration present in the ATPase assay.

Winter wheat seedlings(Triticum aestivum L.cv. Marton- 
vásári-8) were grown in a ten-fold diluted medium of the 
optimal nutrient solution (5) for 10 days. Roots were cut 
and homogenized in 150 mM sucrose, 150 mM KI, 50 mM 
Tris-MES buffer (pH 7.5), 5 mM EDTA and 1 mM dithiothreitol 
(3 ml buffer per gram fresh weight of roots). PM vesicles 
were isolated from the 10,000 g - 27,000 g microsomal 
fraction by aqueous polymer two-phase partitioning (10) 
using the method described in (8). Protein was measured as 
in(2). Samples were stored at -20°C in 25 mM Tris-MES buffer 
(pH 7) no longer than 20 h. The standard ATPase medium 
contained 0.1 mM (NH4)gMo7024, 1 mM NaN^, 25 mM Tris-MES
(pH 6), 0.025 % (w/v) Triton X-100, 3 mM ATP and 0-3 mM EDTA.

2+ 2 +The Ca and Mg activation of ATPase at each EDTA con- 
centration were achieved by addition of as much Ca(N02>2 
and MgS04, respectively,as needed to obtain as high CaATP 
and MgATP concentration as they were present in the assay 
in the absence of EDTA and in the presence of 3 mM Ca(N02>2 
and MgS04, respectively (for calculation see ( 7) ). Vanadate 
inhibition and K+ stimulation of the MgATPase were measured 
in the presence of 0.2 mM orthovanadate and 50 mM K+ (as 
Cl and NC>2 salts), respectively. ATPase activities were 
measured as P^ liberated with 10-15 pg protein in 0.5 ml 
assay volume at 23+2 °C for 30 min as detailed in (2).
Results presented here are from one series of experiments 
but three other experiments from three independent culti
vations gave similar results.

Addition of EDTA to the ATPase assay resulted in about 
30 % decrease of the basic ATPase activity even at 0.1 mM 
EDTA concentration (Fig. 1). Since under similar conditions, 
the surface charge density of PM vesicles from oat roots 
(12) and wheat roots (Bérezi and M«Sller, unpublished results) 
have increased (become more negative), we assume that the 
decrease of basic ATPase activity was due to the chelation 
of divalent cations remained as contaminations on the surface
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2 +of PM vesicles. In the presence of Ca , ATPase activity
was independent of the EDTA concentration, however, in the 

2+presence of Mg , it increased with increasing EDTA con
centration (Fig. 1). Since the concentration of actual

EDTA concentration, m M

Fig. 1. The dependence of ATPase activities (measured
as Pi liberated by ATP hydrolysis) of PM vesicles 
from wheat roots on the concentration of EDTA 
in the ATPase assay. Activity in the absence 
of added ions (+) and in the presence of CafNO^^ 
(o) , MgSC>4 (•) , MgS0 4 and KNO3 (■) , MgSC>4 and 
KC1 (A) , and MgSC>4 and vanadata (x) were deter
mined as detailed in the text. KC1 and KNO3 
concentration was 50 mM and vanadate concentra
tion was 0.2 mM. The CaATP and MgATP concentra
tion was kept constant as mentioned in the text.

substrates (i.e. the CaATP and MgATP complexes) was kept at 
constant level independently of the EDTA concentration in 
the assay, it is concluded that 1 ) there may be two 
ATP-hydrolyzing enzymes present in the PM vesicles, and 2) 
only the MgATPase is influenced by EDTA (or by the substance 
removed by EDTA).
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As seen in Fig. 1, not only the MgATPase but also its 
vanadate inhibition and K+ stimulation depended on the EDTA 
concentration in the assay. The higher the EDTA concentration 
was the smaller the vanadate inhibition of the MgATPase 
occurred. Vanadate likes to form complicated complexes 
with compounds possessing cis-glycol functions and with EDTA 
(11). Thus the decreasing inhibition "capability" of vanadate 
with increasing EDTA concentration in the assay can be ex
plained by the decreasing amount of free vanadate due to the 
complex formation between EDTA and vanadate. The present 
results are in good agreement with our earlier ones (2 ) when 
we could measure considerable vanadate inhibition in the 
1 mM EDTA-containing assay only with 1 mM vanadate. Comparison 
of the earlier and present results shows that equimolar con
centration of EDTA and vanadate in the ATPase assay can result 
in 40+10 % inhibition of the PM MgATPase activity when their 
concentrations are between 0.1-1 mM. These vanadate concentra
tions without EDTA would result in more than 80 % inhibition 
of the PM MgATPase (Fig. 1 and (1, 2, 4, 6 )).

The K+ stimulation of the PM MgATPase activity depended 
not only on the EDTA concentration but also on the kind of 
counter anion present in the assay (Fig. 1). Below about 0.2 
mM EDTA KNC>2 , above that KC1 stimulated better the MgATPase 
activity. The crossing point was around 0.2 mM EDTA in 
three independent series of experiments. These results clearly 
demonstrate that 1 ) not only the cation but also the counter 
anion may play an important role in the stimulation of the 
PM MgATPase, and 2) the estimation of N0^ -inhibited MgATPase 
(if there is) and its comparison with the vanadate-inhibited 
MgATPase depends on how the ATPase activities have been 
measured (i.e. on the assay composition).

In conclusion we are to recommend to use 1) 0.1 mM EDTA 
in all ATPase assays to obtaine the "real" basic ATPase 
activity (the value of this activity influences the value 
of MgATPase activity), 2) 50 mM KC1 and KNO^ to measure the 
K+ stimulation of the MgATPase activity and to see the effect 
of these two critical anions too, 3) 0.2 mM vanadate to de-
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termine the vanadate inhibition of the MgATPase activity, 
and 4) other method than measuring the NO^ -inhibited 
MgATPase activity to check the T contamination in a PM 
preparation.
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SUMMARY
In this paper we report on the observation of two parameters of embryonic muscles which show the functional activity of myofibrillar ATPase activity of embryonic muscles and superprecipitation (SP) of natural actomyosin. Our results indicate that, during the embryonic period, the myofibrillar ATPase activity and the SP of actomyosin significantly increased, the rate of this increase being different for leg and breast muscles.

INTRODUCTION

Functionally important properties of the contractile system of 
developing skeletal muscles were not studied systematically. There are no 
data either for embryonic myofibrillar or postnatal ATPase, except for a 
single work (Drachmán, Johnston, 1973) in which a good correlation 
between an increase of actomyosin (AM) ATPase and the rate of isometric 
tension development during the whole postnatal period of rat muscles has 
been shown. There are no similar data for embryonic muscles in which
Abbrevations
AM = actomyosinMHC = myosin heavy chainMLC = myosin light chainSP = superprecipitationp = m.pectoraliss = m.soleusPLD = m.posterior latissimus dorsi ALD = m.anterior latissimus dorsi Si = SHj-grouptm = the necessary time to the maximum of SP
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changes of myosin heavy chains (MHC) are not observed and embryonic form 
of MHC is observed till hatcing (Takano-Ohmuro et al., 1982). Neverthe
less, the results observed in monoclonal antibody experiments show some 
changes of the primary structure of MHC at the end of this period (Bader 
et al., 1982). On the other hand, there occurs a significant increase of 
the synthesis of myosin light chains (MLC) together with changes in their 
composition, while the value of actomyosin ATPase is known to depend on 
the presence and type of MLC (Wagner, Giniger, 1981; Wagner, Weeds, 
1977).

MATERIALS AND METHODS

Myofibrils were prepared according to Syrovy and Gutmann, (1977). 
Myofibrillar Mg2+ activated ATPase of the chick embryo and adult chicken 
muscle assays contained 5 mM KC1, 20 mM Tris-HCl buffer pH 7.0, 5 mM 
MgCl2, 5 mM ATP.

The samples were incubated with ATP for 30 min at 25°C. Inorganic 
phosphate was determined according to Fiske and Subbarow, (1925). Protein 
concentration of myofibrillar protein was measured by Lowry et al. 
(1951).

The rate and extent of actomyosin SP from the same embryo muscles 
was determined by turbidity as described by Ebashi (1961).

RESULTS AND DISCUSSION

Mg2+ ATPase of chicken myofibrillar protein increased during devel
opment approximately by times and approached the level of ATPase activity 
for adult muscles by the end of the embryonic period (Fig. 1). A similar 
increase (3 times) of natural AM ATPase was observed during postnatal de
velopment of rat fast muscles (Drachmán, Dohnston, 1973). Transition from 
the neonatal isoform of MHC to definitive MHC is observed during the 
postnatal period (Winkelman et al., 1983). There is no evidence for the
dependence of myosin ATPase on age-related changes of MHC. According to
recent data, chicken myosin ATPase and the rate of its activation by
definitive actin are near to the definitive level even at the beginning 
of the embryonic period. The regulatory system of actin filaments forming 
step by step during development is known as an inhibitor of actomyosin
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Fig. 1. Mg2+ ATPase of myofibrillar profein of chick embryo muscleso - breast muscles, • -  leg musclesdays - embryo age, n - number of experiments

ATPase, and Ca-ion as its "derepressor". One of the reasons of the acto- 
myosin ATPase increase during development may be a delay of the synthesis 
relative to that of MLC (Crow et al., (1983). From 12 days of embryonic 
development to the adult stage the relative content of all the alkali MLC 
increased by 6 times. The synthesis of phosphorylated MLC is also 
delayed. The increase of MLC content in rats occurs during the postnatal 
period (Gauthier et al., 1982). Actomyosin ATPase is known to depend on 
the presence and type of MLC its value being significantly decreased for 
the lack of MLC (Wagner, Giniger, 1981). A suggestion that such lack is 
the reason for the low initial level of embryonic myofibrillar ATPase 
observed is also in accordance with the different course of its increase 
for the two groups of muscles. It was shown recently that at 12-19 days 
of chick embryo development, changes of composition of MLC are observed, 
which in presumptive fast and slow muscles gradually approached the cor
responding definitive types, but with different speed for the two muscle 
types (Crow et al., 1983; Toutant et al., 1983). In our study, the myo
fibrillar ATPase of leg muscle increased in just the same period. The



determination of ths MLC composition also indicates that in slow muscles 
MLC rapidly approaches the definitive type from the 12th to 18th day and 
for the fast muscles this period falls within the 14th-21st days. On the 
8th day MLC compositions of both muscle-myosins are identical (Toutant et 
al., 1983). The rate of myofibrillar ATPase increase for the two groups
of muscles in our experiment is in accordance with these data (Fig. 1). 
Changes of SP of AM of embryonic muscles during their development reveal 
the same peculiarities as demonstrated for myofibrillar ATPase. The SP 
values (fiE) which indicate the reciprocal affinity of AM proteins and the 
time of clearing and increase of turbidity dependent on ATPase activity 
are similar or nearly the same for m.pectoralis and m.soleus on the 8th 
day of embryonic development. The following changes of these parameters 
with age differ significantly for the two muscles, for the first one (m. 
soleus) AE increases less than for the second one (m.pectoralis). 
Beginning from the 12th day the rate of this increase slows down and AE 
approaches the maximal level (Table 1, 2, Fig. 2). For m. pectoralis, on 
the contrary, the rate of AE increases more rapidly with age, especially

Table 1. The value (AE) of fast SP of chick embryo muscles and the rate of its increase during development

184 Kalcmhxpova et ál.: Cçntraati lity of elviek embryo musai es

Age ofembryo,days
m. soleus m. pectoralis ÄEP

AEoptical density (O.D.)

Mean increase of AEduring 1 day E.D.x 103

AEO.D. Mean increase of AEduring 1 day O.D. x 103

AES

8 0.180
14.8

0.180
18.7

1.0

12 0.239
8.0

0.255
15.4

1.07

15 0.263
4.2

0.301
22.3

1.15

19 0.280 0.390 4.40
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Table 2 Slow SP of chickembryo muscles and the rate of its increase

Age ofembryo,days
AEoptical density (O.D.)

m. soleus m. pectoralis ts
tsM
min

‘m8
min

tP

*M19 ‘m19
8 0.10 18 2.25 16 5.3 1.13
12 0.18 15 12 1.25
15 0.22 12 6 2.0
19 0.28 8 3 2.66

m. sole us m. pectoralis

p 660nm 
11cm

p660nm
1cm

Fig. 2. The rate of fast SP of chick embryo muscle actomyosinss. - m.soleus, p. - m.pectoralis, figure - embryo age
after the 15th day. It is known (Crow et al., 1983) that, beginning from 
the 16th day in the fast muscle, the synthesis of the second type of 
alkali LC:LC3 starts. The same differences are also shown for tm the de
crease of which indicates an increase of ATP hydrolysis and rise of tur
bidity suspension mixture. The changes of fiE and tm , as well as the data 
of myofibrillar ATPase, probably reflect the approach of "contractile"



and enzymatic activities of AM of m.soleus to the definitive level. The 
chicken myosin AM ATPases for adult fast m.PLO is higher for the same ac
tivities for slow m.ALD respectively 3 and 6 times (Mártson, Taylor, 
1980). The high level of AM ATPase probably results from higher affinity 
of myosin heads to actin and the higher rate of ADP removal from AM. Not 
the mutual affinity of the protein complex was determined, but the 
constant of direct rate of SI association of pure and bound with deriva
tives of ATP hydrolysis with rabbit actin. This constant turned out for 
m.PLD respectively 4 and 5 times higher than for m.ALD. Hence one can 
suppose that the binding constant, i.e. the affinity of actin binding of 
myosin center to actin, is higher for fast muscle. Perhaps, this differ
ence, independent of the ATPase site, is conditioned by the MLC type. So, 
we suggest that the increase of myofibrillar ATPase and of the SP value 
and differences in the course of this increase observed for different 
muscles are due to peculiarities of MLC synthesis. Another possible 
factor of the age changes are the properties of embryonic actin its 
affinity to myosin, and the ability to activate myosin Mg2+ ATPase. There 
are no experimental data on the properties of embryonic actin as yet.
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ANALYSIS OF TRITON X-100 INSOLUBLE PROTEINS OF HUMAN CHORIONIC AND 
AMNIOTIC TISSUES WITH SPECIAL EMPHASIS ON INTERMEDIATE FILAMENTS

Ildikó Mestyán, Miklós Kellermayer, Wolfram Roger, Beata Mezőfi

Department of Clinical Chemistry, University Medical School of Pécs,Hungary
(Received March 22, 1988)

SUMMARY
The intermediate filament composotion of the chorionic villi of the human full-term placenta and that of the amniotic sac was analysed. The analysis of the protein pattern of the Triton X-100 resistant tissue residues on SDS-polyacrylamide gel did not help us in intermediate filament identification because of the protein heterogeneity of the samples. The in vitro polymerization-depolymerization of the detergent resistant tissue proteins did not result in considerable enrichment of the intermediate filament proteins either. The direct immunological identification done by immunoblotting electrophoresis on the detergent resistant tissue residues, revealed that vimentin and cytokeratins were synthetized in detectable quantities in the human extraembryonal tissues.

INTRODUCTION

Intermediate filaments, microtubules and microfilaments are ubiqui
tous elements of higher eukaryotic cells. Unlike microtubules and micro- 
filaments, the intermediate filament subunits express tissue specific 
heterogeneity. The five subclasses of the intermediate filament proteins 
that become expressed in the basic tissue types developing from the germ- 
layers in the embryo have been thoroughly examined and well characterized 
(Franke et al., 1981; Lazarides, 1982; Osborn et al., 1981; Osbors, 
Weber, 1982). Less characterized is, however, the intermediate filament 
pattern of the extraembryonal tissues that also develop from the fer
tilized oocyte. Although the intermediate filament proteins of individual 
placental cell types have been studied (Truman, Ford, 1986a; Truman, 
Ford, 1986b; Regauer et al., 1985). the characterization of the inter
mediate filament pattern of the entire extraembryonal tissue mass is

Akadémiai Kiadó, Budapest



188 Me sty ón et al. : Proteins of some human embryonic tissues

still missing. The question is, whether all intermediate filament subunit 
types are expressed in the placenta like in the fetus, or the intermedi
ate filament repertoir is restricted to few subunits.

In our present experiment we examined the chorionic tissue of full- 
term human placenta and the amniotic membrane separately. The result of 
the immunoblotting electrophoresis indicated that vimentin and cyto- 
keratins were synthetized in detectable quantities both in the chorionic 
tissue and in the amniotic membrane.

MATERIALS AND METHODS

Reagents
DNA-ase (type II.) and diaminobenzidine were obtained from Sigma, 

ultra pure urea from Serva, beta-mercaptoethanol from Loba Feinchemie, 
bisacrylamide from BDH Chemicals, phenylmethylsulfonylfluoride (PMSF) 
from Boehringer, Mannheim. Kit of monoclonal antibodies against 
intermediate filament subunits (RPN 1111) was purchased from Amersham, 
monoclonal antibodies against neurofilament 200 kDa from Labsystems and 
peroxidase-conjugated anti-mouse antibody from DAKO. Other reagents used 
were of analytical grade and obtained from Reanal, Hungary.

Tissues
Full-term human placentae were obtained from normal deliveries. The 

chorionic tissue of the placenta and the amniotic sac were dissected in 
ice-cold water containing PMSF in 0.1 mMolar concentration. The blood was 
washed out as far as it was possible in several cycles of the same 
solution. When the isolation procedure could not be started right away 
the pre-cut and pre-washed tissue pieces were stored at -20°C, but no 
longer than 24 hours. Normal human blood was also collected and pooled.

Isolation of intermediate filament proteins
Tissue extraction was performed using the modified procedures 

described by Starger et al. (1978) and Zackroff (1979). The tissue pieces 
were homogenized in a solution that consisted of 20 mM Tris, 0.6 M KC1, 
10 mM MgCl2 1 per cent Triton X-100 and 0.1 mM PMSF (pH 7.0). The homo
genate was treated with DNA-ase in 0.5 mg/ml concentration for 15 minutes 
at 4°C. The resulted pellet was resuspended and rehomogenized in the
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Fig. 1. N aD odS 04/PAGE analysis o f the Triton X -100 resistant resi
dues of the amniotic membrane (A), chorionic villi (Ch) and clotted

blood (B)

Fig. 2. N aD odS 04/PAFE analysis o f the chorionic proteins obtained 
from consecutive polymerization -  depolymerization: lane 1, Triton 
X -100 insoluble tissue residue; lanes 2 and 3, urea soluble and insol
uble fractions o f the Triton X-100 resistant sample; lanes 4 and 5, 
insoluble and soluble proteins in potassium -free buffer; lanes 6 and 7, 

insoluble and soluble proteins in potassium -containing buffer



Fig. 3. Interm ediate filament identification done on the Triton X -100 
resistant samples of the chorionic tissue (a) and amniotic membrane 
(b): protein patterns on the left; strips 1-6, immunoblots with a n ti-  
vimentin (1), a n ti—cytokeratin (2), anti-desm in (3), an ti-G F A P  (4), an ti
neurofilament 68 kDa (5), anti-neurofilam ent 220 kD a (6) antibodies



Fig. 4. Immunoblotting electrophoresis o f the Triton X -100 resistant 
residues o f the chorionic tissue (Ch) and clotted blood (B): from left 
to right: protein patterns, im munoblots with anti-vim entin and anti-cy- 

tokeratin antibodies



Fig. 5. Effectiveness of consecutive polymerization- depolymerization 
in the isolation of vimentin (a) and cytokeratins (b) from chorionic 
tissue: protein patterns of the Triton X -100 resistant residues on the 
left, lanes 1-7, immunoblots o f the Triton X -100 resistant residue (1), 
the urea soluble and insoluble fractions (2,3), insoluble and soluble 
fractions in potassium -free (4,5), and in potassium -  containing (6,7) 

buffers. Note the immunreactions at around 120 kD a
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above buffer three times. The homogenization and the subsequent extrac
tion steps were performed at 4°C. The final pellet was dissolved in an 
intermediate filament dissociating solution consisting of 20 mM Tris, 8 M 
urea, 5 mH EDTA and 25 mM beta-mercaptoethanol (pH 7.0). The slurry sus
pension was stirred for 3-4 hours at room temperature, then cleared first 
by centrifugation at 2000 g for 30 minutes at 20°C. In order to remove 
the rest of the insoluble particles the supernatant was further spun at 
100 000 g for 1 hour at 20°C. The final supernatant was carefully with
drawn and divided into two parts for dialysis against two different 
repolymerizing solutions composed of a.) 20 mM Tris, 5 mM EDTA, 25 mM 
beta-mercaptoethanol (pH 7.0). b.) 20 mM Tris, 150 mM KC1, 5 mM EDTA, 25 
mM beta-mercaptoethanol, (pH 7.0). After 12 hour-dialysis against two 
cycles of the above solutions the precipitated proteins were collected by 
100 000 g centrifugation for 1 hour at 4°C. For electrophoresis the 
samples were prepared in the following way: a.) the pellets were 
dissolved in a solution containing 5 per cent SDS and 8 M urea, b.) the 
supernatants were dialysed against the same solution. Before the electro
phoretic runs the samples were diluted with a "sample buffer" containing 
5 per cent beta-mercaptoethanol, 3.3 per cent SDS, 8 M urea and glycerin 
to equalize the protein concentrations to 1 mg/ml then heated for 3 
minutes at 100°C and centrifuged at 100 000 g for 1 hour with a Beckman 
"Air Fuge" centrifuge.

Electrophoresis and immunoblotting
The separation was performed on SDS polyacrylamide linear gradient 

slab gel of 6-13 per cent concentration by a modified Laemmli-method 
(Laemmli, 1970; Ogita, 1979). Immunoblotting was done by the modification 
of the method described by Towbin et al. (1979): following transfer elec
trophoresis the nitrocellulose membrane was incubated in a TBS buffer 
consisting of 0.25 per cent gelatin in 0.05 M Tris-HCl (pH 7.4). 0.15 M 
NaCl. The same buffer was used for dilution of immunsera but the membrane 
washings were done with gelatin-free TBS. Diaminobenzidin was used for 
visualization. We did not find non-specific binding of mouse serum 
proteins and second antibody to the proteins examined in our experiment.
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RESULTS

Comparing the detergent (Triton X-100) resistant protein patterns of 
the chorionic villi and the amniotic membrane several protein bands were 
similar, but a band at 83 kDa and a few others in the higher molecular 
weight region showed significant differences (Fig. 1). The abundance and 
heterogeneity of the detergent resistant proteins prevented us from re
cognizing the individual intermediate filament subunits on the stained 
electrophoretogramms. It also seemed worthwhile to analyse the Triton X- 
100 resistant protein pattern of the clotted blood because as a 
"contaminant" a variably large quantity of blood is always present in the 
placenta. It was found that several protein bands mainly in the lower 
molecular weight region were localized in the same position in the blood 
and tissue samples, but the 83 kDa protein characteristic for the amnion, 
and several others in the higher molecular weight region were completely 
missing from the detergent resistant sample of the clotted blood (Fig. 
1) .

In the second series of experiments the detergent-resistant protein 
structures of the chorionic tissue were depolymerized and repolymerized 
before electrophoretic analysis. 8 M urea solubilized many proteins, but 
a large fraction of the detergent-resistant proteins remained insoluble 
(Fig. 2. lanes 2,3). When the urea-soluble fraction was dialysed against 
a low-ionic strength buffer and also against a 150 mMol KCl-containing 
buffer certain protein insolubilization occurred. The electrophoretic 
comparison of the soluble and insoluble proteins of these dialysates 
showed no characteristic enrichment of any fraction and the individual 
intermediate filament subunits remained indistinguishable on the stained 
gels (Fig. 2. lanes 4-7).

Anti-vimentin and anti-cytokeratin decorated more than one protein 
fractions of the detergent resistant amniotic and chorionic tissue 
residues, anti-desmin, anti-glial fibrillar acidic protein and anti- 
neurofilament antibodies did not give positive reaction with any of the 
protein bands (Fig. 3 a,b). The clotted blood sample showed anti-vimentin 
positivity (Fig. 4).

It was interesing to find that 8 M urea completely solubilized 
vimentin from the detergent resistant tissue residue (Fig. 5a. lanes 
2,3), but some of the cytokeratin remained in the 8 M urea-insoluble
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fraction (Fig. 5.b. lanes 2,3). The dialysis of the urea-soluble proteins 
against low-ionic strength and 150 mM KCl-containing buffers resulted in 
partial insolubilization of the intermediate filament subunits: anti- 
cytokeratin and anti-vimentin positivities were observed in the soluble 
and insoluble fractions (Fig. 5. a,b. lanes 4-7).

DISCUSSION

In the last few years immunohistochemical and analytical studies 
were performed' to analyse the protein and particularly the intermediate 
filament pattern of isolated and cultured placental cells (Truman, Ford, 
1986a; Truman, Ford, 1986b; Regauer et al., 1985). Although these studies 
are quite informative on the specific cytoskeletal elements of individual 
cells, the overall intermediate filament composition of the entire 
placental tissues is still missing. In the present study two major 
components of the human full-term placenta, i.e. the chorionic villi and 
the amniotic sac were analysed.
Collected clotted blood was also subjected to analysis. Direct 
immunological probing of the electrophoretically separated proteins 
revealed that vimentin and cytokeratin subunits were present in 
detectable quantities in the tissue samples. There was no reaction with 
anti-glial fibrillar acidic protein, anti-desmin and anti-neurofilament 
antibodies. As vimentin could also be demonstrated in the extracted blood 
samples the contribution of blood cell vimentin to the tissue positivity 
is quite probable. It is notable that several bands were decorated with 
anti-vimentin and the molecular weights of these bands were somewhat 
lower than that of the vimentin subunit. As chelating agents were not 
included in the PMSF-containing extraction buffer, the multiple bands 
might have been vimentin degradation products due to calcium activated 
proteolysis.
The cytokeratin subunits of higher molecular weight found in isolated 
amnion epithelial cells by Regauer et al. (1985) were missing from our 
tissue extracts probably for the reason of the mono-specificity of the 
antibody used in our experiments.

The conditions of the protein assembly-disassembly techniques used 
for isolation of intermediate filaments from cultured cells (Kellermayer, 
Jobst, 1975; Cooke, 1976; Lasarides, Hubbard, 1976; Small, Celis, 1978;



Steinert et al., 1982; Steinert et al., 1981), did not give satisfactory 
result in case of our placenta samples. The electrophoretic analyses of 
the samples revealed that almost all of the Triton X 100 resistant tissue 
proteins disassembled in the presence of 8 M urea and consequently 
insolubilized in both potassium-free and potassium-containing buffers. 
None of the intermediate filament proteins could be recognized on the 
electrophoretograms of the assembly-disassembly samples.

The immunoblotting technique, however, revealed that the urea 
solubilization was effective in removal of vimentin from the detergent- 
resistant tissue residues. On the other hand, cytokeratins were partially 
solubilized at this particular urea concentration: positivity was found 
in the urea-soluble and urea-insoluble fractions. This finding is in 
agreement with that of Franke et al. (1983) who showed that certain 
cytokeratin oligomers dissociate at a urea concentration as high as 9.5 
Mol. The immunreactions also indicated that the conditions set up for 
intermediate filament reconstitution from the urea-soluble fraction were 
not optimal. Although vimentin and cytokeratins were pelleted in both 
potassium-containing and potassium-free buffers, still considerable 
amount of the subunits remained soluble in these media. The positive 
immunreaction around 100-120 kDa was probably given by undissociated 
protein complexes (Fig. 3).

In conclusion, cells of the full-term placenta contain cytokeratins 
and vimentin subunits. It is worthwhile to note that desmin originating 
from the smooth muscle cells, was not present in detectable quantity. Our 
experiments do not allow us to decide whether vimentin and cytokeratins 
are synthetized in different placental cell types or in certain cells 
they are co-expressed. Although there are studies indicating vimentin and 
cytokeratin co-expression in endodermal cells of early embryonal 
differentiation (Laue et al., 1983), it is still controversial (Regauer 
et al., 1985), whether the same phenomenon can exist in the full-term 
placenta.
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SUMMARY
The Aspl02-carboxylate negative charge of the trypsin catalytic-triad has been substituted in part by Cl- counter-ions. A His57-imidazolium cation and Serl95-tetrahedral oxyanion ionpair generated in the acylation step of catalysis is stabilized by the negative charge of Aspl02. The importance of correct location of this negative charge has been investigated by experimental analysis of the NaCl influence on the acylation-rate of trypsin, as well as by electrostatic potential calculations. The acylation-rate was determined with stopped-flow technique under pseudo-first order conditions, by using 4-nitrophenyl-4'-guanidinium benzoate active site titrant at pH 4.25Í0.04, in an unbuffered solution of X=0 or 0.5 M NaCl. The acylation-rate constants, Zc2, are: kH g=0.3210.02 s--*- and fc|̂aCi=3.5l0.5 s , and they correlate to 8-trypsin (the most rapid single-chained form of the enzyme).The rate increasing effect of NaCl, together with the calculated electrostatic energies, indicate that the negative charge contribution of the Aspl02-carboxylate to the stabilization of the imidazo- lium cation and tetrahedral oxyanion intermediate is larger of more orders, than that of the Cl- counter-ion, located in a less favourable position.

INTRODUCTION

In the acylation step of catalysis, an imidazolium cation and tetra
hedral oxanion ionpair is evolved between the carbonyl-group of substrate 
and the Aspl02-His57-Serl95 catalytic-triad of serine proteases (Polgár, 
1972; Robertus et al., 1972). This intermediate is stabilized by the 
negative charge of Aspl02 side-chain carboxylate resulting in a - + - 
symmetrical charge distribution (Polgár, 1972; «oilman, Hayes, 1981; 
Náray-Szabó et al., 1982). The crucial importance of the Aspl02- 
carboxylate in the intermediate stabilization was revealed on an "all or
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none" basis, i.e. a dramatic activity decreasing effect of an aspartate — 
asparagine change of the trypsin catalytic-site was proven by electro
static potential calculations (Náray-Szabó, 1983) as well as by site- 
directed mutagenesis (Craik et al., 1987). The decisive role of correct 
orientation of this negative charge has, however, not yet been eluciated.

To find out how far this charge can be substituted with an outer 
counter-ion located in different positions, we used Cl" ion as an Aspl02- 
carboxylate mimic. As the modification of the buried carboxylate is not 
possible by chemical reagents, the protonation seemed to be the appropri
ate tool to suspend this negative charge. Our experiments were carried 
out without the application of any buffer, at the pH value (4.2510.04) of 
the trypsin solution, which means a protonation of about ten per cent of 
the Aspl02-carboxylates. The individual acylation-rate constant, k2, was 
detected by stopped-flow technique using 4-nitrophenyl-4'-guanidinium 
benzoate in J=0 or 0.5 M NaCl solution. This active-site titrant is a 
proper tool for detection of the individual acylation-rate constant, as 
giving a fast acylation and a very slow deacylation rate for the trypsin 
active-site (Chase, Shaw, 1967).

The k2 rate constant correlates to the minimal mechanism of serine 
protease catalysis (Bender, Kézdy, 1965), as it is partly depicted in 
Scheme 1 and designated with the usual symbols.

Ks k2
E + S ES - ES' + P: (1)

MATERIALS AND METHODS

Materials.
Analytical quality reagents and ELGA water were used. No organic 

impurity was indicated in NaCl as tested by HPLC chromatography. Bovine 
type trypsin (EC 3.4.21.4) was a twice recrystallized Worthington or 
Sigma preparation. The active enzyme content of the trypsin preparations 
was around 65 per cent.

Methods.
The transmission decrease on acylation by the 4-nitrophenyl-4'-
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guanidinium benzoate titrant was monitored in a Durrum D-110-type rapid- 
mixing stopped-flow spectrophotometer at 348 nm isobestic wavelength) and 
27.0°l0.3°C. The spectrophotometer was equipped with a 2 cm observation 
chamber and an oscilloscope. For calculations, a molar absorption 
coefficient of 5400 M’-'-cm--'- was used for p-nitrophenol and p-nitro-
phenolate. The stock solutions of 2.5-3.0 mgml- -̂ trypsin in water and 2.0 
rngml--*- titrant in dimethylformamide were kept in ice-water until their 
use. One syringe of the stopped-flow machine contained the enzyme 
solution while the other one contained the titrant diluted 17 times in 
water or 1 H NaCl. No hydrolysis of the titrant could be detected in the 
enzyme-free control experiment. The solutions were unbuffered and the pH 
4.2510.04 value of the mixed sample was controlled after each experiment.

The absorbance vs. time curves obtained from transmission were 
fitted to first order kinetics by a computer program, which separated the 
data into two theoretical first order curves by subtracting the slower 
part from the rapid initial part of the curve and then the faster part 
was analyzed separately. The amount of 0-trypsin was determined from the 
initial part of the absorbance curve amplitude and it was compared with 
the active enzyme content.

Spectrofluorimetric measurements were carried out with an unbuffered 
trypsin solution at a 10 times greater dilution as applied above. 
Fluorescence anisotropy and spectra were detected at 27°C in a Photo
physics Applied SP 3 spectrofluorimeter, using a 10 mm cuvette. The exci
tation wavelength was 296 nm and the emission spectra were registered in 
the 300-400 nm range. Calculation methods of fluorescence anisotropy 
values are given elsewhere (Ovádi et al., 1982) using excitation of 296 
nm and emission of 340 nm.

Electrostatic Potential Calculations.
Electrostatic potential calculations were performed using the bond 

increment method (Náray-Szabó, 1979; Ángyán et al., 1988). We constructed 
a model of the enzyme at acidic pH containing the catalytic triad, His57, 
Aspl02 (both in protonated form), Serl95 (built in tetrahedral inter
mediate), the negatively charged tetrahedral intermediate with an Ala- 
Lys-Ala tripeptide as substrate and the protein environment including 
residues Ilel6, Cys58, AsnlOO, AsnlOl, Ilel03, Metl04, Aspl89, Serl90, 
Cysl91, Glnl92, Glyl93, Aspl94 and Ser214. This system contains three ion



pairs, namely His57 and the tetrahedral intermediate, Aspl89 and Lys of 
the substrate and Aspl94 and the N-terminus, Ilel6. Three-dimensional 
coordinates were taken from Warshel and Sussman (1986) who started from 
the X-ray crystallographic data of g-trypsin and optimized the geometry 
of the whole protein in the tetrahedral intermediate form by their 
empirical valencebond method. Lone-pair orientations, needed for the 
electrostatic potential calculation, were generated by the computer 
graphics program of Henkel and Clarke (1985). Our model is depicted in 
Fig. 1.

198 Vajda, Ndray-Szabó: Counter ions in trypsin acylation

Fig. 1. Computer generated geometric model of the active site of trypsin with the tetrahedral intermediate (Ala-Lys-Ala substrate). Most probable location of the Cl- counter ion is indicated by a square. Cartesian coordinates in the coordinate system of Warshel and Sussman (1986), that is almost equivalent to that of the Protein Data Bank are (1336, 7485, 2241) (in pm)
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To determine the possible location of the Cl ion we calculated the 
potential on the Ser214 side of the imidazolium plane of His57, since we 
had found some free room here. The maximum positive potential, 246 kJ 
mol--*-, outside the van der Waals volumes of the neighbouring residues was 
found in the position indicated in Fig. 1. The interaction energy between 
the counter-ion and the tetrahedral intermediate was calculated by using 
the simple monopole approximation. Atomic net charges were obtained from 
CNDO/2 semiempirical calculations using a geometric model including all 
atoms of the ionized side chain of His (C3N2H*) and the HjCOCCH^CHj 
moiety for the tetrahedral intermediate.

RESULTS AND DISCUSSION

The fluorescence emission spectra (maxima around 340 nm), as well as 
the fluorescence anisotropy values have been found identical in water and 
NaCl solution. This points to the lack of conformational change indicated 
by fluorescence of the Trp215 residue of the primary binding-site. 
Nevertheless, some NaCl induced conformational change of active-site, not 
involving the Trp residue, cannot be excluded. These results may 
correlate to the free enzyme, and a conformational movement in the 
Michaelis-complex (ES) and/or in the transition-state of the acylation- 
step should also be considered. However, on account of the more rigid 
structure of the mentioned forms as compared to the free trypsin 
molecule, these possibilities seem unlikely. Our stopped-flow results, 
together with a published rate constant (Hruska et al., 1969), are 
presented in Table 1. It can be seen, that the value from the literature 
is quite similar to our value, despite the slightly different conditions 
(0.1 M acetate buffer).-
As our data show, the NaCl effect on the acylation-rate constant is a one 
order increase. However considering that our experiments have been 
carried out at a pH of 4.25ÍD.04 instead of more acidic conditions, it 
can be presumed that only about ten per cent of the Aspl02-carboxylates 
is in protonated form, with a carboxyl-group of a p ^  of 3 (Markley, 
Ibanez, 1978). This, in turn, means that an effect of around two orders 
of rate increase is to be expected for the fully protonated form. 
Nevertheless, to conduct experiments at pH<4 a buffer is needed and only 
a very low trypsin activity can be anticipated (Antonini, Ascenzi, 1981).
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Table 1. Pre-steady-state acylation-rate constant of trypsin3

INaCl k2 8-TRc
M s“1 %
0 0.3210.02 52-60

0.21e* 59
0.5 3.510.5 53-57

aTitrant: 4-nitrophenyl-4'-guanidinium benzoate. 18xlO-^M titrant/4xl0--ty| trypsin (active enzyme) were used in an unbuffered system at pH 4.2510.04 and 27.0°lű.3°C. The very small contributions of the titrant or the enzyme were not considered in the ionic strength.
^The values were determined in a Durrum stopped-flow spectrophotometer at 348 nm and refer to g-trypsin. The data and IS.E. are mean values of six determinations.
cThe per cents were obtained from the rapid initial part of the curves and are calculated on active trypsin.
^Literature value, determined at pH 4.0 in 0.1 M acetate buffer (Hruska et al., 1969)

Besides the influence of Cl- ion on the catalytic-site, the binding 
of Na+ cation to the Aspl89-carboxylate of the substrate binding pocket, 
according to our steady-state experiments seems unlikely (Vajda, Náray- 
Szabó, 1988). As it has been shown by the kc/Km constants of the trypsin- 
catalyzed hydrolysis of N^-benzoyl-L-arginine methyl ester substrate 
(traced at pH 6-8), the slight inhibiting effect of 0.5 M NaCl appears 
only at pH exceeding 6.5.

The calculated electrostatic stabilization energy of the tetrahedral 
intermediate coming from the negative counter ion is 90 kJ mol--'-. This 
may variates only by 15 kJ mol--'- when the position of the counter-ion is 
shifted from that indicated in Fig. 1 by 50 pm in various directions. In 
reality, the above stabilization energy should be considerably smaller, 
since the counter ion comes from bulk water, therefore it has to be 
dehydrated first to enter the His57 site. The stabilization effect may be 
responsible for the observed rate acceleration. We calculated the sta
bilization energy for another situation where the Aspl02 side chain is
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deprotonated, i.e., bears a full negative charge. Replacing this side 
chain by a negative point charge located at the Cy position, we obtained 
146 kO mol“-*- for the stabilization energy of the tetrahedral inter
mediate. This is considerably larger than the stabilization due to the 
counter ion in the position in Fig. 1. The difference between the two 
values is in agreement with the observation that the activity of the 
Asnl02 mutant trypsin is by four orders of magnitude more reduced, as 
compared to the wild type (Craik et al., 1987), than in our case where 
the counter-ion is located in a less favourable position.

CONCLUSIONS

As our experimental results and electrostatic stabilization energy 
calculations suggest, the Aspl02-carboxylate of the catalytic-triad 
controls the efficiency of trypsin catalysis by two routes. These are:
(1) an assistance in stabilization of the imidazolium cation and 
tetrahedral oxyanion zwitterion, as evolving in the transition-state and
(2) an orientation effect on the imidazol-ring throughout the catalytic 
reaction. According to our results, these effects can be substituted only 
in part by an outer counter-ion located in a less favourable position.
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BOOK REVIEWS

GUIDELINES FOR THE RELEASE OF WASTE WATER FROM NUCLEAR FACILITIES WITH 
SPECIAL REFERENCE TO THE PUBLIC HEALTH. SIGNIFICANCE OF THE PROPOSED 
RELEASE OF TREATED WASTE WATERS AT THREE MILE ISLAND. NCRP Commentary 
No.4., National Council on Radiation Protection and Measurements, 
Bethesda, USA, 1987, pp.22

The first major nuclear reactor accident of nuclear power plants at 
Three Mile Island has intensified the concern of society to safety 
aspects of nuclear industry and it has initiated national and 
international investigations to the environmental routes and health 
effects of radionuclides released accidentally from nuclear facilities. 
That was the first time when estimations could be made on real 
measurement data and not only on models based on supposed amounts of 
pollutants. Since then an other tragic event, i.e. the nuclear reactor 
accident in Chernobyl, provided the second "exercise" which put into 
motion radiation protection services almost all over the world to monitor 
radioactivity in the environment. Therefore, the Commentary No.4. of the 
NCRP on one aspect of environmental pollution by radionuclides, i.e. 
through waste waters, was issued timely in May 1987.

The thin booklet of 22 pages provide preliminary evaluations, 
exploratory studies or extensions of previous reports on the topic. It 
represents the NCRP's response to the call of the Nuclear Regulatory 
Commission, US, for comments on proposals for disposal of waste water of 
the Three Mile Island (TMI) nuclear power plant. Despite of this 
emphasis, some aspects presented in the report have a general character. 
Accordingly, the main problems covered are the status of accident 
generated waste water at the TMI, options for the treatment of tritiated 
waste waters, tritium - physical and chemical properties, environmental 
transport and pathways of exposure, dosimetry, dose equivalents resulting 
from release of tritiated waste water, and last but not least health 
effects.

In this latter aspect, the total effective dose equivalents 
resulting from atmospheric and surface water releases were estimated to 
be 6 and 0.12 / jSv , respectively. On the basis of the current risk
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estimates of the International Commission on Radiological Protection 
(ICRP) the life-time risk plus severe genetic risk to the most highly 
exposed hypothetical individual is appr. 10  ̂ for atmospheric and 10 ^ 
for surface water releases. Both are negligible as for comparison, it is 
mentioned that this risk is below the risk associated with one day of 
natural background radiation.

The short commentary reflects the approach and philosophy of 
contemporary health physics on a well-legible way. Therefore, it is 
recommended to read not only to professionals of radiation protection but 
to all who are interested to reveal health effects of environmental 
pollution, radioactive or other.

G.J. Köteles

GENETIC EFFECTS FROM INTERNALLY DEPOSITED RADIONUCLIDES. NCRP Report 
No.89., National Council on Radiation Protection and Measurements, 
Bethesda, USA, 1987, pp.48

There is an increasing interest of the society for any biological 
effect of ionizing radiations including the genetic effects from 
radionuclides deposited in the organism. Plenty of questions were asked 
after the Chernobyl accident concerning health effects, fertility and 
perspectives in gravidity or - though it is not genetic problem - the 
possible fate of a foetus. Therefore, the Report No.89 of the National 
Council on Radiation Protection and Measurement was very timely when 
issued in August 1987. As it is pointed out, genetic effects of ionizing 
radiations are known since 60 years from experimental systems like cell 
cultures or Drosophila flies. No human populations, including the 
Japanese survivors of atomic bombing, have been identified so far with 
burdens of internally deposited radioactive materials which had been 
shown to produce evidence of transmissible genetic damage. Thus, the only 
purpose of this short report of 30 pages is to update information 
available from animal and cellular experiments that relates genetic 
effects to certain dose levels of incorporated radionuclides, with 
special emphasis on the comparison of effects of internal radiation 
sources and of those external to the organism.
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The chapters deal with the most relevant data of literature based on 
more than 80 references. Among the low-energy beta emitters, the tritium 
and carbon-14 are put into the focus. The high-energy beta-gamma emitters 
are represented by the sodium-22, stroncium-90 and cerium-144. Somewhat 
more detailed information is given for alpha-emitting nuclides with 
special reference to the plutonium-239. Besides the effects on gonads, 
cytogenetic damages of somatic cells, e.g. peripheral lymphocytes, as 
well as of reproductive tissues are described. Specific locus mutations 
of murine males have been identified in large series of experiments. As a 
main conclusion, it is stated that all the data seem to suggest that 
there is little evidence for a unique genetic hazard from internally 
deposited radioactive material which would not be predicted by external 
exposure studies.

The publication is very well-edited, it is easy to conceive its main 
messages both for professionals in radiation protection and educated 
laymen. The clear description of phenomena as well as the substantial 
Table I summarizing the induction of mutations in vitro and in vivo by 
exposure to ionizing radiation make this booklet also an excellent 
reference in courses for undergraduates of medicine and biology.

G.J. Köteles
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THE DIFFERENT MECHANISMS OF PROTEASE ACTION HAVE A BASIC 
FEATURE IN COMMON: PROTON TRANSFER FROM THE ATTACKING 

NUCLEOPHILE TO THE SUBSTRATE LEAVING CROUP
L. Polgár

Institute of Enzymology, Biological Research Center, Hungarian 
Academy of Sciences, P.O.Box 7, Budapest, Hungary H-1502

(Received May 3, 1988)

SUMMARY
The catalytic machineries of serine, cysteine, aspartic 
and zinc proteases are considerably different. It is 
pointed out in the light of most recent results that, 
in spite of the differences, the basic catalytic feature 
of the four types of proteases is common. They all possess 
a proton carrier (imidazole, carboxylate ion or carboxyl- 
carboxylate diad) which conveys the proton from the at
tacking nucleophile to the leaving group of the substrate. 
This uniform strategy facilitates both the formation and 
the decomposition of the tetrahedral intermediate, and 
renders regeneration of the enzyme simple.

Nature has developed four types of catalysts for cleaving 
the peptide bond. These are the serine, cysteine, aspartic and 
metalloproteases. The mechanisms of serine and cysteine prote
ases has already been established in considerable detail 
(cf. Polgár and Halász, 1982) Polgár and Asbóth, 1986). Their 
basic mechanistic features are depicted in Figs. 1 and 2, re
spectively. Recent results with aspartic proteases indicate a 
quite different mechanism which does not involve an acyl-enzyme 
intermediate (James and Sielecki, 1985). Instead, the catalysis 
proceeds through a single tetrahedral intermediate, both the 
formation and the breakdown of which are facilitated by two 
simultaneous proton transfers (Polgár, 1987), as summarized

Akadémiai Kiadó, Budapest



208 Polgár: The Basic Feature of Protease Catalysis

— Im

/  O

A cyla t  ion

D e a c y ia t io n

Fig. 1. Scheme of the mechanism of action of serine pro
teases. X stands for OR and NHR groups in the 
cases of esters and peptides, respectively, and 
for OH in deacylation. The nucleophilic attack by 
the serine hydroxyl group on the carbonyl carbon 
atom of the substrate is catalyzed by a histidine 
residue as a general base. This leads to the for
mation of a tetrahedral intermediate and an imid- 
azolium ion (addition reaction). The intermediate 
breaks down by general acid catalysis to acyl- 
enzyme, imidazole base, and amine product (elimi
nation reaction). As a result of this acylation 
step the proton of the serine hydroxyl has been 
transferred by the imidazole group to the amine 
leaving group. The acyl-enzyme is hydrolyzed 
through the reverse reaction pathway of acylation, 
but in this addition-elimination reaction a water 
molecule instead of the serine residue is the 
attacking nucleophile.

A cy la t  ion

D e a c y la t i o n

Fig. 2. Scheme of the mechanism of action of cysteine
proteases. For X see Fig. 1. This mechanism is sim
ilar to that of serine proteases, except that the 
nucleophile is a thiolate ion rather than a hy
droxyl group. The thiolate ion is stabilized by 
forming an intimate ion pair with the neighboring 
imidazolium ion. As the thiolate ion is a strong 
nucleophile and a good leaving group, general 
base catalysis in acylation and general acid 
catalysis in deacylation are not required.
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in Fig. 3. This "push-pull" catalysis should also operate in 
the case of the different stereochemistry for water attack 
that has been suggested most recently (Suguna et al., 1987).

Asp 32 Asp 32 Asp 32 Asp 32
C-0 . o -

 II o c-o OII- ol:S —  0 Io OH l:00 \  OH I0 OH
1 H°v ' „ HO. I 0 v /H -—  *C-R = H ^C-R = H C-R --- H * C-R1 X , 0 N H R o NHR' 0 " Ó NHoR’1 r-0 I i-.qC-0 c-o - n

 ii o c-o
Asp 215 Asp 215 Asp 215 Asp 215

a b c d

. 3. Scheme of the mechanism of action of aspartic
proteases. The two catalytically important car
boxyl groups are linked through a hydrogen bond.
In contrast to the serine and cysteine enzymes, 
the aspartic proteases facilitate the nucleo
philic attack by two simultaneous proton trans
fers: one from the nucleophile to the diad of 
the two carboxyl groups, and one from the diad 
to the carbonyl oxygen of the substrate (a and b). 
This "push-pull" general acid-base catalysis 
leads to the formation of a neutral rather than 
a negatively charged tetrahedral intermediate.
The tetrahedral adduct breaks down by a similar 
"push-pull" mechanism (c: and d) . The proton from 
the protonated oxyanion is transferred to the 
diad, while the diad proton protonates the leaving 
nitrogen with the concurrent C-N bond cleavage.

Until recently the mechanisms proposed for the action of 
metalloproteases were contradictory and uncertain. Although 
X-ray diffraction studies on carboxypeptidase A have long in
dicated the participation of a zinc ion and a carboxyl group 
(Glu 270) in the catalysis (Hartsuck and Lipscomb, 1971), it 
could not be established whether or not a covalent intermedi
ate was formed with this carboxyl group. Also, the way of 
protonation was unclear. Originally it was thought that the 
phenolic hydroxyl of Tyr 248 donated the proton (Hartsuck and 
Lipscomb, 1971) , but the catalytic competence of Tyr 248 has
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recently been ruled out by studies using site directed muta
genesis (Gardell et al., 1985). The X-ray crystallographic in
vestigations on thermolysin have supported the non-covalent 
mechanism (Kester and Matthews, 1977), and have pointed out 
that protonation of the leaving group occurs by the glutamic 
acid (Glu 143 in thermolysin) that has previously accepted the 
proton from the nucleophile (Monzingo and Matthews, 1984). A 
similar but not identical mechanism has been suggested for the 
catalysis by carboxypeptidase A (Christianson et al., 1987).

\
o'

J H H X
(m Zn2*n'o

1+ c -II0

+ XH \
O '

* / _  2 +
H H
\ / 

ni O

Fig. 4. Scheme of the mechanism of action of métallo
protéases. For details see text.

The scheme of Fig. 4 is a slightly modified version of 
the mechanism suggested for carboxypeptidase A (Christianson 
et al., 1987). It is seen that a water molecule bound to the 
zinc ion in the native enzyme is the nucleophile. The attack 
of water on the carbonyl carbon, which is aided by the zinc 
ion, is further facilitated by general base catalysis by the 
carboxylate ion of the glutamic acid residue. The resulting 
tetrahedral intermediate is decomposed by general acid catal
ysis from the same glutamic acid to the leaving group. This 
mechanism is different from that proposed for the action of 
thermolysin, which involves the transfers of both protons of 
the water molecule by the glutamic acid to the leaving nitro
gen atom in two subsequent steps (Hangauer et al., 1984). It 
was thought that the second proton could facilitate the C-N 
bond cleavage. However, the second step, protonation of the 
protonated amide is apparently not feasible, not only because 
of the repulsion between the positive charges, but also because 
the protonated nitrogen does not have a free electron pair
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which could accept the second proton. The mechanism proposed 
for the carboxypeptidase A catalysis implies that this second 
protonation occurs after the cleavage of the C-N bond (Chris
tianson et alt, 1987). Although this assumption is chemically 
safe, removal of the second proton from the zinc-bound carboxyl 
group would make the release of the substrate acyl moiety dif
ficult. Specifically, the resulting negatively charged carboxy- 
late ion would bind strongly to the zinc ion, possibly as a 
bidentate ligand, and would interfere with the co-ordination 
of a new water molecule and with the regeneration of the en
zyme .

Despite the remarkable differences in the mechanisms of 
the various proteases, which is most conspicuous in the case 
of the aspartic enzymes, the four proteases have a catalytic 
strategy in common, as pointed out in the following. It is 
apparent from the mechanisms shown in Figs. 1 to 4 that the 
catalytic processes are invariably nucleophilic addition-elim
inations, for aspartic and zinc proteases single addition- 
eliminations involving one tetrahedral intermediate, and for 
serine and cysteine proteases double addition-eliminations 
involving two tetrahedral intermediates, one in the formation 
of the acyl-enzyme and one in its decomposition. Each addition- 
elimination reaction is facilitated by one particular proton 
carrier. This species (imidazole, carboxylate or carboxyl- 
carboxylate diad) promotes the reaction by conveying the pro
ton from the nucleophile to the leaving group. It is important 
that removal of the proton from the nucleophile and its sub
sequent donation to the leaving group is accomplished by the 
same proton carrier. Between these two steps is the formation 
of the tetrahedral intermediate, which abolishes the strong 
resonance stabilization (Johnson, 1967) associated with the 
peptide bond, thereby making the cleavage of the C-N bond 
easier. The partial positive charge on the peptide nitrogen 
is also removed upon formation of the tetrahedral intermediate. 
This facilitates the donation of the proton to the nitrogen 
atom.
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The above general strategy of protease action has not 
been recognized as yet because the nature of the proton trans
fer reactions was not clear for all types of the proteolytic 
enzymes until most recently. Thus, it was thought that in the 
catalysis by aspartic proteases the proton of the nucleophile 
is accepted by a carboxylate group, whereas the leaving group 
is protonated by the bulk water (James and Sielecki, 1985). 
Similarly, in the case of carboxypeptidase A (Hartsuck and 
Lipscomb, 1971) and thermolysin (Rester and Matthews, 1977)
Tyr 248 and His 231, respectively, was suggested as the proton 
donor and a carboxylate ion as the proton acceptor.

Finally, it should be pointed out that general base-acid 
catalysis by one and the same proton carrier offers the advan
tage of enzyme regeneration at the end of each catalytic turn.
If two different groups were involved in the proton transfers, 
as suggested in several cases, regeneration of the catalytic 
groups would require a more complicated system. Apparently, 
the mechanisms of the four types of protease represent varia
tions on the simplest theme.
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DEFECTIVE M YO-1 NOS I TOL-1-PHOSPHATE SYNTHASE PRODUCTION IN 

AN INOSITOLLESS DOUBLE MUTANT NEUROSPORA CRASSA STRAIN

Á. Kiss, Marcella Schablik+ , A. Zsindely and G. Szabó+
Departments of Biochemistry and Biology+, University Medical 
School of Debrecen, H-4012 Debrecen, POB 6, Hungary

(Received May 2, 1988)

SUMMARY
A slow growing inl+  ̂ mutant was isolated from an inosi
tol dependent (ini) Neurospora crassa strain. The latter 
strain produces defective myo-inositol-l-phosphate syn
thase which has residual activity. Inositol, similarly to 
that found in wild and ini mutant strains, represses the 
enzyme production in the inl+/~ strain as well.Withdrawing 
inositol from the medium results in derepression of the 
enzyme synthesis. Derepression is hindered by cyclohex- 
imide. Inl+/- character in the double mutant is brought 
about by overproduction of the defective myo-inositol-l- 
phosphate synthase.

INTRODUCTION

Myo-inositol-l-phosphate synthase (E.C.5.5.1.4) was iso
lated from various organism, i.e. yeast (Culbertson et al., 
1976; Donahue and Henry, 1981), Neurospora crassa (Zsindely et 
al., 1977J Escamilla et al., 1982J Aradi et al., 1982), plants 
(Funkhouser and Loewus, 1975) and mammalian tissues (Maeda and 
Eisenberg, 1980).

The enzyme synthesizes L-myo-inositol-l-phosphate from 
glucose-6-phosphate. The NAD+ coenzyme required for the enzyme 
function is first reduced and then reoxidized during the reac
tion (Barnett et al., 1973). Phosphate is cleaved off from the

Abbreviations: CRM, cross reacting material; EDTA, ethylene diamine tetra- 
acetic acid Na2~salt; MIPS, myo-inositol-l-phosphate synt
hase; NAD, nicotinamide adenine dinucleotide; TRIS, tris- 
(hydroxymethyl) aminomethane

Akadémiai Kiadó, Budapest



216 Kiss et al.: Myo-inositol-l-phosphate Synthase Production

compound by inositol-l-phosphate phosphatase (E.C. 3.1.3.25).
The nascent myo-inositol being a component of phospholipids, 
is a compound of vital importance of eucariotic membranes.

MIPS was isolated from RL-3-8 wild type Neurospora crassa 
strain in our laboratory (Zsindely et al., 1977; Aradi et al., 
1982). It was főúrid (Zsindely et al., 1983) that the production 
of the enzyme, similarly to that in yeast (Culbertson et al., 
1976), can be repressed by inositol. At 50 yg/ml inositol con
centration in the medium the inhibition of enzyme production is 
practically complete. In the inositolless mutant strain carrying 
allele 89601 a defective protein can be demonstrated. It has a 
similar molecular weight and electrophoretic mobility as that 
of the wild enzyme and exhibits cross-reaction with anti-MIPS 
immune serum (Zsindely et al., 1977). The residual activity of 
the enzyme in the presence of 1 M sorbitol may reach even 80% 
or the activity measured in the extract of the wild strain 
(Kiss et al., 1984). This fact led us to the conclusion that 
the mutation does not influence the active centre of the enzyme 
but only parts of the protein involved in the maintenance of 
the active conformation. A slow growing inl"1"̂  strain (483-7/
1985) has been isolated from the inositolless mutant (89601) 
in Vogel's minimal medium whose growth could be stimulated by 
addition of exogenous inositol.

In the present paper the characteristic features of CRM 
production in the inl+  ̂ strain were compared to those of the 
enzyme production of the parental (89601) and wild strain in 
the presence and absence of inositol.

MATERIALS AND METHODS

Neurospora crassa strains RL-3-8 wild type, 89601 inosi
tolless (ini) mutant and 483-7 slow growing inl+/" strain. 
Cultivation of strains was carried out in submerged culture for 
22 hours at 27°C in a Newbrunswick incubator (270 rpm) in 
Vogel's medium with or without inositol in the medium. Adequate 
numbers of conidia (10^ conidia/ml), were used as inoculum.

Preparation of crude extracts 22 h cultures were har
vested and then suspended in 0.15 M Tris-HCl buffer (pH 7.7) 
containing 5 mM EDTA and were passed through in X-Press at 
-30°C (Bio X-Press, Nike, Sweden). The samples were diluted 
with the same buffer, containing 1 mM phenylmethyl-sulphonyl- 
fluoride then were homogenized in a teflon homogenizer and
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centrifuged at 0°C for 1 h at 100 000 g. Supernatant were dia
lyzed overnight at 2°C against 50 mM Tris-HCl buffer (pH 7.7) 
containing 5 mM EDTA, 2 mM mercaptoethanol to remove inorganic 
phosphate.

Determination of MIPS activity Enzyme activity was de
termined in the presence of 5 mM EDTA to inhibit phosphatase 
according to Barnet et al. (1970), with glucose-6-phosphate as 
substrate, by measuring inorganic phosphate released from ino- 
sitol-l-phosphate by periodate oxidation (Zsindely et al.,
1983). One unit of activity was expressed as 1 nmol release/
1 h incubation. Protein content was determined by the biuret 
method using bovine serum albumin as reference.

Production of immune sera Male rabbits were immunized 
(Zsindely et al., 1983) with enzyme purified to homogenity 
(Aradi et al., 1982). Enzyme solution of 0.3 mg/ml concentration 
was homogenized with 0.5 vol. of complete Freund's adjuvant.
The 0.5 mg enzyme/kg body weight suspension was injected intra
muscularly into two rabbits in six portions. After 5 weeks the 
treatment was repeated intraperitoneally without adjuvant with 
0.3 mg enzyme/kg body weight. After 2 weeks the rabbits were 
bled. The serum was heated to 56°C for 30 min then cooled, 
centrifuged and stored in the presence of sodium-azide at -20°C.

Immunoelectrophoresis The amount of proteins reacting 
with the immune serum produced against the enzyme, was determi
ned by rocket immunoelectrophoresis (Laurell, 1966). Electro
phoresis was carried out at 18°C for 20 h in 1.0% agarose gel 
containing 0.5% immune serum in sodium barbital buffer (pH 8.6) 
of 0.05 ionic strength on 10x5 cm glass slides. The investi
gated 5 yl sample contained 20-80 ug protein. After electro
phoresis the gel was washed with 0.15 M NaCl solution for 2 h 
then stained with 0.5% Commassie Brillant Blue solution.
Ethanol: acetic acid:water (225: 125:100) mixture was applied to 
remove the excess of dye. In the case of 0.5-3.0 pg antigen 
content the height of the precipitation peaks was proportional 
to the guantity of the antigen (Zsindely et al., 1983).

RESULTS AND DISCUSSION

The determination of MIPS activity and the quantity in strain 
483-7 slow growing in Vogel's minimal medium

The inositolless mutant Neurospora crassa strain 89601 is 
reverted to inositol producer with spontaneous freguencies of 
10~®-10  ̂ (Giles, 1951). The spheroplasts of strain 89601 have 
been used in our studies. Inl+  ̂ strains, slow-growing in 
Vogel's minimal medium, were found with the frequency of 10 
Their growth could be stimulated by addition of inositol. Both 
enzyme activity and quantity were examined in the 100 000 g 
supernatant of crude extract prepared from wild, ini mutant and 
inl+// strains. The results are summarized in Table 1.
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Table 1. MIPS activity and antigen content of the extract
in Neurospora crassa strains after 22 h cultivation

Strain Activity 
U/mg protein

Antigen 
pg/mg protein

Specific 
activity 

U/ug antigen

Wild 73 50 1.4
ini mutant 12 132 0.1
inl+/" 23 487 0.05

Strains were grown at 27°C In Vogel's medium containing 3 U g/ml inositol.

It is seen that the enzyme activity of the wild strain is 
three times higher than that of strain inl+  ̂ and it is six 
times higher than the activity measured in the ini mutant. The 
quantity of antigen determined with anti-MIPS serum is twice 
and a half times higher in the ini mutant strain and it is ten 
times higher in strain inl+/i than that of the wild strain. In 
the ini and the inl+,/ strains (Table 1) , the values of enzyme 
activity referring to the antigen content are practically the 
same and are about 3-6% of the specific activity measured in 
the wild strain. The two mutant strains differ from each other 
only in the quantity of antigen. The higher production of anti
gen in inl+/l strain may be the result of the inactivation of a 
negative regulator.
The effect of inositol on MIPS production

It was previously pointed out that the quantity of MIPS in 
the wild strain (Zsindely et al., 1977) and the production of 
defective enzyme in ini mutant strain (Zsindely et al., 1979) 
can be repressed by the addition of inositol. Thus the effect 
of inositol has been examined on the defective enzyme produc
tion in inl+/i strain.

Strain inl+  ̂ was grown for 22 h in Vogel's medium con
taining various concentrations of inositol. The quantity and
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activity of the enzyme was determined in the extract of the 
strain (Table 2). Results obtained with strains wild and ini 
mutant were used as reference.

Table 2. Effect of inositol on MIPS synthesis

Strains 0
Inositol

2
concentration 

3 6
(pg/ml
12

medium]
25

1
50

Wild A 88 81 73 58 23 20 15
B 59 52 50 38 15 13 11
C 1.5 1.6 1.5 1.5 1.5 1.5 1.4

ini mutant A 18 12 + 0 0 0
B N.d . 153 122 60 37 11 11
C 0.1 0.1 N.d. N.d. N.d. N.d.

inl+  ̂ A 23 12 + 0
B N.d N.d. 487 418 70 N.d. 43
C 0.05 0.03 N.d. N.d.

Strains were grown for 22 h in Vogel's medium at different inositol 
concentrations. A: activity (U/mg protein); B: antigen content (pg/mg 
protein); C: specific activity (U/pg antigen); *: not measurable; 
N.d.: not detected.

The data in Table 2 suggest that inositol represses effec
tively the synthesis both of active and defective forms in all 
three investigated strains. Simultaneously with the decrease 
of antigen content enzyme activity also decreases. Specific 
activities are practically unaltered indicating that inositol 
does not influence the activity of the enzyme already formed. 
Results in Table 2 also suggest that, similarly to the parental 
ini strain, in strain inl+// the repression caused by inositol 
follow a similar pattern, however the residual antigen content
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is higher. The latter result may indicate that the assumed reg
ulator is partially inactive.

Further on the question has arisen whether the derepres
sion of the defective enzyme synthesis occurs when inositol is 
removed from the medium.
The synthesis of MIPS under conditions of derepression

Wild strain was grown for 22 h in the presence of 50 yg/ml 
inositol. At this concentration MIPS synthesis is almost com
pletely inhibited by inositol (Table 2). After washing the 
strain was suspended in minimal medium and was grown further 
for not more than 22 hours. The quantity and activity of MIPS 
were determined in extracts obtained from samples taken at var
ious time intervals. Data in Table 3 show that the enzyme quan
tity doubles in 2 hours.After 4 hours of incubation it increase 
to about a six times higher value than that measured under con
ditions of normal cultivation (Table 1). During further culti
vation the enzyme quantity remained constant.

Table 3. Derepression of MIPS synthesis in wild strain

Cultivation 
(hours)

Activity 
(U/mg protein)

Antigen
(yg/mg protein)

Specific 
activity 

(U/yg antigen)

0 16.3 9 1.8
2 33.5 23 1.5
4 75.5 49 1.5
8 77.1 45 1.7

22 72.4 48 1.5

The strain was grown for 22 h in the presence of 50 y g/ml inositol and 
after washing it was cultivated further in minimal medium.
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Change in the antigen content of inl+  ̂ strain under conditions 
of derepression

Inl+,/ strain and wild type strain, as control, were grown 
for 22 h in a medium containing 50 yg/ml inositol. After wash
ing the strains were cultivated for an additional 6 h in a 
medium containing 3 yg/ml inositol, which quantity is required 
for stimulating the growth of the inl+/i strain. The quantity 
and activity of the enzyme measured in the extracts are shown 
in Table 4.

Table 4. Derepression of the synthesis of MIPS and CRM in 
Neurospora crassa strains

Crude extract inl+/i strain 
22 hours 28 hours

Wild 
22 hours

strain 
28 hours

Activity 
U/mg protein

0 12.0 16.3 70.0

Antigen 
yg/mg protein

49.0 193.0 10.0 42.0

Specific activity 
U/yg antigen

0 0.06 1.6 1.6

Strains were grown for 22 h at 27°C in a medium containing 50 yg/ml 
inositol and was cultivated further for 6 h in the presence of 3 yg/ml 
inositol.

Data suggest that the quantity of enzyme in the wild 
strain increases to a four times higher value than that of the 
starting one and approaches the one measured under normal con
ditions of cultivation in the presence of 3 yg/ml inositol.

In strain inl+  ̂ the antigen content increased four times 
compared to the starting value, but is only 40% of that meas
ured under normal conditions (Table 2). We have found that dur
ing the cultivation the growth rate of inl+  ̂ strain is about 
20-30% slower than that of the wild strain.

We assume that maximum derepression of antigen production 
requires either a longer incubation in minimal medium or a
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complete depletion of inositol. It was found that after the 
removal of inositol and simultaneous addition of cycloheximide 
to the medium the increase in the antigen content production 
could be inhibited. This effect suggests that the MIPS or anti
gen (CRM) is synthesized de novo during derepression (Table 5).

Table 5. Effect of cycloheximide on MIPS synthesis in 
Neurospora crassa strains

Medium containing 
3 ug/ml inositol

Wild
A

strain 
B C

inl+/i strain 
A B C

None 22 h 16.3 9 1.8 0 49 -
None 28 h 88.0 59 1.5 19 193 0.06

Cycloheximide + 14 - 68 -

Strains were cultivated for 22 h in a medium containing 50yg/ml inositol. 
Wild and inl+^~ strains were grown in minimal and 3 pi g/ml inositol con
taining medium, respectively. Cultivation was continued for 6 h.

A: activity (U/mg protein); B: antigen (ug/mg protein);C: specific activity 
(B/pg antigen); ± : not measurable.

According to our results MIPS expression is regulated not 
t S "I"only by the ini gene (Zsindely et al., 1983) , but also by 

another one designated opi-1. (M. Schablik et al., in press).
The mutations of the opi-l+ gene derepress completely the pro
duction of the defective enzyme in the inl+  ̂ strain and it 
results in a partial inositol-independence. Concerning opi-1 
mutation it was found that it is independent of the inositol
locus. There is an epistatic interaction between opi-1 and 

t sini genes that can be regarded as various participants of 
regulation of the inositol synthesis in Neurospora crassa 
(unpublished result).
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SUMMARY
The kinetic properties dextran-chymotrypsin conjugate 

were studied by means of low molecular weight substrates. 
It was found that KM , kcat and kcat/KM of dextran Chymo
trypsin for the hydrolysis of benzoyl-L-tyrosine-ethyl- 
ester did not differ substantially from those of the free 
enzyme. However, the data found for kcat of dextran-chymo
trypsin and free Chymotrypsin assayed for the hydrolysis 
of three tripeptidyl-p-nitroanilide D-Arg-Val-Trp-pNA, 
D-Arg-Val-Tyr-pNA, Z-Phe-Pro-Phe-pNA, were definitely 
different.

The inhibition of the modified Chymotrypsin with soy
bean trypsin inhibitor was found to be less pronounced 
than that with the free enzyme. The effect of potassium 
and magnesium salts on the inactivation of both enzymes 
was also studied. The effect of dextran matrix on the 
catalytic properties and the conformational stability of 
modified Chymotrypsin is discussed.

INTRODUCTION

The binding of proteins to polysaccharide carriers leads 
to an increase in their resistance to different denaturing 
effects (1-4). Similar conjugates are applied as therapeutic 
agents of prolonged action (5). In addition, they can be used 
for biotransformations of various compounds in membrane bio
reactors (6) .

Abbreviations: BTEE, N-benzoyl-L-tyrosine ethylester; SBTI, soybean trypsin 
inhibitor; Z, benzyloxy-carbonyl; pNA, p-nitroanilide;
DMSO, dimethyl sulfoxide
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Recently we described a method for the covalent binding of 
Chymotrypsin to dextran by means of urea and formaldehyde (7). 
The aim of the present work is to study the properties of the 
dextran-chymotrypsin conjugate by means of lowmolecular weight 
peptide-nitroanilide substrates, as well as its interactions 
with SBTI and various salts.

MATERIALS AND METHODS

Bovine a-chymotrypsin of 45 BTEE units was obtained from 
Fluka (Basel, Switzerland). BTEE was purchased from Serva 
(Heidelberg, FRG). SBTI 20 IE/mg was product of Reanal (Buda
pest, Hungary). The following synthetic tripeptidyl-p-nitro- 
anilide substrates were generously supplied by KABI (Mölndal, 
Sweden): D-Arg-Val-Trp-pNA, D-Arg-Val-Tyr-pNA and Z-Phe-Pro- 
Phe-pNA.

Dextran-chymotrypsin conjugate was prepared by activating 
dextran (Mr 70,000) with urea and formaldehyde (7).

Chymotrypsin activity was assayed spectrophotometrically 
according to the method of Hümmel (8). One enzyme activity unit 
was considered as the hydrolysis of one mole of BTEE in 1 min 
at 25°C.

The enzyme assays with BTEE as substrate were carried in 
50 mM Tris-HCl buffer, pH 8.0 containing 50 mM sodium chloride. 
The change in the absorption at 256 nm was recorded for 3 min. 
The enzyme concentration was 2 nM while that of the substrate 
varied between 70 and 700 yM.

The enzyme activity was investigated in the same buffer 
containing 7% DMSO with tripeptidyl-p-nitroanilide substrates 
D-Arg-Val-Trp-pNA and D-Arg-Val-Tyr-pNA and in 25% DMSO with 
Z-Phe-Pro-Phe-pNA. Chymotrypsin concentration was 100 nm while 
the substrate concentration was chosen so that in 3 min the 
change in absorption at 405 nm should be a linear function of 
time. Thus, enzyme concentration varied between 5 and 800 yM 
depending on the values which were determined graphically by 
the Lineweaver-Burk method. To study the inhibition of Chymo
trypsin and dextran-chymotrypsin with SBTI, 35 yg and 65 yg, 
respectively, were incubated, in 1 ml 0.1 M Tris-HCl buffer, 
pH 7.8, containing 0.01 M CaCl2 - Various amounts of SBTI were 
added in a concentration range of 2.5 to 20 yg. After 5 min 
incubation 80 yl aliquots were taken to measure the residual 
activity using the standard method with BTEE as substrate.

To study the effect of various salts on the inactivation 
35 yg/ml chymotrypsin and 65 yg/ml dextran-chymotrypsin were 
incubated at 40°C in 0.025 M KC1 and in 0.025 M MgSC>4 solutions, 
respectively, for to 45 min. At certain time intervals 80 yl 
aliquots were taken to determine the residual activity with 
BTEE as substrate.

Spectrophotometric assays were carried out in a Beckman 
Model 35 spectrophotometer using thermostated cells of 1 cm 
path length.
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RESULTS

Hydrolysis of BTEE with Chymotrypsin and dextran-chymotrypsin 
conjugate

The hydrolysis of BTEE was studied with dextran-chymotryp
sin conjugate and compared to that of the free Chymotrypsin
(Table 1). It can be seen that KM , k . and k ./KM of dextran-M  cat cat M
Chymotrypsin conjugate did not differ substantially from those 
of the untreated enzyme. It suggest that the binding of Chymo
trypsin to dextran does not result in substantial changes in 
the esterase activity of the enzyme.

Table 1. Kinetic parameters of free and dextran-bound Chymo
trypsin determined with BTEE

Enzyme KmM
(M)

k . cat
(s_1)

k ,/K„ cat M
(M-1 s-1)

Chymotrypsin 18.2xl0-5 
-5

25.16 138 241
Dextran-chymotrypsin 2 0 .0x10 23.98 119 900

Hydrolysis of p-nitroanilide substrates
The amidase activity of dextran-chymotrypsin was assayed

with three tripeptidyl-p-nitroanilide substrates (Table 2).
While the KM values obtained for the various peptide substrates
did not differ practically from those of the untreated enzyme,
the data found for kcat were definitely different. The drop
in the k  ̂values can be explained with a "clumsiness" of the cat r
enzyme due to its binding to the voluminious dextran molecule 
which, unlike the untreated enzyme, delays the conversion of 
the substrate into a product.
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Table 2. Kinetic parameters of free and dextran-bound
Chymotrypsin determined with of synthetic peptide 
substrates

S u b s t r a t e s

Z-Phe-Pro-Phe-pNA D-Arg-Pro-Tyr-pNA D-Arg-Val -Trp-pNA

Enzyme Km k M cat KmM k , cat KmM ^cat
(M) (s_1) (M) c-h (M) is“1 * * *)

Chymo
trypsin

l.lxlO-5 0.009 16.6xl0-5 3.6 2 5.6x10-5 1.59

Dextran
chymo
trypsin

1.6xl0-5 0.005 22.2xl0~5 1.1 28.5xl0_5 0.50

Inhibition by SBTI
The inhibition of Chymotrypsin and its dextran-conjugate 

by SBTI is shown in Fig. 1. The residual activity was calculated 
as the percentage of the control in which the same amount of 
enzyme was incubated in the absence of inhibitor. It can be seen 
in Fig. 1. that inhibition with the same amounts of inhibitor 
causes a more pronounced loss in the activity of the free en
zyme compared to that of the conjugated one.

The modified Chymotrypsin exhibited higher resistance to 
the effect of SBTI. This can be explained with an increased 
conformational stability and the lower steric accessibility 
with respect to SBTI (Fig. 1).
Effect of salts on the inactivation of Chymotrypsin

KCl and MgSO^ are salts of a different water-binding ca
pacity, which may indirectly exert various influence on protein
hydration. The connection between hydration and stabilizing
effect of carbohydrate was also examined. The stability of Chy
motrypsin and its dextran-conjugate was examined in solutions
containing high MgSO^ and low KC1 concentration, i.e. under
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Fig. 1. Inhibition of Chymotrypsin (•) and dextran- 
chymotrypsin conjugate (o) using different 
amounts of SBTI

Fig. 2. Effect of salts on the inactivation of Chymo
trypsin in 0.025 M KC1 (•) and in 0.025 M MgSO^ 
(®); dextran-chymotrypsin in 0.025 M KC1 (A) 
and in 0.025 M MgSC>4 (o) .
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conditions which influences differently the water binding 
capacity of the two Chymotrypsin preparations. The results are 
shown in Fig. 2. In the presence of MgSO^ the inactivation of 
the two preparations is more pronounced compared to that found 
in KC1. The difference in the rate of inactivation between the 
free and the dextran-bound enzyme in KC1 is much less than that 
observed in MgSO^, where the conjugate preserved 76% of its 
activity, whereas, with Chymotrypsin the residual activity at 
the end of incubation was only 33%.

Binding to carbohydrates may alter the hydration of pro
teins which, in turn, may play a role in carbohydrate-induced 
stabilization. The function of carbohydrate is, probably, a 
protecting effect on the water layer surrounding protein mole
cules, thus, it may prevent aggregation and dénaturation (9).

The stabilization of Chymotrypsin by binding to carbo
hydrate matrix may resemble natural glycoproteins. Those com
pounds exhibit unusual resistance against heat treatment and 
other denaturing effects, as well as resistance against prote
olysis. The synthesis of the soluble dextran-chymotrypsin con
jugate may confirm the stabilizing influence of the carbohydrate 
part on the properties of bound enzymes.
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SUMMARY

Glycogen synthase a was purified from rabbit skeletal 
muscle by a procedure involving heparin-Sepharose chroma
tography. Glycogen synthase a was phosphorylated by the 
catalytic subunit of cAMP-dependent protein kinase to give 
synthase b]_. Dephosphorylation and activation of synthase 
bi was investigated using the catalytic subunits of pro
tein phosphatase-1 and 2A. The dephosphorylation and acti
vation of synthase b^ was biphasic with a larger rate con
stant for the initial phase. Analysis of tryptic phospho- 
peptides of glycogen synthase during the course of déphos
phorylation revealed a faster initial phosphate release 
from site- 2 by both phosphatases comparing to sites-la and 
lb. Ligand effects on synthase phosphatase reactions were 
also studied. Spermine was found to inhibit protein phos
phatase-1 activity and to stimulate type-2A phosphatase 
using synthase b^ as substrate.

INTRODUCTION

Glycogen synthase (EC 2.4.1.11), the rate-limiting enzyme 
in glycogen synthesis is regulated by multisite phosphorylation 
(for reviews of muscle and liver glycogen synthase, see 1 ,2 ). 
Skeletal muscle glycogen synthase can be phosphorylated in vitro 
by at least ten protein kinases (1). Phosphorylation sites are 
contained within two CNBr peptides that have been sequenced. 
Exposure of glycogen synthase to trypsin leads to cleavage at 
several sites in the region of the COOH-terminal CNBr-fragment.

Cyclic AMP-dependent protein kinase catalyzes the incorpo
ration of phosphate into two serine residues (sites-la and lb) 
of the COOH-terminal CNBr-peptide and into one serine (site-2)
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of the Nl^-terminal peptide (3). Additional sites (sites-3 and 
4) can be phosphorylated at the COOH-terminal region when high 
concentrations of cAMP-dependent protein kinase are employed
(4). Phosphorylation of rabbit muscle glycogen synthase at 
sites-la, lb, 2, and 3 increases after administration of epi
nephrine (5, 6). Increased phosphate contents of sites-2 and 3 
in diabetes can be reversed by insulin treatment (6 ). Phospho
rylation of sites-la, 2, and 3 can lead to a great decrease in 
the activity of glycogen synthase measured in the absence of 
glucose-6 -P (1).

Dephosphorylation and activation of glycogen synthase in 
skeletal-muscle extracts is due to the action of protein phos
phatase-1 (PP-1) and protein phosphatase-2A (PP-2A) almost 
exclusively. PP-1 and PP-2A dephosphorylate sites-la, 2, and 3 
at comparable rates in vitro (7). The regulation of glycogen 
synthase dephosphorylation may involve effectors modifying pro
tein phosphatase and/or glycogen synthase. A number of ligands 
were tested for their effect on synthase phosphatase reaction. 
However, multiple phosphorylation sites of glycogen synthase 
were not clearly understood and type-1 , and 2 phosphatases 
were not resolved in early studies (for references, see 33).
The effect of ligands acting on glycogen synthase phosphoryl
ated in defined sites is of special interest. Basic proteins 
and polyamines can inhibit or stimulate PP-1 and PP-2A activi
ties depending upon the nature of phosphoprotein substrates 
(8-10).

Skeletal muscle glycogen synthase copurifies with trace 
activities of endogeneous kinase and phosphatase on DEAE-cellu- 
lose column. To remove impurities, an additional purification 
step is required (1 1 ).

We report here a method for the purification of skeletal 
muscle glycogen synthase a involving heparin-Sepharose chroma
tography. We compare the action of the catalytic subunits of 
protein phosphatase-1 (PP—1c) and 2A (PP-2Ac) on glycogen synt
hase phosphorylated by cAMP-dependent protein kinase (synthase 
b^). Our studies of ligand effects show that spermine can dis
tinguish the phosphatases acting on synthase b^.
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MATERIALS AND METHODS
Materials. DEAE-cellulose (DE-52) was purchased from 

Whatman, heparin-Sepharose CL-6B from Pharmacia, spermine from Sigma (/y-^2 p]at p was obtained from the Isotope Institute, Hun
gary. All chemicals were of the highest quality available. Cy
clic AMP-dependent protein kinase type-II holoenzyme was pre
pared from bovine heart according to Rannels et al. (12) up to 
cAMP-Sepharose chromatography. Catalytic subunit was separated 
on DEAE-cellulose by elution with cAMP (13) and was further 
purified on hydroxyapatite (14). It was homogeneous by SDS-poly- 
acrylamide gel electrophoresis. The catalytic subunits of pro
tein phophatase-1 and 2A were purified from rabbit muscle ac
cording to Gergely et al. (15).

Purification of glycogen synthase a. Glycogen synthase a 
was purified from rabbit skeletal muscle by a modified proce
dure of Nimmo et al. (11). Muscle was homogenized in 4 mM EDTA 
(pH 7.0) including protease inhibitors (0.5 mM benzamidine,
0.5 mM o-phenanthroline, and 0.5 mM phenylmethylsulfonylfluo- 
ride). Muscle extract was adjusted to pH 5.9 as in (5) and the 
precipitate was handled as in (11). Glycogen synthase was 
eluted with a linear salt gradient of 0.2-0.4 M Tris/HCl (pH 
7.5) from DEAE-cellulose column.

Fractions (22.-30. of Fig. 1) containing glycogen synthase 
activity were pooled, dialyzed for 60 min against 20 mM Tris/HCl 
(pH 7.0), 0.1 mM EGTA, 0.1% 2-mercaptoethanol, and 10% glycerol 
(buffer A) with two changes of the buffer. The solution was 
then concentrated and stored in 50% glycerol at -20°C until 
further purification or applied directly to a heparin-Sepharose 
column (1.5x10 cm) equilibrated with buffer A. After washing 
with the same buffer, the column was eluted with a 300 ml lin
ear gradient of 0-1 M NaCl in buffer A. The flow rate was 
25 ml/h and fractions of 5 ml were collected. Fractions were 
assayed for absorbance at 280 nm, for glycogen synthase and 
protein phosphatase activity towards phosphorylase a. Glycogen 
synthase fractions were pooled, dialyzed against buffer A and 
concentrated by ultrafiltration (using an Amicon PM 30 membrane)

Phosphorylation of glycogen synthase a. Phosphorylation 
of glycogen synthase a was carried out by incubation 2 pM of 
synthase subunit (Mr=86000) with 4 mM magnesium acetate,
0.1 mM (_Y-32p'] ATP and 0.1 pM catalytic subunit of cAMP-dependent 
protein kinase in 40 mM Tris/HCl (pH 7.4), and 10 mM 2-mercapto
ethanol (buffer B) at 30°C for 20 min. The solution was dialyzed 
against ice-cold buffer B containing 100 mM NaF, and 10% glycero 
with several changes and against buffer B, and 10% glycerol over 
night. Glycogen synthase b;L was concentrated and stored in 50% 
glycerol. It was phosphorylated to 1.9 mol 3 2p_pj10Sp]iate/86 kDa 
subunit with an activity ratio (-glucose-6 -P/+glucose-6 -P) of 
0.16.

Dephosphorylation of glycogen synthase b .̂ 32p_iai-1elled 
synthase b^ (0.5 pM) was incubated at 30°C in 40 mM Tris/HCl 
(pH 7.4), and 10 mM 2-mercaptoethanol in the presence or in the 
absence of ligands with PP-1C or PP-2AC diluted so that no more 
than 50% of 32p_pjaoSpi1ate was released in 5 min. In some exper
iments phosphatase concentration was increased to cause maximal
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dephosphorylation in 20 min. Glycogen synthase phosphatase re
action was followed by the assay of the ^2p radioactivity re
mained in glycogen synthase and/or by the measurement of gly
cogen synthase activity.

The activity of glycogen synthase was measured by the in
corporation of glucose from UDP- [u14c]glucose into gly
cogen, with or without 10 mM glucose-6 -P (16-18).

Tryptic mapping of phosphorylation sites. 2 2 P-synthase 
bi was dephosphorylated by PP-1C or PP-2AC . At the indicated 
times, the reaction was terminated by addition of trichloro
acetic acid to give a final concentration of 10%. The samples 
were exposed to 1 mg/ml trypsin for 5 h at 30°C (6 ). In control 
experiments synthase b^ was incubated without phosphatase and 
digested with trypsin as above. Separation of tryptic phospho- 
peptides by high-performance liquid chromatography was carried 
out on a Cis reverse-phase column as published by Sheorain et 
al. (4, 6 ). The collected fractions were analyzed for 22P con
tent by Cerenkov counting.

Other methods. Protein was determined by the method of 
Bradford (19). Polyacrylamide gel electrophoresis in the pre
sence of SDS was performed according to Laemmli (20) in 7.5% 
separating gel.

RESULTS

Purification of glycogen synthase a
Purification of the active form of glycogen synthase 

starting from 1 2 0 0  g of rabbit skeletal muscle is shown in 
Table 1. Heparin-Sepharose chromatography (Fig. 1) was found 
useful for removal of endogeneous phosphatases. Flow-through 
fractions contained latent phosphorylase phosphatase, probably 
PP-2Aq (21, 22), that was activated by polybrene (not shown). 
Spontaneously active phosphatases eluting at 80-100 mM NaCl 
were suspected to be the active forms of PP-2A since PP-1 
elutes at 200 mM NaCl (15, 21, 22) and the eluted phosphatase 
activity was not inhibited by inhibitor-2. Endogeneous kinase 
activity could not be detected either in purified synthase. 
Analysis of glycogen synthase by SDS-polyacrylamide gel electro
phoresis showed two major polypeptides with the apparent molec
ular masses of 86 kDa and 38 kDa (insert of Fig. 1).



Table 1. P u r i f i c a t i o n  of g l y c o g e n  s y nthase a from rab b i t  mus c l e

Step Protein
mg

Activity
U

Specific
activity

U/mg
Activity ratio 
-glucpse-6 -P

Purification
-fold

Yield
%

Extract 51 800 622 0 . 0 1 2 0.54 1.0 1 0 0

pH 5.9
precipitation 2 860 429 0.15 0.54 12.5 69
78 000 x g pellet 1 624 292 0.18 0.62 15.0 47
Pellet suspension 
after glycogenolysis 1 312 2 1 0 0.16 0.67 13.0 34
DEAE-cellulose 33 1 1 2 3.4 0.76 283.0 18
Heparin-Sepharose 3.4 64 19.0 0.77 1 540.0 10

r-o
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Fig. 1. Heparin-Sepharose chromatography of rabbit 
muscle glycogen synthase a. Approximately 
30 mg of protein from DEAE-cellulose chro
matography was applied to a column (1.5x10 cm) 
of heparin-Sepharose as described under Mate
rials and Methods. Glycogen synthase a activity 
(•), protein detected at A 2 3 0 (o)» NaCl gradient 
(-- ). Insert: SDS-polyacrylamide gel electro
phoresis of glycogen synthase before (A) and 
after (B) heparin-Sepharose chromatography.

Dephosphorylation/activation of glycogen synthase b^
Glycogen synthase b^ obtained upon phosphorylation of 

synthase a by cAMP-dependent protein kinase (see Materials and 
Methods) was dephosphorylated by PP-1 or PP-2Ac . Kinetic con
stants for the initial phase of dephosphorylation were deter
mined. K for synthase b. using PP-1 and PP-2A was about m 1 — 1  ̂ c c
4 yM and 9 yM, respectively. The apparent v of PP-2A wasmax c
by 40% larger than that of PP-1 (not documented).

The dephosphorylation of synthase b^ was found to be bi-
phasic using either of the phosphatases (Fig. 2). Since the
concentration of synthase b. (0.5 yM) was about 1/10 of K ,— 1 m
the dephosphorylation was treated as a first-order reaction.
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Fig. 2. Dephosphorylation and activation of glycogen synthase bi. 32p_^aj:iepje(j synthase was 
dephosphorylated by PP-1C (A) and PP-2AC (B) 
as described under Materials and Methods.
The reaction was monitored by the remaining 
32P radioactivity in synthase b^ (o) and by 
the activity assay (A). First-order rate 
constants were calculated by plotting 
lnan/(a0-x) against time where aD represents 
initial 32P radioactivity of synthase bi or 
total synthase activity measured in the pres
ence of glucose-6-P, (aG-x) corresponds to the 
remaining 32p radioactivity in synthase or 
total synthase activity measured in the pres
ence of glucose-6-P minus synthase a activity 
assayed in the absence of glucose-6-P.

First-order rate constants for the initial phase (k.) were
-1 -1 1 0.18 min and 0.15 min , respectively. Subsequent déphospho

rylation was characterized by the values of rate constant k_
-1 -1 2 of 0.020 min and 0.018 min

The activation of synthase b^ by the two phosphatases
seemed to consist of two phases but less difference was obtained
in the values of k^ and kj (Fig. 2). For PP-lc, k^= 0.08 min ^
and k_= 0.028 min“3 and for PP-2A , k.= 0.07 min-3 and 2 c lk£= 0.029 min . Again, the corresponding rate constant values
for the PP-1 and PP-2A reactions were almost the same, c c
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The order of dephosphorylation of phosphorylation sites in
32synthase was determined by HPLC of tryptic P-peptides. To 

obtain synthase in phosphorylation state corresponding to the 
initial phase of dephosphorylation, synthase b^ was incubated 
with PP-1 or PP-2Ac for 2 minutes. Site occupancy in synthase 
dephosphorylated for 20 minutes was also investigated (Table 2). 
Cyclic AMP-dependent protein kinase catalyzed the phosphorylation 
of sites-la, and 2 together with site-x, which was not identified. 
The dephosphorylation of site-2 occurred more rapidly than that 
of sites-la and lb. The dephosphorylation of sites-la and lb 
appeared to proceed at comparable rates. Phosphate release from 
site-x was not significant.
Ligand effects on the dephosphorylation and activation of gly
cogen synthase

We studied the effect of synthase substrates and some other 
ligands on synthase activation (Table 3) and dephosphorylation 
(Table 4), using PP-1 or PP-2Ac - Glycogen was almost uneffec
tive in the concentrations tested. Synthase b^ activation was 
probed by 0.1% glycogen since higher concentrations of glycogen 
enhanced the catalytic activity of synthase. 0.5% glycogen 
caused a slight stimulation of the dephosphorylation by PP-lc>
A very moderate inhibition of synthase activation and déphos
phorylation was observed by 1 mM UDP-glucose. Glucose-6-P 
(0.5 mM and 1 mM) stimulated the activation and dephosphorylation 
by the two phosphatases moderately but became inhibitory to the 
dephosphorylation in 5 mM concentration. (The effect of 5 mM 
glucose-6-P on synthase activation was difficult to measure due 
to its stimulatory action on synthase b^, therefore it is not 
shown in Table 3.) AMP and caffeine inhibited the déphosphoryl
ation and activation of synthase b^ by both phosphatases.

Basic proteins, polyamines, and heat-stable inhibitors are 
of special interest when classifying protein phosphatases. We 
found protamine (10 yg/ml to inhibit the activation of synthase 
b^ by PP-1 or PP-2Ac . Unlike protamine, spermine (2 mM) stimu
lated the action of PP-2Ac and inhibited the dephosphorylation 
of synthase b^ by PP-1 . Heat-stable inhibitor-2 inhibited the 
activity of PP-1 as was expected (26).



Table 2. Effect of dephosphorylation on the phosphate content of phosphorylation 
sites in synthase
Glycogen synthase bj was Incubated with PP-1C or PP-2AC for 2 min and 20 min.
0 min sample was obtained by the incubation of synthase b^ without phosphatase. 
Tryptic phosphopeptides were analyzed (see Materials and Methods). Unidentified 
phosphorylation site(s) is denoted by x. Mean of three experiments is shown, 
the errors were about * 10% of the mean.

Treatment
Phosphate content (mol/mol subunit) of

site-la site-lb site-2 site-x

None 0.45 0.58 0.67 0.20
2 min by PP-1c 0.35 0.46 0.11 0.16

20 min by PP-1c 0.11 0.15 0.00 0.16
2 min by PP-2Ac 0.38 0.48 0.24 0.15

20 min by PP-2Ac 0.09 0.11 0.00 0.16

Farkas et al.: Activation of Glycogen Synthase 
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Table 3. Effect of ligands on the activation of 
glycogen synthase
First order rate constants (k|) of synthase a 
formation were determined and expressed as per
centage of that measured in the absence of ligands. 
Mean of five independent experiments, the errors 
were less than * 10% of the mean.

Ligand
Rate of phosphatase 

catalyzed
PP-1c

reactions (%) 
by

PP-2Ac

None 100 100
0.1% glycogen 108 86
1 mM UDP-glucose 89 85
1 mM glucose-6-P 130 124
1 mM AMP 60 64
1 mM caffeine 86 82
10 yg/ml protamine 71 76
2 mM spermine 60 170
100 nM inhibitor-2 8 96

DISCUSSION
Rabbit muscle glycogen synthase with very low levels of 

endogeneous protein kinase and phosphatase contamination could 
be prepared by polylysine-agarose chromatography (27). We have 
modified the procedure for purification of skeletal muscle 
glycogen synthase a originally suggested by Nimmo et al. (11). 
Instead of fractionation with polyethylene glycol (11) followed 
by a passage through calmodulin-Sepharose (28) or phosphocellu- 
lose column (3), we purified synthase from DEAE-cellulose on a 
heparin-Sepharose column. Heparin-Sepharose chromatography, 
reported to resolve type-1 and 2A phosphatases (15, 21-25), 
was useful for removal of endogeneous protein kinase and phos-
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Table 4. Effect of ligands on the dephosphorylation of 
glycogen synthase b^
First-order rate constants (kp) of synthase bg 
dephosphorylation were measured and expressed 
as percent of that determined in the absence of 
ligands'. Mean of five independent experiments, 
the errors were less than * 10% of the mean.

Ligand
Rate of phosphatase 

catalyzed
PP-1c

reactions (%) 
by

PP-2Ac

None 100 100
0.5% glycogen 115 91
1 mM UDP-glucose 96 90
0.5 mM glucose-6-P 119 120
1.0 mM glucose-6-P 160 110
5.0 mM glucose-6-P 80 82
1 mM AMP 70 68
10 yg/ml protamine 82 90
2 mM spermine 67 189
100 nM inhibitor-2 8 94

phatase impurities of synthase. The two polypeptide chains 
(86 kDa and 38 kDa) of our preparation detected by SDS-poly- 
acrylamide gel electrophoresis can be identified as the cata
lytic subunit and glycogenin of rabbit skeletal muscle glycogen 
synthase (29) .

Synthase a was phosphorylated by the catalytic subunit of 
cAMP-dependent protein kinase to 1.9 mol phosphate/mol subunit. 
Major tryptic phosphopeptides of synthase b^ could be correlated 
with the peptides containing sites-la, lb, and 2 (4, 30, 31).
For lack of synthetic marker peptides we could not identify 
a minor phosphopeptide. Comparison with previous works suggests



242 Farkas et al.: Activation of Glycogen Synthase

that this peptide contained site-3 and/or 4 (4) or site-5 also 
(31). Phosphorylation of sites-3 and 4 became apparent when 
the total phosphate content exceeded 1.5 mol/mol subunit (4). 
Phosphate release from this peptide was not significant (Table 
2) and site 5 was also shown to be dephosphorylated by PP-1 or 
PP-2A very slowly (1).

We investigated the dephosphorylation and activation of 
synthase b  ̂by the catalytic subunits of PP-1 and PP-2A. First- 
order reaction plot of synthase b^ dephosphorylation was bi- 
phasic using either PP-lc or PP-2Ac> Rate constants for the 
initial phase were 8-9 times larger due to a faster initial 
phosphate release from site-2 as had been published for type-1 
phosphatases (3). The biphasic first-order reaction plot 
(Fig. 2) could be explained by the difference in the rates of 
dephosphorylation of site-2 and site-la + site-lb, the former 
being 4-6 times faster (calculated from the data in Table 2).
The rate of dephosphorylation of site-la and site-lb was similar 
in our hands, although the dephosphorylation of site-la had been 
reported to occur faster (3). The reason for this difference is 
not clear.

The activation of synthase b^ was also biphasic but less 
difference was observed between and k T h i s  observation 
may be explained by the different effect of phosphorylation 
sites on the activity of synthase. Site-lb was dephosphorylated 
without a pronounced effect on synthase activity ratio (3).

Kinetic constants of PP-lc and PP-2Ac for synthase b^ were 
calculated determining the initial rates of dephosphorylation.
A slight difference was observed in the v values, whereas 
the apparent Km was 4 pM and 9 pM, respectively. A partially 
purified protein phosphatase had a of about 5 pM for syn
thases phosphorylated by cAMP-dependent protein kinase (32).

Ligand effects on the initial rate of dephosphorylation 
and activation of synthase b^ were also investigated. An in
verse correlation between the glycogen content of muscle and 
the activity ratio of synthase in vivo is well-known. Low con
centrations of glycogen stimulated synthase phosphatase whereas 
higher concentrations were inhibitory to the partially purified
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enzyme (reviewed in 33). Glycogen and calcium ions inhibited 
the glycogen-bound component of hepatic glycogen synthase phos
phatase synergistically (34). On the other hand, no effects of 
glycogen on the dephosphorylation of synthase was observed 
using PP-1 or PP-2A purified from skeletal muscle (1). We failed 
to detect a considerable effect either, employing the catalytic 
subunits of these phosphatases.

Glucose-6-P was reported to stimulate the dephosphorylation 
of glycogen synthase, presumably through interaction with the 
substrate (35, 36, referred in 2). 0.1 mM glucose-6-P increased 
by 50% both the activation and dephosphorylation of the trypsin- 
insensitive region /containing site-2 (3)/ of a synthase phos- 
phorylated to 3 mol phosphate/mol subunit (37). In our experi
ments low concentrations of glucose-6-P were stimulatory to both 
the activation and dephosphorylation, whereas high concentration 
of glucose-6-P (5 mM) became inhibitory to the phosphate release. 
Earlier studies demonstrated the inhibitory effect of the phos
phate-containing ligands AMP, UDP-glucose on the déphosphoryl
ation of phosphorylase a and that of glucose-6-P on the déphos
phorylation of apophosphorylase a. Ligands with phosphate moiety 
were suggested to have a direct effect on the low-molecular-mass 
phosphatase (38). Of the phosphate-containing ligands tested in 
the present work, AMP caused the more pronounced inhibition of 
synthase b^ dephosphorylation and activation. However, AMP, a 
powerful inhibitor of phosphorylase phosphatase at micromolar 
concentrations (39), was much less effective in inhibiting syn
thase phosphatases. On the other hand, the extent of inhibition 
of synthase b^ dephosphorylation was almost the same using PP-1 
and PP-2Ac. Therefore, the interaction of AMP with both phos
phatase and its substrate cannot be excluded.

Caffeine and AMP were reported to stimulate synthase phos
phatase activity in liver glycogen particles and they were sug
gested to share a common or closely interrelated binding site 
(40). In the present work both AMP and caffeine caused an in
hibition of synthase phosphatase reactions using homogeneous 
skeletal muscle enzymes. The site of action of these effectors 
is not clear yet.
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Basic proteins, such as protamine, stimulated type-2 phos
phatases and inhibited type-1 phosphatase acting on phosphoryl- 
ase a (8, 10). However, dephosphorylation of synthases phospho- 
rylated at site-2 or at sites-3 was stimulated by protamine 
(50 pg/ml) using PP-1 or PP-2Ac (8). No stimulation by pro
tamine (10 pg/ml) was obtained in this work. The reason for the 
slight inhibition by protamine we observed might be that our 
synthase was phosphorylated at other sites also and protamine 
was applied at lower concentration.

The most striking difference in the action of ligands on 
the two phosphatases was obtained by spermine, which inhibited 
the dephosphorylation of synthase b^ by PP-1 , whereas markedly 
stimulated the action of PP-2Ac> Tung et al. (9) reported that 
spermine could be employed to distinguish PP-1 from PP-2A if 
synthase phosphorylated at site-2 was used as substrate. However, 
if synthase was phosphorylated at sites-3, spermine promoted the 
dephosphorylation by both types of phosphatases. Also, PP-1 and 
PP-2A could not be differentiated by spermine using phosphorylase 
a as substrate. The effects of this polyamine appear to result 
from interaction with both the protein phosphatases and their 
substrates (9). Our observation together with previous results 
underline the importance of protein substrate used for classifi
cation of protein phosphatases.
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SUMMARY
Some glycolytic enzymes (lactate dehydrogenase, pyruvate 
kinase, enolase and phosphoglyceromutase) were immobilized 
on a polyacrylamide-type bead polymer containing carboxylic 
functional groups activated by water-soluble carbodiimide. 
The immobilized enzymes were used for the determination of 
pyruvic acid, phosphoenolpyruvic acid, 2-phosphoglyceric 
acid and 3-phosphoglyceric acid in a flow injection system. 
The immobilized lactate dehydrogenase column was repeatedly 
employed for the determination of pyruvic acid in clinical 
samples. The results of the flow injection method accorded 
well in accuracy, sensitivity and reproducibility with 
those of soluble enzyme analysis.

INTRODUCTION

Enzymatic analysis is highly sensitive and specific, and 
is therefore gaining increasing importance in practical appli
cations (e.g. process control, clinical chemistry and food 
analysis). Furthermore, if the enzymes are immobilized, they 
can be repeatedly employed for many analyses, which is a fea
ture having considerable advantages (Lowe, 1985; Chibata, 1986). 
For such analytical purposes, several forms of immobilized en
zymes, including gels, beads, electrodes, rods and tubes have 
been prepared and applied for both manual and automated proce
dures (Gorton et al., 1979) Johansson et al., 1983). The appli-

Abbreviations: PK, pyruvate kinase; LDH, lactate dehydrogenase;
PGM, phosphoglycerate mutase; PEP, phosphoenolpyruvate
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cations of immobilized enzyme reactors for analysis have been 
reviewed by Tabata et al. (1984). Flow methods, such as flow 
injection analysis, can be readily automated and they have 
therefore become very important in the past decade (Carr et al., 
1980; Ruzicka et al., 1981) Lundback et al., 1985). Biolumines
cent or chemiluminescent detection of the reactions has promoted 
the practical applications (Wienhausen et al., 1982) Kurkijarvi 
et al., 1982) Kricka, 1986).

We have found that enzymes attached covalently to a poly
acrylamide-type support containing carboxylic functional groups 
(Akrilex C) have advantageous properties. They can be used 
both for preparative processes and for analytical measurements 
(Szajáni et al., 1980). For the enzymatic determination of gly
colytic intermediates the following reaction sequences were 
applied:

PGM
D-3-phosphoglycerate D-2-phosphoglycerate

enolase
D-2-phosphoglycerate -, phosphoenolpyruvate

PK
Phosphoenolpyruvate + ADP ---- >  pyruvate + ATP

LDH
Pyruvate + NADH v lactate + NAD

In the present paper the determination of some glycolytic 
intermediates with immobilized enzymes in a flow injection 
system is reported. As a model, the applicability of immobilized 
lactate dehydrogenase to analize the pyruvate content in clinical 
samples is demonstrated.

MATERIALS AND METHODS

Pig muscle lactate dehydrogenase (L-lactate:NAD oxidoreduc- 
tase, EC 1.1.1.27) and pyruvate kinase (ATP : pyruvate phospho
transferase, EC 2.7.1.40) were purchased from Reanal Factory 
of Laboratory Chemicals (Budapest, Hungary). The specific ac
tivity of each enzyme was 200 U mg-1 protein under standard 
reaction conditions. Phosphoglyceromutase (D-2,3-diphospho- 
glycerate:D-2-phosphoglycerate phosphotransferase, EC 2.7.5.3) 
and enolase (2-phospho-D-glycerate hydrolase, EC 4.2.1.11)
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were prepared from dried baker's yeast (Bücher, 1955 ; Morena 
et al., 1968). The specific activities of phosphoglycerate mu- 
tase and enolase were 162 units and 108 units per mg protein, 
respectively. Akrilex C, a polyacrylamide-type bead polymer 
(100-320 ym diameter) containing carboxylic groups (6.4 mequiv 
g~l xerogel), was a product of Reanal. N-Cyclohexyl-N'-(2- 
morpholinethyl)-carbodiimide-metho-4-toluene sulfonate was pur
chased from Fluka AG (Buchs, Switzerland). D-2-Phosphoglyceric 
acid sodium salt, D-3-phosphoglyceric acid barium salt and 
D-2,3-diphosphoglyceric acid pentacyclohexyl ammonium salt were 
obtained from Sigma Chemical Company (St. Louis, MO, USA). All 
other chemicals were commercial preparations of reagent grade 
(Reanal, Budapest).
Methods
Immobilization of enzymes

The enzymes were covalently attached to Akrilex C beads 
by using water-soluble carbodiimide for the activation of car
boxylic groups as described previously (Kotormán et al., 1986; 
Simon et al., 1986). The immobilized activities were 190 U g~l 
for pyruvate kinase, 90 U g“i for lactate dehydrogenase, 1 3 2 U g~l 
for enolase and 65 U g-1 for phosphoglyceromutase, respectively.
Determination of enzyme activities

The enzyme activities were determined spectrophotometri- 
cally. The reaction mixtures containing 50-100 mg of immobi
lized enzyme (wet weight) were stirred for 1-10 min at 25°C.
The enzyme was then filtered off quickly (in a few seconds) 
and the amount of NADH in the filtrate was determined by meas
uring the absorbance at 340 nm. The reaction rate was calculated 
from the decrease in the amount of NADH. One unit of enzyme ac
tivity was defined as the amount of enzyme which converts 1 ymol 
of lactate to pyruvate per minute at 25°C and at pH 7.0.

For the determination of lactate dehydrogenase activity,the
reaction mixture (4 ml) contained 94 mM triethanol amine buffer 
pH 7.0, 7.6 mM sodium pyruvate and 0.2 mM NADH. The pyruvate 
kinase activity was measured in a reaction mixture containing 
94 mM phosphate buffer, pH 7.0, 0.53 mM phosphoenolpyruvate,
2.5 mM MgCl2 , 10 mM KC1, 4.7 mM ADP and one unit of lactate 
dehydrogenase (Kotormán et al., 1986). In the enolase activity 
determinations, the reaction mixture contained the same compo
nents as described above, except for phosphoenolpyruvate, while 
1.2 mM 2-phosphoglyceric acid and one unit of pyruvate kinase 
were also added. For phosphoglyceromutase, the composition of 
the reaction mixture was as follows: 94 mM triethanolamine buff
er pH 7.0, 1.5 mM 3-phosphoglycerate, 0.1 mM 2,3-diphosphoglyc- 
erate, 2.5 mM MgCl2 , 10 mM KC1, 4.7 mM ADP, 0.2 mM NADH and 
one unit of each coupled enzyme (phosphoglyceromutase, enolase, 
pyruvate kinase and lactate dehydrogenase).
Pretreatment of blood samples

To 5 ml of human blood serum solid trichloroacetic acid 
was added up to a final concentration of 10% (w/v) and the 
sample was centrifuged at 10 000 rpm for 5 min. The pH of the
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supernatant was adjusted to 7.0 with 1.0 M triethanolamine.
For the analyses 50 yl aliquots were used.
Analytical system

In the analytical measurements, an LKB 2238 Uvicord S II 
equipment (Bromma, Sweden) with a flow through cell (10 yl) 
was used to monitor the changes in absorbance at 365 nm. The 
output signal was displayed on an OH-814/1 recorder (Radelkis, 
Budapest, Hungary). The carrier stream was pumped with an LKB 
2132 microperpex peristaltic pump.

RESULTS AND DISCUSSION

To determine the amount of glycolytic substrates a flow 
injection system (Fig.1) was used. The most important component 
of the system was a column reactor with a bed volume of 2-7 ml 
(internal diameter 0.9 cm) containing the immobilized enzymes. 
Each enzyme was immobilized separately and packed into the re
actor or mixed enzyme-reactors were prepared. Into the carrier 
stream, 50-100 yl of sample in 50 mM triethanolamine buffer was 
introduced. The optimum composition of the reaction mixture for 
measuring individual glycolytic intermediates were determined

Fig. 1. Schematic diagram of the flow injection system
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in separate experiments. The enzyme reactors were stored in 
50 mM triethanolamine buffer, pH 7.0, at 8°C.
Determination of glycolytic intermediates

Pyruvate. The enzyme reactor (2 ml) contained one unit of 
LDH. The NADH conoentration in the carrier stream was 0.8 mM.
The pyruvate determinations were carried out in'a concentration 
range between 0.1 and 0.5 mM at a flow rate of 300 ml h-1.
At this concentration range quantitative determinations could 
be readily carried out (Fig. 2A).

Phosphoenolpyruvate. For the determinations of PEP con
centration a mixed bed reactor (3 ml) containing pyruvate kin
ase (0.8 units) and lactate dehydrogenase (1.2 units) was used. 
The carrier stream was composed of 50 mM triethanolamine buffer, 
pH 7.0, 5 mM ADP, 40 mM KC1, 0.5 mM MgC^ and 0.5 mM NADH. In 
the PEP concentration range between 0.2 and 1.0 mM, quantitative 
measurements could easily be performed at a flow rate of 99 ml 
h-1 (Fig. 2B).

2- Phosphoglycerate. For the determination a three-enzyme 
system composed of immobilized enolase, pyruvate kinase and 
LDH was used. The reactor (4.5 ml) contained one unit of each 
immobilized enzyme. The concentrations in the carrier stream 
were 50 mM triethanolamine pH 7.0, 40 mM KC1, 5 mM ADP, 2 mM 
MgC^, 0.5 mM NADH and 1.0 mM EDTA. The three-enzyme system 
could be applied for quantitative determinations in the concen
tration range 0.1-0.8 mM 2-phosphoglycerate at a flow rate of 
20 ml h-1 (Fig. 2C).

3- Phosphoglycerate.A mixed bed reactor (7.0 ml) containing 
four immobilized enzymes (enolase, pyruvate kinase, LDH and 
3-phosphoglyceromutase) with equal activities (one unit of each 
enzyme) was introduced into the flow injection system. The car
rier stream was the same as for 2-phosphoglycerate determinations 
except that it contained 0.5 mM 2,3-diphosphoglycerate, too. The 
flow rate was 20 ml h . The results show that the four-enzyme 
system is suitable for 3-phosphoglycerate measurements in the 
concentration range 0.1-0.8 mM (Fig. 2D).
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Fig. 2. Determination of glycolytic intermediates using 
immobilized enzyme reactors in a flow system. 
For details, see text.
(A) pyruvate, (B) phosphoenolpyruvate,
(C) 2-phosphoglycerate, (D) 3-phosphoglycerate
determinations
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Determination of pyruvate in blood
The applicability of the flow injection system was tested 

in biological samples, too. The pyruvate content of human blood 
was determined (Long, 1961) Bergmeyer et al.,1983). The results 
obtained by using the flow injection system (65.9-3.4 pM) showed 
good agreement with those of the soluble enzyme test (67.0—4.5 
pM) . The practical application and reproducibility of the enzyme 
reactor were studied.A standard pyruvate solution was pretreated 
identically to that of the blood sample. More than 600 standard 
pyruvate and blood samples were tested with a good reproduc
ibility (Table 1). The enzyme activity of the reactor decreased 
by about twenty per cent during this operation. The results 
presented demonstrate that the immobilized enzymes can be ap
plied in a flow injection system for a continuous determination 
of glycolytic intermediates.To extend the practical application 
experiments are in progress.

Table 1. The practical application and operational stability 
of the lactate dehydrogenase reactor

Sample number
Operating

time
(days)

Standard pyruvic 
acid

0.057 raM
Blood pyruvic 

acid 
mM

25 1 0.059 0.069
200 10 0.058 0.065
290 11 0.057 0.068
400 12 0.055 0.069
450 18 0.056 0.065
640 22 0.058 0.067
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SUKWARY
The analysis of the compound surface EMG records is directed to obtain information on the activity of motor units. The aim of this study is to contribute to the investigation of the processes taking place in the summation of different unit potentials. The experiments were performed on frog's nerve-muscle preparations. The nerves were stimulated separately and collectively with synchronous and asynchronous electrical impulses. The results obtained by the analysis of the action potentials recorded from the muscles demonstrate that the compound action potentials were brought about by the linear summation of unit potentials involved in the common response.

INTRODUCTION

Many approaches to the quantitation of the interference pattern of 
the electrical activity of the nerve and the muscle have been connected 
with the analysis of the compound action potentials. Several procedures 
are used to make a quantitative evaluation of the complex excitatory 
activities. The integrated-rectified action potentials (Bigland, 
Lippold, 1954; Bergstrom, 1959; Tursky, 1964; Boone, Fryer, 1968; 
Häkkinen et al., 1987), 'root-mean-square' value (De Vries, 1965), upper 
centile amplitude (Nandedkar et al., 1986), variance (Biró, Partridge, 
1971; ten Hoopen, Zand, 1975), frequency spectrum analysis (Becker, 
1960; Lindström et al., 1970; Stulen, De Luca, 1981; Popivanov, Todorov, 
1986; Peyton, 1987), correlation analysis (Person, Mishin, 1964) have 
all been used to characterize the total activity. In studies on the 
relationship between EMG and force production of muscle (Hof et al., 
1987; Maton et al., 1987; Solomonow et al., 1987), the different

Akadémiai Kiadó} Budapest
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measures of rectified EMG were employed as a parameter representing 
force. Most of these studies have been related to the summation of the 
instantaneous voltages of unit potentials.

The summation of electrical activity of muscle also played a 
substantial role in the excitatory effect exerted by the muscle on the 
nerve being in contact with the excited muscle (Biró, 1975; Bird, 1977; 
Bird, Vu Duy Thinh, 1977).

In this study related to former work on the summation of unit 
potentials (Bird, Partridge, 1971), separate and compound action 
potentials of isolated nerve-muscle preparations were recorded and 
analysed in order to get more understanding of the processes taking 
place in the summation of different excitatory potentials.

METHODS

The experiments were carried out on isolated nerve-muscle 
preparations containing the sciatic plexus, the sciatic nerve and the 
gastrocnemius muscle of the frog (Rana esculenta).

In one part of the experiments two or three of these preparations 
were placed in a thin preparation holder filled with Ringer's solution 
so that their nerves were in contact with different stimulating 
electrode pairs (Fig. 1/A). In the other part of the experiments only 
one preparation was placed in the preparation holder and its sciatic 
plexus was divided into two branches which were separately contacted 
with the stimulating electrode pairs (Fig. 1/B).

The responses of preparations were elicited by square-wave impulses 
of supramaximal intensity and the action potentials of muscle were 
recorded. One of the electrodes for recording the action potential was 
contacted only with the muscle at the lowest position and the other 
recording electrode was immersed into the Ringer's solution without any 
direct contact with the muscles. The electrodes for stimulation and 
recording were made of platinum wire 1 mm in diameter.
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Fig. 1. Arrangement of the nerve-muscle preparations in the case of stimulation of the nerve trunks (A) and the nerve braches (B).

Fig. 2 shows the diagram of instrumentation. The stochastic 
analyser of 100 channels worked in enhance mode with sampling interval 
of 0.2 or 0.1 ms. As the enhance mode allows the action potentials to be 
averaged by a algebraic summation of the attenuated signals, this mode 
was used for adding up the instantaneous voltages of separate action 
potentials. The analyser output representing the average of 5 or 8 
responses was recorded by means of an X-Y plotter.

The experiments were performed at room temperature (21-23 °C). Care 
was taken to keep the nerve portions on the stimulating electrodes in 
wet condition.
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Fig. 2. Schematic diagram of the instrumentation.

RESULTS

In the first series of experiments, three preparations were used 
(Fig. 3). The records a, and £  in Fig. 3 show the individual action 
potentials of muscles after the separate stimulation of their nerve 
trunks. When the separate responses of the muscles were enhanced by the 
analyser, record ci in Fig. 3 was obtained. Exciting the nerves with 
synchronous stimulation, the compound response of the muscles was also 
recorded (Fig. 3 £). On the strength of the comparison between the 
records d̂ and £, the conclusion that the instantaneous voltages in the 
summed and the compound response of the muscles correspond to each other 
can be drawn.
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Fig. 3. Action potentials of the preparation when the nerve trunks were excited separately and collectively with synchronous stimulation.a. : Separate response of preparation 1.b. : Separate response of preparation 2.c. : Separate response of preparation 3.d. : Enhanced response of the preparations.e. : Compound response of the preparations. Calibrations: a, b, c: 5 mV - 1 msd, e : 10 mV - 1 ms (Arrows show the time of stimulation.)
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Using two preparations, the effect of asynchronous stimulation on 
the summation of action potentials has also been tested. The nerves were 
excited by two independent stimuli following the trigger impulse with 
different delays. Fig. 4 shows the individual responses (record a and 
b), the enhanced response (record c) and the compound response of two 
preparations (record d). This result demonstrates that the enhanced and 
the compound responses are equivalent.

Fig. 4. Action potentials of the preparations when the nerve trunks were excited separately and collectively with 
asynchronous stimulation.a. : Separate response of preparation 1.b. : Separate response of preparation 2.c. : Enhanced response of the preparations.d. : Compound response of the preparations. Calibration: 2 mV - 1 ms(Arrows show the time of stimulation.)
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Fig. 5. Action potentials of the preparations when the nerve branches were excited separately and collectively with synchronous stimulation.a. : Response to the separate stimulation of nervebranch 1.b. : Response to the separate stimulation of nervebranch 2.c. : Enhanced response to the collective stimulation.d. : Compound response to the collective stimulation. Calibration: 2 mV - 1 ms(Arrows show the time of stimulation.)
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In the second series of the experiments two branches originating 
from the sciatic plexus of a single nerve-muscle preparation were 
excited by synchronous stimulations. As it is shown in Fig. 5, the 
compound response (record d) coincides with the enhanced response 
(record c) which was produced by the analyser from the independent 
action potentials (records £  and b).

Ihe peak-to-peak amplitudes of the enhanced and the compound 
responses obtained in the last series of experiments have been 
determined. Ihe regression analysis of these data demonstrates that the 
peak-to-peak amplitude of the compound action potentials corresponds to 
the sum of that of the individual action potentials involved in the 
common response (Fig. 6).

Fig. 6. Relationship between the peak-to-peak amplitude of the enhanced (x) and compound (y) action potentials
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DISCUSSION

Precise knowledge of relationship between the unit potentials and 
the complex electromyogram is a constituent part of understanding the 
muscle activity under physiological and pathophysiological conditions. 
Our results shown in Figs. 3 to 5 demonstrate that the compound action 
potentials have been brought about by the instantaneous voltages of the 
individual action potentials.

According to Partridge (Partridge, 1965) the muscle fibres 
innervated by a group of motor axons can be regarded as 'artificial 
motor unit'. Therefore, the action potential of muscle elicited by the 
stimulation of its nerve trunk or a branch in a nerve plexus innervating 
that muscle can represent a model of unit potential in terms of muscle 
physiology. On the strength of this consideration, our results obtained 
on nerve-muscle preparations can be interpreted as an approximation to 
the behaviour of unit potentials.

In their earlier study of Bird and Partridge (Bird, Partridge, 
1971), nearly linear summation of action potentials of two 'artificial 
motor units' have been found. This two 'artificial motor units' together 
amounted to only a small portion of the activity of the triceps sura 
muscle of cat. The records shown in Fig. 5 demonstrate that the compound 
response of the whole muscle resulted from the summation of separate 
action potentials elicited by the stimulation of the two groups of motor 
axons which together innervate all fibres in the gastrocnemius muscle.

The linear summation of unit potentials was applied in quantitative 
evaluations of the electrical activity of muscle (Gydikov, Tankov, 1974; 
Evanich et al., 1976; Lago, Jones, 1977). Our findings according to 
which the compound action potentials are brought about by linear 
summation of unit potentials provide additional support for the studies 
dealing with the analysis of complex electrical activity of muscle.
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SUMMARY
Dielectric dispersion effects were studied in purple membranes of different hydration levels. The capacitance and conductivity were measured- over the frequency range of 10^ Hz to lCr Hz. With increase in the hydration level, the conductivity increases sharply above the critical hydration of hc = 0.06 g H2Ü/g protein. This critical hydration is close to the extent of the first continuous strongly bound water layer and is interpreted as the threshold for percolative proton transfer. The capacitance increases continuously with increasing hydration and a larger increase above the water content of 0.1 g H2Ü/g protein can be seen only at low frequencies. Maxwell-Wagner relaxation also appears above this hydration, showing the presence of a bulk water phase.

INTRODUCTION

The dielectric properties of different proteins have recently been 
studied intensively (Pethig, 1979; Bone, Pethig, 1985; Careri et al.,
1986). The change in the complex dielectric constant as a function of 
the water content of the protein sample gives information about the 
possibility of the proton conduction of the protein, which plays an 
important role in its functioning (Careri et al., 1986; Bone, 1987). As 
a knowledge of the dielectric properties of a proton pump is very 
important for understanding of its function, we have made a detailed 
study of such a protein, the bR.

Bacteriorhodopsin is the main protein component of the purple 
membrane of Halobacterium halobium. After light excitation bR runs 
through a cycle and pumps proton across the plasma membrane creating an 
electrochemical gradient. The energy stored in this gradient is used by
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the cell for ATP synthesis -and other energy-requiring processes 
(Stoeckenius et al., 1979; Lányi, 1985).

Bacteriorhodopsin preserves some of its activity in the dried form, 
but the photocycle strongly depends on the water content. On removal of 
the water, the light adaption gradually vanishes (Korenstein, Hess, 
1977.a,b; Váró, Keszthelyi, 1983). The first steps in the photocycle, 
leading to the M intermediate are accelerated at low water content. The 
Arrhenius parameters of the photocycle show an abrupt change at a water 
content of around 0.06 gH20/ gbR (Váró, Keszthelyi, 1985). It has been 
demonstrated that the first continuous water layer on the purple 
membrane is completed at this water content and some structural changes 
also occur (Váró, Eisenstein, 1987). The decay of M intermediate is 
hindered in the dried sample. At low water contents the protons from the 
M state return to their original sites. The 0 intermediate and the 
proton pumping activity appear over 0.1 g H2O/ gbR, when some bulk water 
is present (Váró et al., 1987).

In the present work we have studied the contribution of the 
adsorbed water to the dielectric properties of the dried bR samples. The 
role of the adsorbed water in the functioning of bR is also discussed.

MATERIALS AND METHODS

The PM used in our measurements was isolated by the standard 
procedure from Halobacterium halobium strain ET 1001 (Oesterhelt, 
Stoeckenius, 1974). The sample consisted of about 2000 layers of 
oriented PM sheets electrophoretically deposited on a Sn02-covered glass 
slide. Details of sample preparation can be found elsewhere (Váró, 
1981). A conducting rubber sheet pressed to the upper surface of the 
sample was the second electrode. The sample was placed in a closed 
chamber over saturated salt solution giving the desired humidity and 
left for at least 24 hours for equilibration (Váró, Keszthelyi, 1985). 
For the quantity of the adsorbed water, we used the values determined 
earlier (Váró, Keszthelyi, 1983).

The parallel capacitance (Cp) and conductivity (Gp) of the sample 
were measured with a Hewlett-Packard 4274A RCL bridge in the frequency 
range from lO^Hz to lO^Hz.
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RESULTS AND DISCUSSION

Plots of capacitance against frequency at different humidities are 
shown in Fig. 1. There is no detectable dielectric relaxation below a 
water content of 0.06 gl^O/gbR. At higher water contents, i.e. above
0.1 gt^O/gbR, there is a large dielectric relaxation at low frequencies 
(Fig. 1). It is presumed that this is a Maxwell-Wagner relaxation 
process caused by the appearance of a bulk water phase (Pethig, 1979).

Fig 1. The parallel capacitance of the bacteriorhodopsin sample against frequency at different water contents. The hydration levels (h gl^O/gbR] ) are shown at the curves

With increasing the water content, the capacitance increases 
continuously as a function of the humidity. At higher water content,
i.e. above 0.1 g F^O/gbR, substantially increased capacitance is 
measured. It has been observed (Váró, Keszthelyi, 1985) that at 
0.1 gH2Ü/gbR water content there is a change in the potential barrier 
system of the bR and at higher water content these are similar to that 
of bR in suspension. It can be supposed that at higher water content the
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increased dielectric screening plays an important role in determining 
the internal potential barriers in bR.

From the measured parallel conductivity we calculated the G„/2 irf 
parameter. This parameter is proportional to the total dielectric 
absorption involving the contribution of the d.c. conductivity and its 
frequency dependence can be used to monitor the dielectric relaxation. 
Plots of Gp/2-rrf against frequency at different hydrations are shown in 
Fig. 2. The curves relating to a water content up to 0.046 gH20/gbR 
coincide, they are not shown in Fig. 2. At water contents of 0.109 g 
H20/gbR and 0.147 g H20/gbR Maxwell-Wagner relaxation can be observed in 
these plots, too.

Fig 2. The plots of Gp/2iTf against frequency measured at different hydration levels. The hydration levels (h [gH20/gbR] ) are shown at the curves
At a given frequency the Gp conductivity can be used to describe 

the hydration dependence of dielectric absorption. The conductivities at 
frequencies of lO^Hz, lO^Hz, lO^Hz, lO^Hz are shown as function of the 
water content in Fig. 3. These plots consist of two linear parts with a 
break-point, indicating the existence of critical hydration. Up to the 
water content of 0.46 g H20/gbR the conductivity is nearly constant. At 
hc=0.06 g H20/gbR crytical hydration increased conductivity can be 
measured. Above hc the conductivity increases rapidly.
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h [ mo'  g H jO /g  bR ]

Fig 3. The conductivity as function of water content at frequencies of 102Hz , 103Hz , 104Hz and 105Hz
The observed conductivity change is in accord with the percolation 

model of protonic conduction on partially hydrated protein (Careri et 
al., 1986). It has been observed (Váró, Keszthelyi, 1985), that the 
Arrhenius parameters show an abrupt change at a water content of 0.06 
gF^O/gbR. Our results confirm that this change is directly connected 
with the proton conduction inside the protein, as supposed earlier (Váró 
et al., 1987).

This study demonstrates that, through its charge screening effect, 
water plays an important role in the functioning of bR. The screening 
effect in fact weakens the electrostatic interaction between the charges 
inside the protein and hence the protein structure, making its
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fluctuations possible. These fluctuations, as the function of water 
content, have been studied by Váró and Eisenstein (1987), and their 
observations are in agreement with our results. The appearance of the 
perlocating protons, strongly correlated with the high water content of 
the sample, shows that the water fulfils a very important role for the 
normal functioning of bR.
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SUMARY
Fast electrical signals associated with the primary photoreaction of the bacteriorhodopsin photocycle were studied on dried oriented samples in the temperature range from 77 to 300 K. The rise of the electrical signal, associated with bathointermediate formation, was faster than 5 ns even at 77 K; no slow rising component was detected at any temperature in the nano- to microsecond time range. The amplitude of the signal associated with bathointermediate formation was not affected by cooling from 300 to 210 K, but decreased by a factor of two when the sample was further cooled from 210 to 190 K. At 77 K the amplitude from the first excitation flash is 25-30 per cent of that at 260 K. Our data suggest that low temperature restricts the size of the charge shift during the bathointermediate formation, resulting in creation of a "low temperature bathointermediate" distinct from the "room temperature bathointermediate".

INTRODUCTION

The primary photoinduced reaction upon photon absorption by the 
bR molecule is characterized by a bathochromic shift of the main 
absorption band from 570 nm (bRj-jg) to 610 nm (Kg^g) (Lozier, 
Niederberger, 1977; Balashov, Litvin , 1981; Applebury et al., 1978). 
The formation of the K intermediate has a time constant of approx. 3 ps 
at room temperature (Sharkov et al. 1985; Polland et al. 1986) and a 
very weak temperature dependence; even at 2 K the formation time 
constant is less than 100 ps. The K intermediate decays with a 
microsecond time constant at room temperature (Lozier et al., 1975). The 
difference in the K spectrum calculated from low temperature and 
picosecond data - Kg^g and from microsecond flash-photolysis (Nagle et
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al., 1982; Goldschmidt et al., 1976) - K59Q raised the question whether 
these approaches characterize one and the same intermediate (Shichida et 
al., 1983).

During the formation of the bathointermediate a charge motion 
was observed for a distance of 0.13 nm in the direction of the membrane 
normal (Keszthelyi, Ormos, 1980). The main component of this charge 
shift is faster than 20 ps at room temperature, as measured by 
photoelectric technics (Groma et al., 1988).

The goal of this study was to check the temperature dependence 
of photoelectric signals associated with bathointermediate formation in 
the temperature range of 77-300 K.

MATERIALS AND METHODS

All measurements were performed on dried oriented samples of bR 
(Váró, 1982) prepared from purple membranes of Halobacterium halobium 
(strain ET 1001). Samples from different preparations were used. For 
measurements with microsecond resolution the sample was excited by 
flashes from either a flashlamp-pumped dye laser ( \ = 590 nm, t^mpUise = 
1.5 ys) or a flashlamp (FWHM 3.9 ps) with appropriate interference 
filters. The flash intensity was far below the saturation level and 
constant to within — 5 per cent. The signals were amplified by a 2 MHz 
high input impedance amplifier and digitized by a dual-timebase 
transient recorder. The second (slower) timebase was used for 
simultaneous measurements of the RC at the system i.e. to control the 
electrical characteristics of the sample.

Fast measurements with nanosecond resolution were done with a 
nitrogen laser pumped dye laser (^impulse = 5 ns, X = 580 nm) and 
ultrafast storage scope (Iwatsu TS 8123) with a FET probe (RinpU-t = 
10^ g, rise-time less than 3 ns). The measurements were done in 
photovoltage mode, i.e. the amplitudes were proportional to the charge 
shift distances (Keszthelyi, Ormos, 1983). All measurements were 
performed in a cryostat in vapor of liquid nitrogen.
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RESULTS AND DISCUSSION

At 77 K the signal rise was still faster than our instrumental 
time constant = 5 ns - limited by the excitation flash (see Fig. 1).

Fig 1. Kinetics of electrical signal, associated with bathointermediate formation at 86 K; the cycle was excited by a 5 ns flash

No processes, except the decay with 12 = 60 ps corresponding to the 
time constant of the electronics, were detected. The amplitude of the 
signal at 77 K from the first flash after cooling was 25-30 per cent of 
that at 260 K. Subsequent flashes at temperatures below 90 K produced 
smaller amplitudes until a stable (residual) level of 10-15 per cent of 
the amplitude of the signal at 260 K was achieved (Fig. 2). Further 
flashing did not alter this value.

At low temperature the photocycle is not completed. To complete 
the cycle the sample was warmed to 260 K after each excitation at low 
temperature and then again cooled to the desired temperature. The 
amplitude of the electric signal at 260 K was found to be constant 
between any two subsequent coolings.
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Fig 2. Electrical signals, associated with bathointermediate formation when the cycle was excited at different temperatures by a 1.5 ys flash; the rise of the signals is limited by the front of excitation flash, 
a/ T = 254 Kb/ T = 199 K, first flash after cooling from 260 Kc/ T = 85 K, first flash after cooling from 260 Kd/ T = 85 K, the 25th flash at this temperature

The temperature dependence of the amplitude of the electric 
signal was measured using this method (a single flash at each 
temperature point). The result of these measurements with microsecond 
time resolution is presented in Fig. 3. A similar result on another 
sample using the system with nanosecond time resolution was also 
obtained. The rise of the signal was always limited by the time of the 
excitation flash at all temperatures. No slower rising component in 
either nanosecond or microsecond time range was observed.
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Fig 3. Temperature dependence of amplitudes of electrical signal associated with bathointermediate formation, measured for the first excitation after cooling from T = 260 K to that particular temperature.The amplitudes were normalized to that of the signal at 260 K. Amplitude at 260 K, averaged over 15 measurements, was 241 — 11 mV.• - experimentally measured values x - "residual" amplitude of a signal obtained after many flashes at T 90 K, when a photostationary mixture of bR and K is established.
The abrupt decrease in the signal amplitude by a factor of 2 

within a temperature range of 20 degrees when the cycle was excited 
below 210 K, was unexpected, and cannot be explained by any change in 
the electrical characteristics of the sample. The RC of the system 
(measured from the decay of the electrical signal) was constant within 
±  8 per cent in the range 220-77 K. The sample's resistance was greater 
than 10^2 ß in the whole temperature range (260-77 K). The directly 
measured capacitance of the cooled sample at 0.5 kHz was constant within 
— 5 per cent.
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It is interesting to note that a similar but not identical 
pattern (like that in Fig. 3) can be obtained by simple heating of the 
sample from 77 K with subsequent excitation by weak nonsaturating 
flashes during the heating.

Ihe residual signal at 77 K (after many flashes when a 
photostationary mixture between bR and K is achieved, which is not 
altered by additional flashes of the wavelength) was practically 
wavelength-independent when the cycle was excited at 400 nm, 500 nm or 
600 nm, while the percentage of the K intermediate in those 
photostationary mixtures are markedly different (Hurley, Ebrey, 1978). 
From this we conclude that this residual signal is not connected to the 
excitation of either bR of K. Its amplitude was always below 15 per cent 
of the amplitude of the signal at 260 K, and its presence does not 
affect our main conclusions.

The amplitude of the signals (photovoltages) at any temperatures 
and excitation is proportional to the distance of the charge shift in 
the bR to K transition and to the efficiency of excitation, which is in 
turn characterized by quantum yields and extinction of both forms at the 
excitation wavelength. The quantum yields are believed to be 
temperature-independent (Balashov, Litvin, 1981; Hurley, Ebrey, 1978; 
Stoeckenius et al., 1979). The published data on the spectra of bR and K 
at room temperature (Lozier et al., 1975; Nagle et al., 1982; 
Goldschmidt et al., 1976) and at low temperature (Lozier, Niederberger, 
1977; Balashov, Litvin, 1981; Hurley, Ebrey, 1978) indicate an increase 
rather than a decrease in the efficiency of excitation at 77 K as 
compared to room temperature.

All our data suggest that this low temperature decrease in 
amplitudes is due to some alteration in bR function at low temperatures.

According to recent reports (Balashov, Litvin, 1986) the 
bathointermediate might be non-homogeneous: four bathoforms were 
detected (two of them originated from all-trans and two from 13-cis bR) 
as a result of continuous illumination at 90 K.
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CONCLUSIONS

The marked temperature dependence of the amplitudes of the 
photovoltages generated by the bR to K transition presents a challenge 
to extrapolate the results of low temperature experiments on 
bathointermediates to room temperature.

A "phase-transition-like" decrease in signal amplitude below 210 
K suggests a restricted charge (or charged groups) shift at low
temperature, while a bigger charge shift is responsible for
bathointermediate formation at room temperature. This should result in a 
different charge situation in "room temperature K" than "low temperature 
K" affecting absorption (both visible and infrared), resonance Raman 
spectra, etc., because these two states are actually two different 
intermediates.

The suggestion that a different charge shift occurs between 
bathointermediate formation at room and at low temperatures is a very 
strong assumption. At this stage of our study we consider it to be more 
a hypothesis than a firmly established fact though other results
(Balashov, Litvin, 1981, 1986; Shichida et al., 1983; Groma et al.,
1988) support it. Other studies, including kinetic flash photolysis 
experiments at temperatures around 200 K, are needed to prove this 
hypothesis.
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