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EDITORIAL

His pupils and former co-workers salute Dr. F. Bruno Straub 
on a significant turn in his rich career. The person feted turned 
75 at the beginning of this year. Age is not a merit in itself, 
although traditions teach us to respect the old. An average man 
of his age would be contented to enjoy peacefully the outcome of 
his several decades' long labours. However, the celebrated man 
is not an average person, he is active to this day as he has al
ways been. At present, being the president of the Presidium of 
the Hungarian People's Republic, the burden of the highest state 
dignity rests upon his shoulders. Thus we are at a loss how to 
address him: Mr President, as it is his due, or Professor, since 
he had once been a teacher of ours.

Throughout his career talent, luck, persevarence and pur
posefulness went hand in hand. He studied at Szeged University. 
Under Albert Szent-Györgyi's guidance he got his doctorate, one 
that was unusual at that time. He graduated as a biochemist in 
1937. He went on studying by reading both medicine and chemistry. 
From 1933, still as a student, he took part in the research at 
the Institute of Medical Chemistry directed by Albert Szent- 
Györgyi, where he learnt from his professor not only the methods 
and logics of scientific investigation but realised the signifi
cance of humanitarianism, dedication to society, culture and 
humanism.

He spent two years at Cambridge on a scholarship in profes
sor Keilin's laboratory between 1938-1939 where he achieved out
standing results in the field of the isolation and characteri
zation of diaphorase (lipoic dehydrogenase) and lactate dehydro
genase. But his works with malate dehydrogenase are not less im
portant.

Basic results in biochemistry were achieved by his researh 
in Szeged. It was there that he discovered actin, a protein

operating in muscle-contraction. Myosin complexed with actin 
in actomyosin may be regarded the first model of a very impor
tant stage in the history of biochemistry: the formation of

Akadémiai Kiadó, Budapest
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molecular biology. By isolated molecules it is now possible 
to study movement, one characteristic feature of life.

After Szent-Györgyi moved to Budapest he was appointed 
chairman of the Department of Medical Chemistry in Szeged, 
where he stayed for only a short time. In 1949 he bacame the 
head of the Department of Medical Chemistry at the Medical 
School, Budapest. He taught and directed research there until 
1970.

There he also initiated several revolutionary works during 
his activity in Budapest at the beginning of the 50-ies, e.g. 
the investigation of membrane transport processes and the ex
amination of protein synthesis in cell-free systems. It would 
take a long list just to enumerate all the stages in his sci
entific and social activity. He is a honorary member of sever
al Hungarian and foreign societies, for some time he had been 
on the editorial board of international journals. He is the 
vice-president of the International Union of Biochemistry, for 
many years he had been a member and lector the leader of the 
Safeguard Committee preparing the way to the pact of the pre
vention of atomic warfare. This committee is a body working 
within the International Atomic Energy Commission. He is also 
on the panel of ICSU and we could go on enlisting his many 
functions.

One can live such a rich life only through demanding, 
purposeful work. He has always been demanding with himself 
and his fellow-workers, too. Among other things the fact that 
several of his pupils have risen to international fame can be 
attributed to this.

On the occassion of his birthday on behalf of all his 
former co-workers we wish Professor F. Bruno Straub many more 
fruitful and happy years.

Editors



Acta Bioehim. Biophys. Bung. 24(1-2), pp. 3-13 (1989)

PREDICTION OF SURFACE LOOPS OF PROTEIN-FOLDS 
FROM MULTIPLE ALIGNMENTS OF HOMOLOGOUS SEQUENCES

László Patthy
Institute of Enzymology, Biological Research Center, 
Hungarian Academy of Sciences, Budapest, P.O.Box 7, 

H-1502, Hungary

(R e ce iv ed  F eb ru a ry  1, 1989)

SUMMARY
Multiple alignments of distantly related homologous sequences 
may be used for the construction of consensus sequences that 
identify conserved motifs, variable segments and regions that 
tolerate gap events. It is suggested that such consensus se
quences may be used for the prediction of key features of 
protein-folds. The validity of the proposed approach is illus
trated in the case of the cv globulin superfamily: the consen
sus sequence derived from the multiple alignment of sequences 
succeeded in identifying conserved structural motifs and in 
predicting the location of surface loops, that connect these 
motifs.

INTRODUCTION
In the case of distantly related homologous proteins their 

amino acid sequence similarity may be too low to be detected by 
conventional programs of sequence comparison, although the pro
teins still have a clearly homologous protein-fold. It was 
shown previously that multiple alignments of such distantly 
related sequences may be used for the construction of consensus 
sequences that incorporate features characteristic of the given 
protein-fold and these consensus sequences may be used to de
cide whether a new protein has the same protein-fold (Patthy, 
1987a). The principle of this approach is that the frequency of 
accepted mutations is a function of the role/importance of the

Dedicated to the 75th 
birthday of F.B. Straub Akadémiai Kiadó, Budapest



4 Patthy: Prediction of Protein Loops

given region in the protein-fold and is thus characteristic of 
the protein's three-dimensional structure. Regions critical for 
the integrity of secondary structures are likely to be con
served, whereas surface loops may be more variable and may be 
more tolerant to deletions-insertions. The characteristic fea
tures incorporated into consensus sequences should be valid for 
all members of the family, as long as the protein-fold is re
tained and such consensus sequences should facilitate the de
tection of distantly related members of the protein family. The 
consensus sequence procedure has proved to be a powerful method 
for detecting distant homologies (Patthy, 1987a,b; Patthy,
1988 a,b). The success of the approach supports the validity of 
the rationale of the consensus sequence procedure and suggests 
that it maÿ also be used for the prediction of key features of 
protein-folds. In the present work it is shown that consensus 
sequences constructed for the °<^ globulin superfamily correct
ly predict the majority of the conserved structural motifs and 
surface loops of the protein-fold of this superfamily.

METHODS
The sequences of various members of the o{ globulin 

superfamily: human serum retinol-binding proteiH (Rask et al.,
1979), chick purpurin (Berman et al., 1987), mouse urinary 
protein (Clark et al., 1984), rat o< globulin (Dolan et al., 
1982), rat odorant-binding protein u (Pevsner et al., 1988), 
human apolipoprotein D (Drayna et al., 1987), odorant-binding 
protein from the Bowman's gland of frog (Lee et al., 1987), 
bovine, kangaroo and ovine /З-lactoglobulin (Braunitzer et al., 
1973; Godovac-Zimmermann and Shaw, 1987; Ali and Clark, 1988), 
human complex forming protein (Lopez et al., 1981), rat epi- 
dydimal secretory protein (Brooks, 1987), human °( acid glyco
protein (Dente et al., 1987), the у chain of human complement 
C8 (Ng et al., 1987), hamster aphrodisin (Henzel et al., 1988) 
and tobacco hornworm insecticyanin (Riley et al., 1984) were 
taken from the literature.
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The multiple alignment of the sequences was determined by 
the iterative alignment procedure described previously (Patthy, 
1987a). This procedure forces the alignment of conserved resi
dues and finds the preferred location of gaps since it employs 
a position-dependent self-scoring system. Multiple alignments 
generated by this procedure were used to deduce consensus se
quences, based on similarity of amino acid sequences. In the 
present work similar amino acids were grouped: D,E,N,Q; R , К ; 
W,Y,F; V,I,L,M; S ,T ; H; P; A; G; C. In the consensus sequences 
X was written in positions where an amino acid is present in 
more than к fraction of the sequences, g was written in posi
tions where an amino acid was present in к or less than к frac
tion of the sequences; terminal gaps were not included. In x 
positions, where more than f fraction of the sequences contain
ed the same or similar residue, x was replaced by the one- 
letter sign of the most frequent amino acid of the dominant 
amino acid type. Therefore, in the consensus sequences x marks 
variable positions, g represents the positions tolerant to gap 
events and the key residues are represented by the one letter 
code sign.

RESULTS AND DISCUSSION
In the multiple alignment shown in Fig.l. blocks of con

served segments are separated by g regions. The g regions show 
clear differences in their tolerance to gap events as reflected 
in the frequency of gap events, size of gaps (Table 1.).

Gap events are most frequently encountered and/or longer
4insertions are found at gaps 31, 58, 74, 85, 110, 123, 157. 

Since regions that can accept deletions-insertions without dis
ruption of the protein-fold most likely correspond to surface 
loops it seemed reasonable to assume that these gap regions 
identify surface loops, whereas conserved segments may form 
structural motifs of the protein.

To test this prediction we compared the location of these 
gaps with the three-dimensional structure of bovine ̂ -lactoglo- 
bulin (Monaco et al., 1987), insecticyanin (Holden et al.,
1987) and retinol-binding protein (Newcomer et al., 1984). The 
three-dimensional structure of these proteins are remarkably 
similar: it consists primarily of an eight-stranded antiparal-
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Table 1. Gaps in the multiple alignment of the -globulin
superfamily. For numbering of gaps see Fig? 2. Gap 
events were calculated as the minimum number of events 
needed to arrive to the present diversity from the most 
frequent form.

gap
number of

sequences affected
total number of 

residues affected size range
14 1 2 2
31 3 8 1-4
40 9 9 1
58 1 1 26 1-4
74 5 7 1 - 2
85 1 0 34 1 - 8

1 1 0 8 19 1-4
123 4 7 1-3
157 6 8 1-3

Fig.l. Localization of gap regions in the protein-fold charac
teristic of the o<„ globulin superfamily. The multiple align
ment of the sequences of human retinol-binding protein (RBP), 
purpurin (PU), odorant-binding protein (OBP), mouse urinary 
protein (UP), rat globulin (GU), human apolipoprotein D
(ALPD), olfactory protein from Bowman's gland of the frog (BG), 
bovine, ovine and kangaroo /3-lactoglobulin (BLG,OLG,KLG), 
human complex forming protein (HC), rat epididymal secretory 
protein (ESP), human o<. acid glycoprotein (AGP), C8 gamma 
chain (C8), hamster aphrodisin (APH), tobacco hornworm insecti- 
cyanin (THI) and the consensus sequence (к = 0.8 ; f=0.5, based on 
similarity) was constructed according to a described procedure 
(Patthy, 1987a). Similar residues were grouped: D,E,N,Q; S,T; 
R,K; V ,I ,L ,M ; F , Y , W ; P; A; G; H; C. In the consensus sequence 
conserved residues are represented by the one letter code sign 
of the most frequent representative of the dominant amino acid 
type, the variable residues are represented by x, positions 
tolerant of gap events are represented by g. The numbering 
refers to the sequence of BLG. The sequences of the mature 
proteins are broken up into segments corresponding to the 
coding regions of exons in the genes of urinary proteins. The 
numbers following the segments of RBP, UP, GU, ALPD, OLG and 
AGP indicate the phase class of the introns separating the 
exons. In the case of phase 1 and phase 2 introns the residue 
split by the intron is underlined. Note that the introns are 
located in g regions.
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RBP
PU
UP
GU
OBP
ALPD
BG
BLG
OLG
KLG
HC
ESP
AGP
C8
APH
THI
con

ERDCRVSSFRVKENFDKAR-0 
QTCAVDSFSVKDNFDPKR 

EEASSTGRNFNVEK-0 
EEASSTRGNLDVAK-0 

AHHENLDISP
QAFHLGKCPNPPVQENFDVNK-0 

QCQADLPPVMKGLEENK 
LIVTQTMKGLDIQK 
11VTQTMKGLDIQK-0 
VENIRSKNDLGVEK 

GPVPTPPDNIQVQENFNI SR 
AVVKDFDISK

QIPLCANLVPVP ITNATLDQ-0 
QKPQRPRRPASP I STIQPKANFDAHQ

QDFAE
GDIFYPGYCPDVKPVNDFDLSA 

xxxxNFDIxK
10

RBP
PU
UP
GU
OBP
ALPD
BG
BLG
OLG
KLG
HC
ESP
AGP
C8
APH
THI
con

FSGTWYAMAKKDPEGLF LQDNIVAE FSVDETGQMSATAKGRVRLLN-2
YAGKWYALAKKDPEGLF LQDNISAE YTVEEDGTMTASSKGRVKLFG
INGEWHTIILASDKREK IEDNGDFRL FLEQIHVLENSLVLKFHTV-2
LNGDWFSIVVASNKREK IEENGSMRV FMQHIDVLENSLGFKFRIK- 2

SEVNGDWRTLVIVADNVEK VAEGGSLRA YFQHMECGDECQELKIIFNVK
YLGRWYEIEKIPTTFEN GRCIQAN YSLMENGKIKVLNQELR-2
VTGVWYGIAAASNCKQF LQMKSDNMPAPVNIYSLNNGHMKSSTSFQ 
VAGTWYSLAMAASDISL LDAQSAPLR VYVEELKPTPEGDLEI LLQKW
VAGTWHSLAMAASDISL LDAQSAPLR VYVEELKPTPEGNLEI LLQKW-2
FVGSWY LREAAKTMEF SIPLFDMDIKEVNLTPEGNLELVLLEK
IYGKWYNLAIGSTCPLK IMDRMTVST LVLGEGATEAEISMTSRTRW
FLGFWYEIAFASKMGTP GLAHKEEKMGAMVVELKENLLALTTTYY
ITGKWFYIASAFRNEEYNKDVQEIQATFF YFTPNKTEDTIFLREYQTR-2 

' FAGTWLLVAVGSACRFL QEQGHRAEATTLHVAPQGTAMAVSTFRK 
LQGKWYTIVIAADNLEK IEEG GPLRFYFRHIDTYKCCSEMEITFYVI
FAGAWHEIAKLPLENEN QGKCTIAEYKYDGKKASVYNSFVSNGV

ggIxGxWYxIAxxxxxxExgggIQExxxxxxgYxxxxxxxxxxxxxxxxxgggg

20 30 40 50 60

Fig. la.
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RBPPU UP GU GBP ALPD BG В LG OLG KLG HC ESP AGP 
08 APH THI cori

NWDVC ADMVGTFT DTEDPAKFKMK YWG V ASFLQKGN-- .1 FWV 1C A E»MA AQ YTV P DPTTP AKMYMTY QGLASYL3SGG RDEECSEYSMVAD KTEKA6EYSVTY-1 ENGECRELYLVAY KTPEDGEYFVEY-1 LDSECQTHTVVGQ K HEDGRYTTDY ADGTVNÚ1EGEATPVNLTEPAKLEVKFSWF-1 TEKGCQQMDVEMT TVEKGHYKWKMQ ENGECAQKKIIAE KTKIPAVFK1DA ENGECAQKKIIAE KTKIPAVFKI DA-i TDRCVEKKLLLK KTKKPTEFEIY1 RKGVCEETSGAYE KTDTDGKFLYHKSKW SEDHCVLEKVTAT EGDGPAKFQVTRL QDQCIYNTTYLN VQRENGTISRYV-1 LÚG í CWQVRQLYG DTGVLGRFLLQA TNNQC5KTTVI GY LKGNGTYQTQFKEYMEGDLEI APD AKYTKQGKYVMTF gggxNxxGxExxVxxxggxxxxxGxFxVxxggggggggggg
70 80

RBPPUUPGUGBPALPDBGВ LGGLGKLGHCESPAGP
C8APHTHIcon

DDHWIVDTDYDTYAVQYSCRLLNLDGTCADSYSFVFS DNYWVIDTDYDNYAITYACRSLKEDGSCDDGYSLIFS DGFNTFTIPKTDYDNFLMAHLI NE KDGETFQLMGLYG-1 DGGNTFTILKTDYDRYVMFHL1NF KNGETFQLMVLYG-1 SGRNYFHVLKKT DD1IFFHNVNV DESGRRQCDLVAG MPSAPYWILATDYENYALVYSCTCI IQLFHVDFAWI LA QGDSETIIVATDYDAFLMEFTKIQ MGAEVCVTVKLFG LNENKV LVLDTDYKKYLLFCMENS AEPEQSLACQCLV LNENKV LVLDTDYKKYLLFCMENS AEPEQSLACQCLV-1 SSESSYTFCVMETDYDSYFLFCLYNI SD REKMACAHYV NITMESYVVHTNYDEYAIFLTKKF SRHHGPTITAKLYG SGKKEVVVEATDYLTYAIIDITSL VAGAVHRTMKLYS GGQEHFAHLLILRDTKTYMLAFDVND EKNWGLSVYA-XRGARGAVHVVVAETDYQSFAVLYLERA ŰQLSVKLYARSLEGNN1FQPLYITSDKIFFTNKNMDRA GQETNMIVVAGKFGQRVVNLVPWLATDYKNYAINYNCDYHPDKKAHSI HAWILS ggggxxxNxxxILxTDYDxYxLxxxxxxgggggxxxExxxLYxggg
90 100 110 120

Fig. lb.
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RBP
PU
UP
GU
OBP
ALPD
BG
В LG
OLG
KLG
HC
ESP
AGP
C8
APH
THI
con

RBP
PU
UP
GU
OBP
ALPD
BG
BLG
OLG
KLG
HC
ESP'
AGP
C8
APH
THI
con

RDPNGLPPEAQKIVRÛRQEELCLARQYRLIVHNG-1 
RNPRGLPPAIQRIVRQKDEEICMSGQFQPVLQSG 
REPDLS DIKERFAÛLCEEHGILREN11DLSNAD-1 
RTKDLSSDIKEKFAKLCEAHGITRDN11DLTKTD-1 
KREDLNKAQKQELRKLAEEYNIPNENTQHLVPTD 
RNPNLPPETVDSLKNILTSNNIDVKKMTVTDQV 
RKDTLPEDKIKHFEDHIEKVGLKKEQYIRFHTKA 
RTPEVDDEALEKFDKALKALPMHIRLSFNPTQLEE 
RTPEV DNEALEKFDKALKALPMHIRLAFNPTQLEG-1 
RRIE ENKGMNEFKKILRTLAMPYTVI EVRTRD 
RAPQLRETLLQDFRVVAQGVGIPEDSIFTMADRG 
RSLDDNGEALYNFRKITSDHGFSETDLYILKHDL 
DKPETTKEQLGEFYEALDCLRIPKSDVVYTDWKK-0 
PVSDSVLSGFEQRVQEAHLTED QIFYFPKYG 
KGNALTPEENEILVQFAHEKKIPVENI LN ILATD 
KSKVLEGNTKEVVDNVLKTFSHLIDASKFISNDFSEA 
RxPDxxxExLExFxQLxExxxIxxENIxxLxxxxggg

1 3 0  1 4 0  1 5 0

YCDGRSERNLL
AC
RCLQARE
RCLQARG
TCNQ
NCPKLS
TCVPK
QCHI
QCHV
MCHV
ECVPGEQEPEPILIPA 
TCVKVLQSAAESRP 
DKCEPLEKQHEKERKQEEGES 
FCEAADQFHVLDEVRR 
TCPEELR
ACQVSTTYSLTGPDRH
xCxx
160

Fig. lc.
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Fig.2. Schematic drawing of the protein-fold of the 9l°bu ~
lin superfamily indicating the strands of /З-sheet connected by 
loops (drawn after the bovine /З-lactoglobulin-fold, Monaco et 
al., 1987). The arrows mark the position of the residues pre
ceding the gap regions identified in Fig.l. Note the correlation 
of loops with gap regions.
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lei /З-barrel and a short «Chelix (Fig.2.). As shown in Fig.2. 
there is a clear correlation between the location of gaps and 
the location of the surface loops that connect strands of the 
antiparallel /З-sheet. It is noteworthy that the extremely 
flexible 56-68 loop which protrudes into the solvent (Monaco et 
al., 1987) corresponds to the region that was identified as the 
region most tolerant to deletions-insertions (Table 1.). The 
only exception from the loop-gap correlation is gap 40, which is 
located in the middle of the second strand of the antiparallel 
/ З -sheet. It should be noted, however, that gap 40 tolerates 
only short deletions (Fig.l.).

On the basis of the reasonable correlation between gap 
regions and surface loops we suggest that the approach described 
in the present paper may be useful for the prediction of bound
aries of structural motifs, localization of flexible loops.

Interestingly, the location of the introns identified in 
the genes of retinol-binding protein (Laurent et al., 1985), 
mouse urinary protein (Clark et al., 1984), rat °<2U globulin 
(Dolan et al., 1982), apolipoprotein D (Drayna et al., 1987), 
ovine /2-lactoglobulin (Ali and Clark, 1988) and acid glyco
protein (Dente et al., 1987) are always found in g regions 
(Fig.l.). It seems probable th-at sliding of the splice-junction 
of these introns facilitated the deletion-insertion of amino 
acids in the g regions, but the correlation of these gaps with 
the three-dimensional structure of the protein-fold emphasize 
that the tolerance of the protein-fold for insertions was the 
more critical factor. The fact that introns are found in g 
regions may be explained by assuming that introns were preferen
tially inserted in these tolerant regions.
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SUMMARY
Pairwise coupled reactions of fructose-1,6-bisphosphate 
aldolase and sn-glycerol-3-phosphate dehydrogenase, 
3-phosphoglycerate kinase and D-glyceraldehyde-3-phosphate 
dehydrogenase,triosephosphate isomerase and sn-glycerol- 
3-phosphate dehydrogenase have been detected by micro
spectrophotometry in single crystals obtained from myogen 
A in the presence of polyethylene glycol. Microspectro- 
photometric measurements with polarized light demonstrate 
that the protein molecules are oriented and that NADH 
is bound with a definite orientation to the dehydrogenases 
within the crystal.

INTRODUCTION

In the last 10-15 years the regulation of metabolism is 
in the center of scientific interest (1-4). The metabolic 
pathways are composed of a sequence of coupled reactions 
(5, 6). These coupled reactions may be catalyzed by non-inter- 
acting or interacting enzymes (7-14). To understand the struc
tural basis of interactions the crystal structure of cocrystals 
of enzymes catalyzing subsequent reactions would have a primary 
importance. Early crystalline protein preparations from rabbit 
muscle (myogen A and myogen B) were found to contain several 
glycolytic enzymes (15), some of which were demonstrated to 
interact in solution (16-21) . Myogen A seemed to be a uniform 
crystalline preparation containing both fructose-1,6-bisphos
phate aldolase and sn-glycerol-3-phosphate dehydrogenase (22).

Dedicated to the 75th 
birthday of F.B. Straub Akadémiai Kiadó, Budapest
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The interaction of these latter enzymes was also detected in 
solution (23, 24). Thus, we were encouraged to produce myogen 
A macrocrystals suitable for future X-ray investigations. In 
addition, to relate structural and functional data we investi
gated the catalytic competence of myogen A single crystals: 
the occurrence of coupled enzymatic reactions were detected 
by single crystal microspectrophotometry.

MATERIALS AND METHODS

Myogen A was isolated from rabbit muscle according to 
Baranowski (15). After centrifugation, myogen A microcrystals 
were dissolved in water and the protein dialyzed against 
0.1 M sodium phosphate buffer, 1 mM EDTA, pH 7.2. To the pro
tein solution (4-6 mg/ml) polyethylene glycol (PEG) Mr 6000 
was added to reach 5 w/w% concentration. The solution was 
transferred into capillaries and dialyzed at room temperature 
against 12% PEG 6000 containing 0.1 M sodium phosphate buffer,
1 mM EDTA, pH 7.2. In about two weeks crystals shaped as either 
rhombic plates (0.5x0.5x0.02 mm) or hexagonal bipyramids of 
similar size were formed, suitable for single crystal micro
spectrophotometry. These crystals were found to diffract better 
than 0.5 nm resolution. Experiments were performed as described 
previously (25-27) with a Zeiss microspectrophotometer on-line 
with a Hewlett-Packard 9816 desk-top computer and plotter.

Protein composition of single crystals was determined by 
separation of their components using FPLC (Pharmacia). A number 
of single macrocrystals were collected and washed repeatedly 
with 20% PEG 6000 in 50 mM Tris buffer, pH 7.3, containing 
1 mM EDTA. After centrifugation the crystals were dissolved 
in 50 mM Tris buffer, pH 7,3, containing 1 mM EDTA. The re
sulted protein solution (0.6 ml of about 5 mg/ml) was loaded 
onto a Polyanion SI-17 column, equilibrated with the above 
buffer. Flow rate was 0.5 ml/min and fraction volume was 1 ml. 
After washing the column with buffer for 10 min a NaCl gradient 
elution (from 0 up to 0.5 M NaCl) was applied for 60 min. The 
eluted protein peaks were identified by recording the light 
absorbance of the fractions at 280 nm and by measuring their 
enzymatic activities.

The sn-glycerol-3-phosphate dehydrogenase was isolated 
from rabbit muscle according to Telegdi (28) . Growing single 
macrocrystals of this enzyme was carried out in the same way 
as in the case of myogen A.

RESULTS AND DISCUSSION

A single crystal of myogen A was incubated for a few 
minutes in a solution containing 30% PEG 6000, 50 mM Tris-HCl, 
1 mM EDTA, 1 mM NADH, pH 8.1, then excess coenzyme was removed
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by repeated washings. The NADH bound within the crytal exhib
ited an absorption spectrum with the characteristically per
turbed X = 360 nm (Fig. 1) and an intensity comparable with 
that of pure dehydrogenases (29). Coenzyme was found not to- 
diffuse out of the crystal into the suspending medium at least 
for one hour and after several washings. The crystal was re
suspended in a PEG medium containing 5-10 mM fructose-1,6-bis- 
phosphate and the disappearance of the absorption band was 
monitored (Fig. 1).

Wavelength (nm)

Fig. 1. Unpolarized light spectra of a single myogen A 
crystal. 1. After addition of 1 mM NADH in PEG 
solution and several washings with PEG-containing 
buffer; 2. The same crystal after 35 minutes of 
incubation in PEG solution containing 10 mM 
fructose-1,6-bisphosphate.

The disappearance of NADH from the crystal suggests the 
formation of dihydroxyacetonephosphate from fructose-1,6-bis- 
phosphate catalyzed by fructose-1,6-bisphosphate aldolase and
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the coupled redox reaction of the triosephosphate with NADH 
catalyzed by sn-glycerol-3-phoshate dehydrogenase. This result 
proves that within the single crystal both major components of 
myogen A are present and catalytically active. Although the 
crystal exhibited fine crackings following the reaction, bi
refringence was maintained. NAD remained bound within the 
crystal, as shown by the reappearance of NADH after changing 
the incubation mixture with a medium containing glycerol-3- 
phosphate.

Activities of some other glycolytic enzymes were also 
detected in the single crystal from myogen A. Upon diffusion 
of D,L-lactate (25 mM) and NAD (1 mM), appearance of NADH 
bound within the crystal was observed, indicating the presence 
of lactate dehydrogenase. When D-glyceraldehyde-3-phosphate 
(2 mM) was diffused into the crystal containing bound NADH, 
the disappearance of NADH spectrum was observed due to the 
presence of triosephosphate isomerase catalyzing the production 
of dihydroxyacetonephosphate, subsequently transferred to sn- 
glycerol-3-phosphate dehydrogenase to react with NADH. Further
more, when 3-phosphoglycerate (5 mM) and Mg-ATP (5 mM) were 
diffused into the crystal containing bound NADH, the disappear
ance of its absorption band was detected, due to the consecu
tive reactions of 3-phosphoglycerate kinase and D-glyceralde- 
hyde-3-phosphate dehydrogenase. The results of the various 
experiments are summarized in Table 1.

The question marks in Table 1 denote the cases in which 
enzymatic reactions possibly occur, but in lack of a spectral 
signal they escape detection. E.g. in the presence of fructose- 
1, 6-bisphosphate, not only the reaction catalyzed by fructo.se- 
1,6-bisphosphate aldolase, but also the subsequent reaction of 
products with triosephosphate isomerase can be expected. In 
addition, we were unable to observe the possible occurrence 
of the consecutive reactions catalyzed by fructose-1,6-bis
phosphate aldolase and D-glyceraldehyde-3-phosphate dehydro
genase when fructose-1,6-bisphosphate and NAD were added to 
the crystal. Although in this case NADH should be formed, it 
can further react (thus disappearing) with the concomitantly 
formed dihydroxyacetonephosphate through the action of sn-
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Table 1. Enzymatic reactions detected in single crystals 
of myogen A

Reactants added to a single 
crystal of myogen A in 30% 
PEG 6000, 50 mM Tris buffer, 
pH 8.1, 1 mM EDTA, 20°C

NADH 
bound 
in the 
crystal

Enzymatic
reaction

Occurrence 
of crystal 
cracking

NADH + - -
NADH, incubated for 1 hour in 
a NADH-free medium and after 
several washings +
NADHK + fructose-1,6-bisphosphate XX + +
NADHK + dihydroxyacetonephosphate XX + +
glycerol-3-phosphate + NAD + + +
dihydroxyacetonephosphate or 
D-glyceraldehyde-3-phosphate - ? -
fructose-1 ,6-bisphosphate - 7 -
dihydroxyacetonephosphate + 
D-glyceraldßhyde-З-phosphate - 7 -
NADHK + dihydroxyacetonephosphate 
and after the reaction (disappear
ance of NADH) + glycerol-3-phos- 
phate + + +
D,L-lactate + NAD + + -
NADHK + D-glyceraldehyde-3- 
phosphate _ x x + +
NADHK + 3-phosphoglycerate + 
MgATP _ x x + -

KNADH bound in the crystal after washing with PEG 6000 (30%), 
50 mM Tris buffer, pH 8 .1, 1 mM EDTA

K*A small residual amount of NADH remains bound in the crystal

’Not detectable in the absence of spectral signal



glycerol-3-phosphate dehydrogenase (both being in high excess 
as compared with glyceraldehyde-3-phosphate and D-glyceralde- 
hyde-3-phosphate dehydrogenase, respectively).

Measurements with polarized light show differences in 
the intensity of optical absorptions depending on crystal 
orientation, both in the absence of NADH at X = 280 nm and 
in the presence of NADH at X = 340 nm. The maximum of absorption 
occurs at different crystal orientations for the two bands.
When NADH was produced in the crystal via reaction of glycerol- 
3-phosphate and NAD, or D,L-lactate and NAD, the intensity of 
polarized light absorption for the resulting NADH was the same 
as for NADH added directly to and bound by the crystal protein. 
These findings suggest that protein molecules within the crystal 
are oriented and, similarly, that NADH is bound with a definite 
orientation to the dehydrogenases.

The above functional and spectral properties were egually 
exhibited by single crystals obtained from three different 
myogen A preparations. However, variable amount of their con
stituent enzymes were found with FPLC analysis (Table 2).
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Table 2. Composition of different myogen A crystal preparations

Myogen A 
preparation

Percentage of components

sn-glycerol-3- 
phosphate de
hydrogenase

fructose-1 ,6-
bisphosphate
aldolase

other
enzymes

1 (microcrystal) 50 ± 5 20 ± 2 30 ± 3
2 (single rhombic 

plate crystal) 70 ± 7 10 - 30* 1 - 1 0
3 (single hexagonal 

bipyramid crystal) 5 - 10* 90 ± 9 1 - 1 0

FPLC analysis was described in the Materials and Methods
*The enzymes were practically inactive after elution from the 
column



Fig. 2. M icroscopic photographs o f  myogen A  crystals. (A) Preparation 1, (B) Preparations.
Magnification: 20 X .
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It is particularly interesting to relate these findings 
to the crystal forms of different myogen A preparations. While 
preparations 1 and 2 (where sn-glycerol-3-phosphate dehydro
genase was the dominating component) crystallized in rhombic 
plates, the crystals of the mainly fructose-1 ,6-bisphosphate 
aldolase-containing preparation 3 appeared as hexagonal bi
pyramids (Fig. 2). The latter form is similar to the crystals 
of the originally published preparation of myogen A (15).

We prepared single macrocrystals also from the isolated 
rabbit muscle sn-glycerol-3-phosphate dehydrogenase in the 
presence of PEG 6000 and found the same morphology of the 
crystals of myogen A preparations 1 and 2. Thus the main com
ponent of myogen A determines the mode of arrangement of protein 
molecules within the crystal lattice. The lattice can accomodate 
smaller number of other enzyme molecules, too. Crystalline sn- 
glycerol-3-phosphate dehydrogenase can bind NADH, form a complex 
with similar spectrum as the multienzyme crystal and is cata- 
lytically competent.

One might wonder whether cocrystallization of different 
enzymes and the occurrence of coupled reactions in a single 
crystal are the conseguence of some specific interaction(s) 
among the various constituent enzymes in solution. In fact, 
complex formation between pairs of the enzymes present in 
myogen A has been previously documented in solution (16-21,
23, 24). Considering that complexes involving glycolytic en
zymes are possible transient or weak (and therefore sometimes 
escape detection by conventional techniques ; 30-32), it is 
possible that composition of the crystals depends strongly on 
the slightly different conditions of both isolation and crys
tallization of myogen A. However, the occurence of the pair
wise coupled reactions in the single crystal of myogen A in
dicates that the enzymes present are catalytically competent. 
Thus, presumably, it will be possible to connect structural 
and functional data if the X-ray structure determination of 
the complex will be realized. Further systematic crystalli
zation attempts are required to find conditions favouring 
stoichiometric complex formation within single macrocrystals.
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The extraordinary rate accelerations and specificities 
of enzymes have been the central problem of biological chem
istry ever since the discovery of enzymic activity (for reviews 
see refs. 1, 2). Indeed, numerous ideas have been advanced to 
explain enzymic catalysis, many of them referred to similar 
features tagged with different names, such as.approximation, 
orientation, propinquity, anchimeric assistance, rotamer 
distribution, stereopopulation control, togetherness, and 
the likes (1). All these proposals imply entropy loss, as 
a major contribution to catalysis when the reactants bind 
to the enzyme. In other words, enzymes may be considered as 
entropy traps (3).

In the last decade a long-known theory, namely transition 
state stabilization (2, 4-6) has been gaining favor over the 
importance of entropy in enzyme catalysis. In the transition 
state chemical bonds are in the process of being made and 
broken. The transition state is actually the highest energy 
state, i.e. the most unstable species on the reaction path. 
Transition state stabilization in enzyme catalysis is usually 
interpreted in terms of stronger binding between the enzyme 
and the transition state relative to the binding between the 
enzyme and the ground state. It is conceivable that additional 
binding in the transition state can facilitate its formation 
from the ground state, as shown by the special interactions 
between serine proteases and the oxyanion of the tetrahedral
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intermediate (7), or between tyrosyl-tRNA synthetase and ATP 
(8 ). The rising interest in the transition state stabilization 
may be due to an upsurge in mechanistic investigations using 
transition state analog inhibitors, as well as X-ray crystallo
graphy and molecular graphics, which attempt to visualize 
catalytic intermediates including transition state-like struc
tures. The aim of this paper is to point out some overinter
pretations of the transition state theory that propagate in 
the recent literature.

In his recent review (2) on the transition state stabil
ization in enzymic catalysis. Kraut has concluded that tran
sition state must bind enormously more strongly to the enzyme 
than does the substrate in its ground state that he identified 
with the Michaelis complex. He has further concluded that the 
energy difference between the ground and transition states 
roughly accounts for the enzymic rate acceleration relative to 
the corresponding nonenzymic reaction. An important question 
that emerges in this respect is whether к . reflecting the 
energy difference between the enzyme-substrate complex and 
the transition state (Eq. 1, and Fig. 1) correctly reflects 
rate acceleration. Indeed, it has been pointed out that кC 3 t
is not a meaningful rate constant because it can be affected
by different factors, such as nonproductive binding (9). On
the other hand, к ,/К , the rate constant for the reaction cat m
of the free enzyme with the free substrate (Eq. 2, and Fig.l), 
is a proper measure of enzymic reactions (9). The rate deter
mining activated complex ESK , is not necessarily the same in 
Eqs. 1 and 2 in the case of complicated reactions having more 
than one intermediate.

КM cat
E + S ES ES ( 1 )

к ./K„ cat M
ESE + S sç (2)
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1Э<3

E+S

Reaction coordinate
»

Fig. 1. Gibbs energy changes for a simple 
Michaelis-Menten catalysis

It is seen from Fig. 1. that the Gibbs energy of acti
vation for the simple Michaelis-Menten process form free sub
strate to the transition state is composed of two terms, an
energetically unfavorable term, AG* / due to the chemicalKcatreaction, and an algebraically negative favorable term,
A g_ _ ,  due to the binding energy (Eq. 3).Jib

The total amount of intrinsic binding energy in the 
enzyme - substrate complex, AGß is equal to AGEg only if the 
enzyme is complementary to the substrate (Fig. 1), as in 
Fisher's "lock and key" simile. On the other hand, according 
to the transition state theory, the enzyme should be comple-

(3)
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mentary to the transition state, and thus the maximum binding 
energy can be realized at this stage. However, the binding 
energy difference between the two states, AGQ, will not be 
utilized for a stronger binding, but rather for lowering the 
activation energy for к t, with the concomitant increase in 
KM> Consequently, Ag es will be equal to ÄGB + AGQ , where the 
two terms have opposite signs (Fig. 2). The apparent decrease

S*

Reaction coordinate

Fig. 2. Gibbs energy changes when the enzyme-substrate 
complex is destabilized and this is relieved 
in the transition state

in binding energy (higher K^) implies that the enzyme-substrate
complex is destabilized by AG^, and that this destabilization
is relieved in the transition state. As for к ,_/K„, Fiq. 2cat M' 4



Polgár: Transition State Stabilization 29

shows that the activation energy for this rate constant is
also decreased by AGq , the difference in the binding energy
between the transition state and the enzyme-substrate complex.
Accordingly, the rate acceleration for к ./К due to thec a t  м
different binding in the two states is accounted for by a 
factor of exp(AGD/RT).

We may now consider the enzymic rate acceleration relative
to the corresponding nonenzymic reaction. It is seen in Fig. 2
that the nonenzymic transition state, S , displays a much
higher energy than the enzymic one, ES . It is even higher
than (ES*) which is not stabilized by additional binding in
the transition state relative to the ground state. This is
conceivable since the entropy loss for collecting the catalytic
groups, electric charges and other solvating groups around S*
in solution is remarkably higher than the entropy loss is in
the enzymic transition state where this special environment is
provided by the protein structure. Consequently, the rate
acceleration is accounted for by AG* - AG, rather than

^ cat'KMby AGn suggested in the literature (2) .£5
Another uncritical use of the concept of transition state 

stabilization concerns the increased activity of enzymes towards 
larger substrates than towards smaller ones. For example, sub
strates with larger amino acid side chains or with additional 
amino acid residues or sugar residues on either side of the 
scissile peptide or glycosidic bond are often hydrolyzed at an 
enhanced rate, which is manifested more by an increase in kcat 
than by a decrease in KM (2, 10-12). In terms of transition 
state stabilization these additional residues, such as the

residues of a peptide substrate, are said to bind only 
in the transition state but not in the enzyme-substrate complex, 
and this binding difference would account for the rate en
hancement (2, 12). Although it is consistent with the concept 
of transition state stabilization, such an interpretation 
appears to be highly unlikely. Specifically, if any portion 
of the substrate becomes anchored to the enzyme, a substantial 
entropy loss involving the translational and overall rotational 
entropy is brought about, so that only the internal molecular 
motions, which requires very small energy, need be frozen out
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in order that the entire substrate be bound. Consequently, the 
P2-P5 residues of a peptide substrate may readily bind in the 
enzyme-substrate complex. Such a large nonreacting part of a 
specific substrate will facilitate the reacting part to be in 
a fixed position at the active site, so that a small amount of 
entropy need be lost to reach the transition state. In contrast 
nonspecific substrates that are held less firmly at the active 
site require a greater loss of entropy to form the transition 
state. Thus, the entropy loss on going from the enzyme-sub
strate complex to the transition state may be manifested in
к . rather than in K„. cat M

Besides the entropie contribution, destabilization of the 
enzyme-substrate complex may be another factor that can account 
for the increase in к . b y  the binding of the nonreacting 
portion of the substrate (1). Destabilization mechanisms in
volving geometric distortion, electrostatic interactions, and 
desolvation, will decrease the binding energy and utilize the 
decreased part for bringing the enzyme-substrate complex closer 
to the transition state, i.e. for increasing the к . Ac- 
cordingly, it is possible to obtain rate increase by destabi
lization of a group on the substrate, without an additional 
binding in the transition state.

Transition state analogs are often evoked to support the 
theory of transition state stabilization (1, 2). Indeed, some 
inhibitors that mimick the transition state may bind to the 
enzyme by several orders of magnitude stronger than the sub
strate can do. For instance, boronic acid derivatives of pep
tide substrates mimick the transition state-like, unstable 
tetrahedral intermediate in the protease catalysis (7). However 
the occurrence of tight binding between an enzyme and its in
hibitor does not necessarily indicate the existence of a tran
sition state-like structure. The tight binding may simply 
reflect the difference between the structures of the substrate 
and the transition state analog. For example, the boronic acid 
derivatives mentioned above already have a tetrahedral struc
ture, whereas the reacting peptide bond of the substrate is 
planar, and should be converted into a tetrahedral-like struc
ture in order to reach the transition state. This requires a
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substantial amount of energy. Thus, the observed binding of 
the substrate will be reduced by the energy required for the 
conversion, and this will appear as a weaker binding of the 
substrate relative to the transition state analog.

Entropy changes may also make complications in the inter
pretation of the action of transition state analogs (1). Thus, 
a more flexible substrate as compared with a less flexible 
transition state analog will loose more entropy upon binding 
in the transition state. Hence, an apparently tighter binding 
is obtained with the transition state analog. Also, if two or 
more substrates are combined in the transition state, their 
dissociation provides a smaller increase in entropy than the 
dissociation of two independent substrates. There is no such 
difference between the dissociation of the substrate state 
and the transition state in the case of the so called multi
substrate analogs, which involve the reacting substrates 
connected by covalent bond. Therefore, the strong binding 
observed is not due to the complementarity of the analog to 
the active site.

There are several other factors that do not permit to 
compare reliably the binding of a substrate with the binding 
of its transition state analog. For example, the value of KM 
may not represent the true dissociation constant, Kg, especial
ly when there are intermediates on the reaction path, such as 
an acylenzyme intermediate in protease catalysis. Even the Kg 
is not a true equilibrium constant if the complex decomposes 
with a high к t.

In summary, complementarity of the enzyme to the transi
tion state is advantageous for the rate increase of the cata
lytic process, but it is not the sole source. The loss of 
translational and overall rotational entropy is the major 
driving force for the enzymic catalysis. Also, destabilization 
of the enzyme-substrate complex may be similarly important as 
is enzyme complementarity to the transition state. The possi
bility should not be disregarded that the enzyme can be com
plementary to an unstable intermediate, such as the tetrahedral 
intermediate in protease catalysis, or even to the product 
rather than to the transition state (1). This can be the case
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when the reaction is not optimal in both directions. In such 
a one way catalysis, destabilization of the enzyme-substrate 
complex, and the resulting rate increase, may be larger than 
in the case of transition state complementarity. Finally, on 
going from the enzyme-substrate complex to the transition state, 
chemical catalysis, such as general acid and general base 
catalysis, can be a further important contributing factor to 
the enzymic rate increase.
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SUMMARY
Specific binding of (^H)naloxone to opioid receptors in 
frog (Rana esculenta) brain membranes was irreversibly 
inactivated by the sulfhydryl group alkylating agent 
N-ethylmaleimide (NEM). Saturation analysis of (^H)naloxone 
binding revealed a marked reduction in the number of ligand 
binding sites after N-ethylmaleimide treatment. Pretreat
ment of the membranes with unlabelled opioid ligands, i.e. 
naloxone, morphine, or the kappa selective dynorphin 
(1-13), and sodium ions resulted in considerable pro
tection of (3H)naloxone binding against the N-ethylmale
imide blockade.

INTRODUCTION

In the past few years many data have been accumulated on 
the biochemistry of the opioid receptors (for reviews see 1-3 ). 
Among chemical requirements thiol groups were noted and the 
interaction of opioid ligands with their receptors has been 
postulated as being regulated by sulfhydryl groups (1 , 4 ).
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The involvement of thiol groups in the maintenance of 
receptor structure and function for many other membrane-bound 
system was reported (4). In this paper we continue the bio
chemical characterization of opioid receptors in frog (Rana 
esculenta) brain (5-11) and report on the effect of the sulf- 
hydryl group alkylating reagent N-ethylmaleimide (NEM) on the3binding of the opioid antagonist ( H)naloxone by frog brain 
membrane preparations, which largely contain the kappa receptor 
subtype.

MATERIALS AND METHODS
3( Hlnaloxone (sp. act. 2.67 TBq/mmol, 72.3 Ci/mmol) was 

prepared as described earlier (12). Naloxone hydrochloride was 
kindly donated by Du Pont Pharmaceuticals. Dynorphin (1-13) 
was the gift of Dr. A. Goldstein (San Francisco). N-ethyl
maleimide (NEM) was purchased from Koch-Light, and reduced 
glutathione was from Sigma. All other chemicals were of 
analytical grade.

Membranes were prepared from whole frog (Rana esculenta) 
brain as described previously (5).

For NEM treatment 2 ml of the membrane suspension (con
taining approximately 3 mg of protein) was incubated in 50 mM 
Tris-HCl buffer, pH 7.4, at 35°C. The reaction was stopped by 
addition of a 5-fold excess of reduced glutathione, followed 
by cooling on ice for 10 min. In the protection experiments 
aliquots of the membrane suspension were preincubated at 25°C 
with a protecting ligand (naloxone-HCl, morphine-HCl, or 
dynorphin; 1-13) for 20 min, or for 5 min. when NaCl was 
present. Incubation was continued at 35°C with 2.5 mM NEM. 
Reactions were stopped by the addition of reduced glutathione. 
The reagents were removed from the samples by three 15-min 
centrifugations at 20,000 g. Further washing was not needed.

For binding assays, aliquots of the membrane suspension 
(containing about 0.2 mg of protein in 50 mM Tris-HCl buffer, 
pH 7.4) were incubated in triplicate with (3H)naloxone (final 
concentration 3 nM) for 60 min at 4°C in a final volume of 
1 ml. Binding was assayed in the presence or absence of 10 /uM 
naloxone. The reaction was terminated by rapid filtration 
through Whatman GF/B filters under vacuum. Filters were washed 
twice with 10 ml of cold buffer and dried, and radioactivity 
was measured in a toluene-based scintillation fluid in an 
LKB Minibeta liquid scintillation counter. The specific binding 
was taken as the difference between the total binding and the 
binding in the presence of an excess of unlabelled ligand. All 
the experiments were repeated at least three times, and the 
mean values were reported. Protein concentration was measured 
by the method of Bradford (13).
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RESULTS AND DISCUSSION

When frog brain membranes were treated with NEM, a con
siderable reduction in (3H)naloxone binding was observed 
(Fig. 1). Following 30-min incubation with 2.5 or 5.0 mM NEM, 
the antagonist binding was reduced to 71% or 57% of its initial 
value, respectively.

TIME (min)

3Fig. 1. Kinetics of inactivation of ( H)naloxone 
binding to frog brain membranes by NEM.
Frog brain membranes were incubated at 25 C 
for 20 min with buffer (•), 0 .5 0 M morphine (o), 
10 nM naloxone (Д), or 0.5 PM dynorphin (1-13)
(■), or for 5 min with 100 mM NaCl (□). The 
membranes were then incubated at 35°C with 
2.5 mM NEM and assayed for (3H)naloxone binding 
as described in Materials and Methods. Binding 
is expressed as the percentage of the specific 
binding obtained when the NEM reaction was stop
ped at zero time, and represent the means from 
3 experiments.
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The presence of unlabelled opioid ligands, i.e. naloxone 
morphine, or dynorphin (1-13) and sodium ions resulted in pro
tection of (^H)naloxone binding against the NEM blockade

3(Fig. 1). Saturation analysis of the ( H)naloxone binding 
to frog brain membranes (without NEM treatment) yielded a bis- 
phasic Scatchard plot (Fig. 2A). Two classes of binding sites 
were detected with KQ values of 0.23 and 6.11 nM for these 
sites, and Bmax values of 568 and 613 fmol/mg protein. After
NEM treatment (2.5 mM, at 35°C for 30 min) the values es
timated by computer-assisted analysis were found to be 0.18 
and 3.9 nM, and Bmax values 375 and 408 fmol/mg protein, re
spectively (Fig. 2B).

BOUND

B o u n d  ( f mo l / mg  p r o t e i n )

, 3Fig. 2. Scatchard plots of the ( H)naloxone binding to
opioid binding receptors in frog brain membranes 
Frog brain membranes were incubated at 35°C for 
30 min with either buffer (A) or 2.5 mM NEM (В) 
and washed three times, followed by measurement 
of the binding at ( ĥ )naloxone concentrations 
in the range from 0.05 nM to 10 nM. Bound/free 
is expressed in fmol/mg/nM.
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After continued treatment with NEM, up to 60 min, there 
were larger losses in Bmax values of these binding sites 
(residual Bmax values 293 and 363 fmol/mg protein), without 
any further change in the affinity to either site.

Treatment of frog brain membranes with the sulfhydryl 
group-alkylating reagent NEM irreversibly inactivated the

3binding of ( H)naloxone m  a time- and concentration-dependent 
manner. Other sulfhydryl reagent, i.e. iodoacetamide and p- 
hydroxymercuribenzoate, also resulted in the reduction of the3specific binding of ( H)naloxone (results not shown).

The NEM induced decrease in (3H)naloxone binding to frog 
brain membranes that we found is similar to that observed for 
delta opioid receptors in NG 108-15 hybrid cells (14), however, 
it is much weaker and slower than that reported for rat brain

3membranes (15, 16). The binding of the opioid agonist ( H)di- 
hydromorphine in line with reports of other laboratories 
(1, 4, 15) was more sensitive to NEM action than the binding

3of ( H) naloxone was. Dihydromorphme binding was more resistant 
to the NEM blockade in frog brain than in rat brain.

Computer-assisted analysis of Scatchard plots of control 
and NEM-treated membranes revealed that the NEM-induced de-3crease in the specific ( H)naloxone binding to frog brain mem
branes is due to a reduction in the number of the binding sites 
and not to changes in the ligand affinity. Similar results have

3been described for ( H)naloxone binding sites in NG 108-15 
hybrid cells after incubation with NEM (14).

The (3H)naloxone binding sites in the frog brain membranes 
were protected from the irreversible NEM inactivation by various 
opioid ligands. Interestingly, the presence of 100 mM NaCl alone3resulted in an almost complete protection of ( H)naloxone bind
ing from NEM action (Fig. 1), but not of ( H)dihydromorphine 
binding (unpublished observation). According to the hypothesis 
of Pasternak et al. (15) this might be due to the stabilization 
of the "antagonist" conformation of the opioid receptors by 
sodium ions.

Our data suggest that a sulfhydryl group is located in, 
or close to the ligand-binding domain of the receptor in frog 
brain membranes. Another possibility is that the binding of an
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opioid ligand to the receptor, or the presence of sodium ions, 
can change the receptor conformation in such a way that criti
cal sulfhydryl groups become less accessible to NEM.

Earlier we suggested that in frog brain membranes large 
majority of the whole opioid receptor population is of the 
kappa subtype (5, 10). This observation is further supported 
by the results of the present study, where a kappa subtype 
selective peptide, dynorphin (1-13), protected ( H)naloxone 
binding more effectively than morphine did.

Recently we have purified this subtype (8, 9) and the 
study of NEM treatment on the purified protein is presently 
in progress.
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Outline

Over the past decade I have pursued research concerning the supramolecular organization of 

proteins w ith the goals of i . /  detecting interactions among the "soluble" cytoplasmic and 

mitochondrial proteins; i i . /  revealing the functional conseguences of the complex formations; 

i i i . /  establishing the role of macromolecular associations in regulation of metabolic pathways. 

During this period we have succeeded in demonstrating numerous interactions and in several 

cases detailed mechanism of the interactions in enzyme complexes could be exemplified. Most 

recently a molecular model for the controlling of glycolysis by pairwise, dynamic enzyme 

associations have been evaluated [ I ] .  Nevertheless, there are contradictory data in the 

literature based on the reexaminations of interacting enzyme systems using different kinetic 

approaches.These controversial results w ill be also discussed. Moreover, I attempt to illustrate 

how the experience and knowledge gained in studies on enzyme associations could be fru it fu lly  

applied in exploring the mechanism of action of drugs perturbing protein-protein interactions.

Abbreviations: Fru-1,6-P, Fructose-1,6-bisphosphate; Fru-l-P, fructose-1- 
phosphate; DHAP, dihydroxiacetonephosphate; GAP, glycer- 
aldehyde-3-phosphate

Dedicated, to the 75th 
birthday of F.B. Straub Rkadémiai Kiadó, Budapest
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Background

While the functional advantages of the stable multienzyme complexes in the comparlmentation 

end regulation of cellu lar metabolism have been extensively investigated, the dynamic enzyme 

complexes being loose and transient in nature, are much less characterized. Since the study of 

the letters is frequently d ifficu lt, the ir functional role is poorly understood A special feature 

of them, however, is accepted that the state of their association can be modulated by 

environmental parameters and regulatory factors, and consequently, by the metabolic statue of 

the cell. In these systems, i f  complexed and free forms of the enzymes are in equilibrium and 

d iffe r in catalytic properties, then any shift of the ratio of the complexed to free forms w ill 

result in an alteration in the activ ity of enzymes, influencing the overall flux of a given 

metabolic pathway.

Up to now ample evidences have accumulated indicating that enzyme proteins of the large 

compartments of the cell like cytoplesm and mitochondrion are not dispersed homogeneously but 

are specifically associated with each other or with membranes and skeletal elements of the cell 

[ 2 - 5  and references therein]. Although the interpretations of data concerning mainly the 

mechanism of interactions are contradictory, consensus exists that the assembly/ disassembly 

of the enzyme proteins must be taken into account in understanding the control of metabolic 

pathways.

Scheme I. illustrates some sections of metabolic pathways catalyzed by cytosolic enzymes. We 

were specially interested in the study of these enzyme systems catalyzing the conversion of 

hexose and triosephosphates, since i . /  these enzymes are located at the crossroads of metabolic 

pathways, thus the direction of sugar-phosphates towards glycolysis or other pathways may be 

regulated by enzyme assembly/disassembly; i i . /  the average concentrations of these enzymes in 

the cell are relatively high fevoring the formation of protein-protein complexes [7 ] ;  i i i . /
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Scheme 1. Metabolic pathways related to hexose- and triosephosphate metabolism

PFK, phosphofructokinase; FBPase, fructosebisphosphatase; GAP dehydrogenase, 

glyceraldehyde-3-phosphatedehydrogenase; GDH, glycerolphosphate dehydrogenase; 

F -6 -P , fruclose-6- phosphate; FDP, fructose-1,6-bisphosphate; GP, 

glycerolphosphate; PG, phosphoglycerate
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phosphofructok inosc, which is frequently referred to ns the kry regulntory enzyme of glycolysis 

via  ATP excess inh ib ition, is much less inhibited at physiological enzyme concentration than in 

diluted form [8 ],  suggesting (hot this enzyme might lie controlled by oilier mnclmnisms

The role of homologous internctions in Ihn heterologous complex formntions

The enzymes studied are composed of identical subunits. Phosphofructokinasé and the two 

dehydrogenases, glyceraldehyde-3-phosphate dehydrogenase and glycerolphosphate dehydro

genase dissociate upon dilution and exist as an equilibrium m ixture of at least two species 

(Scheme 2 ). Effectors, like  substrates induce the dissociation of these enzymes resulting in 

more active or less active enzyme species [9 -1 2 ].  The equilibrium of the differ ent oliqotneric 

forms can also be shifted by macromolecular interactions Indeed, we have found that the 

heterologous interactions can be specific for certain oligomeric states

In the following I shall illustra te  how the specificity of interactions for enzyme species could be 

demonstrated experimentally. One approach we used is measuring the signal of a covalently 

attached fluorescent probe. This technique enables us to monitor the binding of a protein to 

another one which is labelled w ith the fluorescent dye.

As on example, the anisotropy of labelled phosphofructokirmse decreases on dilution due to the 

partia l dissociation of kinase, then following the addition of aldolase the anisotropy increases 

( Fig 1 )[ 13]. Sim ilar changes of anisotropy can be observed if  aldolase was added to 

phosphofructokinase prom ptly after dilution. This result indicates that aldolase did not prevent 

the dissociation of kinase but it  did interact with its dimeric form Therefore, the changes of 

anisotropy were the resu lt of two processes: the dissociation of tetrameric phosphofructokinase 

and the complex formation of dimeric kinase and aldolase. In agreement w ith the kinetic results

[1 3 ] we failed to detect complex formation between tetrameric phosphofructokinase and
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Scheme 2. Modulation of subunit Interactions of enzymes related to hexose- and 

triosephosphate metabolism

PFK, phosphofructokinase; OAPD, glyceraldehyde-3-phosphate dehydrogenase; 

GDH, glycerolphosphate dehydrogenase; G ra-3-P , glyceraldehyde-3-phosphate;
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Fig. 1. Changes in anisotropy of labelled phosphofructokinase on dilution in the absence 

(A) and the presence ( В ) of aldolase. The arrow indicates when the aldolase was 

added to the kinase. Kinase was diluted 30 fold to a final concentration of 0 17 цМ, 

( For detailed see ref. 13)
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aldolase. Using this and other physico-chemical approaches both the homologous and 

heterologous interactions could be quantified [5  and references therein]. For example, one of the 

firs t indications of complex formation between aldolase and glyceraldehyde-3-phosphate 

dehydrogenase came from the fluo rlm etrtc  studies [ 14). The objection arose that the aldolase 

may be bound to the labelled dehydrogenase via the fluorescent dye since the existence of such 

macromolecular complex had been demonstrated [15 ]. However, we have pointed out that no 

perturbation of the dye could be observed upon binding of the aldolase which excludes the 

possible interaction of the two enzymes k / í? the fluorescent dye. Moreover, the results of the 

fluorim etric measurements have been supported by gel-chromatographic experiments, too 

[16 ,17].

In reconstituted systems we have found that aldolase interacts almost exclusively with the 

dimeric forms of other functionally related enzymes irrespective of which is the more or the 

less active species. Due to these interactions the activities of the individual enzymes could be 

modulated. Since the values of the apparent dissociation constants of heterologous and homologous 

interactions are comparable and the interactions seem to be specific for enzyme species, the 

state of association of enzymes may be controlled by participating alternatively in homologous 

or heterologous interactions. This type of control of enzyme associations might be important at 

physiological conditions.

Functional studies

In recent years a number of authors have suggested that in certain metabolic sequences, the 

product of the reaction of one enzyme can be transferred directly to another enzyme as the 

substrate y/'â transient enzyme-enzyme interactions [2 -5 ] .  However, there are also some 

reports in which the authors reexamined the kinetics of the transfer of intermediates and 

suggested the original interpretations were incorrect.
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In order to demonstrate the mechanism ot intermediate transfer in interacting systems, our 

simple kinetic diagnostic test has been applied [1 8 -2 0 ). For the illustrations aldolase- 

glycerolptiosphate dehydrogenase system was chosen since i. /  complex formation between these 

two enzymes had been earlier demonstrated [ 12 ,25,26); i i .1 p ro  and contra  data for the 

mechanism of the transfer of intermediate, triosephosphate, are published from various 

laboratories [3,21 ).

The two enzymes catalyze the conversion of F ru - 1,6-P to OP via DF1AP formation In one set of 

experiments we followed the time course of DHAP conversion by glycerolphosphate 

dehydrogenase under pseudo f irs t  order conditions in the absence and presence of aldolase. The 

reactions In both cases followed f ir s t  order kinetics, however, the rate was lowered In the 

system containing aldolase, and the extent of decrease wes proportional to the aldolase 

cormilrat.win. Since the formation of heterologous complex between these two enzymes had been 

demonstrated, we proposed that the conversion of DHAP can be kinetically described by the sum 

of reactions catalyzed by fr ee and complexed dehydrogenase. Ther efore, the second order rate

constant. (кдо |/ Ktn ) of The DHAP conversion catalyzed by dehydrogenase i3 reduced if  i t  is

complexed by aldolase. In or der to distinguish whether kf ^  or Km value or both changed due to 

ttie complex formation, substrate saturation curves of dehydrogenase were measured in the 

presence arirJ absence of aldolase. Double reciprocal plots of in itia l rates of DHAP conversion In 

function of the DHAP concentration ate presented (F ig 2) The experimental points could be 

fitted to straight lines in the whole concentration range covered in this experiment, and the type

of inhib ition indicated that the apparent Km but not ксл( of triosephosphate conversion catalyzed

by dehydrogenase is changed due to the heterologous complex formation.
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Fig.2. Double reciprocal plots of in itia l velocity of conversion of DHAP catalysed by

glycerolphosphate dehydrogenase in function of DHAP concentration in the absence 

and the presence of 3 pH aldolese. The DHAP concentrations, were calculated 

assuming 14 pM of dissociation constant for aldol8se-DHAP complex [21 ]

(For detailed see ref. 20)
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At the seme time Srivastava and Bernhard [3 ] reported that aldolase causes a significant 

reduction In the apparent Km for DHAP since In the dehydrogenase-catalyzed reaction DHAP can 

be directly transferred from aldolase to glycerolphosphate dehydrogenase via an 

aldolase-DHAP-ODH complex. In contrast to these results Chock and Outfreund [21 ] recently 

reported that aldolase is an inh ib itor for the GDH-catalyzed reaction and that the apparent Km of

DHAP is increased in the presence of aldolase However, the increase was attributed to the 

binding of DHAP to aldolase, which reduced the free concentration of the triosephosphate. 

Unfortunately, these authors did not Indicate the concentrations of aldolase and DHAP applied In

the ir experiments. However, since the apparent Km value of DHAP for dehydrogenase is I m il 

[2 0 ],  an aldolase concentration comparable to this value should have been applied to have an 

observable effect on the apparent Km value due to its  triosephosphate binding. Such a high 

enzyme concentration ( 160 mg/ml for aldolase) Is hardly realizable in practice. Moreover, In 

our system the concentration of active sites of aldolase is 15рМ (Fig. 1 ). Even If stoichiometric 

binding of DHAP to aldolase is assumed, no significant decrease In Km value can be expected. 

Nevertheless, in the double reciprocal plots (cf.Fig.2) the free DHAP concentration is plotted 

assuming И  цМ dissociation constant for enzyme-susbstrate complex as suggested [21 ].

Therefore, the increase in apparent Km of DHAP for dehydrogenase could be attributed to a 

competition of DHAP and aldolase for either the active site or the "active" conformation of 

dehydrogenase [ 20].

Confirming this conclusion, analysis of the time course of the coupled reaction catalyzed by 

aldolase and dehydrogenase indicated that X  value is decreased under interacting conditions as 

compared to that measured in non-interacting systems. Since X  value includes the value of

apparent k [() ( X f k rr/ V ((iax under conditions used) the accessibility of dehydrogenase for
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endogenous DHAP appears to be enhanced In the interacting system, while the binding of the 

exogeneous DHAP to glycerolphosphate dehydrogenase complexed aldolase is impeded These 

results have been inter preted as active-site directed inter action between the two enzymes The 

Idea ts consonant w ith the suggestion of Srivastava ana Bernhard who observed direct transfer of 

DHAP from aldolase to glycerolphosphate dehydrogenase using different kinetic approaches [3 ].

Another system which has; been the subject of detailed investigations in several laboratories is 

the aldolase/g lycera I deity cfe -  3 -  p hosphate dehydrogenase system. We have found that the 

apparent Km of GAP for the dehydrogenase decreases when the substrate is generated in the 

coupled reaction through the action of aldolase on F ru - ! ,6 -P  [2 2 ]. This effect could be 

attributed to the direct transfer of aldehyde form of GAP. W ithin the complex the hydration in 

the bulk medium of the aldehyde form generated by aldolase before reaching the active site of 

glyceraldehyde-3-phosphate dehydrogenase is prevented. Very recently Kvassman et el. [2 3 ] 

reexamined the kinetics of F ru -1 ,6 -P  conversion into bisphosphoglycerate in this two-enzyme 

system. Their dataware consistent w ith ours reported ten years earlier. However, the result of 

the ir theoretical analysis seems to be compatible w ith a free-diffusion mechanism for transfer 

of GAP due to a slow hydration step. In fact, the hydration rate of aldehyde form of GAP in the ir 

experiments was. slow compared to the enzymatic conversion of GAP since they applied high 

excess of dehydrogenase. In our experiments the concentrations of aldolase and dehydrogenase 

were comparable, moreover, the rate of the enzymatic reaction catalyzed by the dehydrogenase 

was slower than that of the aldehyde-diol interconversion. Therefore, the unfavorable 

aldehyde-diol conversion of GAP, at least partly, would occur i f  the substrate could be mixed 

w ith the bulk medium.

The channelling of The intermediate of the coupled reaction catalyzed by aldolase and 

glyceraldehyde-3-ptiosphate dehydrogenase in the presence of triosephosphate isomerase was
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also investigated using isotope dilution technique [1 8 ) In the presence of triosephosphate 

isomerase the hydratation of the aldehyde form of GAP becomes negligible, since the 

triosephosphate exists predominantly in DHAP form. Moreover, the excess of triosephosphate 

Isomerase ensures a constant concentration of aldehyde form In the steady-state of the coupled 

reactions. In the experiment ,4 C- F ru -1 ,6 -P  was used as in itia l substrate and unlabelled 

exogeneous GAP was added to the system and we could show that the ^C-GAP generated 

endogeneously was more accessible for the dehydrogenase than the exogeneous GAP. Therefore, 

the channelling of aldehyde form of GAP hes clearly been demonstrated. Moreover, the precise 

mechanism of intermediate transfer could be identified 8S "leaky channel", which refers to a 

situation when the exogeneous intermediate binds to the complexed dehydrogenase w ith the same 

probability as to the free one. This finding indicates that the active site of dehydrogenase in its 

complexed form may not be blocked by aldolase. Grazi and Trombetta reported [2 d ] no evidence 

for the direct transfer of GAP between aldolase and glyceraldehyde-3-phosphate dehydrogenase 

on the basis of the following observation: the addition of triosephosphate isomerase decreased the 

rate of formation of the 3-phosphoglycero! enzyme intermediate s im ila rly  in both reaction 

systems where the two enzymes were freshly mixed or allowed to form a complex. Disregarding 

the possibility that heterologous complex formation during the catalysis might be very rapid, 

the finding of Grazi and Trombetta fits  in w ith the "leaky channel" mechanism.

In conclusion, It should be added that I . /  there are additional data which Indicate both the 

heterologous complex formation in aldolase /glycerolphosphate dehydrogenase and aldolase 

/glycereldehyde-3-phosphate dehydrogenase systems [ 12,16,25,26] end the "channelling' of 

the intermediates, triosephosphates [2 7 ,2 8 ]; i i . /  direct transfer of the intermediate in an 

interacting system may be ensured If the active sites are Juxtaposed within the complex end the 

diffusion of the intermediate is not hindered sterically. The question how efficient the 

intermediate transfer is seems to be also an exciting one and has been analysed in detail in a 

previous work [1 9 ].



Ovádi: Dynamic Enzyme Assembly/Disassembly 53

Specific modulation of dynamic interactions

We have been searching how the dynamic enzyme-enzyme Interaction may be modulated vie 

specific interactions w ith metabolites or macromolecules at the concentrations expected to exist 

in  vivo. Very recently we have found a cooperative effect of F ru - 1,6-P on the binding of both 

glyceraldehyde-3-phosphate dehydrogenase and glycerolphosphate dehydrogenase to aldolase

[2 9 .3 0 ] . The presence of F r u - 1,6-P increased the a ffin ity  of aldolase towards both 

dehydrogenases, however, the presence of neither Fru-1 -  P nor DHAP affected the dissociation 

constant of the heterologous enzyme complexes. We have concluded that the site for the binding of 

C-6 phosphate group of the substrate on aldolase Í3 like ly to be involved directly or indirectly 

In the Interactions. Since there are several sim ilarities In the Interaction of aldolase with 

glyceraldehyde-3-phosphate dehydrogenase and glycerolphosphate dehydrogenase we suggest 

that their binding involves s im ila r mechanism and their binding sites on eldolase might overlap

[2 9 .3 0 ] .

Phosphofructokinase is a multimodulated enzyme which activ ity  responds to a variety of 

metabolic signal [8 ]. Recently, i t  has been shown that macromolecular interactions can also 

modulate the activity at physiological enzyme concentrations [ 18,31]. We presented evidence 

for the Interaction of phosphofructoklnese and frucloseblsphosphatase at physiological 

concentrations with a concomitant activation of phosphofructokinase and inhibition of 

fructosebisphosphatase [3 2 ]. Thus the heterologous complex formation between these two 

enzymes might enhance the flux  towards direction of glycolysis. Moreover, the effect of aldolase 

on the concentration-dependent behaviour of muscle phosphofructokinase has been reported 

[1 3 ]. The dilution of phosphofructokinase leads to a significant and progressive decrease of 

catalytic activity due to partia l dissociation of the active tetramers into inactive dimers.

Aldolase reduces the rate and the extent of inactivation of kinase probably because i t  binds to the 

"nascent" dimer keeping it in a pa rtia lly  active conformational state.
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A molecular model for the control of glycolysis

A synthesis of these and several related experimental results led us to draw some conclusions for 

the interactions of en2ymes connected to the triosephosphate metabolism and eventually to 

elaborate a molecular model for the control of the glycolytic pathway. This model together with 

some representative experiments has been recently published In TIBS [ I ]  thus my intention is 

not to describe it here in any detail but only to lis t the characteristic features of the interactions 

which the model rests upon: i . /  assemblies are pairwise and alternative; ii./thery are specific 

for enzyme species; i i i /  they are controlled by subunit interactions of dissociable oligomeric 

enzymes; iv ./  they could be specifically modulated by F ru- 1,6-P or other metabolites. 

Obviously, the metabolite levels and the alternative enzyme assemblies may act mutually on each 

other. Therefore, any effect which influences the specificity or the strength of enzyme 

interactions may have an impact on the substrate levels and, consequently, on the flux of 

glycolysis. Since phosphofructoklnase and aldolase have been recognized as new terget enzymes 

for calmodulint 13,31), calmodulin might be considered as a modulator protein on glycolysis in 

muscle cell where its free concentration is 3 pM [3 1 ]. Indeed, recently we have demonstrated 

that calmodulin perturbs both the homologous and the heterologous interactions of the 

phosphofructokinase/aldolase system. The detailed mechanism concerning calmodulin’s effect 

has been recently reported [18a],

Effects of drugs on colm odulin -perturbed  enzyme interoctions

It Is well known that the calmodulin is Involved In the regulation of numerous Ca-medlated 

events. The minimum model for the interaction of calmodulin and enzymes is the following: the 

binding of Ca2+to the four Ca binding domains in calmodulin exposes the long central helix vie 

conformational changes which may alternatively interact w ith the target enzymes or 

anti-calmodulin drugs. Although several amino acid residues of calmodulin involved in the 

Interactions with target enzymes or drugs have been Identified, neither the precise mode of its
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stlm ulatlng/lnh lb ltory effect nor the mechanism of action of antl-Cafl drugs have been clearly 

characterized. Anti-calmodulin drugs of s trik ing ly  heterogeneous chemical structure prevent or 

modify the Interactions of calmodulin.

Since phosphofructokInasé Is a sensitive allosteric enzyme which Is Inhibited by calmodulin at 

physiological concentrations we used this system to elaborate a simple procedure for screening 

anti-celmodulin drugs. The procedure involves both binding end kinetic studies. Table I 

summarizes the results of the fluorim etric and kinetic measurements as well as those obtained 

by ELISA. We have found that the drugs exhibit very different effects on calmodulin-mediated 

enzymatic processes. Their actions depend both on the ir chemical structure and the system used. 

Trifluoperazine.aclessical calmodulin antagonist which antagonizes with the target enzymes for 

calmodulin binding was applied to check our test system. Using a covalently attached fluorescent 

probe we have demonstrated that trifluoperazine prevented or abolished complex formation In 

reconstituted enzyme systems (cf. Table I ), whereas the Ca2+ channel blockers, verapamil and 

nifedipine being neither s tructura lly  nor pharmacologically s im ilar to anti-calmodulin drugs, 

had no effect. Concerning the functional effects of drugs, while trifluoperazine suspended the 

Ca2 + -mediated hysteretlc Inactivation of phosphofructok inasé, Ca2+channel blockers were 

inactive.

Fendiline seems to act as a functional calmodulin antagonist. In contrast to trifluoperazine, its 

binding to calmodulin does not prevent the formation of calmodulin-phosphofructoklnase 

complex, but w ith in  this ternary complex phosphofructokinase preserves or recovers its 

original activity measured in the absence of calmodulin [3 3 ]. Therefore, fendiline represents a 

novel eless of calmodulin antagonists, a discovery not only of theoretical and practical 

importance but also indicative of the potency of our screening procedure.
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Table 1

Binding and functional teste of drugs for anti-calm odulin  ac tiv ity

Target Drugs Antibody Binding of proteins Functional
enzyme against calmodulin to calmodulin, effect

1.5 uM MLCK
1.5 pM MLCK
1.5 pM MLCK

20 pM TFP 
20 pM fendiline

yes
no
yes

3pM  PDE yes
3pM  PDE 20 pM TFP no
3 pM PDE 20 pM verepamil yes
3 pM PDE 20 pM fendiline yes

- 0.01 pM Ab yes*
3 pM PDE 0.01 pM Ab yes* partial activation

pM ATPase activation
pM ATPase 0.01 pM Ab partiel activation

3 pM aldolase yes 4.6pM inhibition
3 pM aldolase 20 pM TFP no no inhibition
3 pM aldolase 20 pM verapamil yes
3 pM aldolase 20 pM fendiline yes
3 pM aldolase 0 01 pM Ab yes*

0.3 pM OAPD yes 0.5pM no effect
0.3 pM GAPD 40 pM TFP no
0.3 pM GAPD 40 pM VLB no
0.3 pM GAPD +

+ 3.0 pM aldolase no
0.3 pM GAPD O.OlpM Ab no*

0.6 pM PFK yes О.ЗрМ Inhibition
0.6 pM PFK +
+ 3.0 pM aldolase no no Inhibition
0.6 pM PFK 20 pM TFP no no inhibition
0.6 pM PFK 20 pM fendiline yes no inhibition
0.6 pM PFK 20 pM fendiline 

+ 20 pM TFP partial no inhibition

The binding of enzymes to CaM was detected by fluorescence anisotropy measurements end Indirect 
ELISA ( * ) .  MLCK, myosin light chain kinase; PDE, phosphodiesterase; GAPD, glyceraldehyde- 
3-phosphate dehydrogenase; PFK, phosphofructokinase; TFP, trifuoperazine; VLB, vinblastine; Ab, 
anti-calmodulin antibody. (Eor details see ref.37)
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An Immunoassay technique, ELISA, has elso been used In probing the structural features of 

Cad-protein complexes. Since one major antigenic site was proposed for celmodultn [3 4 ] we 

produced a monospecific antibody and applied it  in mapping the binding domains of drugs on the 

surface of calmodulin in its free or complexed forms. We have found that at low concentrations 

the drugs stimulate antibody binding while at higher concentrations trifluoperazine and 

calmidazolium displace the antibody from calmodulin. Other drugs, such as vinblastine, fendiline 

or verapamil, also bind to calmodulin in the presence of the antibody, apparently do not inh ib it 

formation of the immunecomplex [35 ]. These results suggest that I ./  the structura lly 

heterogeneous calmodulin inhib itors are bound outside the antigenic domain; I I. /  probably 

different binding sites of calmodulin are responsible for the binding of drugs; H i./ positive 

cooperativity may exist between drug and antibody binding sites.

Aims

These approaches, therefore, applied as protocols seem to be suitable for screening drugs for 

calmodulin antagonist effect as well as for studying the mechanism of action of calmodulin 

antagonists. Having screened several new molecules recently we identified a molecule as a very 

potent anti-Cad agent which should be a target of fu rther pharmacological Investigations. 

Consequently, the research may be directed towards the design and synthesis of compounds which 

can selectively block CaM-mediated metabolic processes selectivity by perturbing 

protein-protein interactions.
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SUMMARY

The protein synthesis in dissected whole larval brains 
of Drosophila melanogaster has been monitored by P^s] methionine 
incorporation, as revealed by two-dimensional gelelectro- 
phoresis and fluorography. In wild type brains, drugs known 
to increase cAMP level increased the labelling of at least 
two proteins in the Mr range 30 to 120 kD and pi range 4.8 
to 6.2. One of these proteins, Mr = 78 kD and pi = 5.9, was 
also enhanced in the dunce1̂ ^  memory-mutant, which has an 
elevated cAMP level, whereas it was hardly affected in the 
rutabaga memory-mutant, which has a subnormal cAMP level.
It is suggested that cAMP-induced alterations in protein 
composition and/or turnover of nerve cells may contribute 
to the development of memory deficit in the dunce strains.

INTRODUCTION
The dunce mutant strains of Drosophila melanogaster are 

deficient in a cAMP-phosphodiesterase isoenzyme and have elevated 
cyclic AMP levels (1-4). The rutabaga mutant strain, defective
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in a calcium/calmodulin activated adenylate cyclase, has in 
contrast lower than normal cAMP content (5,6). Both strains 
perform poorly in various learning paradigms and qualify as 
memory mutants (7).

Since it has been convincingly demonstrated in mollusks
that modulation of synaptic strength is effected by the cAMP-
-dependent phosphorylation/dephosphorylation of cell membrane
ion channels (for a review cf. 8), the memory deficit of dunce
and rutabaga flies has been tentatively interpreted in the same
framework (9). In dunce flies we have found that the protein

32phosphorylation patterns, as revealed by P labelling in vivo 
and in vitro, differ from wild type flies (10-12). Nevertheless, 
the observed biochemical differences do not tell us the points 
of attack of altered cAMP-dependent protein kinase activation 
instrumental in memory deficiency, which may well include control 
sites of gene expression. Indeed, there have been a number of 
reports showing the specific induction of protein synthesis by 
cAMP in eukaryotes (cf. 13,7, and references therein).

In the present work we examined whether the pharmacologic 
or genetic modulation of cAMP level affected protein synthesis 
in Drosophila brain.

MATERIALS AND METHODS

Drosophila strains. The various Drosophila melanogaster 
strains were grown on standard cornmeal medium at 25°C. Canton-S 
wild-type, as well as dunce^^^ and rutabaga (the latter kindly 
provided by Dr. Y. Dudái, The Weizmann Institute of Science, 
Rehovot, Israel) mutant strains were studied. Wild-type and 
rutabaga larvae were of both sexes, whereas only selected 
hemizygous (male) larvae of dunce^ ^  were used. The dunce males



Friedrich, Gallyas: Protein Synthesis in Drosophila Brain 63

and females had been shown to have similar cAMP and phospho
diesterase levels (2). The phosphodiesterase patterns and learning 
indices of our Canton-S and duncew strains were checked previously
(14) and agreed with data from other laboratories.

Chemicals. Acrylamide, sodium dodecyl sulfate, Servalyt 
buffers were from Serva; octopamine, dopamine, serotonin were 
purchased from SigmaJ forskolin was from Calbiochem. f^Sj- 
Methionine (42 TBq/nmol) was from New England Nuclear.

D^sJ Methionine incorporation in larval brains
Brains consisting of the hemispheres and the ventral cord 

were dissected from third instar larvae in Drosophila Ringer 
solution containing (in mM): NaCl 128, KC1 4.7, C a C ^  1.5, 
glucose 10 and 3-(N-morpholino)propanesulfonic acid (MOPS) 5, 
pH 6.8. Ten brains in 30 /ul of the above buffer also containing 
about 240 KBq [55s] methionine were incubated with and without 
added drugs as indicated, at 22°C for 2 hours. Then 30/ul lOOmM 
NaF and 3 /ul 40mM phenylmethylsulfonyl fluoride (in ethanol) 
were added and the samples were sonicated for 15 s at 16 /j 
amplitude, immediately followed by the addition of 1 ml ice-cold 
acetone. The pelleted precipitate was freed from acetone by 
evaporation and taken up in 45 /ul lysis buffer of O ’Farrell’s
(15) two-dimensional gelelectrophoretic technique as modified 
by Steinberg and Coffino (16); the same amount of protein 
140-10 Д1д) was loaded on each gel. First dimension: electro- 
focusing in linear pH gradient 4 to 7, second dimension: sodium 
dodecylsulfate-gelelectrophoresis in 9% polyacrylamide. The 
gels were fluorographed after pretreatment with 22% 2,5- 
diphenyloxazole (РР0) in glacial acetic acid with sensitized 
(preflashed) Forte Medifort RP X-ray films, as described by 
Bonner (17).

Densitometrie evaluation of fluorograms
The spot intensities on the fluorographic films were 

evaluated in a Camag TLC Scanner II in the reflectance mode. 
Calibration curves were made by scanning spots obtained with 
known amounts of radioactivity. At low densities the integrated 
peak areas were proportional to the amount of radioactivity,
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then the curve broke off sharply. For evaluation films were 
exposed and developed such that readings remained within the 
quasi-linear part of the curve, which covered an about 20-fold 
intensity range (the faintest spot was just visible to the 
naked eye). Each spot on the fluorograms was scanned at a constant 
window-width (2 to 5 mm) adjusted to the size of the given spot. 
As reference the double spot 1 (cf. Fig. 1), which appeared at 
the position of tubulins, was chosen as its intensity seemed to 
be constant in all samples. The figures in the table are relative 
intensities, I = intensity of spot i/intensity of spot 1, the 
means from 5 to 0 experiments; the S.D. did not exceed - 20% 
of the mean.

RESULTS AND DISCUSSION

Larval brains were incubated in Ringer solution supplemented 
with [” 5] methionine, with and without drugs known to activate 
adenylate cyclase (18) or to inhibit cyclic nucleotide phospho
diesterase. As described earlier (12), under such conditions 
octopamine, serotonin and dopamine raised cAMP levels in the 
brain, particularly in the presence of the phosphodiesterase 
inhibitor, theophylline. The adenylate cyclase activator forskolin 
(cf. 19) was a particularly potent elevator of larval brain 
cAMP, giving about 15-fold increase in 20 min. In the present 
experiments the brains were incubated for 2 hours at 25°C, then 
were analyzed by two-dimensional gelelectrophoresis and fluo- 
rography. The spots on the films correspond to newly synthesized 
protein.

The patterns obtained with wild type Canton-S control, 
Canton-S treated with octopamine + theophylline, as well as 
rutabaga and dunce^ ^  are shown in Fig 1. It is seen that in



Fig. 1. Patterns o f [35S]m ethionine incorporation into protein in larval brains o f Drosophila. 
Brains were incubated and processed as described in M ethods. A , Canton-S, no addition; 
B, rutabaga, no addition; C, Canton-S with 1 mM octopam ine +  10 mM theophylline; D,

dunce1*11, no addition
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both cases of elevated cAMP (C and D) spot 3 corresponding to 
Mr = 78 kD and pi = 5.9 became intensified relative to the low- 
-cAMP cases (A and B). In fact, octopamine + theophylline in 
Canton-S (C) seemed to intensify several, mainly minor, spots 
not seen to be affected in d u n c e ^ 1 (D), e.g. spot 4 (Mr = 47 kD, 
pi = 5.8), which may be due to the acute increase of cAMP on 
drug treatment as compared with the chronic increase in the 
mutant,where some compensatory mechanisms may cope with part of 
the cAMP metabolic disorder (cf. 7,20,21). We made estimation 
of the intensities of these spots by densitometry, including 
also patterns obtained with other cAMP-elevating drug treatments 
in Canton-S: forskolin and dibutyry1-cAMP. Table 1 shows that 
cAMP-elevating conditions increased the intensity of spot 3 
significantly, whereas with spot 4 drug treatments induced a 
significant change, but the dunce mutation did not.

In rutabaga brains there was a characteristic alkaline 
shift of about 0.1 pH unit of spot 5 (Mr = 100 kD, pi = 5.2). 
This may be due to some difference in the postsynthetic modifica
tion of this protein, for example a lesser degree of phospho
rylation. However, inclusion of 100 yuM forskolin in the incubation 
medium did not reverse this alkaline shift (not shown), indicating 
that a rapid increase in brain cAMP level does not affect the 
state of phosphorylation of this protein.

The differences in protein labelling listed in Table 1 are 
illustrative rather than comprehensive, in view of the narrow 
time, pH and Mr window of observation, as well as the omission 
of several minor spots from the evaluation. Nevertheless, the 
demonstration that protein synthesis is apparently influenced
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Table 1

Densitometrie evaluation of P^sJ methionine incorporation
into some proteins in larval brains

Strain 
and drug 
added 2

spot number
3 4

Canton-S (control) 0.85 0.05 0.10

Canton-S
+ octopamine
+ theophylline 0.94 0.38* 0.35*

Canton-S
+ forskolin 0.93 0.42* 0.33*

Canton-S
+ dibutyryl cAMP 0.93 0.30* 0.40*

. Mil dunce 0.92 0.28* 0.15

rutabaga 0.83 0.05 0.05

Larval brains were incubated and processed as described in 
Methods. The density of spot 1 (cf. Fig. 1) was arbitrarily 
taken as unity. Drug concentrations were as follows: forskolin, 
100 /jM; octopamine, 1 mM; theophylline, 10 m M ; dibutyryl cAMP, 
300 /uM.
*Significantly different from Canton-S (control), P'CO.Ol in 
two-tailed Student’s t-test.



Friedrich, Gallyas: Protein Synthesis in Drosophila Brain 67

by cAMP in Drosophila brain envisages an altered protein composi
tion and/or turnover in the dunce strains. Since these changes 
may be related to the structural brain anomalies observed with 
these mutants (22), and as certain forms of memory seem to need 
specific protein synthesis (23,24), the possibility of altered 
synthesis of some proteins ought to be considered in the mechanis
tic analysis of memory deficit.
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SUMMARY

Monovalent cations such as Na+ , K+ and Li+ at 100 mM 
concentration inhibit the binding of mu and delta opioid 
agonists (e.g. (Зн)dihydromorphine and (Зн)D-Ala2-Leu5-
enkephalin) , enhance opioid antagonist | (Зн)naloxone| 
binding in rat brain membranes. Divalent cations have 
an opposite effect: Mg2+ or M n 2 + (2mM) increase both mu 
and delta agonist binding, and decrease the antagonist 
binding. The effect of guanosine 5'-triphosphate and its 
non-hydolysable analogue 5'-guanylyl-imidodiphosphate at 
micromolar concentrations is similar to that of sodium 
ion. In kinetic experiments, guanine nucleotides promote 
the dissociation of radiolabelled agonists from their 
binding sites by increasing the rate of dissociation. 
Equilibrium saturation binding studies show that only 
binding of the opioid agonist ligands are significantly 
inhibited by 5 1-guanylyl-imidodiphosphate.

INTRODUCTION

The effects of cations and guanine nucleotides on binding 
characteristics of opioid receptors were first studied in the 
early seventies (1-5). Since then extensive studies were car
ried out to elucidate the regulation and signal transduction 
mechanism of opioid receptors.

2 5Abbreviations: DALE, (D—Ala -Leu )enkephalin; DHM, dihydromorphine;
NX, naloxone; Gpp(NH)p, 5'-guanylyl-imidodiphosphate;
GTP, guanosine 5 '-triphosphate *, DADLE, (D-Ala2-D-Leu5)enke
phalin; DAGO, (D-Ala2-(Me)Phe^-Gly3-ol)enkephalln
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Na+ ions were found to increase the binding of antagonists, 
whereas a decrease in the potency of opioid agonists in compe
ting with the binding of radiolabelled antagonist ligands was 
detected (1,2, 6 , 7). Divalent cations, especially magnesium 
and manganase increased the binding of opiate agonists (8-1 1 ). 
More recently it has been published that divalent cations have 
either potentiating or inhibitory effects on mu (morphine) 
receptor binding, depending on the concentration of the cations 
used. Binding at the delta (enkephalin) receptor seems to be 
consistently enhanced by these divalent ions (12-14).

Guanine nucleotides may control the physiological res
ponses to opiates by affecting sensitivity of the receptor to 
the agonist and/or by coupling the receptor to adenylate cyc
lase or other second messenger system. In accordance with this 
concept it was reported that guanine nucleotides decreased the
binding of opioid agonists (3-5, 15, 16). Inhibition of the

+ -■?agonist binding by guanine nucleotides and Na were explained 
either by increasing the rate of dissociation (15, 16) or by 
transforming the receptor into a lower affinity state (17, 18), 
which results in a decrease of the association rate of agonist 
(19) .

The aim of the present work was to study the effects of 
mono- and divalent cations and guanine nucleotides on the 
binding of mu and delta agonist and antagonist in rat brain 
membrane preparations.

MATERIALS AND METHODS

Chemicals : (3H)naloxone |(3H)NX 83.7 Ci/mmol|, (3H)di-
hydromorphine |(3h )/DHM 67.8 Ci/mmol|and ( ̂ h )D-Ala^-Leu5- 
enkephalin | (-̂ H) DALE 37.3 Ci/mmol | were synthesized by 
Dr. G. Tóth (20-22). Naloxone hydrochloride was kindly donated 
by ENDO Labs., Du Pont de Nemours. DALE was synthesized by 
Dr. K. Medzihradszky et al., Central Research Institute for 
Chemistry, Budapest, Hungary. Morphine hydrochloride was a 
commercial product. DAGO was obtained from Bachem, Switzerland. 
GTP and Gpp(NH)p were purchased from Sigma Chemicals. All other 
reagents were of analytical grade.

Membrane preparation: Particulate membrane fractions were 
prepared from rat brain as described previously (23) with minor 
modifications. Briefly, rats (PVG/C strain) were killed by
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decapitation. The whole brains without cerebella were excised 
and homogenized in 20 volumes of ice-cold TRIS-HC1 pH 7.4 buf
fer in a Potter-Elvehjem homogenizer. The homogenate was cen
trifuged for 20 min at 40000 x g. The pellet was resuspended 
again with 20 volumes of fresh buffer and incubated for 30 min 
at 37°C to remove endogenous opioids. Centrifugation was then 
repeated as described above. Finally, the pellet was suspended 
in 5 volumes of 50 mM TRIS-HC1 pH 7.4 buffer containing 320 mM 
sucrose, and was frozen in liquid nitrogen. The membrane pre
paration was stored at -70°C. Membranes were thawed before 
use, diluted with buffer and washed twice to remove the endo
genous ions and sucrose. The final pellet was suspended in 80 
volumes of buffer to give a protein concentration of about 
300 pg/ml and was immediately used for binding experiments.

Binding assay: Routinely, the binding assay was performed 
in a total volume of 1 ml containing 700 jul membrane suspension 
(approximately 250 jug protein), (3H)labelled ligands at appro
priate concentrations with or without displacers, ions or nuc
leotides. Incubations were started by the addition of the mem
brane protein and continued until the equilibrium was achieved 
I (3H)NX : 6 0 min, 0°C, (3H)DHM: 2 0 min, 2 3°C, in the dark 
(3H)DALE: 45 min, 23°c|. The reaction was stopped by filtrating 
the samples through Whatman GF/B | (3H)NX| or GF/C | (3h )DHM,
(3H)DALE I filters using a Millipore vacuum manifold. Filters 
were rapidly washed twice with 10 ml ice-cold buffer and dried. 
The radioactivity was measured in toluene-based scintillation 
fluid with an LKB Minibeta 1211 counter.

Nonspecific binding was defined as the binding in the 
presence of 10 jiM unlabelled naloxone, morphine or DALE. 
Specific binding was calculated by subtracting radioactivities 
bound in non-specific samples from that of total samples. All 
assays were performed in triplicate.

Association rate kinetics were measured by incubating the 
radioligand with the membrane preparation in a common incuba
tion mixture and 1 ml aliquots were filtered at appropriate 
times.

The dissociation rate was examined by incubating the 
radioligands with rat brain membranes until steady-state level 
was achieved. Dissociation was then initiated with 10 juM un
labelled ligands. Aliquots (1 ml) were filtered at various 
time intervals thereafter.

Saturation binding studies were performed with increasing 
concentrations of labelled compounds. The dissociation con
stants (K<j) and the number of binding sites (Bmax) were de
termined on the basis of Scatchard-Feldman model (24, 25) 
using the KINETFIT computer program developed for C-64 micro
computer (26).

Protein concentration was determined according to Brad
ford (27).
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RESU LTS

Binding of radiolabelled opioid ligands to rat brain mem
branes was measured at pH 7.4 in TRXS-HC1 buffer system con
taining different ions or guanine nucleotides. Prior to the 
incubation with the radioligands, membranes were extensively 
washed to remove endogenous ions. The effects of cations and 
guanine nucleotides on rat brain opioid receptors labelled

3with different ( H)opioids is summarized in Table 1. The bind-3ing of the opioid antagonist, ( H)naloxone was enhanced by
, 2+ 2+ monovalent ions and significantly inhibited by Mg , Mn , and

2 +Ca . In contrast, mu and delta opioid agonist binding was 
decreased in the presence of Na+ , K+ and Li+. A small stimu
lation was observed in the presence of divalent cations. GTP,3similarly to that seen with sodium, inhibited ( H)DHM and
3 ■ 3( H)DALE binding, but enhanced ( H)naloxone binding. More

pronounced effects were found by using the stable GTP analogue,
Gpp(NH)p.

3The effects of Gpp(NH)p on ( H)opioid ligand binding was 
further studied by kinetic experiments. The association and 
dissociation time dependency of (3H)DHM binding at 23°C is 
shown in Fig. 1. Equilibrium was reached in 30 min. Gpp(NH)p 
(50 pM) inhibited the steady state binding. Nonspecific bind
ing did not change with incubation time. Addition of either 
unlabelled morphine (1 uM) or Gpp(NH)p (50 pM) after the equi
librium was achieved caused a measurable dissociation. Combi
nation of morphine + Gpp(NH)p markedly accelerated the rate of 
dissociation. The association kinetics of the relatively delta

3specific ( H)DALE (3 nM) binding was similarly affected by 
50 pM Gpp(NH)p as that of the mu agonist (3H)DHM (Fig. 2). 
Steady state level was reached by 45 min in the absence of 
Gpp(NH)p. Addition of 50 pM Gpp(NH)p at equilibrium induced 
dissociation of the labelled ligand from the binding sites. 
Gpp(NH)p further accelerated the rate of dissociation when it 
was initiated by addition of unlabelled DALE (Fig. 2). The3kinetics of ( H)naloxone (2 nM) binding were determined at 
0°C. Contrary to that seen with opioid agonists, association
of ( H)naloxone with its binding sites was not affected with
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Table 1. Effects of mono- and divalent cations as well as 
guanine nucleotides on ligand binding properties 
or rat brain opioid receptor subtypes

Treatment (3H)DHM 
(% of control

(3H)DALE 
specific

(3H)NX 
binding)

NaCl 5 mM 80 80 113
40 mM 46 57 139

10 0 mM 22 36 172

LiCl 10 0 mM 48 61 116

KC1 10 0 mM 52 67 104

MgCl. 0.5 mM 106 103 73
2 mM 109 114 63

MnSO . 0.5 mM 114 103 67
2 mM 120 116 55

CaCln 0.5 mM 101 97 82
2 mM 103 107 68

GTP 1 jUM 103 100 99
10 pM 99 98 96
25 juM 101 100 107
50 uM 73 91 113

100 pM 52 80 119

Gpp(NH)p 1 pM 94 93 102
10 pM 70 81 120
25 pM 68 72 117
50 pM 61 65 124

100 pM 45 65 1 2 1 -

3Membrane fractions were incubated with either 3 nM ( H)DHM, a mu specific 
agonist or 3 nM (^H)DALE (in the presence of 10 nM unlabelled DAGO) to 
label delta binding sites, of 2 nM (3h )NX, an opioid antagonist. Values 
represent the mean of 3 separate experiments. Control (100%) sepcific 
bindings were: 259±9, 198± 12, and 306± 14 fmol/mg protein, respectively.
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•  C o n tro l  
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Fig. 1. Binding kinetics of 3 nM (3H)DHM to membrane 
bound opioid receptor at 23°C in the presence 
(o) and absence (•) of 50 pM Gpp(NH)p. Non
specific binding (Л) was determined with 10 pM 
morphine. The membrane preparation was incubated 
with 3 nM ( ĥ )DHM at 23°C. At various time inter
vals parallel samples were filtered as described 
in the Materials and Methods. To induce dissoci
ation of the radioligand, 1 pM morphine (D), or 
50 pM Gpp(NH)p (o), or their combination (■) were 
added to the incubation mixture after equilibrium 
was achieved, and the rate of dissociation was 
measured as described in Materials and Methods.

50 pM Gpp(NH)p (Fig. 3). Unlabelled naloxone added at equi
librium, initiated significant dissociation of the labelled 
ligand. Addition of Gpp(NH)p with or without unlabelled 
naloxone did not influence the rate of dissociation.3The equilibrium saturation binding of ( H)DHM to rat 
brain membranes was decreased with 10 pM Gpp(NH)p (Fig. 4) .
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•  C o n t r o l  
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Д 10p M  DALE

о 50 p M  G p p N H p  

□ 10 p M  D A L E

Ш SO p M  G ppN H p *  10 p M  D A L E

-1200 

- 800 

- 400 

- 0

Fig. 2. Binding kinetics of 3 nM ( ̂ H)DALE (in the 
presence of 10 nM DAGO to block mu binding 
sites) to membrane bound opioid receptor at 
23°C with (o) or without (•) 50 juM Gpp(NH)p. 
Non-specific binding (Д) was measured with 
10 juM DALE. The experiment was carried out 
similarly as described in the legend to Fig. 1. 
Dissociation was initiated by the addition of 
either 1 juM DALE (П) , or 50 Gpp(NH)p (o) , 
or their combination (Ш). Values represent 
the means of triplicates, which are ±5% of 
the mean.

The Scatchard analysis of data showed that the maximal number
of binding sites (B ) was reduced from 434 to 325 fmol/mg max
protein. The dissociation constant, (K̂ ) increased to 5.5 
from a control value of 2.8 nM (Table 2). The binding of

•3( H)DALE in the presence of 10 nM DAGO to suppress its cross 
reactivity with the mu sites displayed a linear Scatchard plot 
(not shown) with a of 4.5 nM and Bmax 291 fmol/mg protein. 
Gpp(NH)p (10 fiM) decreased the maximum binding capacity to 
264 fmol/mg protein, and had no significant effect on the

3affinity of ( H)DALE binding (K^ 5.1 nM). However, when the
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Fig. 3. Kinetics of opioid receptor binding of
(3H)naloxone (2 nM) at 0°C in the presence (o) 
or absence (•) of 50 pM Gpp(NH)p. 10 pM naloxone 
was used to determine the non-specific binding 
(Д). The experiment was carried out similarly as 
described in the legend to Fig. 1. Dissociation 
was initiated by the addition of either 1 /uM 
naloxone (0) , or 50 juM Gpp(NH)p (o) , or their 
combination (■). Values represent the means of 
triplicates, which are ±5% of the mean.

same experiment was performed with 50 pM Gpp(NH)p the para
meters obtained were as follows: В values decreased frommax
278 to 212 fmol/mg, and of labelled ligand changed from 
4.8 to 7.7 nM (Table 2). As reported earlier (23), (^H)naloxone 
binding in rat brain membranes was best described with a two- 
site model with values of 0.6 and 7.1 nM for the high and 
low affinity binding sites, respectively. No significant change3m  the affinity of ( H)naloxone was observed with Gpp(NH)p as 
shown in Table 2.
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о control 
о 10jjM GppNHp

Fig. 4. Saturation curves and Scatchard plots (upper
panel) of (3h )DHM specific binding to rat brain 
membranes in the absence (o) and presence (□) 
of 10 juM Gpp(NH)p. Membrane samples (1 ml) were 
incubated for 20 min at 23°G light with incre
asing concentrations of (3h )DHM, then filtered 
as described in the Methods. Non-specific binding 
was measured with 10 /uM morphine and subtracted. 
Only specific binding is shown. Points are the 
means of triplicate values of a representative 
experiment.

DISCU SSIO N

In the present paper a systematic study on the effect of 
mono- and divalent cations and guanine nucleotides on the
binding properties of the mu agonist ( H)DHM, the delta agonist
3 3( H)DALE and the general opioid antagonist, ( H)naloxone in

washed rat brain membrane suspensions is described.
Most of the effects of the cations on the binding of3delta agonist, ( H)DALE were similar to that seen with the



Table 2. Binding parameters of membrane-bound opioid receptors from 
rat brain in the presence and absence of Gpp(NH)p

00

<3H) DHM (3H)DALE (3H)NX

Kd Вm a x Kd Вm a x Kd Вm a x
(nM) (fmol/mg) (nM) (fmol/mg) (nM) (fmol/mg)

Con t r o l 2.8 434 4.8 278 R 1 0.6 249

R 2 7.1 802

10 juM Gpp(NH)p 5.5 325 - R 1 0.6 281

R 2 7.6 838

50 pM Gpp(NH)p - - 7.7 212 - -

The Kj and Bmax values are those obtained from the analysis of the equilibrium binding data of labelled 
ligands according to the Scatchard-Feldman model (24-26). Computer generated plots of the data afforded 
the best fit for a curve with two binding components in the case of (^H)naloxone binding. Rj and R2 are 
the high- and low-affinity (Зн)па1охопе binding sites, respectively. Analysis of specific (3h)DHM and 
(^H)DALE binding revealed linear plots that correspond single class of binding sites. Concentration of 
the radioligands varied from 0.2-20 nM. Incubation time was 45 min at 24°C for (3h)DALE and 60 min at 
0°C for (̂ H)naloxone binding. Details for (3h)DHM binding are in the legend of Fig. 4.
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selective mu ligand ( H)DHM. Thus, monovalent cations decreased 
the binding of (^H)DHM and (̂ H)DALE as well. The order of po
tency in reducing (^H)opioid agonist binding was Na+>K+^Li+ 
in both cases. Conversely, potentiation of the binding of the

3pure opioid antagonist, ( H)naloxone with divalent cations was 
detected. Divalent cations had an opposite effect to those of 
the monovalent ions. Namely, they inhibited the binding of3( H)naloxone in a concentration dependent manner (Table 1) in

2+ 2+accordance with findings of others (8 , 12, 28). Mn and Mg
at the concentrations studied here slightly increased the bind-

3 3ing of ( H)DHM. Delta agonist binding measured with ( H)DALE
was also increased (Table 1). Higher concentrations of divalent 
cations displayed a differential effect on mu and delta agonist 
binding (13, 14) . Namely, while the binding of (^H)DADLE 
(another delta selective ligand) was enhanced in a concentration 
dependent manner, the binding of the mu agonist peptide ligand,
(̂ H)DAGO was significantly inhibited.

Kinetic experiments performed with radiolabelled mu and 
delta agonists showed that Gpp(NH)p induced dissociation of 
the receptor-(̂ H)ligand complex. The rate of dissociation ini
tiated by an excess of unlabelled ligand was accelerated when 
Gpp(NH)p was also present. In contrast, Gpp(NH)p itself did not

3cause dissociation of ( H)naloxone (Fig. 3).
Gpp(NH)p at 10 pM concentration inhibited the equilibrium 

binding of the mu selective ligand (^H)DHM (Bma values dec
reased by 25%), and that of the delta agonist ( H)DALE as well 
(B values decreased by 9% or by 24%, in the presence of 
10 or 50 pM Gpp(NH)p, respectively). The equilibrium dissocia
tion constants (K^ values) were somewhat higher in the presence 
of Gpp(NH)p (Table 2). Kinetic and steady-state binding studies 
discussed above suggest that this decrease in the affinity for 
agonists is the result of an increase of the dissociation rate.
A moderate increase in maximal binding capacities without sig
nificant changes in K. values was obtained in the presence of

a 3Gpp(NH)p in the case of ( H)naloxone binding.
The results presented in this paper suggest that the ef

fects of ions or nucleotides are different depending upon the 
nature of the radioligands and conditions used. Thus the ionic
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environment and guanine nucleotides play a crucial role in the 
ligand binding properties of the opioid receptors.
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SUMMARY
Human neutrophil granulocytes, when placed into hypoosmotic 
media, first swell, than show a regulatory volume decrease 
(RVD) reaction. This RVD is the most effective at pH 7.5 
when inosine is used as a metabolic substrate. The RVD 
reaction is blocked by the inhibitors of the calcium-in
duced K+ transport, such as quinine, quinidine, trifluo
perazine (TFP), as well as by those of the conductive Cl” 
transport (dipyridamole, SITS, oligomycin C). Removal of 
external calcium by EGTA, or addition of the calcium 
channel inhibitor, verapamil, reduce the RVD. Ouabain 
affects RVD only after long preincubation and furosemide 
or phloretin have hardly any effect on this process. In a 
hypoosmotic KC1 medium neutrophils show a TFP-, and SITS- 
sensitive secondary volume increase. All these data indi
cate the opening of Ca2+-induced K+ channels and of con
ductive Cl” channels in hypoosmotically shocked neutro
phils. Under these conditions, however, direct measurement 
of cytoplamic calcium by Indo-1 does not show any major 
change in the overall cytoplasmic free Ca2+ levels. In 
neutrophils, the reduced calcium signal evoked by formyl- 
methionyl-leucyl-phenylalanine (fMLP) after a hypoosmotic 
shock, suggests that cellular calcium metabolism is al
tered under these conditions.

Abbreviations: £ Ca J-j_, free cytoplasmic Ca concentration; CML, chronic
myeloid leukaemia; ConA, concanavalin A; DMSO, dimethylsulf- 
oxid; EGTA, ethyleneglycol-bis-(2-aminoethylether)-N,N - 
tetraacetic acid; fMLP, N-formyl-L-methionyl-L-leucyl-L- 
phenylalanine; MCV, mean cell volume; PBS, phosphate buffered 
saline; RVD, regulatory volume decrease; SITS, 4-acetoamido- 
4 -isothiocyanatostilbene-2,2 -disulfonic acid; TFP, tri
fluoperazine; V0, volume of granulocytes in isoosmotic medium.

Dedicated to the 75th 
birthday of F.B. Straub Akadémiai Kiadó, Budapest
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INTRODUCTION

Volume regulation is well documented in a variety of mam
malian cells (1, 2). The regulatory volume decrease and in
crease mechanisms of the human T-lymphocytes in hypoosmotic 
and hyperosmotic media have been characterized (3, 4, 5).
Livne et al. (6 ) as well as our group (7, 8 ) demonstrated the 
regulatory volume decrease phenomenon of hypoosmotically swol
len platelets.

In B-lymphocytes and granulocytes no volume regulatory 
mechanisms were detected until 1987 when Miyamoto and Sasakawa 
(9) published, that following a hypoosmotic shock in media 
between pH 8.0 and 9.0 at 37°C, granulocytes exhibited shrinking. 
The above authors attributed this volume change, at least par
tially, to the functioning of the Na+/K+ pump.

The aim of the present work was: i) to characterize the 
regulatory volume decrease of granulocytes; ii) to clarify the
involved transport processes and the possible role of intra- 

2+cellular Ca ; iii) to monitor the volume regulation in granu
locytes of chronic myeloid leukaemic (CML) patients.

MATERIALS AND METHODS

Chemicals :
Dextran T 150, Ficoll 400 (Pharmacia Pine Chemicals, 

Uppsala, Sweden); Uromiro 75% (BRACCO Industria Chimica S.p.a., 
Milano, Italy); amiloride, furosemide, phloretin (3-[4-hydroxy- 
phenylj-1-\_2,4,6-trihydroxy-phenylJ-1-propanone) , TFP, SITS, 
oligomycin C, dipyridamole, verapamil, fMLP, R24571 (SIGMA 
Chemical Company, St. Louis, MO); inosine, quinine, quinidine, 
boric acid (REANAL, Budapest, Hungary); gramicidin, A23187, 
Indo-l/AM, (Calbiochem, Behring Diagnostics, La Jolla, CA); 
EGTA, Con A, Triton X 100 (SERVA Feinbiochemica, Heidelberg, 
FRG); DMSO (MERCK, Schuchardt, München, FRG); ouabain (Fluka 
AG, Buchs, Switzerland) were of reagnet grade.
Granulocyte preparation:

Granulocytes were prepared from citrated blood of normal 
volunteers by dextran sedimentation and density-gradient cen
trifugations in a Janetzki-K-26 refrigerated centrifuge as 
described below. Freshly drawn citrated blood was centrifuged 
at 600 rpm for 15 min to obtain the buffy coat. Buffy coat was 
mixed with an equal volume of phosphate buffered saline (PBS) 
and centrifuged at 2000 rpm for 15 min through a Ficoll 400 + 
Uromiro solution of 1078 density (100 volume of 7.33% Ficoll 
400 + 15.33 volumes of 75% Uromiro). Lymphocyte ring was re
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moved and the granulocyte layer contaminated with erythrocytes 
twice washed in PBS. The cell suspension was sedimented through 
2 volumes of 2.5% dextran (dissolved in PBS) at 37°C for 60 min. 
The dextran supernatant was removed, cells were washed twice 
in PBS and centrifuged at 2000 rpm for 15 min through a Ficoll 
400 + Uromiro solution of 1092 density (100 volumes of 9%
Ficoll 400 + 21 volumes of 75% Uromiro). The granulocyte ring 
was washed twice in PBS and the cells were suspended in PBS 
(pH 7.4) containing 10 mM inosine. The homogeneity of the cells 
was tested microscopically after staining with 1% crystal vio
let dissolved in 0.1 M citric acid, their viability by the try
pan blue extrusion test, and occasionally by the phagocytosis 
of yeast fungi and a chemiluminescence assay according to 
Allen (10).

Cells were kept at room temperature in the course of the 
experiments. In volume regulatory experiments cells count was 
adjusted to 5 x 1 0^/1 , in experiments aiming at [Ca2+Jj_ deter
minations to 5 X 10^/1.
Media :

The isoosmotic media used for the volume regulatory ex
periments and for the measurements of [Ca2+Ji contained 5.4 mM 
KC1, 23.8 mM NaHC03, 5 .6 mM Na2 HPC>4 , 103 mM NaCl supplemented 
with 10 mM glucose or 10 mM inosine as substrate. The pH values 
were adjusted with 5 mM borate-NaOH buffer to pH 7.5 or 8.4.
In K+-based media Na+-salts were substituted by K+-salts.
Techniques :

Hypoosmotic shock was induced by adding 5 ml distilled 
water (37°C) to 5 ml granulocyte suspension preincubated at 
37°C for 2 min. During volume regulatory experiments cell 
suspensions were kept in a water bath of 37°C. Volume changes 
were measured continuously for 10 minutes after the shock.

Volume of granulocytes in isoosmotic medium (V0) was de
termined in aa. mixed Na+- or K+-based medium and isoosmotic 
sucrose, in which the ion concentration was the same as during 
50% hypoosmotic shock.

Cell volume was measured using a 100 urn capillary in a 
continuous Mean Cell Volume Analyzer (Sysmex-Toa, Kobe) working 
on the basis of the Coulter principle. The apparatus was cali
brated by glutaraldehyde fixed granulocytes, the diameters of 
which were measured microscopically with an ocularmicrometer.

[CaZ+li was determined fluorimetrically in Indo-l-loaded 
granulocytes at 37°C, with continuous stirring in a Hitachi 
F-4000 Fluorescence Spectrophotometer (Aexc = 331 nm; Aem =
410 nm). Calibration was carried out after each measurement by 
using 0.025% Triton X 100 as detergent in the presence of 0.25 
mM Ca2+ for obtaining the maximum fluorescence (Fmax), and by 
1 mM EGTA at pH higher than 8.0 (adjusted with 1.7 M Tris) for 
measuring minimum fluorescence (Fmin). The [Ca2-̂ :! values were 
calculated by the equation (1 1 ):
[Ca2+]. = Kd Indo-1 x Q f - Fmin) / (Fmax - Ff| J 
F = actual fluorescence, Indo-1 = 250 nM.



86 Kovács et at.: Volume Regulation in, Granulocytes

RESULTS

a. Volume measurements in normal granulocytes

We found a partial volume regulation of human neutrophil
granulocytes following a hypoosmotic shock above pH values 8.0,
with glucose as a substrate. Similar observation was reported
earlier by Miyamoto and Sasakawa (9). A more effective volume
regulation could be achieved at physiological pH if glucose
was replaced by 10 mM inosine as a substrate (Fig. 1). The 

2+ 2+presence of Ca and Mg m  the media was not essential 
(Fig. 2). In some of the preparations the addition of Mg2+, 
in the physiological range, stimulated the volume regulatory 
process after hypoosmotic shock, but this stimulation appeared 
only at pH 8.4 with glucose as a substrate (data not shown).
1 mM EGTA inhibited the volume regulation, whereas 0.5 yM
A23187 at first increased, but in a later phase decreased the

2 +effectiveness of the RVD reaction (Fig. 2 - insert). A Ca
antagonist, verapamil (0.5 mM) inhibited regulatory volume 
decrease completely (Fig. 2 - insert). Lower concentrations 
of verapamil caused only a partial inhibition.

Regulatory volume decrease was not influenced by 1-2 mM 
ouabain, unless the cells were preincubated with the drug for 
60 min (not shown). On the other hand, RVD was inhibited com
pletely by 250-500 yM quinine or quinidine, 3 yM trifluoper
azine (TFP), 75 yM dipyridamole, 500 yM SITS or 1 yg/ml oligo- 
mycin C (Fig. 3). Other anticalmodulin drugs (e.g. 10 yM chlo- 
ropromazine, 1 yM (R24571) acted like TFP.

When hypoosmotic shock was induced in a high K+-medium, 
rapid swelling was not followed by a volume decrease, but by 
a secondary volume increase. This secondary swelling could be 
inhibited by 3 yM TFP (or 500 yM quinine) and 500 yM SITS 
(Fig. 4). Secondary volume increase could be enhanced and TFP 
inhibition suspended by the K+-ionophore, gramicidin. Inhib
itors of conductive Cl transport - like 500 yM SITS - blocked 
secondary swelling, irrespective of the presence or absence of 
gramicidin (Fig. 4). 0.5-1 mM furosemide and 100 yM phloretin 
had no significant effect on volume regulation (not shown).
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Fig. 1
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. Volume changes of granulocytes in different 
media following hypoosmotic shock.
1. pH 8.4 medium with 10 mM glucose as a 
substrate, in the presence of 40 yM Ca2 + 
and 400 yM Mg2+.
2. pH 7.5 medium with 10 mM inosine as a 
substrate, without divalent cations.
One of at least five similar experiments 
with different granulocyte preparations.



88 Kovács et dl.: Volume Regulation in Granulocytes

Fig. 2. E f f e c t  of d i v a l e n t  cations on the h y p o o s m o t i c  
v o l u m e  r e g u l a t i o n  of g r a n ulocytes. The cells  
w e r e  s u s p e n d e d  in pH 7.5 m e d i u m  w i t h  10 m M  
inosine as a substrate.
1. No a d d ition; 2. 1 m M  C a 2 + ; 3. 400 yM M g 2 + ; 
4. 1 m M  C a 2+ a n d  400 UM M g 2 + .
In insert: 1. No addition; 2. 0.5 m M  v e r a p a m i l  
3. 1 m M  EGTA; 4. 0.5 yM A23187.
One of at l e a s t  five similar e x p e r i m e n t s .
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Fig. 3. I n h i b i t o r s  o f  the h y p o o s m o t i c  v o l u m e  r e g u l a t i o n  
of g r a n u l o c y t e s .  The cells w e r e  s u s p e n d e d  in 
pH 7.5 m e d i u m  w i t h  10 m M  ino s i n e  as a substrate. 
P a n e l  A: 1. N o  addition; 2. 500 p M  quinid i n e ;
3. 500 p M  q uinine; 4. 3 pM TFP.
P a nel B: 1. N o  addition; 2. 75 p M  d i p y r i d a m o l e ;  
3. 1 p g /ml o l i g o m y c i n  C; 4. 500 p M  SITS.
One of e i g h t  s i m i l a r  experiments.
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Fig. 4. Secondary swelling of granulocytes in 
hypoosmotic K+-media. The cells were 
suspended in pH 7.5 K+-based medium 
with 10 mM inosine as a substrate.
1. No addition; 2. 3 pM TFP; 3. 500 yM SITS 
4. 0.5 yM gramicidin + 3 yM TFP; 5. 0.5 yM 
gramicidin + 500 yM SITS.
One of five similar experiments.
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2 +F r e e  c y t o p l a s m i c  Ca c o n c e n t r a t i o n  changes 
d u r i n g  h y p o o s m o t i c  shock. The c e l l s  were s u s 
p e n d e d  in 1.5 m l  pH 7.5 m e d i u m  w i t h  10 m M  ino- 
sine as a su b s t r a t e  in the p r e s e n c e  of 0.5 m M  
E G T A  (panel A, B) or 0.5 m M  Ca^+ (panel C, D ) . 
A n  e q u a l  v o l u m e  of d i s t i l l e d  w a t e r  or pH 7.5 
b u f f e r  w i t h  10 m M  i n o s i n e  w ere added. The final 
c o n c e n t r a t i o n s  of i n d i c a t e d  r e a g e n t s  were: 
fMLP: 100 yM; ConA: 60 yg/ml.
O n e  of eight s i m i l a r  exper i m e n t s .
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2+b. Ca signal measurements

Experiments with inhibitors (quinine, quinidine, antical
modulin drugs) of the so called Gárdos-channel indicated that 

2+ . +the Ca -sensitive К channel was involved in volume regula
tion. Effects of verapamil, EGTA and A23187 also referred to 

2+the Ca sensitivity of the mechanism. With this in mind we
decided to characterize the [Ca levels of granulocytes
before and after hypoosmotic shock.

The fluorescence of Indo-l-loaded cells, suspended in 
2+either Ca -free, EGTA-containing medium, or in the presence

2+ 2+ or external Ca , was measured. Free cytoplasmatic Ca con
centration in resting granulocytes was 90-120 nM (Fig. 5).
Upon addition of an equal volume of isoosmotic medium (Fig.
5B and D) [Ca did not change. Calcium signals were induced
by the chemotactic factor, fMLP and the mitogenic lectin,
Con A. Addition of an equal volume of distilled water to the 
granulocyte suspension could not evoke any calcium signal 
(Fig. 5A and C), but disturbed the development of the fMLP 
signal, induced within a few minutes after the hypoosmotic 
shock. An approximately 70%-85% inhibition of this signal 
could be observed.
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M C V

Fig. 6. B e h a v i o u r  of g r a n u l o c y t e s  o f  C M L  patients 
f o l l o w i n g  h y p o o s m o t i c  shock.
1. p H  8.4 m e d i u m  w i t h  10 m M  g l u c o s e  as a s u b 
strate, in the p r e s e n c e  of 40 yM C a ^ + and 400 
y M  Mg2+.
2. p H  7.5 m e d i u m  w i t h  10 m M  i n o s i n e  as sub
strate, w i t h o u t  C a 2 +  a n d  Mg2+.
G r a n u l o c y t e  c o u n t  in the p e r i p h e r a l  blood:
54 x 1 0 9 /1.
D i f f e r e n t i a l  b l o o d  count:
m y e l o b l a s t :  0.04; p r o m y e l o c y t e :  0.18; m y e l ocyte:  
0.30; m e t a m y e l o c y t e :  0.14; band: 0.08; segment: 
0.26.
R a t i o  of g r a n u l o c y t e  p r e c u r s o r s  and g r a n u l o c y t e s  
in the p r e p a r e d  g r a n u l o c y t e  suspension: 
p r o m y e l o c y t e :  0.01; m y e l o c y t e :  0.08; m e t a m y e l o 
cyte: 0.18; band: 0.20; segment: 0.53.
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c. Volume measurements in pathological cells

(The volume regulatory function of pathological granulo
cytes was studied in chronic myeloid leukaemia patients (n=5). 
Following the granulocyte separation technique, at least half 
of the prepared cells looked like mature granulocytes, the 
other half consisting of band cells and metamyelocytes. Younger 
forms of the granulocyte series, originally present in the 
blood samples did not appear in the granulocyte layer if our 
separation technique was followed. At pH 8.4, with glucose as 
a substrate, there was no volume regulation in any of the 
studied cases. Moreover, the cells, being more vulnerable, 
swelled, and later were disrupted. At physiological pH the 
trend for volume regulation appeared, but was less complete 
than in the cells of healthy individuals (Fig. 6 ).

DISCUSSION

In this paper we describe some basic features of the vol
ume regulatory mechanisms in human neutrophil granulocytes. 
These cells, when placed into hypoosmotic media, first swell, 
then decrease their volume by the RVD reaction. RVD is most 
effective at pH 7.5 when inosine is used as a metabolic sub
strate (Fig. 1). Miyamoto and Sasakawa (9) described that the 
shrinkage ratio of osmotically swollen granulocytes was the
greatest between pH values of 8.0 and 9.0, with glucose as a

2+ 2+substrate, and with 1 mM Mg and 1 mM Ca m  the medium.
These findings can be explained by a.) the activation of hexo-

2 +kinase in the cells by increasing pH and Mg concentrations
towards their optimum effect and b.) the increased passive 

2 +Ca -influx through the plasma membrane and by the increased 
2 +Ca binding capacity of the membrane at higher pH values

(12, 13). The latter assumption can be rejected by our results
2 +(Fig. 2) revealing that Ca can be omitted from the medium

even at pH 8.4 without significant deterioration of the cell
2 +shrinkage. External Mg activated the regulatory volume dec

rease only in some granulocyte preparations and only with glu
cose as a substrate (data not shown). This action may be at- 

2+tributed to Mg supplementation for cells in which intracel-
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2 +lular Mg decreased below the level needed for satisfactory 

hexokinase function.
Independent of the presence or absence of divalent cations, 

higher external pH (8.4) was found to be advantageous for regu
latory volume decrease only if glucose was applied as a. sub
strate. Most probably, with glucose as a substrate, some extra 
protons are produced in the reaction chain of the pentose phos
phate shunt of the cells and local acidification is known to 
inhibit certain transport pathways (14). The extracellular 
alkalinization in this case may help the intracellular neutral
ization of extra protons. Our intracellular pH measurements in 
granulocytes during RVD are in progress.

Miyamoto and Sasakawa (9) suspected that among the mem
brane transport phenomena the Na /K+ pump function may partic
ipate in the volume regulation process. The above authors pre
incubated granulocytes for 60 min with 0.2 or 2 mM ouabain, 
respectively. They washed the cells twice and applied hypo- 
osmotic shock only thereafter, i.e. to cells of significantly 
reduced intracellular K+ levels, obtaining thus a partially 
reduced shrinkage ratio. Based on the rapid binding of ouabain 
to the external membrane sites of the Na+/K+ pump, in our ex
periments we preincubated the cells with the drug only for 
2 min at 37°C and did not eliminate the unbound fraction of 
the glycoside by washings before inducing hypoosmotic shock. 
Under these circumstances normal intracellular K+-concentration 
was preserved and regulatory volume decrease was found to be 
independent of the presence or absence of ouabain at a concen
tration as high as 1-2 mM. Other well known inhibitors of var
ious transport processes, like furosemide for the K+/Na+/2C1 
cotransport (15), and phloretin for the Li+/Na+ counterflow
(16), were also ineffective in relation to regulatory volume 
decrease.

In contrast, inhibitors of the so called Gárdos-channel
2+  +  —(i.e. the Ca -dependent К channel) and the conductive Cl

transport pathway, respectively, all inhibited regulatory vol
ume decrease (Fig. 3) in close analogy to the same function

2 + +of T-lymphocytes (5). The opening of the Ca -dependent К 
channels upon hypoosmotic shock is also confirmed by the se-
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condary swelling phenomenon observed in hypoosmotic K+-med.ia 
(Fig. 4), which is driven by the inward K+ and Cl gradients. 
This was also inhibitable by anticalmodulin drugs and by qui
nine (if at least 500 uM was added, due to the known competi
tion between K+ and quinine at the external side of the mem
brane (17)). The degree of secondary swelling of granulocytes 
was found relatively small in hypoosmotic KC1 medium compared 
to those of other cells (platelets (8 ) or Chinese hamster ovary 
cells (18)). Further investigations to understand this differ
ence are to be published elsewhere.

The above findings support the hypothesis that osmotically
2+ +swollen granulocytes, by the opening of Ca -dependent К chan

nels and by the activation of conductive Cl transport pathways 
loose K+ and Cl followed by water loss and thereby reduce 
their increased volume. The volume reduction is significant, 
but incomplete, which can be the consequence of some prepara
tion artifacts. However, by using another preparative method, 
in which red cells were removed by a partial hemolysis, the 
volume regulation of granulocytes was even more reduced (un
published observation).

2+The Ca -dependence of the process is indicated by the
inhibitory effect of verapamil or EGTA added to the medium and

2+by the initial activatory effect of the Ca -ionophore, A23187
. 2+(before it disturbs cell function by liberating excess Ca 

2+from the Ca -stores) - (Fig. 2 - insert). Our measurements of
2+the intracellular Ca levels, just like the results of Rink

et al. (19) obtained in lymphocytes, did not reveal an overall
[Ca j^ increase upon hypoosmotic shock (Fig. 5). Thus - in
harmony with the above authors - we can only support some ef- 

2+fects of Ca -translocation processes and local concentration
2+changes. The strongly inhibited fMLP-mduced Ca -signal in 

hypoosmotically shocked neutrophils, however, may be informa
tive for alterations in cellular calcium metabolism (and/or 
for conformational changes at the receptor level).

The series of the available granulocyte functional tests 
(phagocytosis, chemiluminescence, etc.) still cannot be con
sidered to be of reliable diagnostic value. The volume regula
tory activity of our granulocyte preparations did not show a
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strict parallelism with the phagocytosis of fungi or with the 
chemiluminescence assay, but correlated better with the latter 
one (data not shown). In order to judge the evantual diagnostic 
value of the regulatory volume decrease phenomenon in patholog
ical granulocytes, we examined it in isolated granulocytes 
(and their predecessors: the band cells and metamyelocytes) 
of chronic myeloid leukaemia patients. No effective regulatory 
volume decrease was found at pH 8.4 with glucose as substrate 
in these cells, whereas at pH 7.5 with inosine as substrate 
the function was only partially impaired (Fig. 6 ). Studies 
on the volume regulation of granulocytes of other pathological 
conditions are in progress.

Acknowledgements
Thanks are due to Dr. Katalin Nemeth for testing the phagocytosis of 

fungi and the chemiluminescence reactions of our granulocyte preparations, 
and to Dr. Agnes Enyedi for the critical reading of the manuscript. The 
skillful and precise technical assistance and active cooperation of Mrs.
S. Andrási is gratefully acknowledged.

The continuous MCV analyzer (CMA, TOA Medical Electronics, Kobe, 
Japan), which enabled us to perform the investigations was generously 
lent by TOA Medical Electronics, Kobe, Japan.

Authors are also indebted for the technical support received from 
the representatives of TOA Medical Electronics, Hamburg.

REFERENCES

1. MacKnight, A.D.C. and Leaf, A. (1977) Physiol. Rev. 57,
510-573

2. Kregenow, F.M. (1981) Ann. Rev. Physiol. 43, 493-505

3. Grinstein, S., Dupre, A., Rothstein, A. (1982)
J. Gen. Physiol. 79, 849-868

4. Sarkadi, B., Mack, E., Rothstein, A. (1984) J. Gen.
Physiol. 83, 497-512

5. Grinstein, S., Rothstein, A., Sarkadi, B., Gelfand, E.W.
(1984) Am. J. Physiol. 246, C204-C215



6 . Livne, A., Grinstein, S., Mack, E., Rothstein, A. (1986)
In: Abstracts of the Second European Congress on 
Cell Biology, Budapest

7. Sarkadi, B., Szirmai, M. , Szász, I., Gárdos, G. (1986)
In: Abstracts of the Second European Congress on 
Cell Biology, Budapest

8 . Szirmai, M., Sarkadi, B., Szász, I., Gárdos, G. (1988)
Haematologia 21, 33-40

9. Miyamoto, M. and Sasakawa, S. (1987) Acta Haematol. Jpn.
50, 1150-1157

10. Allen, R.C. (1986) In: Methods in Enzymology 133, 449-493

11. Grinkiewicz, G. , Poenie, M., Tsien, R.Y. (1985) J. Biol.
Chem. 260, 3440-3450

12. Whittam, R. (1968) Nature 219, 610-611

13. Szász, I., Sarkadi, B., Gárdos, G. (1977) J. Membr. Biol.
35, 75-93

14. Brugnara, C. and Tosteson, D.C. (1987) Am. J. Physiol.
252, C269-C276

15. Haas, M., Schmidt III, W.F., McManus, T.J. (1982) J. Gen.
Physiol. 80, 125-147

16. Pandey, G.N., Ostrow, D.G., Haas, M., Dorus, E.,
Casper, R.C., Davis, J.M., Tosteson, D.C. (1977)
Proc. Natl. Acad. Sei. USA 74, 3607-3611

Reichstein, E. and Rothstein, A. (1981) J. Membr. Biol. 
59, 57-63

98 Kovács et al.: Volume Regulation in Granulocytes

17.



Kovács et al.: Volume Regulation in Granulocytes 99

18.

19 .

Sarkadi, B., Attisano, L., Grinstein, S., Buchwald, M., 
Rothstein, A. (1984) Biochim. Biophys. Acta 774, 
159-168

Rink, T.J., Sanchez, A., Grinstein, S., Rothstein, A.
(1983) Biochim. Biophys. Acta 726, 593-596





Acta Biochim. Biophys. Hung. 24(1-2), pp. 101-106 (1989)

THE DOMINANT S U BS T R AT E  OF PROTEIN KINASE C IN THE EXTRACTS 
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SUMMARY

In the crude extract's of pig granulocytes the dominant 
substrate of endogenous protein kinase C was a 38 kDa 
protein. This protein was found in the cytosolic extract 
when the cells were sonicated in the presence of EGTA but 
it was bound to the membrane fraction when the cells were 
sonicated in the presence of Ca2+. The phosphorylation of 
the 38 kDa protein was absolutely Ca2+/phospholipid de
pendent. The behaviour of this protein kinase C substrate 
indicated that it was a lipocortin.

INTRODUCTION

2 +The Ca /phospholipid dependent protein kinase (protein 
kinase C) is involved in the regulation of a number of cellular 
events (reviewed in 1, 2). The identification of cellular sub
strates for this enzyme is an important field of current re
search. Lipocortins are well known substrates for protein kin
ase C in vitro and also in some cell types (3-8), though the 
effect of phosphorylation on the biological activity of these
proteins in not known exactly. The 35-40 kDa lipocortins belong 

2+to a family of Ca /phospholipid binding proteins associating
2+reversibly with cellular membranes in the presence of Ca 

They may have a role in the modulation of arachidonic acid 
metabolism and may be implicated in the control of secretion 
and cell motility (reviewed in 9-11) .

In rabbit neutrophil granulocytes stimulated by the chemo
attractant fMet-Leu-Phe a close relation has been found between

Dedicated to the 75th 
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the extent of phosphorylation of a 40 kDa lipocortin and the 
rate of arachidonate release. Protein kinase C has been sug
gested to be responsible for this effect (12). However, the 
phosphorylation of lipocortin by protein kinase C has not been 
demonstrated in granulocytes. This paper shows that in the ex
tracts of pig granulocytes the dominant substrate of endogenous 
protein kinase C is a 38 kDa protein which is probably a lipo
cortin .

MATERIALS AND METHODS

Preparation of cellular extracts. Neutrophils were pre
pared from pig blood according to (13) with the modification 
described in (14). Sonication of cells (1-2x10^ cells per ml) 
and separation of the cytosolic and particulate fractions were 
performed exactly according to (14) when the cells were son
icated in the presence of 2 mM EDTA and 5 mM EGTA. In some 
other experiments the sonication was carried out in a lysing 
buffer containing 0.1 mM CaCl2 instead of EGTA and EDTA.

Assay of protein kinase C activity. The activity of pro
tein kinase C was measured with its selective substrate 
Ala-Ala-Ala-Ser-Phe-Lys-Ala-Lys-Lys-amide (15), as described 
previously (14, 16). The assay was carried out in an assay 
mixture comprising 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2 ,
0.01 mM [y-32pj (300,000-500,000 cpm per reaction mixture) and
the synthetic peptide (0.75 mM) in a final volume of 0.4 ml, 
and 0.05 ml samples of the extracts were assayed. The activity 
of the proteolytically activated form was measured in the pre
sence of 1.25 mM EGTA, while the total activity of protein 
kinase C was determined in the presence of 1.25 mM Ca++ +
20 yg/ml phosphatidylserine + 25 ng/ml phorbol 12-myristate 
13-acetate (PMA). Incubation was carried out at 37°C for 10 min. 
Radioactivity incorporated into the oligopeptide substrate was 
measured as in (17). Assays were performed in triplicates.

Analysis of the phosphorylated proteins. The phosphoryl
ation of the extracts was carried out in incubation media 
containing 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2 , 0.01 mM 
[y-32p]ATP, (4-5x10^ cpm per reaction mixture) and 0.2 ml of
the cytosolic extract or 0 . 2 ml of the particulate fraction in 
a final volume of 0.4 ml. The incubation (1-5 min at 37°C) was 
stopped by the addition of trichloroacetic acid in a final con
centration of 15 (v/v)%. Analysis of the phosphorylated pro
teins by SDS-polyacrylamide gel-electrophoresis (SDS-PAGE) was 
performed on 15% polyacrylamide gels according to (18). The 
molecular masses were estimated on the basis of a Pharmacia 
electrophoresis calibration kit.

Analysis of phosphoamino acids. Phosphoamino acids were 
analyzed by a slightly modified version of the method described
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in (19). The samples were phosphorylated for 1 min and the 
separation of the 38 kDa protein was carried out by SDS-PAGE 
as usually. The position of the ^p.^belled 38 kDa phospho- 
protein was determined by autoradiography and the corresponding 
band was excised from the polyacrylamide gel (from 8 - 1 2 iden
tical lanes). The excised samples were stored in 10% methanol 
for 10 hours (at 37°C), then they were dried at 100°C for 30 
min. The dried samples were homogenized in 2 ml of 50 mM 
NH4HCO3 (pH 8.0) containing trypsin (100 yg/ml). The homogenate 
was digested for 20 hours at 37°C. The supernatant of the di
gested homogenate was liophylyzed, dissolved in 0.5 ml of 
6.0 M HC1 and hydrolysed for 3 hours at 110°C. The phosphoamino 
acids were identified on the basis of their migration position 
after separation by high voltage electrophoresis on cellulose 
paper (Whatmann) at pH 3.5 in a mixture of water:acetic acid: 
pyridine (89:10:1). The positions of standard phosphoamino 
acids were demonstrated by ninhydrin and the position of the 
32p_iabeled amino acid was demonstrated by autoradiography.

RESULTS AND DISCUSSION

Pig neutrophils were sonicated in the presence of EGTA or
24-in the presence of 0.1 mM Ca and the cytosolic and particu

late fractions of the cells were separated. The substrates of 
endogenous protein kinase C were investigated in the different 
subcellular fractions. When the lysing medium of the cells con
tained EGTA in the cytosolic extract a 38 kDa protein was phos-

2 +phorylated in the presence of Ca /phosphatidylserine/diacyl-
glycerol while in the particulate fraction this phospholylation
was not detected. When the cells were lysed in the presence of 

2+Ca the phosphorylation of the 38 kDa protein was observed in
the particulate fraction and the rate of its phosphorylation
decreased significantly in the cytosolic extract (Fig. 1).

The activity of protein kinase C was determined in the
2+different extracts. Though the presence of Ca in the lysing 

medium of cells decreased the activity of protein kinase C in 
the cytosolic extract and increased it in the particulate 
fraction, the quantitative change in the distribution of pro
tein kinase C activity (Table 1) alone could not explain the 
complete absence of the 38 kDa substrate in the particulate 
fraction of cells sonicated in the presence of EGTA and the
strongly decreased rate of phosphorylation of this protein in

2+the cytosolic extract prepared in the presence of Ca
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Table 1. 2 +The effect of Ca on the subcellular distribution 
of protein kinase C in pig neutrophils

Sonication 
(in the presence of)

Fractions Protein
Total

kinase C activity
Proteolytically

activated

EGTA Cytosolic 280 34
Particulate 36 17

Ca2+ Cytosolic 117 52
Particulate 135 62

The activity of protein kinase C is expressed as the amount of phosphate 
transferred to the oligopeptide substrate Ala-Ala-Ala-Ser-Phe-Lys-Ala- 
Lys-Lys-amide (pmol x min~^ per 10^ cells) . The total activity of the 
enzyme was measured in the presence of Ca^+ + phosphatidylserine + PMA, 
while the activity of the proteolytically activated form was measured 
in the presence of EGTA. Assays were performed in triplicates with the 
samples of extracts demonstrated on Fig. 1.

2 +The Ca -dependent translocation of the substrate protein
itself was also responsible for the observed phenomenon. In
the cytosolic extract prepared with EGTA a 38 kDa major protein
component was found. This protein disappeared from the cyto-

2 +solic extract of cells sonicated in the presence of Ca
(Fig. 2A) and at least a part of it could be eluted by EGTA
from the membrane fraction of these cells (data not shown)
indicating that the 38 kDa protein kinase substrate belonged

2 +to the family of Ca /membrane binding proteins. In order to
2 +prove that the phosphorylation of the 38 kDa Ca /membrane

binding protein was due to the action of protein kinase C cells
were treated with PMA. Previously we demonstrated that the
treatment of pig neutrophils with PMA (30 ng/ml, 10 min at
37°C) caused the complete translocation of intact protein
kinase C from the cytosol into the particulate fraction, only

2+ . .a small amount of proteolytically activated Ca /phospholipid 
independent form of protein kinase C remained in the cytosol



F ig. 1. Phosphorylation of the 38 kDa protein in the cytosolic and particulate fractions of pig 
neutrophils. Phosphorylated proteins were detected on the basis of their radioactivity by 
autoradiography of the SDS-polyacrylamide gel. Lanes 1 — 4 show phosphorylated proteins 
in the cytosolic extracts and lanes 5 — 8 show phosphorylated proteins in the particulate 
fractions. Cells were sonicated in the presence of EGTA (lanes 1,2 and 5,6) or in the presence 
of Ca2+ (lanes 3,4 and 7,8). The phosphorylation (5 min at 37 °C) was carried out in the 
presence of 1.25 mM EGTA (lanes 2, 4, 6, 8) or in the presence of 1.25 mM Ca2+ +  20 /rg/ml 
phosphatidylserine +  25 ng/ml PMA (lanes 1, 3, 5, 7). The protein kinase C activity of these 

extracts is demonstrated in Table 1





Fig. 2. Protein patterns and the phosphorylation o f  the 38 kDa protein in cytosolic extracts 
prepared under different conditions. Part A shows the stained protein patterns obtained by 
SDS-polyacrylamide gelelectrophoresis and Part В shows the corresponding autoradiographic 
patterns. Cytosolic extracts were prepared from  cells sonicated in the presence o f EG TA  
(lanes 1, 2 and 5, 6) or from cells sonicated in the presence o f Ca2+ (lanes 3, 4). Lanes 5, 6 
show the cytosolic proteins from cells treated with PM A (30 ng/ml) for 10 min at 37 °C. 
The phosphorylation (1 min at 37 °C) was performed in the presence o f 1.25 mM EG T A  
(lanes 2, 4, 6) or in the presence of 1.25 mM Ca2+ +  20 /ig/ml phosphatidylserine +  25 ng/m l

PM A (1, 3, 5)



Fig. 3. Preferential phosphorylation o f  the 
38 kD a protein in the cytosolic extract. 
Sam ples o f  the cytosolic extract from cells 
sonicated in the presence o f EG TA were 
phosphorylated in the presence o f the aciva- 
tors o f protein kinase C for 1, 2 and 5 min 
(lanes 1, 2 and 3, respectively.) The phos
phorylated proteins are demonstrated by 
autoradiography

Fig. 4. Ca2+/phospholipid dependent phos
phorylation of the 38 kD a protein. Samples 
o f the cytosolic extract from cells sonicated  
in the presence o f EGTA were incubated in 
the presence of EGTA (1, 5), 1.25 m M  Ca2+ 
(2), 20 /rg/ml phosphatidylserine +  25 ng/ml 
PM  A (3), 1.25 mM Ca++ +  20 ,ug/ml phos
phatidylserine +  25 ng/ml PM A (4), 10~ 6M 
cA M P  (6). Autoradiographic patterns o f the 
gels are shown
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(14). When the activity of protein kinase C was reduced in the 
cytosol by the treatment of cells with PMA the phosphorylation 
of the 38 kDa protein was hardly detected (Fig. 2B) though the 
substrate protein was present in the cytosolic extract prepared 
in the presence of EGTA (Fig. 2A) .

2+On the basis of its molecular mass the 38 kDa Ca /membrane 
binding protein was probably a lipocortin (1 1 ). Lipocortins are 
the substrates of different protein tyrosine kinases (reviewed 
in 1 1 ) and in mitogen stimulated murine thymocytes protein 
kinase C has been suggested to play an indirect role in the 
phosphorylation of lipocortin by phosphorylating and activating
a protein tyrosine kinase (20). The paper-electrophoretic anal- 

32ysis of the P-labeled phosphoamino-acxds obtained from the
32phosphorylated 38 kDa protein excluded this possibility. P-

labeling was found in the position of phosphothreonine and 
32P-labeled phosphotyrosine was not detected (data not shown).
On the other hand, phosphorylation of the 38 kDa protein pre
ceded in time the phosphorylation of the other proteins (Fig. 3) 
indicating that this protein was a preferential substrate in 
the cytosolic extract of neutrophils.

The phosphorylation of the 38 kDa protein was always 
2+absolutely Ca /phospholipid dependent (Fig. 4), in spite of

the fact that the extracts contained always a small amount of
2+the proteolytically activated Ca /phospholipid independent

form of protein kinase C (1) and in the cytosolic extracts of
granulocytes treated with PMA the proteolytically activated
form of protein kinase C was present exclusively (14). This

2+finding suggests that Ca and phosphatidylsenne may also be 
necessary for the substrate protein itself to the phosphoryl
ation and not only for the activation of protein kinase C.
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SUMMARY
The effects of polyamines were studied on carbamoyl-phos
phate synthase II (EC 6 .3.5.5.) which is the first and 
rate limiting enzyme in mammalian pyrimidine synthesis. 
Polyamines in physiological concentrations (0.1-1 mM) 
strongly inhibited the carbamoyl-phosphate synthesis. Of 
the polyamines tested spermine was the most effective 
followed by spermidine and putrescine. Spermine increased 
the Кдо for ATP and the requirement for Mg++ of carbamoyl- 
phosphate synthase reaction. UTP, an inhibitor, had simi
lar, while phosphoribosyl-pyrophosphate, an activator of 
the enzyme had an opposite effect. Increasing concentra
tions of phosphoribosyl-pyrophosphate completely reversed 
the inhibition caused by spermine, while did not influence 
the degree of inhibition caused by UTP. A possible physio
logical role of polyamines in synchronising the substrate 
and activator functions of phosphoribosyl-pyrophosphate 
in pyrimidine synthesis is suggested.

INTRODUCTION

CPS II (glutamine-hydrolysing, EC 6 .3.5.5) catalyses the 
first and rate limiting step in the de novo pyrimidine bio
synthetic pathway. The enzyme exists in the cytosol as a multi
functional protein together with aspartate carbamoyl-transfer
ase (EC 2.1.3.2) and dihydroorotase (EC 3.5.3.2), the second

Abbreviations: CPS, carbamoyl-phosphate synthaseCAD, trifunctional pro
tein, containing carbamoyl-phosphate synthase II, aspartate 
transcarbamoylase!' and dihydroorotase activities j pRpp, 
phosphoribosyl-pyrophosphate
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and the third enzymes of the uridylate synthesis de novo 
(Jones, 1980) .

The complex regulatory properties of synthase II activity 
involve end-product inhibition by UTP and activation by pRpp 
and a cAMP-dependent protein kinase, as well as an absolute 
requirement for Mg++ and K+ cations (Tatibana and Shigesada, 
1972) Aoki et al., 19821 Carrey et al., 1985).

Earlier work in our laboratory has shown that the activity 
of the rate limiting step in polyamine and pyrimidine synthesis 
and the intracellular polyamine content increase simultaneously 
during carcinogenesis (Bardócz et al., 1982, 1984) Karsai et 
al., 1985) and after addition of phorbol-ester, a tumour pro
moter (Szondy, 1984). It was also demonstrated that these pro
cesses are metabolically linked (Karsai and Elődi, 1982).

In this paper the influence of polyamines on CPS II activ
ity is demonstrated. Polyamines were found to inhibit CPS II 
activity in a dose dependent manner. This inhibition was in
creased further by addition of UTP, and was reversed by in
creasing concentrations of Mg++, ATP and pRpp. In the presence 
of polyamines a higher К for pRpp was detected. A probable 
physiological role in synchronising the substrate and activator 
functions of pRpp in pyrimidine synthesis is also discussed.

MATERIALS AND METHODS

Materials
Spermine.HC1, spermidine.HC1, putrescine.HC1, ornithine 

transcarbamoylase (800 units/mg protein), phosphoribosvl-pyro- 
phosphate were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Ыа2 14СОз was obtained from Amersham Radiochemical Co. 
(Amersham, U.K.). All other reagents of highest available puri
ty were obtained from Reanal (Hungary).
Enzyme assay

Synthase II activity was assayed with КН1 4СС>з as substrate 
by measuring the formation of L-(carbamoyl-l4C)citrulline in 
the presence of excess L-ornithine and ornithine transcarbamoyl
ase from Streptococcus faecalis (Aoki et al., 1982). The assay 
mixture of 0.3 ml contained 16.7 mM potassium(1 4C)-bicarbonate 
(1600-1800 cpm/nmol), 1 mM glutamine, 5 mM L-ornithine, 4 yg 
ornithine transcarbamoylase, ATP and MgCl2 in various concen
trations, 7.5% dimethylsulfoxyde (v/v), 1 mM dithiothreitol,
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2.5% glycerol (w/v) and 50 mM 4-(2-hydroxyethyl)-1-piperazine- 
ethanesulfonate at pH 7.5.
Purification of CAD from cultured cells

CAD was purified from an overproducing cell line derived 
from SV 40-transformed Syrian hamster kidney cells (Coleman et 
al., 1977). The cell line was a kind gift of George Stark 
(ICRF Laboratories, London). The purified preparation contained 
both carbamoyl-phosphate synthase and aspartate transcarbamoyl- 
ase activities in high specific activity (0.28 and 13.2 nmol/ 
min/pg protein, respectively) and exhibited a single major 
235 kD polypeptide chain by SDS-polyacrylamide gel electropho
resis corresponding to the trifunctional CAD protein as reported 
earlier (Coleman et al., 1977).
Partial purification of CAD from rat liver

CAD was purified partially from rat liver according to 
Aoki et al. (1982). The fraction obtained by Sephadex G-25 chro
matography was used to assay the effect of polyamines.

RESU LTS

Dose-dependent inhibition of CPS II activity by polyamines

The effect of polyamines on CPS II was measured in the 
presence of 1 mM ATP and 2 mM MgC^, i.e. approximately 1 mM 
MgATP and 1 mM free Mg++, which is near to the reported con
centrations in rat liver tissue (Jackson et al., 1980) Walker, 
1986). Under these conditions CPS II activity was strongly 
inhibited by polyamines (Fig. 1). Of the polyamines tested 
spermine appeared to be the most effective followed by sper
midine and putrescine. 50% inhibition was found in the presence 
of 0.6 mM spermine, 1.2 mM spermidine or 6.7 mM putrescine. 
Therefore spermine was used for further studies. The effect of 
spermine was compared to that of UTP, an inhibitor of CPS II 
activity (Lyons and Christopherson, 1985). The applied concen
trations of these compounds were close to that of the physio
logical ones.
Effect of spermine and UTP on CPS II as a function of ATP con
centration

The effect of spermine and UTP on CPS II was measured in 
the presence of 10 mM MgC^ and that of increasing concentra
tions of ATP (Fig. 2). The dependence of initial velocity on
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Fig. 1. Effect of polyamines on the CPS II activity of 
CAD. CPS II activity was measured in the pre
sence of 2 mM MgCl2 and 1 mM ATP with putres- 
cine (□), spermidine (o) pr spermine (Д).

ATP concentration was sigmoidal (Hill coefficient >2). Both
UTP and spermine increased the apparent KM with no significant
effect on V (Table 1). max
Effect of spermine and UTP on the CPS II activity as a function 
of free Mg’1"1- concentration

CPS II activity was found to depend on the concentration 
of Mg++ present in the reaction mixture. In the presence of 
1 mM ATP the maximum activity was found with 6 mM MgCl2 (Fig. 3) 
After addition of either UTP or spermine a higher MgCl2 concen
tration, 10 and 15 mM MgCl2 in the presence of 3 mM spermine
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Fig. 2. Effect of spermine and UTP on CPS XI activity 
of CAD as a function of ATP concentration.
CPS II activity was measured in the presence 
of 10 mM MgCl2 and 0-10 mM ATP as indicated. 
MgUTP or spermine were added in 0.3 mM and 
3 mM concentration, respectively. Additions: 
none (•), MgUTP (A) or spermine (A).

and 0.3 mM MgUTP, respectively, was required to reach the 
maximum activity. However, this activity was lower than that 
of the control. At higher Mg++ concentration the degree of 
inhibition caused by UTP and spermine decreased. The effect 
of spermine and UTP seemed to be additive. pRpp is an allos
teric activator of CPS II and decreases the KM of the enzyme 
for ATP (Lyons and Christopherson, 1985). We have found that 
pRpp also diminishes the Mg++ requirement of this reaction. 
While in the control the maximum activity was found at approx
imately 5 mM free Mg++ concentration, in the presence of 0.1 mM 
pRpp it was at 1 mM (Fig. 4). Unexpectedly, pRpp almost com
pletely reversed the inhibition caused by 3 mM spermine.
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Table 1. Kinetic parameters of CPS II in the presence and 
abscence of UTP or spermine

Effector Kinetic constants

None V max (nmol/min/pg protein) 0.28
KMM (mM) 2.1
Hill coefficient 2.5

UTP (0.3 mM) V max (nmol/min/pg protein) 0.26
KM (mM) 3.8
Hill coefficient 2.1

Spermine (3 mM) Vmax (nmol/min/pg protein) 0.26
K MM (mM) 3.5
Hill coefficient 2.2

Parameters were determined by computer fitting to the Hill equation. 
Activity was measured in the presence of 10 mM MgC^.

Effect of pRpp on inhibition of CPS II caused by spermine or UTP
To study this problem, CPS II activity was measured in the 

presence of increasing concentrations of pRpp both in the ab
scence and in the presence of 0.3 mM UTP (Fig. 5) or 3 mM sper
mine (Fig. 6 ), respectively. Increasing concentrations of pRpp 
completely reversed the inhibitory effect of spermine, while 
that of UTP persisted. Spermine increased the activation con
stant of pRpp from 3.5 pM to 115 pM, UTP at the same time di
minished the maximum activity that can be attained by increasing 
the concentrations of pRpp.
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Fig. 3. Effect of spermine and UTP on CPS II activity 
in the presence of varying concentrations of 
MgCl2 . CPS II activity was measured in the 
presence of 1 mM ATP. MgUTP or spermine were 
added in 0.3 and 3.0 mM concentration, respec
tively. Additions: none (•), MgUTP ( A ) ,  sper
mine (Д) or MgUTP spermine (D) .

Effect of polyamines on CPS II purified partially from rat 
liver

Polyamines were found to inhibit CPS II purified from rat 
liver, as well. In the presence of 1 mM ATP and 2 mM MgC^ 50% 
inhibition was found at 0.4 mM spermine, 1.0 mM spermidine and
3.2 mM putrescine concentration. In the presence of 0.1 mM pRpp 
inhibition did not occur up to 0.8 mM spermine, 1.6 mM sper
midine and 5.8 mM putrescine concentrations. Polyamines in
creased the К of CPS II activity for pRpp in rat liver, as

3.
well.
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Fig. 4. Effect of spermine and pRpp on CPS II activity
in the presence of varying MgCl2 concentrations. 
CPS II activity was measured in the presence of 
1 mM ATP. pRpp and spermine were added in 0.1 raM 
and 3 mM concentration, respectively. Additions: 
none (•), pRpp (■), spermine (Д) or pRpp sper
mine (A) .

DISCUSSION

Earlier work in our laboratory has shown that both the 
activity of CPS II and polyamine content increase simultane
ously during carcinogenesis (Bardócz et al., 1982J Karsai et 
al., 1985) in rat liver cells. In addition it was demonstrated 
that polyamine and pyrimidine synthesis are metabolically linked 
(Karsai and Elődi, 1982). It was interesting to see whether 
polyamines have any effect on carbamoyl-phosphate synthesis,
the rate limiting step in pyrimidine synthesis.
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Fig. 5. Effect of UTP on CPS II activity in the presence 
of pRpp. CPS II activity was measured in the pre
sence of 2 mM MgCl2 and 1 mM ATP with (A) or 
without (•) 0.3 mM UTP.

Fig. 6 . Effect of spermine on the CPS II activity of CAD 
in the presence of pRpp. CPS II activity was 
measured in the presence (A) and absence (•) of 
3 mM spermine, with 1 mM ATP and 2 mM MgCl2 .



-3 -4It was found that polyamines in 10 -10 M concentrations
strongly inhibited CPS II activity in the presence of physio
logical concentrations of MgATP and free Mg++. The inhibitory 
effect of polyamines seemed to be similar to that of UTP as 
they both increased the for ATP (Fig. 2) and the Mg++ 
requirement of the enzyme (Fig. 3). This was in contrast to 
the activating effect of pRpp that diminishes the KM for ATP 
(Lyons and Christopherson, 1985) and the Mg++ requirement of 
CPS II reaction (Fig. 4).

However, the behavior of UTP and spermine was different 
in the presence of increasing concentrations of pRpp. While 
the inhibition caused by spermine was completely reversed by 
pRpp, UTP inhibition could be detected even at high concentra
tions of pRpp. Spermine increased the activation constant for 
pRpp, while UTP decreased the maximum activity that can be 
attained in the presence of increasing concentrations of pRpp.

These various interactions between the activator and in
hibitor molecules of CPS II suggest different roles in the in
hibitions caused by polyamine and UTP. UTP is an end-product 
of pyrimidine synthesis and the cells attempt to maintain its 
concentration at a relatively constant level. It was reported 
that there was no significant difference between the UTP pool 
found in rat liver cells and rapidly growing hepatomas (Jackson 
et al., 1980). An increase in UTP pool will decrease CPS II 
activity independently of the pRpp concentration. This increase 
may be induced not only by an enhanced de novo pyrimidine syn
thesis, but by an independent uridine uptake as well. This way 
the UTP pool synchronises the demands of nucleic acid synthesis 
with the synthesis of UTP by either de novo or by phosphoryla
tion of the uridine taken up by the cells.

pRpp is not only an activator of CPS II but also a sub
strate for both purine and pyrimidine synthesis. In dividing 
cells an increased pRpp synthesis and high concentrations of 
pRpp can be found. In rat hepatoma cells the pRpp concentrations 
reported (1000-3000 pM) were 2-5 times and 100-1000 times higher 
than in regenerating and normal liver cells, respectively 
(Eigenbrodt and Glossman, 1980) . The high concentration of
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pRpp probably meets the demand of the incre'ased rate in purine 
and pyrimidine synthesis during cell proliferation. Under 
these conditions CPS would be activated completely, as these 
concentrations are much higher than the activation constant 
for pRpp. In the presence of high concentrations of polyamines, 
however, the activation constant becomes much higher and the 
carbamoyl-phosphate synthesis can respond to the changes in 
pRpp concentrations despite its high intracellular level.

Acknowledgements
We thank Dr. Elisabeth Carrey for help with the establishment of the 

165-28 cell line and for advice about the purification of CAD protein.
We are grateful to Dr. G. Ábel and Mrs. Anikó Gergely for loaning cell 
culture facilities. The excellent technical assistance of Mrs. Jolán Csató 
is gratefully acknowledged.

REFERENCES

Aoki, T., Morris, H.P. and Weber, G. (1982) J. Biol. Chem. 257, 
432-438

Bardócz, S., Várvölgyi, C., Rády, P., Nagy, A. and Karsai, T. 
(1982) Anticancer Res. 2, 309-314

Bardócz, S., Rády, P., Várvölgyi, C. and Karsai, T. (1984) 
Anticancer Res. 4, 61-64

Carrey, E.A., Campbell, D.G. and Hardie, D.G. (1985) EMBO J.
4, 3735-3742

Coleman, P.F., Suttle, D.P. and Stark, G.R. (1977) J. Biol. 
Chem. 252, 6379-6385

Eigenbrodt, E. and Glossman, H. (1980) TIPS 1, 240-244
Jackson, R.C., Lui, M.S., Boritzki, T.J., Morris, H.P. and 

Weber, G. (1980) Cancer Res. 40, 1286-1291
Jones, M.E. (1980) Annu. Rev. Biochem. 49, 253-279
Karsai, T. and Elődi, P. (1982) Mol. Cell Biochem. 43, 105-110
Karsai, T., Rády, P., Nagy, Z. and Szondy, Z. (1985) Anticancer 

Res. 5, 441-444
Lyons, S.D. and Christopherson, R.I. (1985) Eur. J. Biochem. 

147, 587-592
Szondy, Z. (1984) Acta Biochim. Biophys. Hung. 19, 1-2
Tatibana, M. and Shigeshada, K. (1972) J. Biochem. (Tokyo)

72, 549-560
Walker, G.M. (1986) Magnesium 5, 9-23





Acta Biochim. Biophys. Hung. 24(1-2), pp. 119-128 (1989)

PLASMINOGEN ACTI VAT OR  AND PLASMIN-LIKE ACT IV ITI ES  IN EXPERI 

MENTAL RAT TUMOURS

J. Tőzsér1, Anikó Hamvas1, P. Rády2, P. Kertai2 and P. Elődi1
1 2 Departments of Biochemistry and Hygiene and Epidemiology ,

University Medical School of Debrecen, Debrecen, P.O.Box 6 ,
H-4012

(Received March 11, 1989)

SUMMARY

Plasminogen activator activity and plasmin-like amidolytic 
activity were investigated in two experimental rat tumours, 
using human plasminogen and chromogenic peptide substrate, 
S-2251. The invasive hépatocarcinome and non-invasive 
nephroma were induced with the same chemical carcinogen, 
dimethylnitrosamine, in F-344 rats and they were contin- 
uosly transplanted under the renal capsule. While there 
was no difference in plasmin-like activities of the tu
mours, the plasminogen activator activity was very low in 
the nephroma, but high in the hepatocarcinoma. Since the 
activator activity was completely inhibited by amiloride, 
it was considered to be of urokinase-type. These results 
were in accordance with the assumed role of urokinase in 
the invasion. However, of the respective control organ, 
kidney was rich in both activities but rat liver contained 
only very low activities. Therefore the comparison of the 
plasminogen activator activity of a tumour to the control 
organ probably does not provide information concerning the 
malignant transformation as it is suggested in the litera
ture .

INTRODUCTION

Evidences suggest that the fibrinolytic system plays an 
important role in tumour growth and/or metastasis formation. 
Attention has been focused on plasminogen activators as possible

Abbreviations: PA, plasminogen activator; u-PA, urokinase-type PA; 
t-PA, tissue-type PA

dedicated to the 75th 
birthday of F.B. Straub Akadémiai Kiadó, Budapest
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regulators of the degradation of the extracellular matrix 
(Markus, 1988). However, controversy still exists, thus the 
precise role and the mechanism of action of PAs in these pro
cesses is not yet clear.

It was found in many human (Nagy et al., 1977 J Camiolo et 
al., 198i; Markus et al., 1983; Camiolo et al., 1984; Camiolo 
and Greco, 1986) and experimental animal tumours (Bruesch et 
al., 1983) that neoplastic tissues contained elevated PA activ
ity compared to that of the surrounding normal ones.

Two types of PAs are known: urokinase-type and tissue-type 
PA (Collen, 1980) . There was a doubt about which of the PAs is 
involved in tumorous proliferation. Some of the investigators 
identified it as t-PA (Wilson et al., 1983; Cajot et al., 1986) 
while others as u-PA. Recently Camiolo and Greco (1986) rein
vestigated some contradictionary results and found that the 
controversy was due to the overestimation of t-PA activity 
when fibrin was present in the test system. Now it is widely 
accepted that u-PA is the predominant activator in malignant 
tissues (Saksela, 1985; Markus, 1988). Even in melanomas, which 
are one of the richest source of t-PA for preparation, fresh 
tumour tissues contain and release predominantly u-PA in short
term organ culture (Markus et al., 1984).

While there seems to be good evidence for increased PA 
activity associated with cancer, a correlation between tumour 
invasiveness and PA activity still remains equivocal. It was 
found that invasive tumours produced higher PA activity than 
those without métastasés (Nagy et al., 19 7 7 J Wong and Kellen, 
1985; Keller: et al., 1983). Highly invasive colon carcinomas 
exhibited high PA activity but after subcutaneous implantation 
into nude mice they became pseudobenign noninvasive tumours 
with low PA activity (Cajot et al., 1986). A correlation has 
also been established between PA activity and metastatic behav
ior of mouse melanoma cell line variants (Wang et al., 1980). 
Correlation between PA and metastatic capacity was also found 
in rat mammary carcinoma (Carlsen et al., 1984) and Lewis lung 
carcinoma (Eisenbach et al., 1985). However, Markus et al.
(1983) and Evers et al. (1982) demonstrated that metastatic 
tumours secreted less PA activity into culture fluid than
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those of primary ones. There was a lack of correlation between 
PA activity and invasiveness of murine fibrosarcoma cell lines 
(Coen et al., 1983).

In spite of the obvious questions concerning the role of 
PA in tumour development and metastasis formation, there are 
only few in vivo experimental model systems to study this 
phenomenon with solid tumours. Therefore we developed an in 
vivo model which may be useful for studying the connection 
between PA and tumour invasion.

MATERIALS AND METHODS

Protein-A-Sepharose, lysine-Sepharose-4B were purchased 
from Pharmacia (Uppsala, Sweden). D-Val-Leu-Lys-pNA (S—2251) 
and human plasmin were a generous gift of Dr. L. Aurell (KABI, 
Stockholm, Sweden). Amiloride and human two-chain t-PA were 
obtained from Sigma (St. Louis, Mo.), urokinase from Choay 
(Paris, France). Antisera against human u-PA and t-PA were 
kindly donated by Dr. G. Murano (Federal Drug Administration, 
Bethesda, USA).
Tumour induction, characterisation and transplantation

The primary liver and kidney tumours were induced in new
born F-344 rats with a single i.p. injection of 30 mg/kg body 
weight dimethylnitrosamine. After 52 weeks, 2-3 mm long pieces 
of the primary tumours were transplanted under the renal cap
sule of young adult F-344 rats. Then the transplantation was 
repeated every third week. The investigated samples were ob
tained from the 28-30th passage. The kidney tumour appeared 
to be a mesoblastic nephroma without invasive ability, however, 
the liver tumour was characterized as a hepatocarcinoma and 
produced métastasés into the surface of peritoneum and lymph 
nodes. The induction and the characterization of tumours in 
details will be published elsewhere.
Tissue extracts

Tumours were excised, weighed, trimmed, minced, freed of 
fat and necrotic tissues, homogenized with Potter-type homog- 
enizer in 50 mM Tris-HCl, pH 7.4, containing 0.5% Triton-X-100, 
and adjusted to 50 mg wet weight/ml buffer concentration then 
centrifuged at 10,000 x g for 20 min. The control samples were 
homogenized similarly. The supernatants were stored at -20°C 
and were used for proteinase assays within a week.
PA activity and plasmin-like activity

Plasminogen was prepared from outdated frozen human plasma
by lysine-Sepharose affinity chromatography (Deutsch and Mertz, 
1970) as it was described earlier (Punyiczki et al., 1988). PA 
activity was measured according to Shimada et al. (1981), with 
the following modifications: 10-80 ul extract was added to the 
reaction medium composed of 0.5 mM S-2251 and 1 UM human plas
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minogen in 50 mM Tris buffer, pH 7.4, 110 mM NaCl, 0.5% Triton- 
X-100 to a final volume of 500 pi. The reaction mixture was 
incubated for 1-6 hours at 37°C depending on the PA content of 
the samples. The reaction was terminated by the addition of 
500 pl 8M acetic acid. The absorbance was read at 405 nm. Plas
minogen activator activity was considered as the total activity 
of the sample minus the plasmin-like activity, as measured in 
a similar assay mixture but in absence of plasminogen. The PA 
activity and plasmin-like activity were expressed in urokinase 
equivalent IU/mg protein and plasmin equivalent CU/mg protein, 
respectively. Data were evaluated statistically by the Student's 
t-test. Anti-u-PA and anti-t-PA antibodies were prepared with 
protein-A-Sepharose according to Wun and Capuano (1985) and 
used in 100 pg/ml concentration. The concentration of amiloride, 
the specific inhibitor of u-PA (Vassalli and Belin, 1987) was 
1 mM in the reaction mixture.
Determination of protein concentration

The protein content of the extracts was determined ac
cording to a modified Lowry method (Peterson, 1983).

RESULTS

The PA activity of tumours and control organs is shown in 
Fig. 1. The hepatocarcinoma and its metastasis contained sig
nificantly higher PA activity than that of rat liver (p<0.001).
On the other hand, the kidney was rich in PA activity while 
that of nephroma was negligible (p<0.001). When the PA activity 
of tumours was compared, the hepatocarcinoma and its metastasis 
contained a significantly higher PA activity (p<0.001) than that 
of the nephroma.

There was no detectable difference in the PA activity of 
hepatocarcinoma and its metastasis.

To identify the measured PA activity specific antibodies 
against human u-PA and t-PA were included into the reaction 
mixture (Table 1). The antibodies were unable to inhibit the 
PA activity of the hepatocarcinoma, while the respective human 
enzymes were inhibited. However, amiloride inhibited completely 
both u-PA and the activity in hepatocarcinoma (Table 1). Fur
thermore, the measured PA activity in hepatocarcinoma metastasis, 
in kidney and in nephroma were also completely inhibited by 
amiloride (data not shown).
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к nini: у nephroma liver hepatocarcinomatumour metastasis

Fig. 1. Plasminogen activator activity of rat tumours 
and the respective control organs. 6-6 samples 
were investigated. The standard deviations are 
also indicated.

The plasmin-like activity of the tumours and control 
organs was also determined (Fig. 2). The plasmin-like activity 
of hepatocarcinoma was considerably higher than that of liver 
(p<0.001). However, the nephroma contained significantly lower 
plasmin-like activity than thé kidney (p<0.001, Fig. 2). Com
paring the plasmin-like activity of the tumours, there was no 
significant difference. Similarly to that of the PA activity, 
there was also no significant difference in plasmin-like activ
ity of the hepatocarcinoma and its metastasis.
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Table 1. Inhibition of PA activity of rat hepatocarcinoma and 
purified human activators

Inhibitor Activity
tumour

remained
u-PA

(%)
t-PA

none 100 1 0 0 100
anti-u-PA antibody (100 pg/ml) 94 0 108
anti-t-PA antibody (100 pg/ml) 93 90 0
amiloride ( 1 mM) 0 0 95

Samples were preincubated for 60 min at room temperature prior measurement 
in 300 pi Tris buffer, pH 7.4, 110 mM NaCl, 0.5% Triton-X-100 then 100 |il 
2.5 mM S-2251 and 100 pi 5 p M  plasminogen were added. The reaction was 
terminated by the addition of 500 p 1 8 M acetic acid, after 1 h incubation 
at 37°C. The absorbance was read at 405 nm.

tumour metastasis

Plasmin-like amidolytic activity of rat tumours 
and the respective control organs. 6-6 samples 
were investigated. The standard deviations are 
also indicated.

Fig. 2.
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DISCUSSION

It was suggested by the literature (Markus et al., 1988Î 
Camiolo and Greco, 1986) that the neoplastic tissues contain 
significantly higher PA activities than the corresponding 
normal tissues. Our findings concerning the liver tumour is 
in accordance with this, but it is also known that there are 
certain organs, like kidney, lung, which contain high PA ac
tivity (Bruesh et al., 1983). In those cases the comparison of 
PA activity in tumour to that in control may give an opposite 
result, like in the case of kidney and nephroma in our experi
ment .

The obtained results concerning the PA activity of the 
invasive hepatocarcinoma and the non-invasive nephroma are in 
accordance with the suggested role of PA in the formation of 
metastasis (Wong and Kellen, 1985J Cajot et al., 1986). It is 
interesting to note that the variation in the PA activity of 
hepatocarcinoma and of its metastasis was large. The large 
variation in the activator content was found to be characteris
tic of many human tumours (Evers et al., 1982). This can be 
explained by considering the heterogenity of the tumours or by 
the non-synchronized cell growth. Alternatively, it could be 
due to the effect of various proteinase inhibitor content of 
samples (Camiolo et al., 1981). However, the extracts of hepato 
carcinoma and its metastasis did not inhibit the activity of 
added urokinase and trypsin indicating the absence of inhibitor 
(data not shown). The high PA activity of invasive cells may be 
important for the degradation of extracellular matrix (Saksela, 
1985). The assumption for the involvement of u-PA in the metas
tasis formation of the hepatocarcinoma has to be supported by 
inhibition trials. Since it was found that antibodies against 
u-PA inhibits the formation of métastasés by human carcinoma 
cells into the lung of chicken embryos (Ossowsky and Reich, 
1983), that kind of inhibition may be used as a therapeutic 
tool.

The predominant activator form in tumour tissues in u-PA 
(Camiolo and Greco, 1986). Since t-PA requires fibrin or 
fibrin(ogen) fragments as cofactor for its full activity
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(Saksela, 1985), and our test system do not contain such stim
ulator, we suspected that the measured activity was mainly due 
to u-PA. The application of specific antibodies to characterize 
the PA activities was unsuccesful (Table 1), probably because 
antibodies produced against the human enzymes were unable to 
react with the PAs of rat. However, amiloride, the selective 
inhibitor of u-PA (Vassalli and Belin, 1987) inhibited the 
measured PA activity suggesting that it was of u-PA type.

It has not yet been clarified whether the effect of PA is 
realized directly (Quigley, 1979) or by the activation of plas
minogen which occures abundantly in the extracellular space. 
Therefore, the plasmin-like amidolytic activity of tumours and 
the control organs was also investigated. The substrate used 
in our experiment can also be cleaved by other trypsin-like 
proteinases, not only by plasmin. Furthermore, it is also a 
good substrate of plasmin-a^-macroglobulin complex, which, in 
turn, is inactive when protein substrates are used (Friberger, 
1982). Hence, the measured plasminogen-independent activity 
was considered as plasmin-like activity. The differences in 
plasmin-like activity of the tumours and organs were similar 
to that of PA activity, except that the plasmin-like activity 
of hepatocarcinoma and its metastasis was low. Only few data 
are available concerning the plasmin activity of tumours. It 
was found that the plasminogen-independent proteolytic activity 
is low compared to the plasminogen-dependent one (Camiolo et 
al., 198i; Markus et al., 1983). However, Nagy et al. (1977) 
reported high plasminogen-independent fibrinolytic activity 
in carcinoma of some patients, though this activity was usually 
low. Plasminogen and plasmin-o^-antiplasmin complexes were 
demonstrated in human carcinomas (Burtin et al., 1984J 1987). 
Since receptors for both u-PA and plasminogen were demonstrated 
in the membrane of various cells (Plow et al., 1986), it seems 
reasonable to think that plasminogen on the surface of the 
tumour cells can be locally activated by the membrane-bound 
u-PA (Markus, 1988) and it is prevented from the action of 
proteinase inhibitors which may be present in a high concentra
tion in the peritumoural stroma (Burtin et al., 1984^ 1987).
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We hope that the investigated in vivo model for metastasis 
formation may be useful for further studies of the role of pro
téinases and their inhibitors in the invasion of cancer cells.
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SUMMARY

A new family of tricyclic compounds, the dibenzodioxazocines were 
synthesized. These compounds were the following: 2-chloro-12-(2- 
piperidino-ethyl)-dibenzo d,g 1,3,6 dioxazocine hydrochloride: EGYT- 
2347, 2-chloro-12-(3-dimethylamino-2-methyl-propyl)-dibenzo £d,g] Q.,3,6j-- 
dibenzodioxazocine hydrochloride: EGYT-2509, 2-chloro-12-(3- 
dimethylamino-propyl)-dibenzo [d,gj [1,3,61 dioxazocine-maleate: EGYT-2474 
and 2-chloro-12- 2-(4-methyl-piperazino)-ethyl -dibenzo [d,g] j1,3,6J- 
dioxazocine- dihydrochloride: EGYT-2541.
These compounds are inhibitors of both butyryl- and acetylcholinesterase 
to and they exhibited relatively good anticholinergic properties in 
receptor binding experiments. The most selective inhibitor of 
butyrylcholinesterase is the compound EGYT-2347 (K^ = 1.5xlO"'M) which 
stronglv binds to rat brain muscarinic cholinergic receptor (Kn = 
4.1xlO_°M).

INTRODUCTION

The inhibition of cholinesterases by phenothiazines has been 
intensively studied by different groups (1-7). Receptor binding studies

Abbreviations: AChE, acetylcholinesterase (EC 3.1.1.7); BuChE, 
butyrylcholinesterase (EC 3.1.1.8); ACh, acetylcholine; 
BuTCh, butyrylthiocholine; AcTCh, acetylthiocholine; QNB, 
quinuclidinyl-benzylate; NbSo, 5,5-dithio-bis-
(nitrobenzoate); TME, trimethyl- ,Ъ -diphenyl-aminoethyl 
ammonium; DPM, 3,3-diphenyl-propyl-trimethyl ammonium; 
TMS, tetramethylsilane; DMF, dimethyl-formamide; MeCOEt, 
ethyl-methyl-keton.
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have demonstrated that these compounds bind with high affinity to 
dopaminergic, cholinergic, adrenergic and histaminergic receptors (8-10). 
Fernandez et al. (11) have observed that antihistaminics of both 
phenothiazine and nonphenothiazine types act as strong and medium 
inhibitors of pseudocholinesterase and as relatively weak inhibitors of 
acetylcholinesterase. They attributed these effects to the structural 
similarities of a certain part of these compounds to acetylcholine. Similar 
relations were found by Michalek and Gatti (12) with phenothiazine-type 
antipsychotics such as chlorpromazine and triflupromazine, which are 
anticholinergics of medium strength (13). Chlorpromazine and its 
metabolites have antimuscarinic activity, which is inversely related to 
their extrapyramidal side effect (10). In the case of phenylcyclidine it 
was observed that the antimuscarinic and antinicotinic activity increased 
parallel with their inhibitory effect on cholinesterase and with the size 
of the cationic part of the molecule (14). The complexity of the relations 
is underlined by the fact that strong anticholinergics such as atropine and 
tubokurarine (14), pilocarpine and trihexyphenydil (Gaál, unpublished 
result) practically do not inhibit cholinesterases.

In this work a new family of tricyclic compounds having close 
structural similarity to the phenotiazines was synthetised and parallelly 
the enzyme-receptor effects were tested.

MATERIALS AND METHODS
Pharmacological part. Guinea-pigs of either sex were used. The longitudinal 
strip was prepared according to Paton and Vizi (15). The strips were 
mounted in an organ bath of 5 ml in Krebs solution containing (mM) NaCl: 
113, KC1: 4.7, CaCl2 : 2.5, MgS04 :1.2, KH2P04 :1.2, glucose: 11.5, at 37°. 
The bath was bubbled through by a gas mixture of 95 % 02 and 5 \  C02.

The preparations were stimulated through two platinium electrodes 
inserted into the bath one from the top and one from the bottom (field 
stimulation). Square wave pulses (supramaximal voltage, ims, 0.1 Hz) was 
delivered by a Grass S-48 stimulator.

The isometric contractions of the preparations induced by stimulation 
with exogenous ACh were recorded on a servographic recorder (Servogor, 
Goerz).

The IDjq was calculated from the logarithmically fitted dose-response 
curve determining the molar concentration of the antagonists which produce 
50 \  inhibition of the contractions elicited by electrical stimulation.
In the case when the contractions were evoked by exogenous ACh, we 
determined the molar concentration of the antagonists which produced a 
dose-ratio 2 (A2) (16). The half life of the antagonistic effect (Tl/2) was
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determined on preparations contracted by a given dose of the exogenous ACh 
which induced 90 4 of the maximal contractions and 95 \  inhibition was 
produced by the antagonist. Thereafter, the antagonist was washed out, and 
the same concentration of ACh was given in every minute until the original 
height of the contractions was reached. The T1/2 was calculated after the 
exponential fit of the contraction height against the time.

Biochemical part
Enzymes and activity measurements. Enzymes originated from bovine 
erythrocyte AChE (Serva), rat brain BuChE (prepared according to Rakonczai 
et al. (17), and kindly supplied by Rakonczai) horse and human serum BuChE 
(Sigma) and Streptomyces griseus (Serva) were used. The lyophilized BuChE 
was dissolved in 0.05 M Tris-HCl buffer (pH 7.5) and its concentration was 
determined by using A2ggnm =15.2 (18). Lyophilized AChE was measured by
weight and dissolved in tine same buffer. The enzymatic activities were 
determined by Ellman's method (19) in a Cary 118 spectrophotometer. The 
substrates for the activity measurement were BuTCh - or AcTCh - iodide 
(Sigma). 5,5-Dithio-bis-nitrobenzoate, (NbS2) was a Serva product.

Receptor binding. The method for receptor binding was based on that 
described by Yamamura and Snyder (20). Male CFY rats of 130-180 g weight 
were decapitated, the brains were rapidly removed and the cerebellum was 
discarded. The other parts of brain were homogenized in a Potter teflon- 
glass homogenizer in ten volumes of 0.32 M sucrose - 50 mM Tris-HCl buffer, 
pH 7.5. The protein content of the homogenates was determined according to 
Peterson (21).

Receptor binding was tested at 25 °C in triplicates. The incubation 
mixture (1 ml) contained 60 mM NaCl, 25 mM Tris-HCl buffer (pH 7.5) and 1.5 
nM H-̂ -QNB, the product of New England Nuclear (specific activity of 1.18 
TBq/mmole). The reaction was started with the homogenate containing 250-400 
ug of protein. The reaction time was 60 minutes. Atropine in 10"^M 
concentration was used to determine nonspecific binding, which was 5-10 \  
of the total. For the separation of the free ligand from the receptor 
ligand complex a rapid filtration through a Whatman GF/C glass filter was 
performed. Each sample was washed with 2x10 ml ice-cold buffer as above and 
the filtrates were dried. Filtrates carrying the proteins were placed into 
a toluene based scintillation solution and the radioactivities were 
determined in a Packard Tricarb liquid scintillation counter after one day 
standing.

The receptor binding was directly proportional to the protein 
concentration up to 700 ug of protein/ml. In the displacement experiments 
dibenzodioxazocines or atropine (in 10--*- -10-^M concentrations) were also 
added to the mixture.
Calculation of the value was performed (26) on the basis of the 
following competitive displacement equilibria:

R + L+ 
R + D

KL+
R-L+
R-D

where R, L+ and D are the free receptor, the radiolabelled ligand (QNB) and 
the ligand which displaces the radiolabelled one, respectively, and K(_+, Kn 
are dissociation constants. For the calculations and curve fittings an HP 
9825A computer and a 9872A plotter were used.
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RESULTS

Synthesis of the dibenzodioxazocines
The progress of the synthesis and the structure of the compounds are 

summarized in Scheme 1.
2,2' -Oimethoxy-5-chloro-N-formyl-diphenylamine (III)

A mixture of 0.10 mole of 4-chloro-o-formailidine (I) 0.11 mole of o-
bromoanisole (II), 0.40 mole of anhydrous N82003 and 1.0 g of Cu(I) Br was 
stirred and heated in 50 cm-5 of Dowterm A for 4 hours at an internal 
temperature of 220 °C, then it was cooled to 80 °C filtered and the
filtrate was concentrated in vacuo. The residue was recrystallized from 
methanol to give 17.5 g (60 %) product, mp 129-131 °C.
2,2'-Oihydroxy-5-chloro-N-formyl-diphenylamine (IV)

To the suspension of 0.24 mole of anhydrous AICI3 in 150 cm-5 of 
chlorobenzene was added 0.06 mole of N-formyl-diphenylamine (III) in six 
equal portions under vigorous stirring. By the end of this process the
temperature increased to 40 °C. This dark green suspension was heated and 
stirred for 3 hours at 70 °C. The cooled reaction mixture was poured into 
400 g ice and 13 cm5 of 37 % aq HC1. After 3 hours of stirring the beige
precipitate was filtered off, washed with water and dried to give 14.5 g
(92 %) beige product, mp 161-163 °C.
2-ChIorodibenzoid,g) Г1,3,6  ̂-dioxazocine (V)

A suspension of 0.055 mole of (IV), 0.096 mol of СН2ВГ2 , 0.33 mole of 
K2CO3 , 2.8 g of KI, in 260 cm-5 of MeCOEt and 26 cm-5 of DMF was heated under
reflux for 5 hours. Then an additional 0.096 mol of СН2ВГ2 was added to the
hot suspension with subsequent stirring and heating for 8 hours. The
mixture was cooled to 25 °C, filtered and the filtrate was concentrated in 
vacuo. The brown viscous residue was crystallized from ethanol (96 %), 
cooled to 0°C, filtered off within 1 hour. The solid part and 120 cm-5 of
ethanol were heated to about 70 °C and 14 cm5 of 20 % aq.NaOH was added to
it. The brown solution was stirred and refluxed for 30 minutes. The mixture 
was cooled to 25 °C, neutralized by 37 \  HC1 and 230 cm5 of water was
added. After one hour of stirring the solid was filtered off, washed with 
water to give 9.3 g (68 %) of beige product, mp 180-182 °C.
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Scheme 1. Synthesis of the dibenzodioxazocines
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2-Chloro-12-(l-piperidino-ethyl)-dibenzo Ld.g'ti ,3,6.'dioxazocine 
Hydrpchloride (EGYT-2347)

A mixture of 0.0377 mole of (V), 0.187 mole of powdered NaOH, 1.3 g 
of K2S2O5 in 120 cm^ of xylol was stirred and heated under reflux for 2 

hours in an apparatus equipped with a water separator. Then 0.0563 mole of 
2-chloroehtylpiperidine in 45 cm5 of xylol (liberated from its 
hydrochloride salt with NH3 gas) and 0.9 g of KI were added to the mixture.
After 12 hours the reaction mixture was cooled to 20 °C and 70 cm^ of water
was added to it. The organic layer was washed with three portions of 7 % aq 
K2S2O5 (30 cm^), then 0.07 mole of tartaric acid in 40 crrP of water was
added to it. After 30 minutes of stirring the water-phase was separated and 
40 cm^ of benzine and 25 h aq NH^OH were added to it until pH 9. After an
additional 30 minutes of stirring the benzine layer was separated, dried
with MgSO^, filtered and concentrated. The remaining crude base - yellow 
oil - was dissolved in 60 cm^ of diehtyl ether. To the cooled ether 
solution ether/HCl was added until pH 2 was reached. The white precipitate 
was filtered off, washed with ether and dried. After recrystallization from
1- propanol the porduct was 10.8 g (73 %), mp 185-187 °C.
2- Chloro-12-(3-dimethylamino-2-methyl-propyl)-dibenzo fd,glfl ,3 ,б] - 
dioxazocine hydrochloride (EGYT-2509)

The preparation procedure of EGYT-2509 is the same as that of EGYT- 
2347 except that 3-dimethylamino-2-methyl-propylchloride-hydrochloride was 
used instead cf 2-chloroethyl-piperidine-hydrochloride. The melting point 
of the white product is 133-185 °C (i-propanol), the yield is 75 % . 
2-Chloro-12-(3-dimethylamino-propyl)-dibenzo (d,g| Ц ,3,6]-dioxazocine 
maleate (EGYT-2474)

The synthesis is similar to that of EGYT-2347, by using 3-dimethyl- 
aminopropylchloride-hydrochloride instead of 2-chloroethylpiperidine- 
hydrochloride. The maleate-salt was prepared with maleinic acid in i- 
propanol solution. The melting point of the product is 132-134 °C (i- 
propanol), the yield is 62 % .
2-Chloro-12-2-(4-methyl-piperazino)-ethyl-dibenzol [d,gj [1,3,6] ^  
dioxazocine dihydrochloride (EGYT-2541)

The synthesis is analogous to that of the EGYT-2347, using 2—(4— 
methyl-piperazino) ethylchloride-dihydrochloride instead of 2-piperidino- 
ethylchloride-hydrochloride. The dihydrochloride-salt was prepared with 
ether/HCl in ether solution. The melting point of the product is 225-228 °C 
(methanol), the yield is 61 % .
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Inhibition of cholinesterases by dibenzodioxazocines
We measured the inhibitory effect of the four dibenzodioxazocines on 

bovine erythrocyte AChE and on horse serum BuChE in order to characterize 
their specificity. Table I shows the concentrations that gave 50 \  
inhibition (ICjq) both for AChE and BuChE. Since these inhibitors act 
noncompetitively the IC5Q values equal the values (22). As can be seen 
in Table I all four compounds inhibit more effectively BuChE than AChE and 
EGYT-2347 is the most selective inhibitor.

The effect of EGYT-2347 on cholinesterases from different sources was 
tested. It inhibits BuChEs at a concentration more than two orders of 
magnitude lower than AChEs, but no differences characteristic of the origin 
of the enzyme (species or tissue) were found (Table II). Inhibition of 
BuChE by EGYT-2347 in rat serum can be observed in vivo, too (Fig. 1), with 
a rather short elimination time. The reason for this quick elimination is 
probably that EGYT-2347 binds rather strongly to the serum proteins (23).

The antimuscarinic activity of dibenzodioxazocines on guinen-pig ileum
The dibenzodioxazocines are relatively strong cholinergic agents 

compared to the two reference compounds: atropine and trihexyphenidyl. The 
IDjq and A2 values of the dibenzodioxazocines are of the same order of 
magnitude (Table III). The only difference is in the T/2 values, namely 
EGYT-2541 has significantly lower T/2 than the other derivatives or the 
reference drugs.
This shows that the binding of EGYT-2541 to the muscarinic receptors is 
less stable, and the duration of the effect is shorter than those of the 
other derivatives.

Effect of dibenzodioxazocines on rat brain muscarinic receptor
Dibenzodioxazocines inhibit significantly the binding of j^Fpj-QNB to 

rat brain muscarinic receptor. The displacement curves for the four 
dibenzodioxazocines and for atropine (as a reference compound, 24) are 
presented in Fig. 2. The Kg values characteristic of the dissociation of 
these dibenzodioxazocine-receptor complexes were calculated by a nonlinear 
least-square fitting of the experimental points by using 7.5xlO~^M for the 
dissociation constant (K|_+) of the receptor [Í-PJ-QN8 complex. This value 
was determined by us from the concentration dependence of the binding of 
Fp-QNB to the receptor (not shown) and similar to that reported by Yamamura 
and Snyder (20). The computed values for Kgs are summarized in Table IV.



136 Gaál et al.: Effects of Dibenzodioxazociv.es on Cholinesterases

Table I. Inhibition constants (K^) of dibenzodioxazocines for bovine 
erythrocyte acetylcholinesterase and horse serum pseudo 
cholinesterases

Inhibitor Ki (M) Ki AChE

AchE BuChE ' Ki BuChE

EGYT-2347 -P
> 

X
 

1—
1 

О
 1 1.5xlCT7 2666

EGYT-2474 4.5xl0"4 1.9xl0“6 236
EGYT-2541 4. Ixl0~4 1.9xl0~6 216
EGYT-2509 0.9xl0~4 1.5xl0' 5 6

Table II. Inhibition constants (K^) of EGYT-2347 for various 
cholinesterases

Origin Enzyme (M)

Horse serum (Sigma, 13 U/mg)
Human serum (Sigma, 4 U/mg) 
Streptomyces griseus (Serva, 3 U/mg)

BuChE
1.5xl0~7 
2.OxlO*7 
2.OxlO-7

Bovine erythrocyte (Serva, 50 U/mg) 
Rat brain (soluble)+
Rat brain (membrane bound)+

AChE
4.OxlO' 4 

6.9xl0- 4 
4 .OxlO-4

prepared by Rakonczai et al. (17)
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Table III. The antimuscarinic activity of the dibenzodioxazocines 
using electrical stimulation or exogenous ACh to 
contract the longitudinal strip of guinea-pig ileum

I050xl08 (M) 
endogenous

A2xl08 (M) 
exogenous

T 1/2, (min)

Atropine 1.2 (1 .0)+ l.i (1.0) 14

Trihexy
phenidyl 0 .2^ (5.4) 0.16 (6.9) 10

EGYT-2509 1.8 (0.69) 1.4 (0.79) 10

EGYT-2347 2.2 (0.57) 3.5 (0.31) 12.5

EGYT-2541 1.8 (0.69) 3.0 (0.36) 3.3

EGYT-2474 2.0 (0 .6) 2.4 (0-45) 8

+In brackets the efficiency relative to atropine is given.
The longitudinal strips were electrically stimulated to measure 

the effect of antagonists on the endogenously released ACh. The 
antagonists were given cumulatively and the IDjq was calculated as 
described in the method section.

The exogenous ACh was given to the organ bath and a dose-response 
curve was taken. The dose response curve was repeated in the presence 
of different concentrations of the antagonists and the A2 value was 
calculated according to Arunlakshana and Schild (16).

The T 1/2 was determined giving exogeneous ACh to the bath in a 
dose which produce 90 % of the maximal contraction. Thereafter 90 4 
inhibition of the conraction was produced by the antagonist. After 
washing out the antagonist the same dose of ACh was given to the bath 
until the total recovery of the contraction height occurred. The T 1/2 
was calculated by exponential fitting of the contraction height 
against the time.

All measurements in the table are the means of four experiments.
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i n h i b i t i o n  г  
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Fig. 1. Inhibition of rat serum BuChE by EGYT-2347 after 
10 mg/kg intravenous administration in vivo.
200 g/body weight CFY-male rats were used. Samples 
were taken by repeated blood withdrawal and the 
enzymatic activity was measured spectrophotome- 
trically according to Ellman et al. (19).

Table IV. Kq values of the dibenzodioxazocines and a reference (R) 
compound on rat brain muscarinic cholinergic receptor

Name of compound KD (M)

EGYT-2347 t—
• 

X О
1 CO

EGYT-2509 5.5 X 10'8
EGYT-2541 4.5 X 10~7
EGYT-2474 5.2 X 10-7

2.0 X 10~9Atropine (R)
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Fig. 2 Concentration dependence of the displacement of 
|3Hl-QNB by dibenzodioxazocines (D) on rat brain 
muscarinic cholinergic receptor. The symbols 
refer to EGYT-2347 (o), -2509 ( ), -2541 (o),
2474 (A) and to the reference compound, atropine
(x). The concentration of the |3H|-QNB was 1.5 nM. 
Rtot ant3 R-L+ are the total concentration of the 
receptor and the actual concentration of receptor 
|3Hl-QNB complex. The Rtot is calculated on the 
basis of the specific radioactivity of QNB (given 
in Materials and Methods), assuming 1:1 stoichio
metry in binding. The calculated, best fitted 
theoretical values for Kp values are summarized 
in Table IV. For the experimental details see 
the text and Materials and Methods.
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DISCUSSION

T h e  fou r  d i b e n z o d i o x a z o c i n e s  ( E G Y T - c o m p o u n d s )  h a v e  s i g n i f i c a n t  
a n t i c h o l i n e r g i c  eff e c t .  T h e  r e l a t i v e  o r d e r  of t h e i r  i n h i b i t o r y  e f f i c i e n c y  
o n  t h e  a c t i v i t y  of AChE, and B u C h E ,  t h e i r  s e l e c t i v i t y  for B u C h E  c o m p a r e d  to 
A C h E  (cf. T a b l e  I) a n d  t h e i r  a n t i c h o l i n e r g i c  a c t i v i t y  (cf. T a b l e  IV) a r e  
s u m m a r i z e d  as follo w s :

o r d e r  of E G Y T  c o m p o u n d s
i n h i b i t i o n  of A C h E  

i n h i b i t i o n  o f  B u C h E  
s e l e c t i v i t y  

a n t i c h o l i n e r g i c  a c t i v i t y

2 5 0 9  > 2347 -'2541 - '2474 
2 3 4 7  >  247 4  — 2 5 4 1  >  2 5 0 9  
2 3 4 7  >  2 4 7 4 - 2 5 4 1  > 2 5 0 9  
2 5 0 9  — 2347 > 2 5 4 1 =  2 4 7 4

I n  a c c o r d  w i t h  g e n e r a l  e x p e r i e n c e  t h e  i n h i b i t i o n  o f  A C h E  a n d  t h e  
a n t i c h o l i n e r g i c  a c t i v i t y  of a c e r t a i n  g r o u p  of s t r u c t u r a l l y  r e l a t e d  
c o m p o u n d s  c h a n g e  p a r a l l e l l y  ( 2 5). H o w e v e r ,  it is a l s o  k n o w n  t h a t  t h e  A C h  
a n d  o t h e r  a g o n i s t s  or a n t a g o n i s t s  h a v e  d i f f e r e n t  c o n f o r m a t i o n s  if t h e y  b i n d  
t o  the e n z y m e  or to t h e  r e c e p t o r  ( 2 0). T h i s  p r e s u m a b l y  h o l d s  e v e n  in t h e  
c a s e  of r i g i d  s t r u c t u r e s  l i k e  t r i c y c l i c  c o m p o u n d s .  A t  t h e  s a m e  t i m e  a 
c o m p o u n d  w i t h  a r e l a t i v e l y  r i g i d  s t r u c t u r e  h a s  a m o r e  p r o n o u n c e d  i n f l u e n c e  
o n  t h e  c o n f o r m a t i o n  of t h e  p r o t e i n  t h a n  t h a t  w i t h  a " f l e x i b l e "  one l i k e  the 
п о п - c y c l i c  t r i h e x y p h e n y d i l , w h i c h  h a s  two r o t a t i n g  p h e n y l  r i n g s .  
C o n s e q u e n t l y ,  t h i s  l a t t e r  a n t i c h o l i n e r g i c  c o m p o u n d  is a l e s s  p o t e n t  
i n h i b i t o r  ( K ^ > 1 0 ~ ^ M )  for B u C h E  ( G a á l  u n p u b l i s h e d ) .

T h e  i n c r e a s i n g  i n h i b i t o r y  e f f i c i e n c y  for B u C h E  s e e m i n g l y  a c c o u n t s  for 
t h e  s e l e c t i v i t y  of the f o u r  E G Y T - c o m p o u n d s ,  s i n c e  t h e  d e g r e e  of t h e i r  
i n h i b i t i o n s  on A C h E  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( T a b l e  I). T h e  
t r i c y c l i c  s t r u c t u r e  is a d v a n t a g e o u s  b o t h  in the i n h i b i t i o n  of t h e  e n z y m e  
a n d  in t h e  b i n d i n g  to t h e  r e c e p t o r  (12). The c h a r a c t e r  of t h e  s i d e  c h a i n  
a t t a c h e d  to the t r i c y c l i c  p a r t  a c c o u n t s  for the s t r e n g t h  of t h e  i n h i b i t i o n  
o n  BuChE. T h e  p r e s e n c e  of d i m e t h y l a m i n e  g r o u p  ( E G Y T - 2 4 7 4  a n d  - 2 5 0 9 )  a n d  
p i p e r a z i n e  m o i e t y  ( E G Y T - 2 5 4 1 )  o n  t h i s  s i d e  c h a i n  d e c r e a s e s  t h e  i n h i b i t o r y  
e f f e c t ,  w h i l e  in the c a s e  o f  a p i p e r i d i n e  s u b s t i t u e n t  the l a r g e s t  
i n h i b i t i o n  is o b s e r v e d  ( E G Y T - 2 3 4 7 ) .  T h e  s u b s t i t u t i o n  o f  a m e t h y l  g r o u p  at 
t h e  be t a  p o s i t i o n  of t h e  s i d e  c h a i n  ( E G Y T - 2 5 0 9 )  d r a s t i c a l l y  d e c r e a s e s  the
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inhibitory efficiency on BuChE, which may be attributed to steric 
hindrance. Practically no change is found, however, in its anticholinergic 
effect (cf. the Kq values in Table IV) compared with that of EGYT-2347.
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STRUCTURE-ACTIVITY RELATIONSHIPS OF NEW MUSCARTNERGIC 
DIBENZODIOXAZOCINES

A. K á l m á n + + , L. P á r k á n y i + + , K l á r a  V a l k ó + + , Gy. M á t r a i + , 0. B a t k e + , J. G a á l ,

C H I N O I N  P h a r m a c e u t i c a l  and C h e m i c a l  W o r k s  Co. Ltd., 1 3 2 5  B u d a p e s t ,  P . O . B .  
110; H n s t i t u t e  of E n z y m o l o g y ,  B i o l o g i c a l  R e s e a r c h  C e n t e r ,  H u n g a r i a n  
A c a d e m y  of S c i e n c e s ,  B u d a p e s t  a n d  + + C e n t r a l  R e s e a r c h  I n s t i t u t e  o f  
C h e m i s t r y ,  H u n g a r i a n  A c a d e m y  of S c i e n c e s ,  B u d a p e s t ,  H u n g a r y

( R e c e i v e d  J a n u a r y  25, 1989 a n d  in r e v i s e d  f o r m  A p r i l  10, 1989)

SUMMARY

■'■H-NMR a n d  X - r a y  c o n f o r m a t i o n  s t u d i e s  of n e w  m u s c a r i n e r g i c  
d i b e n z o d i o x a z o c i n e s  h a v e  b e e n  c a r r i e d  out. It is s u g g e s t e d  t h a t  E G Y T -  
2 3 4 7  ( 2 - c h l o r o - 1 2 - / 2 - p i p e r i d i n o - e t h y l / - d i b e n z o  [ d , g ] [ l , 3 ,6j  d i o x a z o c i n e  
h y d r o c h l o r i d e )  m a y  e x i s t  in s o l u t i o n  in at l e a s t  two d i s t i n c t  
c o n f o r m a t i o n s ,  u n l i k e  o t h e r  t r i c y c l i c  or n o n - t r i c y c l i c  c o m p o u n d s  h a v i n g  
a n t i m u s c a r i n e r g i c  a c t i v i t y .  O n e  of t h e s e  c o n f o r m a t i o n s  p o s s e s s i n g  an 
a s s y m m e t r i c ,  t w i s t e d  c e n t r a l  h e t e r o - r i n g  c o n f i n e d  b e t w e e n  two p h e n y l  
r i n g s  is p r o b a b l y  the e n e r g e t i c a l l y  m o r e  s t a b l e  f o r m ,  w h i l e  the o t h e r  
h a v i n g  a b u t t e r f l y - l i k e  s t r u c t u r e ,  w i t h  m i r r o r  s y m m e t r y - r e l a t e d  p h e n y l  
r i n g s  as in p h e n o t h i a z i n e s  s e e m s  to be m o r e  s u i t a b l e  for r e c e p t o r  
b i n d i n g .  T h e  i m p o r t a n c e  of the h y d r o p h o b i c  p o c k e t  at t h e  r e c e p t o r  s i t e  
w a s  r e v e a l e d  b y  t h e  go o d  c o r r e l a t i o n  of the c a l c u l a t e d  a n d  m e a s u r e d  
h y d r o p h o b i c  p a r a m e t e r s  to the m u s c a r i n i c  a c t i v i t y  of t h e s e  n e w l y  
s y n t h e s i z e d  a n d  o t h e r  k n o w n  m u s c a r i n e r g i c  c o m p o u n d s .

INTRODUCTION

T h e  b i n d i n g  a f f i n i t i e s  of n e w  d i b e n z o d i o x a z o c i n e  d e r i v a t i v e s  to 
m u s c a r i n i c  r e c e p t o r  h a v e  b e e n  p r e s e n t e d  (1). The m o s t  i m p o r t a n t  f u n c t i o n a l  
g r o u p s ,  s t e r i c  a n d  p h y s i c o c h e m i c a l  p r o p e r t i e s  r e q u i r e d  f o r  m u s c a r i n i c  
a c t i v i t y  ha v e  b e e n  e x t e n s i v e l y  s t u d i e d  ( 2 - 5 ) .  Thus, it w a s  r e v e a l e d  th a t  a

A b b r e v i a t i o n s :  TME, t r i m e t h y l-/Ь - d i p h e n y l - a m i n o e t h y l  a m m o n i u m ;  DPM, 3 , 3 -
d i p h e n y l - p r o p y l - t r i m e t h y l  a m m o n i u m ;  T M S , t e t r a m e t h y l s i l a n e ;  
A C h E , a c e t y l c h o l i n e s t e r a s e  (EC 3 . 1 . 1 . 7 ) ;  B u C h E ,  
b u t y r y l c h o l i n e s t e r a s e  ( E C  3 . 1 . 1 . 8 ) ;  ACh ,  a c e t y l c h o l i n e
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q u a t e r n a r y  a m m o n i u m  g r o u p  or its e q u i v a l e n t ,  a n d  a n  u n s h a r e d  p a i r  of 
e l e c t r o n s  at a p p r o x i m a t e  4.4 Д f r o m  t h e  c e n t e r  of t h e  p o s i t i v e  cha r g e ,  a n d 
a s u i t a b l y  l o c a t e d  h y d r o p h o b i c  r e s i d u e  are r e q u i r e d  f o r  m u s c a r i n i c  
a c t i v i t y .  P r o p e r  c o n f o r m a t i o n ,  e l e c t r o n i c  s t r u c t u r e  a n d  s i z e  of t h e  
h y d r o p h o b i c  r e s i d u e  w e r e  als o  o u t l i n e d  in c a s e  of v a r i o u s  m u s c a r i n i c  d r u g s  
(2-5).

The c r y s t a l  s t r u c t u r e s  of s e v e r a l  p h e n o t h i a z i n e s  h a v e  b e e n  r e p o r t e d  in 
t h e  l i t e r a t u r e  (6 and r e f e r e n c e s  t h e r e i n ) .  C r y s t a l  s t r u c t u r e s  of o t h e r  
n o n - p h e n o t h i a z i n e - l i k e  a n t i m u s c a r i n e r g i c s  w e r e  r e p o r t e d  b y  D e l  Pra et al. 
(7). Gn the b a s i s  of s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p  s t u d i e s  it s e e m s  t h a t  
f o r  the m u s c a r i n e r g i c  a n t a g o n i s t  a c t i v i t y  t h e  a p p r o p r i a t e  p o s i t i o n s  of t w o  
p h e n y l  r i n g s  a n d  th a t  of t h e  s i d e  c h a i n  a t o m  a r e  r e q u i r e d  (7-9). T h i s  
s t r u c t u r e  m a y  e x i s t  e i t h e r  in c o m p o u n d s  h a v i n g  a r i g i d  t r i c y c l i c  m o i e t y  or 
h a v i n g  on l y  two p h e n y l  rings, t h u s  p o s s e s s i n g  a les s  r i g i d  s t r u c t u r e .

In o r d e r  to s h e d  f u r t h e r  l i g h t  o n  t h e  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  
n e w  t y pes of s e m i r i g i d  t r i c y c l i c  c o m p o u n d s  w e r e  i n v e s t i g a t e d ' b y  X - r à y  
c r y s t a l l o g r a p h y  a n d  3H - N M R  s t u d i e s .  F o r  t h e  e s t i m a t i o n  of the r o l e  of 
h y d r o p h o b i c  i n t e r a c t i o n s  at t h e  m u s c a r i n i c  r e c e p t o r  s i t e ,  t h e  h y d r o p h o b i c  
s u b s t i t u e n t  c o n s t a n t s  and h y d r o p h o b i c  p a r a m e t e r s  m e a s u r e d  by r e v e r s e d - p h a s e  
h i g h - p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y  w e r e  c o r r e l a t e d  to t h e  m u s c a r i n i c  
a c t i v i t y .

MATERIALS AND METHODS
Receptor binding measurements w e r e  c a r r i e d  o u t  f o r  the e l e v e n  

c o m p o u n d s  p r e s e n t e d  in S c h e m e  1, a s  g i v e n  e l s e w h e r e  (1). C o m p o u n d s  
i n v e s t i g a t e d  w e r e  k i n d l y  p r o v i d e d  b y  E G I S  P h a r m a c e u t i c a l  W o r k s  a n d  g a v e  
s i n g l e  p e a k s  on t h e  c h r o m a t o g r a m s .

Modelling and crystallographic analysis of compound EGYT-2347. T w o
c o n f o r m a t i o n s  o f  the E G Y T - 2 3 4 7  m o l e c u l e  w e r e  i n f e r r e d  f r o m  t h e
c h a r a c t e r i s t i c  i n t r a m o l e c u l a r  n o n - b o n d e d  d i s t a n c e s  o b s e r v e d  in n u m e r o u s  
p h e n o t h i a z i n e  d e r i v a t i v e s  a n d  o t h e r  r e l a t e d  a n t i c h o l i n e r g i c  c o m p o u n d s  by 
t h e  use of K e n d r e w  s k e l e t a l  m o d e l s .  In o r d e r  to c o m p a r e  t h e m  w i t h  t h e  
c o n f o r m a t i o n  a s s u m e d  in c r y s t a l l i n e  s t a t e  an X - r a y  a n a l y s i s  of E G Y T - 2 3 4 7  
w a s  p e r f o r m e d .  T h e  X - r a y  a n a l y s i s  w a s  c a r r i e d  o u t  b y  t h e  use of 1 5 6 4  
i n d e p e n d e n t  r e f l e c t i o n s  c o l l e c t e d  w i t h  m o n o c h r o m a t e d  M o K ^  - r a d i a t i o n  (Л= 
0 . 7 1 0 7 3  A) o n  a C A D - 4  d i f f r a c t o m e t e r .  T h e  p a r a m e t e r s  of t h e  o r t h o r h o m b i c  
( s p a c e  g r o u p  P 2 i 2 i 2 i )  un i t  c e l l  are: а = 8 . 3 9 3  (1), 1э = 1 1 . 1 9 1  (4), £  =
1 9 . 0 5 4  (6 ) A, V = 1 7 8 9 . 7  (9) A 3 , Z = 4, D c = 1 . 306 g . c n T 3 .

The p h a s e  p r o b l e m s  w e r e  s o l v e d  by d i r e c t  m e t h o d s  u s i n g  p r o g r a m  M U L T A N .  
T h e  p o s i t i o n a l  a n d  a n i s o t r o p i c  v i b r a t i o n a l  p a r a m e t e r s  of t h e  n o n - h y d r o g e n  
a t o m s  we r e  r e f i n e d  by the l e a s t - s q u a r e s  m e t h o d  to R of 0 . 0 2 7  (Rw = 0 . 0 3 6 ) .  
A l l  h y d r o g e n  a t o m s  we r e  i n c l u d e d  at a s s u m e d  p o s i t i o n s  w i t h  i s o t r o p i c
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E G Y T - 2 3 4 7

E G Y T - 2 5 0 9

E G Y T - 2 4 7 4

EG Y T -  2541 

RL -  205 

R L -  215 

R L -  218

Rj
Ri R2 R3
h h -CHf CHr t Q

H H -CH2-CHr N-(CHj)2
H H -CH-CHr N-(CH3)2

CH3 ^
H H -CHj-N^N-C H j

- O -  -CHj- N H - C H j- I C H jIj

h h  - ( C H j i j - i Q g - C H j

H H -(CH2)2- N ^ N - ( C H 2)r OH

Scheme 1. The chemical structures of the investigated 
compounds
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T a b l e  I. R e l a t i v e *  a t o m i c  c o r d i n a t e s  ( x l O ^ )  of n o n - h y d r o g e n  a t o m s  for 
E G Y T - 2 3 4 7  w i t h  t h e i r  e . s . d . ' s  in p a r a n t h e s e s  as o b s e r v e d  in 
the c r y s t a l l i n e  s t a t e

x / a y/b z/c
Cl 5 3 0 ( 1 ) 4 2 9 ( 1 ) 8 2 1 ( 0 )
N( 1 ) 3 4 3 6 ( 2 ) - 1 7 ( 2 ) 3 1 9 2 ( 1 )
C(2) 2 4 9 3 ( 3 ) - 5 1 3 ( 2 ) 2 6 5 3 ( 1 )
C(3) 2 0 2 2 ( 3 ) - 1 7 1 6 ( 2 ) 2 7 0 0 ( 1 )
0(4) 2 5 0 5 ( 2 ) - 2 4 5 5 ( 1 ) 3 2 4 1 ( 1 )
C(5) 2 4 1 7 ( 3 ) -2010(2 ) 3 9 3 1 ( 1 )
0(6 ) 3 9 6 2 ( 2 ) - 1 8 6 5 ( 2 ) 4 2 2 2 ( 1 )
0(7) 5 1 7 3 ( 3 ) - 1 4 5 4 ( 2 ) 3 7 9 7 ( 1 )
0(8 ) 4 9 7 6 ( 3 ) - 5 6 5 ( 2 ) 3 2 9 0 ( 1 )
0(9) 1 9 7 5 ( 3 ) 1 4 1 ( 2 ) 2 0 7 5 ( 1 )
0 (10) 1 0 5 1 ( 3 ) - 3 9 4 ( 2 ) 1 5 6 4 ( 1 )
0(11) 5 7 5 ( 3 ) - 1 5 7 0 ( 2 ) 1 6 1 4 ( 1 )
0(12) 1 0 8 4 ( 3 ) -2222(2 ) 2 1 8 5 ( 1 )
0(13) 6 6 5 4 ( 3 ) - 1 9 5 5 ( 2 ) 3 9 0 5 ( 1 )
0(14) 7 9 3 6 ( 3 ) - 1 5 9 6 ( 2 ) 3 5 1 2 ( 2 )
0(15) 7 7 6 4 ( 3 ) - 7 2 0 ( 2 ) 3 0 0 9 ( 1 )
0(16) 6 2 8 4 ( 3 ) - 2 1 4 ( 2 ) 2 9 0 2 ( 1 )
0(17) 3 4 0 2 ( 3 ) 1 2 8 5 ( 2 ) 3 2 8 4 ( 1 )
0(18) 3 9 5 3 ( 3 ) 15 8 5 ( 2 ) 4 0 2 1 ( 1 )
N(19) 3 6 3 1 ( 3 ) 2 8 1 8 ( 2 ) 4 2 1 6 ( 1 )
0(20) 4 6 5 2 ( 3 ) 3 6 5 3 ( 2 ) 3 8 3 2 ( 1 )
0 (21) 4 3 0 6 ( 4 ) 4 9 3 4 ( 2 ) 4 0 3 0 ( 1 )
0(22) 4 5 3 1 ( 4 ) 5 1 1 6 ( 2 ) 4 8 1 8 ( 1 )
0(23) 3 5 3 2 ( 4 ) 4 2 1 3 ( 2 ) 521 3 ( 1 )
0(24) 3 8 9 1 ( 3 ) 2 9 6 3 ( 2 ) 4 9 7 0 ( 1 )

+ A b s o l u t e c o o r d i n a t e s m e a s u r e d  in % c a n  b e  o b t a i n e d  if the y  are
m u l t i p l i e d b y  t h e c e l l  p a r a m e t e r  a , a n d  c r e s p e c t i v e l y .
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T a b l e  II. T h e  m u s c a r i n i c  r e c e p t o r  b i n d i n g  c o n s t a n t s  (k<-|), the 
c h r o m a t o g r a p h i c  (log к') a n d  t h e  c a l c u l a t e d  ( jk ) 
h y d r o p h o b i c  p a r a m e t e r s  for t h e  i n v e s t i g a t e d  
c o m p o u n d s .

C o m p o u n d K d ( x l 0 8 ),M l o g  k' 'X

E G Y T - 2 3 4 7 4.1 0 . 7 5 7 4.0

E G Y T - 2 5 0 9 5.5 0 . 8 0 0 3.7

E G Y T - 2 4 7 4 4 5 . 0 0 . 6 7 7 3.3

E G Y T - 2 5 4 1 52. 0 0 . 6 0 8 2.3

R L - 2 0 5 100.0 0 . 3 0 3 0.3

R L - 2 1 5 200.0 0 . 4 7 9 2.9

R L - 2 1 8 5 0 0 . 0 0 . 3 3 4 1.4

C y p r o h e p t a d i n e 2.0 0 . 6 9 9 5.0

C h l o r p r o m a z i n e 8.5 0 . 7 1 1 5.6

P r o m e t h a z i n e 3.0 0 . 7 1 4 3.8

T h i o r i d a z i n e 17.0 0 . 9 0 6 4.1
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t e m p e r a t u r e  fact o r s .  T h e  a t o m i c  c o o r d i n a t e s  a r e  g i v e n  in T a b l e  T.
T h e  ^H-NMR m e a s u r e m e n t s .  T h e  ^ H - N M R  m e a s u r e m e n t s  of E G Y T - 2 3 4 7  in COCL-j 
s o l u t i o n  w a s  p e r f o r m e d  a t  r o o m  t e m p e r a t u r e  in an 80 M H z  B r u c k e r  W P - 0 0  
i n s t r u m e n t ,  u s i n g  T M S  as i n t r i n s i c  r e f e r e n c e .
E s t i m a t i o n  o f  t h e  h y d r o p h o b i c  p r o p e r t i e s .  T h e  h y d r o p h o b i c  s u b s t i t u t e n t  
c o n s t a n t s  (jt ) for t h e  s u b s t i t u e n t s  on t h e  d i b e n z o d i o x a z o c i n e  r i n g  w e r e  
c a l c u l a t e d  a c c o r d i n g  to H a n s c h  o n  t h e  b a s i s  of t h e  d a t a  in H a n s c h - l e o  
c o m p i l a t i o n  (10). T h e  h y d r o p h o b i c  c h a r a c t e r  of t h e  t r i c y c l i c  m o i e t y  w a s  
d i s r e g a r d e d  in e a c h  c a s e .  G o o d  c o r r e l a t i o n  of p a r t i t i o n  c o e f f i c i e n t s  
( m e a s u r e d  in 1- o c t a n o l  w a t e r  p a r t i t i o n  s y s t e m )  a n d  t h e  l o g a r i t h m i c  
r e t e n t i o n  d a t a  (log k') o b t a i n e d  by r e v e r s e d - p h a s e  h i g h - p e r f o r m a n c e  l i q u i d  
c h r o m a t o g r a p h y  h a s  a l r e a d y  b e e n  r e p o r t e d  ( 1 1 - 1 8 ) .  T h e  l o g  k 1 v a l u e s  of t h e  
m o d e l  c o m p o u n d s  l i s t e d  in T a b l e  II w e r e  d e t e r m i n e d  u s i n g  L i C h r o s o r b  R P - 1 8  
s t a t i o n a r y  p h a s e  p a c k e d  in a 250 x 4 , 6  m m  c o l u m n  ( C h r o m a t r o n i x  Inc., 
M o u n t i n  View, C a l i f o r n i a ,  USA).
T h e  m o b i l e  p h a s e  c o n t a i n e d  0 . 0 0 5  M  b u t a n s u l f o n i c  a c i d  ( A l d r i c h ,  M i l w a u k e ,  
V i s e . ,  USA), 60 % ( v /v) 0 . 0 5  M  p h o s p h a t e  b u f f e r  (pH 2 . 0 )  a n d  40 \ (v/v) 
a c e t o n i t r i l e  ( a n a l y t i c a l  g r a d e ,  R e a n a l ,  B u d a p e s t ,  H u n g a r y )  f u r t h e r  p u r i f i e d  
f o r  c h r o m a t o g r a p h y .  T h e  m o b i l e  p h a s e  w a s  p u s h e d  t h r o u g h  t h e  c o l u m n  b y  a 
L i q u o p u m p  M o d e l  312 ( L a b o r m i m ,  B u d a p e s t ,  H u n g a r y )  p u m p  w i t h  1 m l / m i n  f l o w  
r a t e .  C o m p o u n d s  w e r e  d i s s o l v e d  in t h e  m o b i l e  p h a s e  in 0 . 0 0 1  g / m l  
c o n c e n t r a t i o n  a n d  20 /Л  o f  t h e  s o l u t i o n  w a s  i n j e c t e d  b y  a R h e o d y n e  M o d e l  
10 7 1  (Catati, Cal., US A )  i n j e c t o r ,  d e t e c t i o n  w a s  c a r r i e d  o u t  by ISC 0  M o d e l  
2 2 6  a b s o r b a n c e  m o n i t o r  ( ISC0, L i n c o l n ,  N e b r a s k a ,  USA )  w i t h  2 8 0  n m  s o u r c e  
s c r e e n .  The r e t e n t i o n  t i m e  of t h e  0 . 0 1  g / m l  s o d i u m  n i t r a t e  ( a n a l y t i c a l  
g r a d e ,  R eanal, B u d a p e s t )  w a s  c o n s i d e r e d  as the d e a d  t i m e  (tQ ) and w a s  
r e l a t e d  to t h e  r e t e n t i o n  t i m e  (to) f o r  e a c h  c o m p o u n d .  T h e  m e a s u r e m e n t s  of 
t h e  r e t e n t i o n  t i m e s ,  t h e  l o g  k 1 (lo g  k' = l o g  ( t p - t0 ) t 0 ) c a l c u l a t i o n s  a n d  
c o r r e l a t i o n  a n a l y s e s  w e r e  c a r r i e d  o u t  b y  an A p p l e  II c o m p u t e r  ( A p p l e  Comp. 
I n c . ,  C u p e r t i n o ,  Cal., U S A )  c o n n e c t e d  to t h e  a b s o r b a n c e  m o n i t o r .

RESULTS

S t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p  o f  t h e  E G Y T - 2 3 4 7  m o l e c u l e  c o m p a r e d  w i t h  
other a n t i c h o l i n e r g i c  c o m p o u n d s

The p r o b a b l e  c o n f o r m a t i o n  of E G Y T - 2 3 4 7 ,  w i t h  i t s  e n l a r g e d  e i g h t -  
m e m b e r e d  c o n s e q u e n t l y  r a t h e r  f l e x i b l e  c e n t r a l  ring, h a s  b e e n  a p p r o x i m a t e d  
f r o m  the s t r u c t u r e s  of t w o  d i f f e r e n t  t y p e s  of r e l a t e d  c o m p o u n d s .  F i r s t  the 
c r y s t a l  s t r u c t u r e s  of s e v e r a l  p h e n o t h i a z i n e s  e.g. t h i o r i d a z i n e  (19), w h i c h  
h a s  a s o m e w h a t  l e s s  f l e x i b l e  c e n t r a l  r i n g  w e r e  c o n s i d e r e d .  T h i s  s u g g e s t e d  a 
s y m m e t r i c a l  " b u t t e r f l y - l i k e "  t r i c y c l i c  s t r u c t u r e  ( h e r e a f t e r  m o d e l  I) 
c h a r a c t e r i z e d  b y  a m i r r o r  p l a n e  b i s e c t i n g  the e i g h t - m e m b e r e d  r i n g  t h r o u g h  
i t s  C H 2 g r o u p  a n d  N-̂  a t om. In t h i s  m o d e l  of E G Y T - 2 3 4 7  t h e  s y m m e t r y - r e l a t e d  
p h e n y l  r i n g s  m a k e  a d i h e d r a l  a n g l e  of 1 09°. S i n c e  t h e  C H 2 g r o u p  s i t t i n g  on 
t h e  m i r r o r  p l a n e  m a y  s t a y  e i t h e r  w i t h  N-^ on the s a m e  s i d e  of t h e  b e s t - p l a n e  
o f  C 2 , Од, 0g a n d  C 3 a t o m s  or on t h e  o p p o s i t e  one, in p r i n c i p l e  two
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A B

Fig. 1. The two possible conformers of the butterfly-like 
model of EGYT-2347 (Model I). R is the residue
-c h 2-c h 2-n .

Fig. 2. Crystallographic structure of EGYT-2347.
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s u b c o n f o r m e r s , e i t h e r  a cis -  ( F i g . l A )  or a t r a n s - a r r a n g e m e n t  (Fig. IB) m a y  
exist. The f o r m e r  is p r e s u m a b l y  h i n d e r e d  by t h e  u n f a v o u r a b l e  p r o x i m i t y  o f  
o n e  of the C H 2 p r o t o n s  to N^. A c c o r d i n g l y ,  o n l y  t h e  t r ans a r r a n g e m e n t  c a n  
b e  expec t e d .

The s e c o n d  a p p r o x i m a t i o n  u s e d  w a s  b a s e d  u p o n  t h e  c r y s t a l  s t r u c t u r e s  of 
t r i m e t h y l - ß - d i p h e n y l - a m i n o e t h y l  a m m o n i u m  ( T ME) c a t i o n s  r e p o r t e d  by D e l  P r a  
a n d  M a m m i  (2 0 )  a n d  Del Pra et al. (7). T h i s  l e a d s  to a m o d e l  ( h e r e a f t e r  
m o d e l  II) p o s s e s s i n g  a t w i s t e d  e i g h t - m e m b e r e d  r i n g  c o n f i n e d  a s y m m e t r i c a l l y  
b e t w e e n  the p h e n y l  r i n g s  a d i h e d r a l  a n g l e  of 64°.

T h e s e  m o d e l  s t u d i e s  w e r e  t h e n  c o m p a r e d  to t h e  r e s u l t  of t h e  X - r a y  
a n a l y s i s  of E G Y T - 2 3 4 7  d e p i c t e d  in Fig. 2. T h e  r e l e v a n t  n o n - b o n d e d  
i n t e r a t o m i c  d i s t a n c e s  and t o r s i o n  a n g l e s  of E G Y T - 2 3 4 7  a r e  listed, t o g e t h e r  
w i t h  t h o s e  of t h e  s e l e c t e d  s t r u c t u r e s ,  in T a b l e  III. a n d  IV.

The X - r a y  c o n f o r m a t i o n  of t h e  e i g h t  m e m b e r e d  ri n g  of E G Y T - 2 3 4 7  
r e s e m b l e s  t h e  t w i s t e d  f o r m  i n f e r r e d  f r o m  m o d e l  II ( T a b l e  III). It s e e m s  
t h a t  it a s s u m e s  a t r a n s i t i o n a l  s t a t e  b e t w e e n  t h e  f l e x i b l e  TME and D P M  (7)
a n d  the r i g i d  t h i o r i d a z i n e  (19). In d e t a i l s ,  t h r e e  ( a ___ b, c . . . .d a n d
m . . . . n )  of t h e  s e v e n  s e l e c t e d  i n t r a m o l e c u l a r  n o n - b o n d e d  a t o m i c  d i s t a n c e s ,  
r e c o m m e n d e d  b y  D e l  Pra et al (7) a g r e e  w e l l  w i t h  t h o s e  o b s e r v e d  in T M E  a n d  
DPA, t h ere a r e  s o m e  o t h e r s  a m o n g  t h e  s e l e c t e d  d i s t a n c e s ,  howe v e r ,  w h i c h  c a n  
a l s o  be f o u n d  i n  c o n f o r m e r  2 of t h i o r i d a z i n e  (19). It is w o r t h  n o t i n g  t h a t  
t h e  m o s t  c h a r a c t e r i s t i c  d i s t a n c e  o f  t h e  D e l  P r a  m o d e l  (e...f) d i f f e r s  
s i g n i f i c a n t l y  f r o m  a n y  of t h e  s e l e c t e d  s t r u c t u r e s :  t h i o r i d a z i n e ,  T M E  a n d  
D P M  or the s p e c u l a t i v e  m o d e l s  I a n d  II, as w e ll. O f  c o u r s e ,  the f l e x i b l e  0- 
C H 2-O b r i d g e  b e t w e e n  the two p h e n y l  r i n g s  in E G Y T - 2 3 4 7  p e r m i t s  an e a s y  
t r a n s f o r m a t i o n  f r o m  X - r a y  c o n f o r m e r  i n t o  a s y m m e t r i c  b u t t e r f l y - l i k e  f o r mоp o s s e s s i n g  an e . . . f  type d i s t a n c e  o f  6 . 0  A w i t h  a m i n i m a l  r o t a t i o n  o f  t h e  
a p p r o p r i a t e  t o r s i o n  a n g l e s  in t h e  h e t e r o  r i n g  a b o u t  the C 3- O4 , О Д - С 5 a n d  
C j - O g  b o n d s  of i t s  K e n d r e w  s k e l e t a l  m o d e l .  T h i s  d i s t a n c e  (6 %) a c c o r d i n g  to 
D e l  Pra a n d  c o w o r k e r s  (7) p l a y s  an i m p o r t a n t  r o l e  in f o r m i n g  the o p t i m a l  
r e c e p t o r - a g e n t  i n t e r a c t i o n .

On t h e  b a s i s  of ■'•H-NMR m e a s u r e m e n t s  (s e e  b e l o w )  w e  a s s u m e  tha t  s u c h  a 
t r a n s f o r m a t i o n  i n  s o l u t i o n  is e n e r g e t i c a l l y  a l s o  p e r m i t t e d .

The ^H-NMR measurement of EGYT-2347

The ^ H - N M R  s p e c t r u m  of E G Y T - 2 3 4 7  at r o o m  t e m p e r a t u r e  is
c o n s i s t e n t  w i t h  t h e  s t r u c t u r e  g i v e n  in F i g . 2. T h e  s i g n a l s  of t h e  s e v e n
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Table III. Comparison of some non-bonded atomic distances (A) and 
torsional angles (degree) measured in EGYT-2347 and 
is some analogous structures

x Date are calculated by McDowell (19) 
xx TME: trimethyl-beta-diphenylaminoethylammonium iodide. (Data

taken from 7)
+ DPM: 3 ,3-diphenylpropyl-trimethylammonium iodide (Data taken

from 7)
++ A and B denote the centers of the phenyl rings.

where a..b, c..d, etc refer to the non-bonded atomic distances observed 
in the title compound and related ones taken from the literature

Non-bonded interatomic distances 
THIORIDAZINEx TMEXX DPM+ EGYT-2347

conformer conformer model I. model II. x-ray
1 2 conformation



T a b l e  IV. R e l e v a n t  t o r s i o n  a n g l e s x (in d e g r e e s )

T H I O R I D A Z I N E xx TME D P M +
m o d e l

E G Y T - 2 3 4 7  
I. m o d e l  II. x - r a y

65 . 5 -66.1 82 -51 42 -40 59.3
39.1 - 3 8.4 62 70 80 -69 - 9 5 . 5

- 3 9 . 6 41 . 6 30 70 -87 35 6 1 . 6
1 6 7 . 8 - 1 7 0 . 2 171 161 170 174 - 1 6 7 . 2
66.6 - 6 8 . 7 174 168 60 132 - 7 0 . 4

C 1 5 C 4 C 3C 5 C 1 1 5 C 1 1 4 N 1C 105 C 2C 3C 4C 5 C 2C 3C 4C 5 C 1 8 C 1 7 n 1g 8
C 1 2 N 3C 5C 4 C 1 1 2 n 1 c 1 0 5 c 104 c 6 n 4 c 5 c 5 1 C 6 C 4 C 5 C 51 C 2 n 1 c 8C 7
C 7C 12N 3C 5 C 1 0 7 C 1 1 2 N 1C 105 C 5N 4 C 6 C 6 5 C 5 C 4 C 6 C 6 5 C 8 n 1C 2 C 3
N 2 C 1 4 C 15C 16 N 1C 1 1 4 C 1 1 5 C 116 ^ 1 ^ 2 ^ 3 ^ 4 N 1C 2C 3C 4 N 1 9 C 1 8 C 1 7 N 1
C 2 0 C 1 6 C 1 5 C 14 C 1 2 0 C 1 1 6 C 1 1 5 C 114 W 2C 3 C 8 N 1C 2C 3 C 2 0 N 1 9 C 1 8 C 17

x d e f i n e d  as s u g g e s t e d  by K l y n e  a n d  P r e l o g  (21). 
XX Dat a  t a k e n  f r o m  19.
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hydrogens of the two aromatic rings give a multiplet with a relative 
intensity of 7 in the range of 6 .9-7.3 ppm. The group -CH2 - in the hetero- 
ring gives a sharp singlet at 5.82 ppm with a relative intensity of 2. The 
slightly broadened triplet at 3.75 ppm (with a relative intensity of 2 and 
J=7Hz) is unambigously due to the hydrogens of group C^y. The lines of the 
originally mixed multiplet are broadened at 2.1-2.6 ppm. The relative 
intensity of this signal is 6 and can be assigned to the hydrogens of 
groups C^g, C24 and C2Q. On the basis of its intensity and the shift, the 
totally unresolved signal at 1.25-1.8 ppm (with relative intensity of 6) 
can be assigned to the 2 hydrogens each that bind to atoms C23, C22 and 
C2i - The -CH2 - group in the hetero-ring gives a sharply separated singlet 
at 5.82 ppm, which indicates that the chemical environments of the 
hydrogens of this group are very similar (or identical).
Since the existence of such a single conformer in which the shift of the 
two hydrogens would be the same is improbable, it is more likely that the 
measured signal is then the average of the shifts of the two hydrogens in 
two conformers interconverting fast in dilution.

Relationships between hydrophobic properties and muscarinic receptor 
binding constants

Both the calculated and measured hydrophobic parameters showed 
reliable correlation to the activity as described by eqs. 1 and 2 .

where in is the number of compounds, £ is the standard error of the 
estimate, £ is the multiple correlation coefficient, F is the Fischer-test 
value.

As it can be seen in Fig.3, parabolic relationships representing 
minimum curves have been found. The explanation for this can be that steric 
parameters were not included in the analysis. As the substituents showing 
very hydrophobic character are much larger than the others, they probably 
cannot fit the hydrophobic pocket at the receptor site as it was emphasized

eg (1)
n = 10, s = 58.7, r = 0.863, F = 10.2 
Kd = 1306 log (k' ) 2 - 2162 log k' + 894 
n = 10, s = 21.2, г = 0.983, F = 101.2

eg (2)
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Fig. 3. The plots of the muscarinic affinity (Кд = dis
sociation constant of the drug-receptor complex) 
againsts the calculated (тг: -x-) (from hydro- 
phobic substituent constant by Hans and Leo (10)) 
and measured (log k : -o-) by reversed-phase 
high-performance liquid chromatography) para
meters .
For the equations, describing the curves, see 
text (eqs. 1 and 2). The data of RL-205 were 
omitted from calculations.
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by Pratesi et al. (5). It should be mentioned that compound RL-205 (Table 
II) seemed to be an outlier from the relationship. On the basis of receptor 
binding measurements it probably binds with a different mechanism which can 
be caused by the decreased basic character of the ring nitrogen due to the 
neighbouring carbonyl group.

DISCUSSION

According to Del Pra et al. (7) the distances between the side chain N 
atom and the centres of the phenyl rings (e....f) and the relative 
positions of the two phenyl rings are important for the anticholinergic 
activity of tricyclic compounds. In addition to this, we assume that the 
same conditions are important only when the two phenyl rings are rigidly 
"closed" forming a tricyclic structure like in phenothiazines. In any other 
cases, when the "closed" structure is flexible enough, a structure 
compatible with the receptor can be induced on the receptor face. Of course 
these conditions are granted for the open structures like 3,3-diphenyl 
propyltrimethylammonium iodide.

The comparison of the torsion angles and non-bonded interatomic 
distances (Table III) of EGYT-2347 assumed in its "closed" tricyclic, 
twisted structure presented in Fig. 2 to those of the anticholinergic 
compound 3,3-diphenyl-propyltrimethylammonium iodide, which has an "open" 
non-tricyclic structure, indicates that the relative positions of the side 
chain N atom and the two conformation at the receptor site is the butterfly 
like one (Fig.IB), since the phenothiazines, which are also good 
anticholinergics, have a very rigid tricyclic part, thus practically 
excluding conformational changes. The fact that both the 3,3— 
diphenylpropyltrimethylammonium cation and EGYT-2347 exist in twisted 
conformation seems to indicate that this structure is the energetically 
more stable form in solid state. Presumably in both the tricyclic and the 
non-tricyclic ("open") compounds the symmetrical butterfly-like structure 
is induced upon the binding to the receptor. Similar examples for 
cholinesterases and cholinergic receptor-induced conformational changes by 
ACh upon binding are also known (21). The conformation of ACh induced by 
the hydrolysing enzyme AChE is different, from the conformation relevant to 
the nervous system receptor, namely the N-C-C-0 torsion angle must be +150° 
when interacting with AChE, whereas it is approximately only +85° when
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bound to the receptor. This is further supported by the rates of hydrolysis 
and observed conformation of 1-trimethylammonium-l,2-acetocyclopropane 
(22), as its conformation relevant to the receptor is compact whereas the 
conformation relevant to the esterase is "open".

The correlation analysis between the muscarinic activity and 
hydrophobic properties of the dibenzodioxazocines and known muscarinergic 
drugs suggests that the hydrophobic character of the substituents plays an 
important role in the receptor binding, the more hydrophobic character was 
the substituent, the stronger binding was observed.

The hydrophobic character can be increased only to a certain limit 
because the enhanced size of the substituent can cause steric hindrance. 
It is worth mentioning that compound RL-205, which seemed to be an outlier 
from the correlation (cf. Fig.3) shows relatively strong binding to the 
receptor in site of its weaker hydrophobic character. This phenomenon can 
be attributed to the changed character of the main pharmacophore group (the 
ring nitrogéné) by the neighbouring carbonyl group.

The small difference between the curves obtained in the correlation of 
the measured (log k') and calculated (Jb) hydrophobic parameters to the 
muscarinic activity can be explained by the fact that values are related 
only to the subtituents on the tricyclic moiety, while log k' values 
represent the hydrophobic character of the whole molecule.

In conclusion, in case of the new series of the muscarinergic 
dibenzodioxazocine derivatives a proper conformation of the two phenyl 
rings in the tricyclic moiety and not too large hydrophobic substituents 
are required for strong receptor binding. This is in agreement with the 
results published earlier in the literature for other muscarinergic 
compound.
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SMALL-SQUARE (SS)  NET EXISTS  IN TROUT MUSCLE
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Anatomy, School of Veterinary Medicine, The Ohio State Univer
sity, Columbus, Ohio 43210
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SUMMARY
The small-square-net form (with the large-square-net form) 
was clearly observed in brown trout muscle in cross-square- 
net-section. Fresh adductor mandibularis and dorsal muscle 
strips, isometrically clamped to prevent contraction, were 
prefixed in 3% glutaraldehyde, 0.1 M cacodylate, pH 7.4, 
and post-fixed in 1% osmium tetroxide in veronal acetate 
buffer at 2°C. The samples were dehydrated, embedded in 
epon-araldite, cross-sectioned, and stained with uranyl 
acetate and lead citrate for electron microscopic obser
vation. The sections provided the first clear evidence of 
the small-square-net form, coexisting with the basket- 
weave pattern, in fish muscle. In previous experiments, 
we could not demonstrate the small-square-net pattern 
convincingly with guppy tissue (Yamaguchi et al., 1985a) 
which may be more susceptible to chemical or physical 
stress than is trout tissue. The existence of the diverse 
structural patterns in cross-sections of some, if not all, 
vertebrate striated muscle must be derived from a basic 
unit which although it may vary in size among species is 
structurally identical. The findings agreed with our uni
fied model of narrow and wide Z-line structure (Yamaguchi 
et al., 1980; Yamaguchi et al., 1985a; Yamaguchi et al., 
1985b).
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IN T R O D U C T IO N

We have proposed a unified model for narrow and wide Z- 
line structure in vertebrate striated muscles (Yamaguchi et 
al., 1980; Yamaguchi et al., 1985a). The rotation of Z-fila- 
ment originally described in our publication was incorrect 
as kindly noted by M. Reedy (Personnel communication), and 
is now believed to be counterclockwise.

The model is based on a pair of Z-filaments (termed a 
Z-unit) which are linked near their centers at a 90° angle 
and form bridges between neighboring antipolar thin (actin) 
filaments. A square lattice of four Z-filament pairs (the 
basic structure of the Z-line, termed a Z-line unit) defines 
the geometrical position of the I-square unit. In this native 
state of the Z-line a 22 nm square lattice (LS, large square- 
net, see Fig. 1) and an 11 nm square lattice (SS, small-square- 
net, see Fig. 1), each perpendicular and parallel to the I-fila- 
ment square nets, appear. Other cross-sectional patterns of 
Z-lines, including a woven or basket-weave structure (BW see 
Fig. 1), which is roughly rectangular with approximately 10 
and 22 nm sides and with the axis offset 45° from axis of the 
I-square nets, and diagonal-square net (DS) patterns tetragons 
with sides 15.5 nm long, positioned at 45°, can be explained 
by detachment of the Z-filaments from the Z-filament binding 
region within each Z-filament pair due to chemical or physical 
stress. If our model is correct, the Z-line might reveal a 
common structural appearance in vertebrate sources, including 
mammalian, amphibian, avian, and fish muscles. Now we have 
obtained clear evidence for the existence of the SS net struc
ture in trout skeletal muscle Z-line. However, in previous 
work with guppy muscle, despite much experimentation, we could 
not convincingly prove the existence of the SS net structure 
(Yamaguchi et al., 1985a).



Fig. 1. Diagrammatic presentation o f SS ans LS as well as BW pattern formed by face (solid 
circles) and enface (open circles) actin filaments

Brown Trout

Fig. 2. Localization o f brown trout tissues sampled





Fig. 3. Cross section of the adductor mandibularis showing SS and LS forms.
40,000 X

Fig. 4. H igh magnification o f SS and LS forms. 78,OOOx 

Fig. 5. The Z-line of trout is 40—50 nm  wide. 15,800 X 

Fig. 6. Dorsal muscle showing BW form and rarely, SS form. 40,000x  

Fig. 7. Z-line o f dorsal muscle. l l ,3 0 0 x



Fig. 8. Cross section o f  adductor mandibularis muscle with BW, SS, and SS-BW  transitional
forms. 55,333x

Fig. 9. SS-BW transitional form in dorsal muscle. 62,000x
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MATERIALS AND METHODS

Strips of adductor mandibularis and dorsal muscle (see1 
Fig. 2) from brown trout (Salmo trutta) were clamped isometri- 
cally to prevent contraction, prefixed in 3% glutaraldehyde,
0.1 M Na-cacodylate, pH 7.4, and post-fixed in 1% osmium tetr- 
oxide in veronal acetate buffer at 2°C. No special precautions, 
such as lowering the body temperature of the fish before fix
ation as was done with guppy muscle (Yamaguchi et al., 1985a), 
were required during sample fixation.

All samples were dehydrated in an ethanol series (50%,
75% and 90% and then 3 times in 100%) , placed in 100% (v/v) 
acetone 3 times, embedded in Epon-Araldite, and sectioned with 
an LKB Ultrotome III or V with a diamond knife. Sections were 
stained first with uranyl acetate (5% solution in 100% methanol 
or 3% aqueous solution), then with lead citrate (Reynolds,
1963) . Sections were examined with either a Hitachi H-300 or 
an HUll-DS electron microscope calibrated with a standard meas
uring grid. Photographs were taken on Kodak electron-image 
film.

RESULTS

The cross section of the adductor mandibularis (AM) clearly 
shows the SS form together with the LS form (Fig. 3). The fre
quency of the appearance of the SS form is low, but it does 
exist as a transition between the SS-BW forms. A high magnifi
cation of the SS and LS forms is shown in Fig. 4. The width of 
the Z-line appears to be 40-50 nm (Fig. 5), which is much nar
rower than any mammalian skeletal muscle but wider than guppy 
muscle Z-lines (30-40 nm).

The cross section of dorsal muscle (DM) commonly shows 
the BW form and rarely shows the pure SS form (Fig. 6). Rather, 
we often find the SS in transition with the BW, as indicated 
in the white boxes in Fig. 6. The width of the Z-line of DM 
(Fig. 7) is similar to that of the Z-line.

A typical cross-sectional view of AM is shown in Fig. 8.
As expected, in this cross-section the most prevalent form is 
the BW, present with some SS form (white boxes) and SS-BW 
transitional form.

In Fig. 9, some SS-BW transitional form is shown in the 
d m ; however, we could not clearly observe any SS form.
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DISCUSSION

Z-filaments aligned with the sides of the I-square-net 
(SS net) were clearly observed in fish muscle for the first 
time in this study with trout. The new evidence, together with 
our previous studies (Yamaguchi et al., 1980J Yamaguchi et al., 
1985a), supports the model for Z-lines which explains the di
verse cross-sectional patterns (SS, LS, BW and DS) observed in 
Z-lines on the basis of thin filament/Z-filament interaction 
(Goldstein et al., 1986). The paradoxes in Z-filament behavior 
and structural diversity of Z-lines often reported previously 
in the literature can be explained by this model. The extremely 
narrow Z-line of guppy muscle apparently has a less rigid struc
ture than wide Z-lines. The Z-filament/Z-filament binding region 
in guppy must be weak and extremely sensitive to physical and 
chemical stresses, so that two Z-filaments in a Z-unit can 
easily separate before and/or during fixation. Nevertheless, 
we have found, in guppy, Z-filaments aligned with the sides 
of the I-square nets, an observation not previously reported 
in fish (Yamaguchi et al., 1980; Yamaguchi et al., 1985a), in 
sections with the known BW and DS forms as well. A more con
vincing demonstration of the existence of the SS net in fish 
was obtained with trout muscle Z-line. All of the diversity 
which has been noted in cross-sectional Z-line patterns was 
first observed by Michael Reedy (1960). He was one of the first 
to suggest that this diversity could be due to the physiologi
cal state of the muscle (Personnel communication). Recently, 
Goldstein et al. (1988) reported that the change of Z-spacing 
during active tension produces the BW form.
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SUMMARY
In recombinant mouse strains the elements of the major 
histocompatibility complex gene cluster are composed of 
those of the parental strains. The origin of elements 
except the S region was previously determined by immuno
logical and biochemical typing methods. For determination 
of the origin of the S region and the possible location 
of the recombination event around the S region, Southern 
blot analysis was performed. By the detection of genetic 
polymorphic patterns of complement C4 gene in 2 of the 5 
recombinant strains the recombination was localized down
stream of the C4 gene and before the D gene region.

' INTRODUCTION

The major histocompatibility complex (MHC) gene region,
H-2 is an approximately 900 kilobase (kb) part of the short arm 
of the 17th chromosome of mouse genome determining a series of 
genetic properties influencing immune responsiveness and sus
ceptibility of the animals to various tumors (1). There are 
five different subregions of MHC, cluster K, A, E, S and D.
The genes in К and D regions encode for MHC Class I, the A and 
E regions determine the MHC Class II genes. In the S (MHC Class 
III) region (appr. 250 kb), based on our present knowledge (2) 
there are three genes (factor В, C2 and C4) of the complement 
system and two ones, determining an enzyme (21-hydroxylase) of 
the steroid metabolism. A gene for a C4-like protein with un-

Akadémiai Kiadó, Budapest
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known function, Sip and two others encoding a and ß tumor ne
crosis factors are also mapped to the S region.

The application of recombinant mouse strains provide 
highly advantageous experimental model system in studying a 
series of autoimmune diseases and immunity against tumors. The 
investigation of the genetic background of these properties 
requires the mapping of the genes involved.

Recombinant mouse strains carry a mosaic set of the pa
rental genes including those of MHC region. Typing of MHC Class 
I and II genes of recombinants provides only a partial genetic 
map of the MHC region. The lack of the appropriate immunologi
cal markers of S genes, and the recent availability of the 
cDNA clones of MHC Class III genes as well as the description 
of a relatively high number of the DNA polymorphic variants of 
the C4 gene prompted this study. Applying three restriction 
endonucleases providing restriction fragment length polymor
phisms (RFLP) for C4 gene we determined the origin of the S 
region in two recombinant strains. The location of the recombi
nation was found between 3' end of C4 gene and D gene cluster.

MATERIALS AND METHODS

Mouse strains. Five recombinants deriving from matches 
of six parental strains were described earlier (3). The de
signation and the genetic map of the MHC region of parental 
and recombinant strains is given in Table 1. Parent strains 
derived from stocks of Mayo Clinic.

Isolation of genomic DNA. DNA was isolated from livers 
of mice by proteinase К (Boehringer, Mannheim, FRG) -phenol 
method as described (4).

Probes and Southern (5) blot analysis. C4 probes derived 
from cDNA libraries constructed from isolated liver poly 
(A+)-mRNA of two mouse strains, C3HeB/FeJ (H-2k) and B10.D2/ 
NSNJ (H-2d). Inserts from C4 cDNA clones pBmS2 and pBmSIO (4) 
(spanning together 1.5 kb coding region of C4 from within the 
a chain through the x chain to the carboxy terminus of proC4 
molecule) were labeled by nick translation (6) using (3^p)dCTP.

Genomic DNAs were digested with Hindill, EcoRI and MsPI 
(New England Biolabs, Beverly, MA, USA) according to the manu
facturer's specifications, electrophoretised in 0.9% agarose 
(BRL, Gaithesburg, MD, USA). The transfer of the DNA fragments 
to the nitrocellulose membranes, the hybridization of blots to 
the labeled probes and the autoradiography were described in 
details (7).
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Table 1. Genetic map of the MHC region of parental and 
recombinant mouse strains

Designation 
of strains Origin MHC

к
(H2) 
A E

region 
S D

Parent
BIO.A (4R) - 1 k k k b b
B10.Q - q q q q q
B10.RBD - b b b b d
BIO.G - q q q q q
BIO.SM - V V V V V
BIO.RIII - r r r r r
Recombinant
B10.RKQ1 [Bl0 . A ( 4R) X b i o .q] 2 k k k q
B10.RBQ1 [BIO.RBD X b i o .g ] b b b q
B10.RVB [b i o .sm X B10.A(4R)] V b
B10.RKQ23 [BIO.A (4R) X b i o .q] k k k q
B10.RKR1 [BIO.A (4R) X BlO.RIIl] k k r

1k, b, q, V  and r are symbols for the genetic types of the 
H2 subregions.2The missing symbols indicate the subregions not typed 
before.
Similar parents as with B10.RKQ1, but separate breeding.3
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RESULTS AND DISCUSSION

The restriction fragment length polymorphism of murine 
C4, C2 and factor В genes has been extensively studied before 
(4, 7). For this study three restriction enzymes providing 
genetic polymorphism in mouse C4 gene were selected. The RFLP 
patterns of mouse C4 gene using three restriction enzymes are 
shown in Figure 1.

The typing results of parental and recombinant strains 
are listed in Table 2.

Recombinant strains B10.RVB and B10.RKR1 were derived from 
parents showing differences at S region in C4 RFLP patterns, 
therefore their S genotype can be concluded (Table 3). However, 
parents of the other three recombinant strains (B10.RKQ1, 
B10.RKQ2 and B10.RBQ1) are of b or q haplotypes at S region 
with the identical RFLP patterns with all three enzymes. Thus, 
presently no definite classification could be given for the 
origin of their S region.

The precise order and orientation of the MHC Class III 
genes is recently described (8 ). According to these findings 
the C4 (and Sip) genes are mapped to the 5' end of the S gene 
cluster next to the 3' end of E region. This enables us to 
conclude that in B10.RVB and B10.RKR1 strains the recombination 
event was taking place at downstream location from C4 gene. In 
other words, it is obvious that in these two strains regions 
K-A-E and C4 genes are linked during the recombination. Since 
no genetic marker is available for the other genes mapped in 
S region (no genetic polymorphism of C2 and factor В genes 
were found in these genotypes) (7) no conclusions on the exact 
location of the recombination in S region (3' from C4 gene) can 
be drawn. Anyway, in wild strains we got already evidences (7) 
for an "intra-S" recombination, so this possibility cannot be 
excluded in recombinant strains.

For the better understanding of the role of distinct ele
ments and haplotypes of MHC genes in the immune reactivity 
against tumor, further studies using transgenic mice are in 
progress.
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Fig. 1. С4 restriction fragment length polym orphism  (RFLP) patterns using C4 cD N A  
(pBmS2 and pBmSIO) probes. Patterns a (6 .4  kb +  4.4 kb) and b (22.4 kb +  4.4 kb) with 
H in d lll (A), c (16.0 kb) and d (24.0 kb +  16.0 kb) with E coR l (B) as well as e (3.0 kb +  2.1 
kb) and f  (2.3 kb +  2.1 kb) with M spI (C) RFLP are shown. H in d lll digested lambda 

phage D N A  fragments were used as molecular markers
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Table 2. The DNA polymorphism of C4 gene in parental and 
recombinant strains

Strains
Genotype at 
S region

Restriction fragment length 
polymorphism patterns 

Hindlll EcoRI MspI

Parent
BIO.A (4R) b 1 a c e
B10.Q q a c e
BIO.RBD b a c e
BIO.G q a c e
BIO.SM V b c f
B10.RIII r b d f

Recombinant
B10.RKQ1 a c e
B10.RBQ1 a c e
B10.RVB b c f
B10.RKQ2 a c e
B10.RKR1 a c e

a (6.4 kb, 4.4 kb) b (22.4 kb, 4.4 kb) are Hindui RFLP 
patterns, c (16.0 kb) J d (24.0 kb, 16.0 kb) are Eco RI RFLP 
patterns, e (3.0 kb, 2.1 kb); f (2.3 kb, 2.1 kb) are MspI 
RFLP patterns of mouse C4 gene. See Fig. 1.
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Table 3. Identification of the genotype and recombination 
of the S region of two recombinants

parents
MHC genotypes of

recombinants

BIO.A (4R)
X

B10.SM

к к к b I

I у у у V/ V
В10.RVB у у у у b

B10.M4R) 

Bl 0.RIII

к к к
B1Ö.RKR1 к к к b г
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PROCEEDINGS OF THE SIXTH TIHANY SYMPOSIUM ON RADIATION CHEMISTRY 
P. Hedvig, L. Nyirkos and R. Schiller (editors), Akadémiai Kiadó, 
Budapest, 1987. ISBN 963 05 4643 4; 890 pp, Ft. 1.130 (78 USD)

This volume contains the material presented on the 
Tihany Symposium on Radiation Chemistry held at Balatonszéplak, 
Hungary, 21-26 September 1986, organized by the Radiation Chem
ical Section of the Hungarian Chemical Society, in co-operation 
with the International Atomic Energy Agency, Vienna. Plenary 
lectures and some of the posters are included in the conference 
proceedings.

The book is divided into six major sections ; General prob
lems; Aqueous and inorganic systems; Organic materials; Poly
mers; Dosimetry and industrial processes; Biological problems. 
Traditional aspects and techniques are discussed along with 
more modern problems and bordering fields such as spectroscopy, 
photochemistry, heterogeneous processes, theoretical reaction 
kinetics, industrial processes, biomedical problems etc. As it 
is usual with most of conference proceedings a large fraction 
of the papers offers a review of the work of a particular group, 
but some of them contain little material that has not appeared 
in other journal articles or reviews.

The first section has 18 articles dealing, among others, 
with computer simulation of ion recombination and decay of 
trapped electrons, irradiation induced fluorescence, lumines
cence techniques for investigations of primary spur processes, 
diffusion of radicals, electron attachement processes, nuclé
ation dynamics and trapping mechanisms. This chapter is natu
rally not comprehensive.

The second section, containing 20 articles on aqueous and 
inorganic systems, is more coherent and predominantly experi
mental dealing with radiation induced decomposition, radiolysis, 
radical-radical reactions, radiation induced defects and dif
ferent energy transfer processes.
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The third section on organic materials contains 21 papers. 
The topics covered is very similar to that of the previous sec
tion with a variety of techiques (time resolved Raman spectro
scopy, two-photon excitation spectroscopy, excited state quench 
ing, ESR spectroscopy, nanosecond pulse radiolysis, fast reac
tion techniques) to study the radiation induced processes in 
organic systems.

The fourth and largest section contains 37 papers on radia 
tion induced processes in polymers like polyethylene, polypro
pylene, polyvinylidine fluoride, polyphenylmethacrylate, poly- 
acetilene, polyethylenglycol, polypyrrole.

The fifth section on dosimetry and industrial processes 
deals with some new possibilities in radiation dosimetry and 
industrial applications of different radiation fields in 15 
articles.

The last section on biological problems contains 14 papers 
the majority of which deals with the effects of ionizing radia
tion on protein and DNA structure.

A name and subject index is included to serve an easy 
orientation. In order to provide a more complete coverage dis
cussions following the lectures have been included as well. 
Although review articles describing the state of art of defined 
topics are completely lacking the book will be of value to 
chemists, biochemists, biophysicists and research workers deal
ing with different aspects of radiation chemistry.

L. Trón
Biomedical Cyclotron Laboratory 

Medical University School of Debrecen
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OXYGEN FREE RADICALS AND THE TISSUE INJURY; B. Matkovics,
D. Boda, H. Kalász (editors). Akadémiai Kiadó, Budapest, 1988. 
ISBN 963 05 4951 4; 412 pp., Ft 520.-; USD 49.00)

This volume contains the material presented at the Sympo
sium of "Oxygen free radicals and tissue injury" held at 
Szeged, Hungary, 6-7 January 1986.

It contains 44 papers in alphabetical order by the name 
of the first author. 6 review are included exploring the rela
tionship between oxygen free radicals and among others rheumatic 
diseases, general pathology, cellular ageing, diseases in the 
neonate and tissue injury etc. The majority of the papers are 
discussing the oxygen free radicals from a patophysiological 
point of view involving these radicals in the patomechanism 
of certain pediatric diseases (hyperbilirubinaemia in newborns, 
respiratory distress syndrome in premature infants), intoxi
cations (by Gramoxone, ethanol), the cataracts of old age, 
rheumatoid diseases (rheumatoid arthritis, osteoarthrosis), 
experimental ulcer etc. Some articles are dealing with the 
effect of lipid peroxidation on the excitability of muscle and 
the allergic reactions. The correlation between oxygen free 
radicals and certain pathological processes in erythrocytes 
is also discussed. Some papers are reporting trials about the 
treatment of different diseases -intoxication with Gramoxone, 
ischemic myocardial injury, chronic hepatic diseases, adult 
respiratory distress syndrome etc.- by antioxidant drugs. 
Methodological papers concerning the detection of free radicals 
and their effects are also included.

This book can be useful for medical practitioners, biolo
gists, chemists involved either in practical or in theoretical 
research of the pathophysiological processes caused by the 
oxygen free radicals and the possible defence against them.

Z. Szállási M.D.
F. Verzár Internat. Lab. for 

Experimental Gerontology
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LIPOFUSCIN-1987 : STATE OF THE ART ; Proceedings of an Inter
national Symposium held in Debrecen, Hungary, on 26-30 August 
1987, Ed.: Imre Zs.-Nagy, Akadémiai Kiadó, Budapest, 1988

Lipofuscin "Aging pigment" was the theme of an Interna- ■ 
tional multidisciplinary meeting in Debrecen, organized by 
Prof. I. Zs.-Nagy. The choice of "Lipofuscin 1987J State of 
the Art" as the title of this 462 pp. book was very good and 
wise regarding that this is covering our most recent knowledge 
on this very important and attracting research area.

This volume contains all the 21 invited lectures in ex
tenso as well as extended summaries of the poster presentations. 
It includes the discussion of each presentation as well as the 
comments recorded during the plenary poster discussion. Along 
the whole book we feel the tone very polemic indicating the 
underlying spirit that we already know a lot concerning the 
aging pigments, but not enough to understand the whole process, 
mainly that concerning the exact origine of this waste product. 
This is also reflecting in the many hypothesis expressed related 
to the formation, the nature and the role of lipofuscin.

The book is divided in 6 major parts according to the 
scientific sessions, the latest being the poster session.

The first session covers the theory and cellular mechanisms 
of lipofuscin formation. Seven outstanding scientists of this 
field describe their view on this subject. The high number in
dicates the divergences in their conceptions. They all agree 
that the formation is linked to aging process and perhaps 
closely related to the oxigén -free radicals production, but why 
these free radicals are able to generate the formation of lipo
fuscin, the views diverge. Dr. Harman formulated the free radi
cal theory of aging, which he relates to the lipofuscin forma
tion. Others think that the lipid peroxidation (Dr. Kikugawa) 
is the primary event, while others attribute (Dr. Ivy, Dr. 
Davies) the lipofuscin formation to the proteinase inhibitor 
model and to the consecutive protein damage. Dr. Zs.-Nagy 
integrates the lipofuscin formation in the membrane hypothesis 
of aging. The ever occuring free radical reactions are the 
deterioration of cell functions leading to the accumulation
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of waste products by non elimination. Dr. Gutteridge explains 
its formation by the oxidative damage caused by iron and cop
per. Dr. Sohal presentation terminates this chapter where he 
is repeating in other words the free radical theory of aging.
It seems, then that the oxidative processes play a sorte of 
basic role in the waste products formation during aging, but 
the exact mechanisms are only speculations.

In the second part (2 presentations) the technical char
acterization of biological autofluorescent products is pre
sented. Dr. Kitani presented the very modern and useful tech
nic of FRAP for age pigment studies. This was already very 
successfully used in other domains of the aging research.

The third part is concerned with the appearance of lipo- 
fuscin in various animal tissue) in retina (Dr. Eldred), in 
thyroid (Dr. Dalefield), in skeletal muscle (Dr. Kárpáti) and 
in macrophages (Dr. Carpenter). Dr. Kárpáti presented through 
the accumulation of lipofuscin in muscle a new theory, which 
tries to combine some of the already known results in a chrono
logically different way. He presented the link between athero- 
genesis-lipids (LDL)-macrophages and lipofuscin formation. The 
common finding is the apparition of this pigment finally in all 
tissues, but the exact origin is still questionable.

In the fourth part the experimental manipulation of lipo
fuscin was discussed in 3 presentations. The role of centro- 
phenoxine (CPH) is very promizing after these studies in re
ducing its formation, as well as improving learning and memory 
in animal experiments (Dr. Nandy). Some improvements were also 
observed during Vitamine E and other antioxidants therapy.

The fifth part tends to be more practical as it is dealing 
with the diseases related problems of pigments accumulations 
(5 presentations). The first (Dr. Goebel) is a general over
view presenting the ultrastructure of these diseases related 
lipopigments, giving a good idea on their apparition, nature 
and sometimes their supposed importance. Dr. Porter is making 
a net difference between lipofuscin and various experimentally 
produced "ceroid pigments" indicting that it does exist many 
difficulties to draw conclusions directly from experimental 
studies to the in vivo processes. Dr. Wolfe is dealing between
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other diseases with the Alzheimer's disease, indicating that 
this epidemic disease of the humanity has also some relation 
with the lipofuscin accumulation in the brain.

The last part presents 8 posters on various subjects of 
this field related to the main topics.

This book is a good overview of our knowledge in this 
important and developing field of the multidisciplinary re
search of lipofuscin which can be recommended to all those who 
are interested in the general phenomenon of aging and related 
biochemical events.

Dr. T. Fülöp 
First Dept, of Medicine 

Univ. Med. School of Debrecen 
4012 Debrecen, POB 19

NEURONAL AND CELLULAR OSCILLATORS)edited by Jon W. Jacklet, 
Marcel Dekker, Inc., 270 Madison Ave, New York, N.Y. 10016,
1989, 553 pages (ISBN 0-8247-8030-2)

This book appeared as the second volume in the "Cellular 
Clocks Series" edited by L.N. Edmunds, Jr. as series editor.
The three main chapters, in which the book is organized, cover 
a wide spectrum from oscillatory cells to periodic events in 
the central nervous system.

The first chapter "Membrane Oscillators in Neurons and 
Cardiac Muscle" presents first a short overview on how the 
increased potassium conductance decreases after the action 
potential in squid axon. The ionic currents underlying cardiac 
pacemaker activity are than extensively discussed in two papers. 
Special attention is paid to an inward cationic current that 
activates on hyperpolarization. On this basis of the presented 
experimental data a detailed computer simulation is also given.

Rhythmicity in neurons often appears in the form of peri
odic bursts. Two different preparations : amolluscan burster
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neuron and the activity in mammalian supraoptic nucleus, with 
the possible ionic mechanisms involved, are discussed. The in
trinsic activity of the molluscan burster shows an approximately 
2 0 s periodicity with depolarizing- and hyperpolarizinq after
potential (in this order) following each bursting period. Syn
aptic input modifies the length and magnitude of these poten
tials resulting in the change of the intrinsic frequency. In 
the supraoptic nucleus of the rats besides the low threshold 
sodium spikes a TTX insensitive calcium bursting is also de
scribed .

The largest part of the book, chapter two: "Central Pattern 
Generators: Groups of Interacting Neurons", describes a diver
sity of different neural networks with oscillatory functions.
In most of the cases a sensory input activates command neurons, 
which activate the pattern generator network. The output is the 
firing of motor neurons in the appropriate sequence thus rhyth- 
micity such as swimming is produced. From reciprocal inhibition 
in a naked pteropod to a hypothesized functionally separate 
respiratory rhythm and motor neuronal burst pattern in the 
breathing in mammals is reviewed.

The three article, organized into the last chapter "Cyto
plasmic and Circadian Oscillators", takes the reader to the 
intracellularly organized rhythmicity. A diversity of cells, 
showing free calcium oscillations, are first compared, than 
three possible models, involving phosphatidylinositol-signaling, 
discussed. It is now believed, and demonstrated in the last two 
papers of this book, that in the endogenous cycle, having a 
periodicity of about a day (circa-dian), gene transcription and 
translation are also involved.

The papers presented cover an extensively studied area 
showing the newest methods and results and furthermore the 
questions still to be solved. This book with over 900 citations 
of pertinent literature will hence be of great interest to 
neurobiologists, cell biologists, physiologists and membrane 
biologists.

L. Csernoch
Institute of Physiology 

Univ. Med. School of Debrecen
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NEUROBIOLOGY OF INVERTEBRATES; Eds.: J. Salánki and Katalin 
S.-Rózsa. Symposia Biologica Hungarica, Vol. 36, Akadémiai 
Kiadó, Budapest, 1988, pp. 769, 69.00 USD

On the occasion of the 2nd World Congress of Neuroscience, 
IBRO, held in Budapest, 1987, a succesful satellite symposium 
was organized in the Balaton Limnological Research Institute, 
Tihany. This institute is a traditional headquarter of inver
tebrate neurobiology researches and, begining in 1967, has 
already organized five international symposia on invertebrate 
neurobiology. Over 60 scholars answered the invitation of the 
Organizing Committee. They presented 49 papers and 11 posters 
which are published in extenso in this volume.

The oral presentations can be classified into four major 
groups. In the first group, entitled Physiology, Pharmacology 
and Localization, the majority of papers dealt with receptors 
and physiological effects of low molecular weight transmitters. 
The group of investigated experimental animals included a wide 
variety of species, from freshwater hydra to crickets. Many of 
the accounts start with a reference to the mammalian nervous 
system and the "mammalian" transmitters and receptors which 
are active in the invertebrate nervous system as well. The 
most frequently investigated transmitters are: acetylcholine,
dopamine, 5-OH-DOPA, serotonin, glutamate, GABA and its A and 
В receptors. A few other topics are also found in these papers: 
the serotoninergic specific marker effect of the 5,6-DHT neuro
toxin and the regeneration capacity of the snail central nervous 
system.

The second group comprises papers dealing with peptidergic 
mechanisms. The effect of various peptides on egg laying and 
mating is discussed in four papers investigating Limnea and 
Aplisia. Interaction of peptides with other transmitters, and 
peptidergic effects on the cyclic-АМР system were studied on 
isolated crustacean neurons. The antennal heart as a neurohemal 
organ receives attention in two papers.

The third group entitled Modulation, Integration and 
Learning contains the bulk of papers. Gastropoda seem to be the 
favorite animals in these studies. One can find interesting
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papers about modulation of respiratory, feeding and locomotory 
behaviours by various peptides, 5-HT and 5-6-DHT. The associa
tive memory of a gastropod is compared with that of the rabbit 
and a close similarity is suggested. Two more papers give 
account of learning mechanisms also of Gastropoda. As for a 
change, adult flight motor pattern is demonstrated in isolated 
ganglia of all larval stages of the locust.

The fourth group of papers is collected under the heading 
Ionic Channels and Intracellular Mechanisms. These papers deal 
with Ca and Na channel properties, effects of GABA on Cl current 
and on ACh sensitivity, the modulatory effect of capsaicin and 
membrane chemosensitivity. The book is concluded with the pos
ter exhibition. A special flavour of this endeavour is that 
discussion of each oral presentation is also published in ex
tenso .

The symposium covered a wide area of neuroscience and may 
count on a general interest. The book is produced with the 
photo-offset technique, the text and illustrations are of good 
quality. It can be recommended to students of the nervous 
system, both vertebrates and invertebrates.

George Székely 
Institute of Anatomy 

Univ. Med. School of Debrecen
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THE E F FEC T OF ETHANOL IN THE SE PARA TION OF WHEAT GLIADINS 

BY CM- AND DEAE-CELLULOSE CHROMATOGRAPHY

L. Tamás, D. Lásztity, R. Lásztity*

Department of Plant Physiology, Eötvös Loránd University, and 
^Department of Biochemistry and Food Technology, Technical 
University, Budapest, Hungary

(Received April 19, 1988 and in revised form April 25, 1989)

SUMMARY
The effect of ethanol on the fractionation of gliadin by 
cellulose-based ion exchange column chromatography was 
studied. Ten peaks have been separated on DEAE- and 12 
peaks on CM-cellulose column using a complex elution 
technique. By SDS-polyacrylamide gel electrophoresis of 
the separated fractions, it was observed that ethanol in
corporated into the eluent improved the resolution of some 
fractions. Some of the peaks gave only 2 or 3 protein bands 
in electrophoregrams. Since ethanol does not affect the 
reproducibility in the two types of chromatographic medium, 
the method seems to be suitable for purification of gliadin 
fractions in large quantities.

INTRODUCTION

The ethanol soluble fraction of wheat endosperm storage 
proteins called gliadin (Osborne, 1924) has been separated into 
four groups (a, 8, Y and w) by Woychik et al. (1961) on the ba
sis of their mobilities studied by starch gel electrophoresis 
in an aluminium lactate buffer. By means of two-dimensional gel 
electrophoresis at least 40 fractions (Wrigley and Sepherd, 
1973 Brown and Flavell, 1981) can be resolved.

The extensive homology of gliadins complicates the isola
tion of the individual protein components in a pure form. For 
the purification of small quantities, high resolution methods 
are available, such as one- and two-dimensional gel electro
phoresis and isoelectric focusing (Bushuk et al., 19781 Brown 
et al., 1979), but the resolution of column chromatographic 
techniques suitable for larger quantities are insufficiently
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high (Brown and Flavell, 1981J Shewry et al., 1983; Bushuk and 
Wrigley, 1971J Payne and Corfield, 1979J Kasarda, 1980). Al
though affinity chromatography can be used for the extraction 
of pure gliadin proteins, it is difficult to obtain specific 
antibodies. Reverse-phase high-performance liquid chromatog
raphy (RP-HPLC) has high resolution, but is more suited for 
use in quantitative and qualitative analysis (Burnouf and Bietz 
1985) .

In the present work investigations were carried out on the 
separation of gliadin proteins on cation exchange CM- and anion 
exchange DEAE-cellulose columns using eluent ethanol containing

MATERIALS AND METHODS

Protein extraction. Two methods were used for extraction 
of the gliadin proteins of wheat (Triticum aestivum cv. MV 8). 
Flour (1 g) was shaken at room temperature for 16 h with 2.5 ml 
70% (v/v) ethanol or with the same quantity of 25% ethylene 
chlorhydrin. The supernatant obtained after centrifugation 
(10 000 g, 10 min, 4°C) was stored below zero degree. Its con
centration corresponded to approximately 25 A 2 8 O as determined 
spectorphotometrically. The extraction of total wheat endosperm 
proteins was carried out in an identical manner except that the 
composition of buffers were as follows: 68 mM TRIS-HC1, pH 7.0, 
1% SDS; and 68 mM glycine-acetic acid, pH 5.0, 1% SDS.

Column chromatography. CM- or DEAE-cellulose was suspended 
in 0.3 M NaCl solution after activation and columns of 2 cm 
diameter and 65 cm length were prepared. The columns were equi
librated before applying the sample with the starting eluent. 
The ethanol caused the columns to shrink in length by approxi- 
matelly 1 cm. The gliadin samples were applied on the column 
in 70% (v/v) ethanol solution. The ethylene chlorhydrin ex
tracts were dialysed against 70% (v/v) ethanol before applica
tion to the column. The initial eluent was 10% (v/v) ethanol 
followed by a 10%-70% (v/v) ethanol gradient. The fractions 
were then eluted with 70% (v/v) ethanol and finally with NaCl 
gradient in 70% (v/v) ethanol. The individual fractions were 
combined and freeze-dried.

Gel electrophoresis. The various protein fractions were 
separated on a slab gel with a linear gradient according to 
Laemmli (1970) . the thickness of the gel was 2.4 mm and the 
gradient was 15% to 20% over 11 cm length. Freeze-dried samples 
were dissolved in 25% ethylene chlorhydrin. 80-120 ug of pro
tein was loaded into a slot. Electrophoresis was carried out 
for 20 h at constant current, 12.5 mA/slab. The gels were 
stained with Coomassie Brillant Blue G using the method de
scribed by Fairbanks (1971).
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RESULTS

The SDS-polyacrylamide gel electrophoretic patterns of 
proteins extracted various ways from wheat endosperm are shown 
in Fig. 1. A comparison of the first three electrophoretic 
patterns reveals only slight differences in the presence or 
absence of one or two bands in some cases, while there are 
changes in the relative band intensity in fhe others. In con
trast, the pattern for the proteins in the fourth track was 
quite different. The apparent molecular weight of proteins 
which separated over a much shorter section, ranges between 
30 and 43 kD.

Since the proteins separated in the last two tracks were 
extracted using a method accepted for gliadins (Bernardin et 
al., 1967; Zillman and Bushuk, 1979) and had identical electro- 
phoregrams after electrophoresis in aluminium-lactate buffer, 
pH 3.2. The deviation in their behaviour in alkaline gel may 
be attributed to the effect of ethanol.

To determine the effect of ethanol for other separation 
techniques the main point of our interest being the possible 
improvement in the degree of purification of the gliadins, 
the method of cellulose-based ion exchange column chromatogra
phy was chosen. The result of chromatography of wheat gliadins 
on DEAE-cellulose in presence of ethanol are shown in Fig. 2. 
The eluent was 70% (v/v) ethanol followed by a NaCl gradient 
in 70% (v/v) ethanol. The proteins were eluted in six peaks 
as seen on the chromatogram, but the last two were combined 
to give five fractions in all. The SDS-polyacrylamide gel- 
electrophoregrams of fractions are presented in Fig. 3. The 
molecular weight of proteins in various tracks ranged between 
20 and 67 kD.

In the subséquent experiments ethanol gradient was used 
for developing the chromatogram to improve the resolution. As 
seen in Fig. 4, in this case the gliadins were separated to 
more fractions than that was found with the previous methods. 
Each peak eluted from the column appeared in the same position 
when rechromatographed. The SDS-polyacrylamide gel electro
phoretic patterns of ten protein fractions are shown in Fig. 5.
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Fig. 2. Chromatographic separation of ethanol extracted 
gliadins (150 mg) on an ethanol containing DEAE- 
cellulose column. Fractions of 4 ml were collect
ed and monitored at 280 nm. Flow rate was 15 ml/h. 
Salt gradient was used in combination with 70% 
(v/v) ethanol.

Though not clearly seen on the photo the last three fractions 
contain only 2-3 proteins, an important achievement as regards 
the purification of gliadins.

The effect of ethanol was examined not only on DEAE-cel- 
lulose, but also on CM-cellulose column, Fig. 6 . illustrates 
the chromatogram obtained with gliadins on CM-cellulose in the 
presence of ethanol; more fractions can be distinguished than 
in the case of DEAE-cellulose chromatography. On the basis of 
the chromatogram proteins were collected in 12 fractions, the 
electrophoretic patterns are shown in Fig. 7. Though not clear
ly seen on the photo the last three fractions contain only 2-3 
proteins, too.
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Fig. 1. The SDS-polyacrylam ide gel electrophoretic diagram o f  
proteins extracted from  wheat endosperm with 68 mM  TRIS- 
HC1, 1 % SD S buffer, pH  7.0 (lane 1), 68 mM  glycine-acetic acid, 
1 % SD S buffer, pH 5.0 (lane 2), 25 % ethylene chlorhydrin (lane 

3), 70% ethanol (lane 4)
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Fig. 3. SD S-polyacrylam ide gel electrophoretic patterns o f  fractions 
obtained after chromatography o f gliadins on DEAE-cellulose 

colum n (see Fig. 2.). Lane 1-5 correspond to fractions I-V , 
respectively
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Fig. 5. SDS-polyacrylam ide gel electrophoretic patterns o f fractions obtained by chromatography o f  gliadins 
on DEAE-cellulose colum n (see Fig. 4.). Lane 1-10 correspond to fractions 1-X, respectively
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Fig. 7. SDS-polyacrylam ide gel electrophoretic patterns o f fractions obtained by chromatography of gliadins on CM -cellulose column
(see Fig. 6.). Lane 1-12 correspond to fractions I-X II, respectively
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Fig. 4. Chromatographic separation of ethanol extracted 
gliadins (150 mg) on DEAE-cellulose column by- 
ethanol gradient. Fractions of 3 ml were collect
ed. Flow rate was 15 ml/h.

Fig. 6. Chromatographic separation of ethanol extracted 
gliadins (210 mg) on CM-cellulose column by 
ethanol gradient. Fractions of 3 ml were collect
ed. Flow rate was 15 ml/h.
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DISCUS SION

The effect of organic solvents (methanol, ethanol, 1-pro
panol, acetonitril) on the chromatographic separation of vari
ous materials has been studied and applied for a long time.
The majority of theoretically based results have been obtained 
using reverse-phase HPLC with amino acids and small polypep
tides (Hearn, 1982). The chromatographic analysis of wheat 
storage proteins in presence of organic solvents was carried 
out by Bietz and Burnouf (1985) again with RP-HPLC, using an 
acetonitril gradient. Eluents containing ethanol gradient were 
used in hydrophobic interaction chromatography (HIC), e.g. on 
gliadins, using phenyl- and octyl-Sepharose CL-4B packages 
when examining and comparing the surface hydrophobicity of 
proteins of various wheat species (Popineau et al., 1980).
This work did not include the polyacrylamide gel electropho
resis of the proteins.

In course of the present studies the effect of ethanol on 
separation of wheat gliadins by ion exchange column was inves
tigated. Both DEAE-cellulose and CM-cellul'ose column chromato
graphy have been used previously for fractionation of wheat 
storage proteins (Kasarda, 1980; Hasarda et al., 1984) with 
an eluent containing urea. In the present experiments, separa
tion on the two kinds of columns containing urea did not give 
a good resolution as ethanolic chromatography. In addition, 
the use of urea raised certain difficulties: 1. It must be 
freshly deionised prior to use; 2. In course of dialysis the 
gliadins form an almost insoluble precipitate.

The resolution of ethanol containing cellulose ion ex
change columns is better for gliadins extracted with 70% (v/v) 
ethanol. This was demonstrated both by the number of distin
guishable fractions and by finer resolution -although not in 
every case clearly seen- can be explained by the effect of 
ethanol on proteins. In contrast to urea, ethanol denatures 
gliadin only at a slight extent, which means that for charged 
amino acids, retention is correlated with the "surface" charge 
accessible to the column rather, than to absolute value of 
charge within the molecule. Furthermore, the water envelope
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of protein is smaller in ethanol solution, leading to a change 
in hydrophobic-hydrophilic relations within the molecule, thus 
influencing the intensity of their binding to the column. When 
using an ethanol gradient this possible change in structure of 
molecule is exploited as a mean for separation. To prove that 
the resolution not due to the different solubility of the pro
teins, solubility tests were carried out. The SDS-polyacryl- 
amide gel electrophoregrams of wheat gliadin protein solutions 
containing variable proportions of ethanol were completely 
identical.

The resolution was not so good when gliadins were extracted 
with 25% ethylene chlorhydrin, in spite of the fact that the 
protein was dialysed against 70% (v/v) ethanol before being 
added on to the column. The SDS-polyacrylamide gel electro
phoretic pattern of dialysed protein was identical with that 
of the third sample in Fig. 1. The total quantity of protein 
was eluted in a sharp peak at beginning of chromatography.

It can be seen from results that presence of ethanol in 
eluent improves the separation of wheat gliadin proteins in 
both DEAE- and CM-cellulose chromatography. Since the ethanol 
does not alter the reproducibility characteristic of two types 
of cellulose chromatography, it should form a complex chroma
tography process aimed at the purification of independent gli
adin proteins.
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SUMMARY
The possible mechanism of the inhibitory effect of 

endotoxin on adenylate cyclase was investigated. Plasma 
membranes were isolated from porcine thyroid gland and 
rat liver. The effects of endotoxin on adenylate cyclase 
activity was determined. The adenylate cyclase activity 
followed in the presence of various concentrations of 
guanosine-imidodiphosphate (5xl0_8-10“6 M) and NaF 
(0.1-10 mM) was markedly inhibited by endotoxin. Moreover, 
the basal activity of adenylate cyclase was inhibited 
similarly. The inhibition was concentration dependent. At 
400 ug/ml of endotoxin a 60% inhibition of adenylate 
cyclase both without and in the presence of activators 
was detected. The inhibitory effects of endotoxin and its 
radiodetoxified derivative were similar. Neither of the 
two investigated endotoxin preparations tested had any 
effect on the ^н-guanosine-imidodiphosphate binding ac
tivity of adenylate cyclase (neither on the binding ca
pacity, nor on the K,j value) . Forskolin activated adenyl
ate cyclase was also inhibited markedly by both endotoxin 
and radiodetoxified endotoxin.

These results suggest that beyond the other membrane 
effects there is a probability of direct inhibitory ef
fect of endotoxin on the catalytic subunit of adenylate 
cyclase.

Abbreviations: LPS, endotoxin, (E.coli 089, Westphal type); ED-LPS, radio- 
detoxified derivative of endotoxin; Gpp(NH)p, 5 -guanylyl 
imidodiphosphate; (^H)-Gpp(NH)p, (3h )-5 -guanylyl imidodi- 
phosphate; Gs/G^, stimulatory/inhibitory, guanine nucleotide 
binding subunits of adenylate cyclase; Na-EDTA, ethylene 
diamine tetraacetate sodium salt; BSA, bovine serum albumin;| I fSc-cAMP-TME, 2 -0-monosucciny1-adenosine 3 :5 -cyclic mono
phosphate tyrosyl methylester
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IN T R O D U C T IO N

Evidence for specific binding of LPS on the surface of 
cell membranes has not been reported. However, the endotoxin 
has some well defined effects not only on the membrane compo
nents (9) but on some cell functions as well. One of these is 
Its biphasic action on glucose-glycogen metabolism. That means 
an initial hyperglycemia followed by progressive hypoglycemia
(17). The regulation of the glycogen metabolism is controlled

/
by various hormones. Several of them cannot enter into the cell 
so they act via beta receptor-adenylate cyclase complex. This 
complex is composed of the beta receptor, the activator/inhib- 
itor regulatory protein complexes (Gs/Gi, 11) and the catalytic 
subunit itself.

The possible role of receptor-adenylate cyclase system in 
the LPS effects on glucose-glycogen metabolism has been inves
tigated by several laboratories. There is some evidence sug
gesting an endotoxin inhibition of binding of ligands to beta 
receptors (2, 15). LPS inhibited the effects of agonists (nor
epinephrine, isoproterenol) activating adenylate cyclase (EC 
4 .6.1.1) through beta-2 receptors in different cells (20). 
However, contradictory observations were made on the LPS effect 
on the adenylate cyclase part of the complex. Bitensky et al.
(3) and Gimpel et al. (12) found LPS stimulation in their ear
lier investigations, while more recently a marked LPS inhibi
tion was reported by other authors (10, 15, 17).

In our present work it was investigated, whether the endo
toxin activates or inhibits the adenylate cyclase enzyme itself 
as well as which part of the complex (G protein complex or ca
talytic subunit) is involved in this mechanism.

M ATERIALS AND METHODS

(3H)-Gpp(NH)p was the product of Amersham (England). 
Creatinine phosphokinase, phosphocreatinine, 3-isobutyl-l- 
methylxanthine and Sc-cAMP-TME (2'-O-mono-succinyl-adenosine 
3 ' : 5 -cyclic monophosphate tyrosyl methylester) were the 
products of SIGMA Co., St. Louis (USA). Forskolin was purchased 
from CalbiochemR Brand Biochemicals Behring Diagnostics Div. of 
American Hoechst Corp. All other compounds were the products 
(analytical grade) of Reanal Co., Budapest. Goat antiserum
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produced against BSA bound succinyl cAMP was the kind gift of 
Dr. A. Seregi, Budapest.

LPS was prepared by the warm phenol-water method of 
Westphal et al. (28), and RD-LPS by irradiation of LPS with 
150 kGy (8).

1^5л labelled Sc-cAMP-TME was produced in this laboratory 
by the Brooker method (5). The 125j labelled Sc-cAMP-TME was 
free from 125j  ̂and from diiodine derivative. Its specific ac
tivity was about 500 Ci/mmol (18.5 TBq/mmol).

Preparation of plasma membranes. Cells were prepared from 
fresh defatted porcine thyroid gland by mild homogenization in 
STEM buffer with an Ultra Turrax (5000 rpm for 2x20 sec). STEM 
buffer contains 0.35 M saccharose, 1 mM EDTA and 1.0 mM MgCl2 
in 10 mM TRIS-HC1 buffer (pH 7.5). ТЕМ buffer is the same as 
STEM but without saccharose. Nuclei and mitochondria were sep
arated by centrifugation (at 15 000 g for 30 min). The super
natant was centrifugated (at 40 000 g for 30 min) and the 
pellet used as the crude membrane preparation.

Further purification was carried out by saccharose densi
ty gradient ultracentrifugation. Crude membrane preparation 
was overlayered on the top of discontinous, saccharose gradient 
of 40 and 25 per cent saccharose and was centrifugated at 
8 8  000 g for 90 min at 4°C.

Rat liver membrane preparation was started by homogeni
zation of rat liver in 5 volume STEM buffer. The homogenate 
was filtered through 4 layers of gauze and was centrifugated 
at 3 000 g for 20 min at 4°C. The pellet was discarded and 
plasma membrane fraction was prepared in the same manner as in 
the case of thyroid gland. The protein content of samples was 
determined by the Coomassie blue dye method of Bradford (4).

Enzyme assay. Adenylate cyclase activity was measured by 
the method of Brooker et al. (5) with some modifications (26). 
The reaction mixture contained 50 mM TRIS-HC1 (pH 7.5), 5 mM 
MgCl2 , 0.4 mM Na-EDTA, 1 mg/ml BSA, 12 mM creatine phosphate,
1 mg/ml creatine phosphokinase, 0.5 mM 3-isobutyl-l-methyl- 
xantine, 1 mM ATP, 30 yg membrane protein in a final volume of 
100 yl. The reaction was started by the addition of the mem
brane fraction and the mixture was incubated at 30°C for 20 min 
with constant shaking. The reaction was stopped by adding 
500 yl of cold Na-acetate buffer (50 mM pH 4.75). Cyclic AMP 
radio-immunoassay was carried out by the modified method of 
Brooker et al. (5, 26). The assay solution contained 100 yl 
sample or standard, 50 yl of (12*I)-Sc-cAMP-TME (10 000 cpm/ 
assay tube) as the labelled ligand, 150 yl of goat antiserum 
(prepared according to Brooker et al. (5); final dilution 
1:180 000). The range of the cAMP standard curve was between 
0.1 and 25 pmol. After incubation for periods of 18-20 hours 
the bound and free radioactivities were separated by charcoal 
precipitation. The radioactivity was measured in a gamma coun
ter (Gamma Co., Budapest).

(3H)Gpp(NH)p binding assay. The procedure was carried out 
according to Salomon et al. (1975) with some modifications.
The assay solution contained 50 mM TRIS-HC1 buffer (pH 7.5),
5 mM MgCl2 , 0.4 mM Na-EDTA, 0.2 mM 5'-adenylyl imidodiphos- 
phate, (App(NH)p) varying concentrations (10-9 _ ю -6 м) of
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(3H)Gpp(NH)p and 250 ug/ml LPS or RD-LPS as indicated. The re
action was started by the addition of 20 yl membrane prepara
tion (20-30 yg protein), and was carried out in a final volume 
of 200 yl at 30°C for 60 minutes. Equilibrium was obtained 
after 5-6 minutes. The assay was stopped by adding 1 ml of cold 
0.9% NaCl and the plasma membrane bound radioactivity was sepa
rated from the unbound by rapid filtration through Sartorius 
filters (113 07). The filters were washed twice with 1 ml cold 
0.9% NaCl solution, and dissolved in 0.5 ml methyl cellosolve. 
The bound radioactivity of the filter was measured in 5 ml 
toluene-dioxane scintillation cocktail in a Beckman liquid 
scintillation spectrometer. The nonspecific binding was meas
ured in the presence of 2x10“  ̂M unlabelled Gpp(NH)p. The non
specific binding did not exceed the 30% of the total binding at 
near saturation (10-f> M) of Gpp(NH)p and was less at lower con
centrations. All results are prepared with nonspecific binding 
values subtracted from the data.

RESULTS

The important role of GTP in the activation of adenylate 
cyclase via Gg protein complex is well known (11). GTP-ase 
resistant GTP analogues, like Gpp(NH)p can activate adenylate 
cyclase permanently. The effects of endotoxin were studied 
both on the Gpp(NH)p binding kinetics to porcine thyroid gland 
adenylate cyclase and on the Gpp(NH)p activation of the enzyme 
(Fig. 1, 2) . 3The binding activity was measured with ( H)Gpp(NH)p at 
30°C in the presence of App(NH)p (5'-adenylyl imidodiphosphate) 
and the results were analysed on Scatchard plot (Fig. 1) (23).
Neither endotoxin (200 yg/ml) nor its radiodetoxified deriva
tive (200 yg/ml) (8), have any effect on the (^H)Gpp(NH)p 
binding kinetics of the thyroid adenylate cyclase. Both and
В values were nonsignificant in all the cases (Table 1). max

Gpp(NH)p activated the thyroid adenylate cyclase and the 
maximal activation was about 4-5 fold at 10 ® M Gpp(NH)p 
(Fig. 2). LPS (200 yg/ml) caused a marked (40%±6.5) inhibition 
of adenylate cyclase activity. However, the inhibition was 
about the same at all Gpp(NH)p concentrations. cAMP-RIA itself 
was not inhibited by 100yg/ml LPS in the concentration range 
of cAMP standard curve (0.1-25 pmol per assay tubes data are 
not shown).

Moreover, the basal activity of the enzyme (measured 
without any activator) was also inhibited markedly (36%±7.3).
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Fig. 1. Scatchard plot of the (3H)Gpp(NH)p binding to 
porcine thyroid adenylate cyclase.
A: control; B: in the presence of 250 yg/ml LPS; 
C: in the presence of 250 yg/ml RD-LPS (radio- 
detoxified derivative of LPS, 150 KGy, °°Co-gamma 
irradiation).
The (3H)Gpp(NH)p binding was carried out in 
200 yl final volume of ТЕМ buffer (pH 7.5) at 
30°C for 60 minutes (see Methods). Each point 
represents the mean of triplicate determinations.

Similar inhibition of the basal activity of adenylate cyclase 
and activity measured in the presence of Gpp(NH)p and other 
stimulators was found by Ghosh and Liu (10).

The other activator of adenylate cyclase is NaF. NaF ac
tivation of adenylate cyclase was less than that of Gpp(NH)p 
but it was also concentration dependent between 0.5-5.0 mM 
(Fig. 3). The NaF activation of adenylate cyclase was inhibited 
by LPS similarly to the Gpp(NH)p activation.

The inhibition of thyroid adenylate cyclase was followed 
in the range of 50-400 yg/ml concentrations both of LPS and 
RD-LPS (Fig. 4). The activities was measured either without any 
activator or in the presence of 2 mM NaF and the data are ex
pressed as the per cent of control values (measured without 
inhibitor). The inhibitory effect was concentration dependent
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Table 1. Effect of LPS and RD-LPS on (^H)Gpp(NH)p binding 
activity of AC

Kd
(M)

Вmax
(pmol/mg protein)

Control l.OOxlO-7 86.9
(±0.13xl0_7) (±14.8)

+ LPS 1.15xl0-7 83.4
(0.2 mg/ml) ( ±0.31xl0-7) (±22.5)

\
+ RD-LPS 1.63xl0_7 78.3
(0.2 mg/ml) (±0.44xl0-7) (±23.3)

The K, and В values were calculated from the data of Scatchard plots of _ d max
( H)Gpp(NH)p saturation (see Fig. 1). n = 6 
The data are the average ± S.D. from three experiments done in duplicate.

in both cases and we have found a maximal inhibition at 
400 уд/ml concentration of endotoxin. It was about 60%.

Another activator of adenylate cyclase is forskolin, a 
diterpene derived from Choleus forskolii, which activates di
rectly the catalytic part of adenylate cyclase (24).

There was the possibility that the adenylate cyclase pre
pared from thyroid gland could be more or less in activated 
form, therefore rat liver plasma membrane preparation was used 
to measure forskolin activation of adenylate cyclase. Marked 
endotoxin inhibition of forskolin activation (measured at 5 and 
25 yM forskolin concentrations) of rat liver adenylate cyclase 
was found (Fig. 5). RD-LPS also inhibited the forskolin ac
tivation of adenylate cyclase. The inhibition of basal activity 
of rat liver adenylate cyclase by LPS was not significant.
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Fig. 2. Gpp(NH)p saturation curve of porcine thyroid AC.
•: control, A: in the presence of 200 yg/ml LPS. 
The enzyme assay was carried out according to 
Brooker et al. (1979) with some modifications 
(see Methods). The final volume was 100 yl 
20-30 yg of membrane protein was used. Incubation 
was carried out at 30°C for 20 minutes. Each point 
represents two experiments done in duplicates.

Fig. 3. Endotoxin inhibition of NaF saturation of porcine 
thyroid gland adenylate cyclase.
•: control, A: in the presence of 200 yg/ml LPS. 
The enzyme assay was carried out in the same 
manner as it is described in the Methods. Each 
point represents two experiments done in dupli
cates .
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Fig. 4. Concentration dependence of endotoxin inhibitory 
effect on adenylate cyclase LPS (A) and RD-LPS 
(•) effect on basal enzyme activity and on the 
enzyme activity in the presence of 2 mM NaF.
The inhibition is expressed as the percentage of 
the control. Unstimulated (basal): 46.5 pmol 
cAMP/min X mg protein. NaF: 105.3 pmol cAMP/min 
X  mg protein. For details of assay conditions 
see Methods.

DISCUSSION

Our data demonstrate that E.coli endotoxin inhibits both 
the basal activity of adenylate cyclase and the activity of the 
enzyme measured in the presence of Gpp(NH)p, NaF and forskolin. 
Îîowever, we have not found any change in the ( H)Gpp(NH)p bind
ing activity of G subunits.

Many of the damaging effects of endotoxin occurs via 
direct or indirect alterations of functionally active molecules 
(enzymes) of plasma membranes.

Endotoxin itself is composed of different kinds of macro
molecules (lipids, polysaccharides and proteins). The active 
part of endotoxin is the lipid-A, which contains apolar and 
polar moieties and therefore can integrate into the cell mem
brane (19). Lipid-A/endotoxin interaction with the membranes 
can change (decrease) the membrane fluidity and consequently 
can alter several membrane functions (14, 18).
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Fig. 5. Effect of LPS on the forskolin activation of 
rat liver adenylate cyclase. The enzyme assay 
was carried out as for the thyroid adenylate 
cyclase (see Fig. 1. and Methods). Each value 
is the mean of triplicate points of two exper
iments. The mean ±SD are shown.

The beta adrenergic receptor coupled adenylate cyclase is 
a complex of 3 parts of proteins (receptor, Gg and G^ complexes, 
and the catalytic subunit). The cyclase system is an integral 
part of plasma membranes and some physical connections or move
ments are necessary for the stimulation and inhibition of 
adenylate cyclase, therefore the system is sensitive to changes 
of membrane fluidity (7, 21). Utili and coworkers (27) reported 
that rat liver plasma membrane adenylate cyclase is sensitive 
to endotoxin only in its activated form if they used NaF as 
activators. NaF acts somehow through Gg protein complex, but 
its effect differs from that of Gpp(NH)p, which is the direct 
activator of Gg complex. Both NaF and Gpp(NH)p activation de
pend on the membrane fluidity. However, Ghosh and Liu (10)
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found LPS inhibition both of the basal activity of dog liver 
adenylate cyclase and of the activity of the same enzyme meas
ured in the presence of stimulators (Gpp(NH)p, glucagon, iso
proterenol) after in vivo administration of endotoxin. They 
suppose also the role of membrane fluidity in activation/inhi- 
bition of adenylate cyclase Romano and Jones (20) reported that 
only the beta-receptor stimulated adenylate cyclase activity of 
rat myocardium was decreased after in vivo LPS administration.

It was found in this work that forskolin activation of 
adenylate cyclase was also inhibited by both LPS and RD-LPS.

According to Seaman and coworkers (24) forskolin activates 
directly the catalytic subunit of adenylate cyclase, but more 
recently there are several papers (1, 6, 25) reporting more 
complex effects of forskolin on adenylate cyclase. The diterpene 
can activate not only the catalytic subunit of adenylate cyclase 
but complexes of catalytic and Gg or G^ subunits (13).

Nonetheless, the important role of changes in membrane 
fluidity can not be excluded in the inhibitory effect of endo
toxin on the membrane bound adenylate cyclase, our data (i.e. 
the rate of LPS inhibition is the same either in the presence 
of NaF and Gpp(NH)p or without any activator and the fact that 
LPS inhibits forskolin-activated adenylate cyclase as well) 
suggest the possibility of a direct endotoxin inhibition of 
the catalytic subunit of adenylate cyclase.
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SUMMARY
Plasma membrane vesicles were purified from the roots of 
sunflower (Helianthus annuus L. cv. Topflor) by aqueous 
polymer two-phase partitioning. The optimal conditions 
for separation were determined by systematic variation of 
the polymer concentration and salt composition. The phase 
system containing 6 % (w/w) dextran T-500, 6 % (w/w) poly
ethylene .glycol 3350, 250 mM sucrose, 5 mM potassium phos
phate, pH 7.8, without added salts proved to be the best. 
The ATPase activity had a pH optimum at 6.5 and it was 
stimulated by Mg2+, but not by Ca2+. The plasma membrane 
MgATPase activity was inhibited by vanadate but not by 
nitrate, an inhibitor of tonoplast ATPase. Only 10% of 
the microsomal protein was responsible for 36% of the 
total MgATPase activity. Moreover IDPase activity, a 
Golgi marker, appeared to be very low indicating the high 
purity of the preparation.

IN T R O D U C T IO N

For ion uptake processes plasma membrane ATPase are re
garded as essential components in delivering energy to the 
active transport mechanism. A prerequisite for studying PM 
associated events is the access to purification methods of PM 
from various organs and tissues. Phase partitioning separates 
particles according to the surface properties, thus it can be 
readily applied for obtaining pure PM preparations (Larsson,

Abbreviations: CCD, counter-current distribution; IDP, inosine-5'-di
phosphate; MES, 2-(N-morpholino)ethanesulfonic acid; 
MF, microsomal fraction; P̂ , inorganic phosphate; PM, 
plasma membrane; Tris, tris(hydroxymethyl)aminomethane
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1985J Briskin et al., 1987). The upper phase becomes increasing
ly hydrophobie with the increasing polymer concentrations and 
addition of salts creates an electrostatic potential difference 
between the upper and lower phases. Therefore, separation may 
be achieved by varying the polymer concentration and salt com
position of the phase system.

PM of various plant species and their parts, however, may 
differ in the surface properties (Miller et al., 1984; Körner 
et al., 1985), therefore, the composition of the phase systems 
for the purification may also differ (Lundborg et al., 1981; 
Kjellbom and Larsson, 1984; Larsson et al., 1984; Sommarin et 
al., 1985; Sandelius et al., 1986; Bérezi and Möller, 1986,
1987; Memon et al., 1987; Rochester et al., 1987; Robinson et 
al., 1988).

According to our recent knowledge there is no report about 
the MgATPase activity of sunflower roots. The objective of this 
work was to produce pure plasmalemma fraction from the roots 
of sunflower. First, the optimization of the phase system was 
required followed by the characterization of the PM MgATPase.

M ATERIALS AND METHODS

Plant growth. Sunflower seeds were surface sterilized 
with 0.2% (w/v) HgCl2 and 70% (v/v) ethanol solution. The seeds 
were sown in Perlite and the 7-day-old seedlings, 36 plants per 
3.6 L nutrient solution, were transferred to water culture. The 
nutrient solution contained 0.5 mM NaNC>3 , 1 mM Ca(NC>3 )2 » 1 mM 
MgSC>4 , 0.5 mM NaCl, 0.15 mM NaH2P0 4 , 0.15 mM Na2HPC>4 and 0.1 mM 
KC1. Micronutrients were 10 yM Fe (FeEDTA), 10 yM B, 1 yM Mn, 
0.7 yM Mo, 0.5 yM Zn, 0.5 yM Cu, 0.5 yM Si, 0.1 yM Co and 
0.1 yM Al. The nutrient solution was changed twice a week and 
water loss was made up daily with deionized water. Plants were 
grown in a climate chamber (Conviron PGW 36) in 11 hours light 
periods (60 W m“2) for 14 days after the transfer into the 
growth solution. Illumination was from Sylvania fluorescent 
lamps (types F 96 T 12-CW-VHO and F 96 T 12-GRO-VHO-WS). The 
relative humidity was 90%.

Isolation of plasma membrane vesicles. The roots (100 g 
fresh weight) were cut and washed in cold distilled water and 
then homogenized for 3x2 min in 3 volumes of buffer with an 
Ultra Turrax homogenizer (IKA-Werk, Staufen, FRG). The buffer 
contained 250 mM sucrose, 5 mM EDTA, 3 mM cystein-HCl, 1 mM 
dithiotreitol, 1 mM ascorbic acid, 0.5% (w/v) Polyvinylpoly
pyrrolidone and 50 mM Tris-MES, pH 7.5. The 10,000-30,OOOxg 
microsomal fraction (MF) was prepared as described by Bérezi
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and Miller (1986) . 3 ml of MF was added to 13 g phase mixture 
to obtain 16 g aqueous polymer two-phase system of a final com
position of 5.3-6.8 % (w/w) Dextran T-500, 5.3-6.8 % (w/w) poly
ethylene glycol 3350, 250 mM sucrose, 5 mM potassium phosphate, 
pH 7.8 with or without 5 mM salt (KCl, K2 SO4 or KNO3 ). According 
to the batch procedure described by Larsson (1985) the third 
upper phases (U3+U3 ') and the first two lower phases (L2+L2 ') 
were pooled and diluted 5 to 7 fold with 25 mM Tris-MES buffer, 
pH 6.5 containing 250 mM sucrose, and then centrifuged (100,000 
xg for 60 min) to obtain U and L fractions, respectively. The 
final pellets were resuspended in the above buffer and stored 
at -20°C for 24 hours. All steps were performed at 5°C.

A 6-step counter-current distribution, which is an exten
sion of the batch procedure, was also carried out. In order to 
increase the yield and purity of plasma membrane, the first 
upper phase was washed 5 times with fresh lower phase and the 
lower phases was re-extracted, in sequence, with fresh upper 
phases until all lower phases had received an upper phase.
Fresh lower and upper phases were obtained from a bulk phase 
system of identical composition. The contents of the tubes were 
diluted and centrifuged as described above.

Enzyme assays. ATPase activity was determined (Bérezi arid 
M«511er, 1986) in 0.5 ml volume, except that 0.35 ml of 1% (w/v) 
sodium dodecyl sulfate was added to the test tubes to solubil
ize membrane vesicles before the colour development. Basal ATP
ase activity was measured in the presence of 0.1 mM EDTA,
0.1 mM (NH4 )6Mo 70 2 4 , 1 mM NaN3, 3 mM ATP, 25 mM Tris-MES, 
pH 4-9, 250 mM sucrose, 15 yg protein and 0.02% (w/v) Triton 
X-100 and it was substracted from the total activity.

IDPase activity was measured similar to the ATPase meas
urement, in the presence of 3 mM IDP, 3 mM MgS04, 25 mM Tris- 
MES (pH 6.3), 250 mM sucrose, 0.02% (w/v) Triton X-100 and 
15 yg protein.

Membrane proteins were solubilized in 1% (w/v) deoxy- 
cholate and the protein content was determined according to 
Markwell et al. (1978) with bovine serum albumin as standard.

All assays were performed at room temperature (23±2°C) at 
least in duplicate and the experiments were carried out with 
three preparations from independent cultivations.

Chemicals. All chemicals were of analytical grade and 
purchased from Calbiochem-Behring (MES), Fisher Chem. Co.
(Na3VC>4 ) , Fluka (MgS0 4 ), Pharmacia (Dextran T-500), Serva 
(IDP, sucrose, Triton X-100), Sigma (dithiotreitol, polyethyl
ene glycol 3350) and from Reanal (all others used).

RESULTS AND DISCUSSION

Isolation of plasma membrane vesicles
Crude preparation of plasma membrane from the plant mate

rial (not purified by phase partitioning) is required for the 
determination of the optimal composition of the phase system. 
Phase systems of different compositions were tested with spe-
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cial interest of the effect of the polymer concentration. The 
polymer concentrations were varied from 5.3-6.8 %. Above the 
concentration of 6.5% the upper phase contained very small 
amount of protein. The protein content of the upper phase in
creased while the specific activity of MgATPase decreased with 
decreasing polymer concentrations. Therefore polymer concentra
tion of 6.0 and 6.5% had been chosen. Addition of salts to the 
phase systems creates an electrostatic potenciál difference 
between the upper and lower phases when the ions have different 
affinity to the phases. For example phosphate and sulphate ani
ons have a stronger affinity to the dextrane-rich lower phase 
than K+ and Na+ creating a "positive" upper phase, while mono
valent anions (Cl and N0^ ) have an opposite effect and create 
a "negative" upper phase (Larsson, 1985). Even if all biologi
cal membranes are negatively charged at neutral pH, their net 
(negative) surface charge density may differ.

In the case of the plasma membrane preparation from sun
flower root the presence of phosphate (without any added salt) 
and sulphate were more favourable than the monovalent anions 
(Table 1). The highest ATPase activity was measured without 
added salt in the phase system containing 6 % (w/w) dextran 
T-500, 6 % (w/w) polyethylene glycol 3350, 250 mM sucrose and 
5 mM potassium phosphate, pH 7.8. For further work this phase 
system was used.

Counter-current distribution is an extension of the batch 
procedure (Larsson, 1985). MgATPase activity and protein con
tent (Fig. 1) were detected by CCD of 6 steps. The highest K+- 
stimulated and vanadate-sensitive MgATPase activity was meas
ured in the sixth tube and the protein content was also higher 
than in the fifth fraction.

The reproducibility of the growth and isolation procedures 
and the activities tested are shown in Table 2. The recovery 
(in U + L) of the proteins and MgATPase activities after phase 
partitioning were 6 6 % and 70%, respectively.
Properties of the plasma membrane preparation

The basal ATPase activity tested in the presence of azide 
and molybdate, inhibitors of mitochondrial ATPase and acid
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Table 1. Protein content and MgATPase activity of plasma 
membrane prepared by phase systems of various 
composition

Phase systems contained 5 mM potassium phosphate buffer, 
pH 7.8, 6.0 or 6.5% (w/w) dextran and polyethylene glycol 
3350 and with or without (-) 5 mM salt (KCl, K2SO4 or 
KNO3). The MgATPase activity was measured as described 
in Materials and Methods with 3 mM MgS04 at pH 6.3. 
Protein contents and MgATPase activities are expressed 
in percent of the microsomal fraction.

Concentration 
of polymers

Salt
additions Protein MgATPase

(% (w/w)) (5 mM) (%) (%)

6.5 - 5.3 35.2
KC1 2.3 3.0

6.0 - 8.1 49.1
KC1 4.6 19.3
K2 s o 4 4.8 28.9
KN0 3 4.5 10.9

2 +phosphatases, was very low. Mg caused activation, while 3 mM
2+ 2+Ca was not efficient (Fig. 2). In the presence of Mg the

maximum MgATPase activity occurred at pH 6.5 consistently with
the values (pH 5.5-7.5) reported for plasma membrane MgATPase
from other plant sources (Sze, 1985; Mills and Hodges, 1988)
Nagao et al., 1987).

К had a stimulatory effect on the MgATPase activity. As 
an inhibitor of tonoplast MgATPase (Sze, 1985), N0^ had no 
effect since 50 mM KNO^ and 50 mM KC1 resulted in the same 
activity or more at higher pH values KNO^ caused higher 
MgATPase activity.

Vanadate-sensitive MgATPase is correlated with the plasma 
membrane (Gallagher and Leonard, 1982), the MgATPase activity 
of our preparation definitely decreased in the presence of 
0.2 mM vanadate (Fig. 2).
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Fig. 1. Counter-current distribution (CCD) of the micro
somal fraction from sunflower roots. The phase 
system contained 6 % dextran T-500, 6 % polyethyl
ene glycol 3350, 250 mM sucrose, 5 mM potassium 
phosphate buffer, pH 7.8. Symbols represent: 
protein content (x); ATPase activity in the 
presence of 3 mM Mg (■); 3 mM Mg and 50 mM KC1 
(•) ; 3 mM Mg and 0.2 mM Na3VC>4 (A) . Reaction 
conditions are same as in Table 1.

Latent IDPase activity is often used as a marker for mem
brane of the Golgi apparatus. IDPase activity of our prepara
tion was very low, about 10% of the MgATPase activity.

K+ stimulated and vanadate inhibited the MgATPase activ
ity which was measured in the presence of azide and molybdate, 
inhibitors of mitochondrial MgATPase and acid phosphatases, 
respectively. The IDPase activity, specific of Golgi membrane,



Szabó-Nagy et al.: Plasma Membran Purification 209

Table 2. Some characteristics of the PM preparation obtained 
by aqueous polymer two-phase partitioning
The phase system contained 6% dextran T-500, 6% polyethylene 
glycol 3350, 250 mM sucrose, 5 mM potassium phosphate buffer, 
pH 7.8. Data are means ±S.D. of three preparations of inde
pendent cultivations.

was very low. N0^ , an inhibitor of tonoplast MgATPase, had no 
inhibitory effect on either pH.

These results suggest that the measured MgATPase activity 
in the preparation is associated with the plasma membrane and 
not due to contamination with other membranes mentioned before. 
Summarizing the results, a good composition of phase system 
can be suggested for purification of pure PM from sunflower 
root.

Yield of protein in MF
(yg protein per g fresh weight of roots) 456 ± 62

Recovery (in % of MF) after phase partition of
protein in L 56 ± 9

in U 1 0 + 2
MgATPase activity (pH 6.3) in L 34 ± 14

in U 36 ± 13
Specific activity (in nmol mg  ̂min )̂ of

IDPase (pH 6.3) in MF 28 ± 12
in L 25 ± 11
in U 17 ± 7

MgATPase (pH 6.3) in MF 47 ± 10
in L 28 ± 12
in U 164 ± 25
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Fig. 2. The effect of pH on the MgATPase activity of PM 
purified from the MF of sunflower roots. Basal 
ATPase activity (x) was tested in the presence 
of 0.02% Triton X-100, 15 Ug protein, 250 mM 
sucrose, 25 mM Tris-MES (pH 3-9), 3 mM ATP,
1 mM NaN3, 0.1 mM EDTA and 0.1 mM (NH4 )5M0 7 O2 4 . 
Activities in the presence of 3 mM MgSC>4 (■) ;
3 mM Ca(NO3 )2 (D); 3 mM MgS0 4 and 50 mM KCl (o) 
3 mM MgSC>4 and 50 mM KNO3 (•) ; 3 mM MgS04 and 
0.2 mM Na3V04 (A) were tested. Similar results 
were obtained in 4 independent preparations.
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SUMMARY
Microtubule protein, isolated from porcine brain by 

temperature-dependent assembly-disassembly cycles, was labelled with 
two types of nitroxide spin labels, maleimide and isothiocyanate. 
Labelling was performed either in depolymerized or polymerized form 
of the protein. Electron paramagnetic resonance spectroscopic 
measurements revealed 34 ns rotational correlation time of the 
labels in disassembled microtubule protein which corresponds most 
likely to the rotational motion of the subunits. Upon
polymerization, changes in the rotational dynamics of microtubule 
protein occurred in the temperature range of 20-30°C. Polymerization 
process was revealed as a transition between two states, one 
characterizing the tubulin in its monomeric form and the other the 
polymeric form. In the temperature range of 20-30°C, both forms 
(monomer-polymer) of tubulin were observed. Very slow rotational 
motion in the millisecond time range was detected in microtubule 
pellet. Orientation dependence in the distribution of spin labels in 
macroscopically oriented microtubules was not found.

INTRODUCTION

The microtubular system is a highly conservative and very 
characteristic structure of eukaryotic cells. Electron and light 
microscopic observations, especially those obtained in combination with 
immunohistochemical methods revealed fine details of the structure of 
microtubules in different cell types and their alterations in the same 
cell during the cell cycle (DeBrabander et al., 1977; McIntosh, 1979; 
Osborn, Weber, 1976a and b; Schliwa et al., 1978; Weber et al., 1975).
Abbreviations: EGTA, ethyleneglycolbis-(aminoethylether) tetra- 
acetic acid;
EPR, electron paramagnetic resonance;
GTP, guanosine-5'-triphosphate;
MES, 3(N-Morpholino) ethanesulphonic acid
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In vitro studies proved that the microtubules are built up of polymers of 
tubulin and a large number of well defined proteins associated to micro
tubules (Luduena, 1979; Luduena et al., 1977; Murphy, Borisy, 1975; 
Weingarten et al., 1975; Wiche, 1985).

Concerning the role of microtubules in the living cell, a wide 
variety of functions have been attributed to them (Dustin, 1984; Roberts, 
Hyams, 1979; Soifer, 1986). Nevertheless, in spite of the enormously 
growing information about microtubules, the functions attributed to them 
are very far from being understood. It is accepted, that the 
understanding of the cellular processes in which microtubules are 
involved relies not only on our knowledge of the structure, structural 
modifications, and spatial arrangement of microtubules, but also on their 
dynamic aspects on which more and more emphasis has been put in the last 
decade .(Soifer, 1986).

Several approaches have been made to understand the dynamics, 
motional characteristics of microtubules and their components on 
different time scales. In in vitro kinetic studies, the change in the 
ratio of tubulin in monomeric form and in polymerized form has been 
measured as the function of time (Barton et ál., 1987; Carlier, 
Pantaloni, 1981; Gal et al., 1986; Johnson, Borisy, 1977; Martin et al., 
1987; Zackroff et al., 1980). With the application of fluorescent 
labelling techniques, the direct visualization of microtubules, of their 
length and spatial distribution has become possible both in vitro and in 
vivo (Keith et al., 1981; Kristofferson et al., 1986; Sammak, Borisy, 
1988; Saxton et al., 1984;. Travis et al., 1980; Wadsworth, Sloboda, 
1983). These time-resolved fluorescent technologies described the 
temporal changes in microtubules with correlation time of several 
seconds. These observations gave an insight to the actual dynamism of 
microtubules with the great advantage of visualizability, although they 
did not provide information and parameters of the motional 
characteristics (e.g. rotational motion) within microtubules at the 
molecular level. EPR spectroscopy after spin labelling has been 
successfully applied for the studying of such characteristics of 
different proteins including actin and myosin (Belágyi, Gróf, 1983; 
Mossakowska et al., 1988) and offers a choice for the investigation of 
the dynamic aspects of microtubules at the molecular level. The 
understanding of the motional characteristics of microtubule subunits and
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the changes in these characteristics during the association of the 
subunits and the microtubules themselves may be important in the precise 
knowledge of the cellular processes mediated by microtubules.

In our experiments we studied the molecular dynamics of microtubule 
protein by EPR spectroscopy after spin labelling in the conventional and 
saturation transfer (ST) time domains. Our primary aim was to investigate 
whether spin labels can be bound to the microtubule protein and to reveal 
the parameters of rotational motion within our samples. Measurements were 
also performed during and after the association of the subunits and 
microtubules themselves; during and after polymerization, and in micro
tubule pellet.

It was concluded that the spin labels bind to microtubule protein 
and it is possible to follow the polymerization process by the spin label 
method.

MATERIALS AND METHODS

1. Preparation of microtubule protein
Microtubule protein was prepared from fresh porcine brain by assembly- 

disassembly cycles performed at 37°C and 0°, respectively (Shelanshi et 
al., 1973). Homogenization and disassembly were performed in buffer 
containing 0.05 M MES (SIGMA), 1 mM EGTA (SERVA), and 0.1 mM GTP (Reanal, 
Budapest), pH 6.9 (homogenization buffer, HB). For inducing assembly, the 
following substances were added to the buffer: 1 mM GTP, 1 mM MgCl2 , and 
30 % (v/v) glycerol. The protein was stored at -20°C overnight, or in 
liquid nitrogen for longer periods of time. For the spin labelling 
procedure microtubule protein purified by three assembly-disassembly 
cycles was used.

2. Spin labelling of microtubule protein
For the spin labelling of the thiol or amino sites of the microtubule 

protein we used either maleimide (4-maleimido-2,2,6,6-tetramethyl- 
piperidinoocyl) or isothiocyanate(A-isothiocyanato-2 ,2 ,6 ,6-tetramethyl- 
piperidinooxyl) spin labels (SIGMA). The spin labels were solubilized in 
one drop of 96 % ethanol, then 2 ml of HB solution was added. The 
labelling was done at a label/protein ratio of 3 moles/100.000 g protein. 
The protein concentration was varied between 5-10 mg/ml. The samples of
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microtubule protein were spin labelled in two forms: 
jä Spin labelling of disassembled microtubules

The spin label solution was mixed with the cold 100.000 g supernatant 
of the third assembly-disassembly cycle. The labelling procedure was done 
by rotating the sample at 0°C over ice usually for one hour. To determine 
whether the probe molecules were bound to the protein, continuous EPR
control was made. To separate the unbound spin label molecules, the
protein sample was dialyzed overnight against HB solution at 0°C.
Ja Spin labelling of assembled microtubules.

The cold 100.000 g supernatant of the third assembly-disassembly cycle 
was incubated at 37° for 30 minutes in buffer solutions favouring the 
assembly of the protein. The spin label solution was then added to the
sample. The spin labelling was done at 37°C usually for 1 hour. The
binding of the spin labels was controlled by EPR measurements. The 
labelled microtubule protein was sedimented at 100.000 g for 30 minutes 
at 25°C. The pellet was resuspended in 1 ml/g cold HB solution and gently 
homogenized with a glass homogenizer on ice. The homogenate was 
centrifuged again at 100.000 g for 30 minutes at 0°C, and the supernatant 
was used for the EPR measurements. 3

3. EPR measurements
The EPR spectra were recorded with an ERS 220 (ZWG, GDR) x-band 

spectrometer. For measurements, the protein sample was placed in the 
special flat cell of Zeiss. The magnetic field was controlled by a 
nuclear magnetic resonance magnetometer (MJ-110 R Radiopan, Poland). The 
measurements were performed under the following conditions:
£  Conventional EPR measurement

The measurements were done at 100 kHz modulation and 20 mW microwave 
power. Usually 0.2 mT field modulation was used and spectra were taken 
with 13 min scan time and 0.2 s time constant.
Ja Temperature-dependent EPR measurements

The conventional EPR spectra of three times cycled microtubule protein 
labelled in assembled form were recorded in a temperature range of 0- 
37°C. The temperature of the cell was set by a temperature controller 
(ZWG, GDR) coupled to the spectrometer. For the measurement of the 
temperature, we used a digital thermometer which was inserted into the 
cavity immediately over the sample. The temperature was raised from 0°C
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to 37°C by 5-steps. At each temperature, conventional EPR spectra were 
taken.
£  Saturation transfer EPR measurements

Second harmonic out-of-phase spectra of three times cycled spin 
labelled microtubule pellets were recorded with 50 kHz field modulation 
(0.5 mT amplitude) and detection at 100 kHz out-of-phase. The microwave 
power was 85 mW which corresponds to an average microwave field amplitude 
of 0.025 mT in the central region of the flat cell (Fajer, Marsch, 
1982).
£ Determination of orientation-dependence of the attached probe molecules 

The microtubule sample from the 100.000 g pellet was smeared in one 
direction on the surface of the flat cell with a thin glass rod. This 
direction was set either parallel or perpendicular to the laboratory 
magnetic field. The EPR spectra were recorded in both positions.

4. Protein assay
Protein concentration was measured by the Lowry method (Lowry et al., 

1951) or by the absorption at 280 nm. For calculation of the
concentration an extinction coefficient of 0.72 ml.mg-1.cm-1 was used 
(Kirschner et al., 1974).

5. Electron microscopy
The electron microscopic morphology of microtubules was examined 

either by negative staining or in thin sections after embedding. Samples 
for negative staining were mounted on carbon coated grids and stained 
with 2 % uranyl acetate. Thin sectioning was performed in the case of 
100.000 g pellets. Samples were fixed in 2.5 % glutaraldehyde and
0.2 % tannic acid, and postfixed in 1 % OsO^. The fixed samples were 
embedded in Araldite after dehydration, and sectioned in an LKB 2088 
ultramicrotome with a diamond knife (DuPont Instruments). The sections 
were picked up on carbon coated grids and stained with 1 % КМпОд and lead 
citrate (Reynolds, 1963). Observations were performed with a JE0L 100 C 
electron microscope. Electron micrographs of negatively stained and thin 
sectioned microtubules are seen in Fig. l.a. and b., respectively.

6 . SDS-polyacrylamide gel electrophoresis
The protein composition of our samples was determined by SDS-
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polyacrylamide gel electrophoresis according to the method of Laemmli 
(Laemmli, 1970). Gels of 10 % acrylamide concentration were used. Typical 
electrophoretic patterns of cold 100.000 g supernatant and microtubule 
pellet are seen in Fig. l.c.

RESULTS

1. Characterization of the labelled sites in microtubule protein
Disassembled microtubule protein could be labelled with both maleimide

and isothiocyanate in 1 hour to an extent suitable for EPR measurements. 
A longer time for labelling was rarely necessary. In these occasions, we 
continued the labelling for another hour. Fig. 2 shows the spectra of 
three times cycled microtubule protein labelled with maleimide (NEM) and 
isothiocyanate (ITC) at 0°. As shown in the EPR spectra, a substantial 
amount of both maleimide and isothiocyanate probe molecules were 
immobilized to the protein. However, a smaller fraction of the spin 
labels (about 10 % of the total absorption) were attached to weakly 
immobilizing sites. The distance of the outermost extrema (arrows) 
corresponds to the hyperfine splitting constant (2A'zz) on the basis of 
which a rotational correlation t i m e ( T 2 ) of 34 ns was calculated for the 
maleimide-labelled microtubule protein. The spectral parameters were 
6.762 mT (NEM label) and 6.681 mT (ITC label), respectively. The 
reproducibility of the measurements was 0.03 mT.

For the calculation, the rigid limit of actin as a globular protein 
similar to tubulin in size was used (Belágyi, Gróf, 1983). The rotational 
correlation time calculated is reasonable for a protein of 50 kDa 
molecular weight and reflects that the labels were rigidly attached to 
the protein or a larger domain of it.

After polymerization of the maleimide-labelled microtubule protein 
in solution containing 1 mM GTP, 1 mM MgCl2, and 30 % (v/v) glycerol at 
37°C for 30 minutes, and centrifugation with 100.000 g for 30 minutes at 
25°C we did not obtain any pellet. This finding suggests that the 
assembly of tubulin did not take place after thiol site modification.

2. Temperature-dependence of EPR spectra
To examine whether there was any change in the molecular dynamics of 

microtubule protein during polymerization, we made EPR measurements at
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Fig. 1. Electron micrographs o f negatively stained (a) and thin sectioned (b) microtubules, 
m agnification 91.000X . (a) M icrotubules polymerized for 30 minutes in a medium containing  
1 m M  G TP, 1 raM MgCl», and 30% (v/v) glycerol in HB solution were negatively stained with 
2 %  uranyl acetate, (b) M icrotubules o f  100.000 g pellet fixed with 2.5% glutaraldehyde and 
0.2% tannic acid, postfixed in 1 % O s0 3 thin sectioned, and stained with 1 %  K M n 0 4 and lead 
citrate (Reynolds, 1963) (c) Coom assie Brillant Blue stained SDS-polyacrylam ide gels o f  the 
proteins in the cold 100.000 g supernatant (Am os, 1979) and microtubule pellet (Barton e t al., 
1987) o f  twice-cycled microtubule protein. The major protein band is that o f tubulin. H igh- 
m olecular-weight microtubule associated proteins 1 and 2 (HM W  M APs 1 and 2) can be seen 
at the top o f the gel. Tau protein appears as a set o f  polypeptides in the molecular weight-range 

of 55.000-62.000 (Cleveland et al., 1977)
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Fig 2. Conventional EPR spectra of three times 
cycled microtubule protein labelled with 
maleimide (NEM) and isothiocyanate (ITC) 
at 0°C. The outermost extrema are designated 
with arrows. The distance between the extrema 
corresponds to the hyperfine splitting 
constant (2A'ZZ) which was 6.762 mT and 
6.681 mT for NEM and ITC labels, respectively.

different temperatures. Specific parameters of the EPR spectra were 
evaluated. Changes in the hyperfine splitting constant 2A'ZZ and the 
ratio of the first two peaks (£ and Jd, see Fig. 7) were followed. Fig. 3 
shows the change of 2A'zz in the function of temperature (continuous 
line). 2A'ZZ decreased from 0° until 20 °C, a plateau appeared between 20 
°C and 30 °C, then it started to decrease again. The change of b/a ratio 
as a function of temperature showed a similar tendency but in the 
opposite direction, and the standard deviation was much larger (Fig. 4); 
the plateau appeared between 18 °C and 22 °C.
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Fig 3. Change of the hyperfine splitting constant 
(2A'7Z) of NEM-labelled microtubule protein 
in trie function of temperature (continuous 
line). 2A'ZZ is expressed as relative values 
in ratio to 2A'ZZ (0°C) which was taken 
as 100. Thus the curve represents a deviation 
of 2A'ZZ from 2A'ZZ (0°C). The split lines 
are hypothetical curves corresponding to 
samples consisting entirely of either subunits 
(lower curve) or polymer (upper curve).

3. EPR measurements of microtubule pellets
100.000 g pellets of microtubule protein spin labelled in assembled 

form were investigated. By conventional EPR measurements we could record 
spectra which were very similar to those obtained on cold microtubule 
protein solutions. The conventional EPR spectra of microtubule pellets 
labelled with maleimide and isothiocyanate probe molecules are seen in 
Fig. 5. The 2A'zz spectral parameter was 6.787 mT (NEM label) and
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6.727 mT (ITC label), evidencing an increased immobilization of the 
attached labels in polymerized form of the microtubule protein. Due to 
intermolecular interaction the amount of labels in weakly immobilized 
state was reduced.

b/a

Fig 4. Change of the ratio of the first two peaks
(â  and b̂, see Fig. 7) of conventional EPR spectra 
in the function of temperature. The continuous 
line represents the measured values, while the 
split lines are hypothetical curves corresponding 
to samples consisting entirely of either subunits 
(upper curve) or polymer (lower curve).

To investigate molecular motion in slower motional time range, 
saturation transfer EPR measurements were carried out. Our result on ITC- 
labelled protein is shown in Fig. 6 . The ratio of the amplitudes of L1' 
and L peaks (L''/L) was 1.182 which corresponds to an apparent rotational 
correlation time ( T 2) of 1000 ps. For the calculation, the calibration 
curve of Thomas et al. (1976) was used.
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Fig 5. Conventional EPR spectra of microtubule 
pellets labelled with maleimide (NEM) and 
isothiocyanate (ITC) labels. The hyperfine 
splitting constant (2A'ZZ) was 6.787mT and 
6.727mT in case of NEM and ITC, respectively.

Fig 6 . Saturation transfer (ST) EPR spectrum of ITC- 
labelled microtubule pellet. The L"/L ratio 
(1 .10) corresponds to an apparent rotational 
correlation time (x2) °r 1000/js according 
to the calibration curve of Thomas et al. (1976).
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4. Orientation-dependence of EPR spectra
We investigated whether the distribution of the attached spin labels 

shown any preferred orientation, and what the relation of this 
orientation is to the longer axis of microtubules. To reveal this, we 
made an attempt to orient the spin labelled microtubules by smearing the 
microtubule pellet in one direction with a thin glass rod. Then we 
recorded EPR spectra after setting this direction either .parallel or 
perpendicular to the magnetic field. This attempt for orienting 
filamentous structures was taken 'from the methodology of experiments with 
actin (Burley et al., 1971). Although it is quite successful in the case 
of actin, the effect was not so prominent in the case of microtubules. 
Fig. 7 shows the EPR spectrum of three times cycled microtubule pellet 
labelled with maleimide before orientation of the microtubules (randomly 
oriented microtubules). In the case of preferred orientation of the 
spin labels with respect ot the longer axis of microtubules, we would 
expect a change in the ratio of the amplitudes of £.and b̂ peaks when 
recording the spectra in the different positions. EPR spectra taken in 
parallel and perpendicular positions are seen in Fig. 8 . We observed no 
or very little difference between the ratios of the amplitude of the 
peaks in the two orientations.

Fig 7. Conventional EPR spectrum of NEM-labelled 
microtubule pellet before orientation of 
microtubules. The ratio of the amplitudes 
of a and peaks were examined in parallel 
and perpendicular settings after macroscopic 
orientation of microtubules.
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I I 1

a b

Fig 8. The first two (a and b) peaks of conventional 
EPR spectra of TÎEM-laelled microtubule pellets 
recorded in parallel (a) and perpendicular (b) 
settings (in relation to the laboratory magnetic 
field). No change was detected in the ratio of the 
two peaks in the different settings.

DISCUSSION

The EPR spectroscopy utilizing spin labelling gives information 
about the dynamical features of the probe molecule and, since the 
molecular motion of the spin label is very much influenced by its 
environment, the method may give information about the molecular 
dynamical features of the probe molecule's environment, too.

In our experiments, it was found that the probe molecules were 
tightly bound to the microtubule protein. However, it should be noted 
that the samples were mixture of mainly tubulin and microtubule 
associated proteins (see electrophoretic pattern in Fig. l.c). This 
somewhat limits us in assigning special rotational characteristics to a 
given protein, even though the predominant component of our samples was 
tubulin. Thus, we may only suggest that the molecular motions 
characterized by the measured parameters proceeded from microtubule 
protein. According to our spectra, two populations of spin labels were 
detected after the spin labelling procedure. The larger population 
(90 % of the total absorption) showed strong immobilization on the 
conventional EPR time scale, whereas the smaller one (10 % of the total 
absorption) is due to mobile probe molecules. The immobilized spin labels
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correspond to the ones that are tightly bound to a large protein domain, 
and the mobile ones are bound very likely to side chains with a high 
rotational mobility.

□ur results, that the labelling with maleimide analogue, an SH- 
directed spin label, inhibited the polymerization of tubulin, support the 
data of Mann et al. (1978) and emphasize the importance of some reactive 
SH groups in the assembly of tubulin. Very likely, the polymerization 
makes these SH groups unavailable for binding of the probe molecule, 
thus, by labelling the polymer form, the inhibition of assembly is 
successfully avoided. This is the protocol for labelling of tubulin with 
fluorescent dyes, too (Wadsworth, Sloboda, 1982).

The rotational correlation time of 34 ns calculated on the basis of 
the hyperfine splitting constant of the spectra of maleimide-labelled 
microtubule protein falls within the range of intermediate and slow 
motion. The range of intermediate and slow motion is characterized with a 
correlation time (t ) of 3x10“^<t<2x10_^s . The calculated rotational 
correlation time describes most likely the rotational motion of the 
subunits (or their large domain) of microtubules. Using the 2A'ZZ 
parameter of the protein pellet as rigid limit for the estimation of the 
rotational correlation time, we obtained a larger value for x. It 
suggests that a change in the polarity of the environment of the attached 
labels cannot be excluded during polymerization.

The polymerization of tubulin has been studied by a wide variety of 
methods (Bordas et al., 1983; Gaskin et al., 1974; Hinz, Timasheff, 1986; 
Olmsted, Borisy, 1973; Sutherland, Sturtevant, 1976) and concluded that 
the interaction of the subunits takes place during polymerization. By the 
spin label method, we were able to follow changes in the rotational 
dynamics of microtubule protein during polymerization. The overall 
decrease of the hyperfine splitting constant (2A'zz) (Fig. 2) seems to be 
due to the elevation of the temperature. The interesting part of the 
curve is in the temperature range of 20-30 °C. According to Bordas et al. 
(1983) between 20-25°C the nucléation, and between 25-30°C the 
microtubule growth occur. It seems likely, that two types of rotational 
motion were detected by us. The first one was the rotational motion of 
the microtubule subunits, and the second one corresponded to the 
microtubules, or rather certain domains of microtubules twisting 
independently from the neighbouring domains. Both motions become faster
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at higher temperatures. Polymerization of microtubules followed by EPR 
spectroscopy was thus revealed as a transition between these two types of 
rotational motion. Since during nucléation and microtubule growth there 
was a mixture of subunits and polymers, the superposition of two spectra 
were detected, and the standard deviation of 2A'ZZ was high due to the 
variations of the two forms in time. The change of b/a ratio is harder to 
interpret. This ratio might be proportional to the ratio of the amount of 
mobile and immobile spin labels, and a change in the ratio would mean a 
transition between the two populations of the probe molecules. Our result 
showed that there was little difference between the Jb/a ratios 
corresponding to the subunits and the polymer at varying temperature. It 
seems that the temperature-induced mobilization was more pronounced than 
the polymerization-induced immobilization, but the difference is not 
significant.

The interaction of microtubules may take place via microtubule 
associated proteins, although this is debated (Langford, 1983; Sato et 
al., 1988). The interaction between microtubules is more probable when 
they are close to each other and are parallelly arranged. This was 
induced by pelleting the microtubules. In the 100.000 g pellets of ITC- 
labelled microtubules, we were able to detect very slow motion in the 
millisecond time domain. For the very slow motion, the interaction of 
microtubules, either by microtubule associated proteins or by weak inter- 
filamental forces arising between the parallelly arranged microtubules, 
might be responsible. It is known from electronmicroscopic observations 
that the average length of the microtubules is about 5 ym (for detailed 
information about the dimensions of microtubules, see 1.9), therefore the 
end-over-end motion of the microtubules could be excluded. It might be 
assumed that the rotational or twisting motion of a large domain 
consisting of several subunits was reflected in the ST EPR spectra.

Unfortunately, we did not find orientation-dependence of the probe 
molecules. Orientation-dependence would appear only if the molecular z_ 
axis of the spin labels were nearly parallel to the long axis of 
microtubules (the molecular z axis of the spin label is defined to 
coincide with the 2pir orbital of the unpaired electron). In the case of a 
spin labelled polymer, orientation-dependence rises if the molecular z 
axis of the probe molecules are arranged either parallel or perpendicular
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to the longer axis of the polymer. In the case of microtubules, an 
arrangement of the spin labels perpendicular to the longer axis of 
microtubules does not necessarily give rise to orientation-dependence, 
because microtubules are not only linear polymers but there is dlso a 
helical arrangement of the subunits which is accompanied by a probably 
disordered arrangement of the subunits which is accompanied by a probably 
disordered arrangement of the spin label binding-sites on them. In this 
super helix, no preferred distribution of the individual binding sites 
are expected. The experiments supported this view. Our result suggests 
only that the orientation of the spin labels is not parallel to the 
longer axis of microtubules, but does not give hint about the actual 
orientation of the probe molecules.

In summary, according to our experiments, both the maleimide and the 
isothiocyanate spin labels could be successfully bound to microtubule 
protein, the rotational correlation time of the microtubule subunits was 
34 ns. The assembly of microtubules was also followed by the EPR method, 
the polymerization appeared as a change in the hyperfine splitting 
constants of the subunits and the polymer in the temperature range of 20- 
30 °C. The distribution of the spin labels did not show any orientation-
dependence. Even in microtubule pellet form, significant rotational 
motion of the proteins could be detected which might have significance in 
the cellular processes. Although this labelling method lacks the 
advantage of visualizability, it gives an insight to the dynamics within 
the microtubule at molecular level.
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SIMtoRY
In the present study the effect of phosphorylation of skeletal 

muscle myosin light chains on the interaction between myosin and 
actin has been investigated.

The actomyosin ATPase activities were determined for synthetic 
actomyosins formed from either phosphorylated or non-phosphorylated 
myosin and pure actin, with the help of the luciferin-luciferase 
system. The contractile properties of our preparations were simul
taneously studied by the superprecipitation model. Phosphorylated 
form of myosin had lower actin-activated ATPase activity at
particular conditions studied. In agreement with this, super-
precipitation of phosphorylated actomyosin was delayed. On the basis 
of these results one can expect that phosphorylation of myosin light 
chains modulates contractile properties of intact skeletal muscle.

INTRODUCTION

In the course of phylogeny various forms of the regulation of 
muscular function have evolved. One is based on the conformational changes 
of myosin, the other is the actin-based regulation manifest through the 
troponin-tropomyosin system (Adelstein, Eisenberg, 1980; Bagshaw, 
Kendrick-Jones, 1979; Collins et al., 1977; Kendrick-Jones et al., 1976; 
Perry, Cole, 1974; Seidel, 1978). In some types of the muscles of some 
particular animal species there is multiplex, multifactorial regulation of 
muscular function (Adelstein, Eisenberg, 1980; Ebashi et al., 1982). In 
general, the conditions for both the myosin- and the actin-based 
regulation systems are present in the various muscles. In the case of a 
particular muscle one can encounter the predominance of either one or the

Akadémiai Kiadó, Budapest



other type of regulation, whereas to the other, non-dominant system, also 
present in the muscle, only a modificational role can be attributed 
(Adelstein, 1982; Murray et al., 1980).

In the myosin-based regulation the primary factor is the state of the 
calcium level affecting the regulatory proteins however. According to some 
assumptions, however, processes of phosphorylation may also have a role in 
the regulation (Adelstein, Eisenberg, 1980; Bagshaw, Kendrick-Jones, 1979; 
Trotter, 1982).

The phosphorylation of myosin plays a primary role in the regulation 
of the contraction of smooth muscles (Adelstein, Eisenberg, 1980; Collins 
et al., 1977; Craig et al., 1983; Mrwa, Hartshorne, 1980; Stull et al., 
1980a). A number of authors suppose that the course of muscular 
contraction can also be altered by the phosphorylation of the myosin in 
the skeletal muscles, the exact role of myosin phosphorylation in the 
regulation of the skeletal muscle has not, however, been fully cleared 
(Frederiksen, 1980; Kakol et al., 1982; Manning, Stull, 1982; Michnicka et 
al., 1982; Pemrick, 1980; Perry, 1979; Stepkowski et al., 1985a; 
Stepkowski et al., 1985b; Stull et al., 1980a; Stull et al., 1980b).

With these considerations the effect of myosin phosphorylation on the 
ATPase activity of skeletal muscle myosin, on the actin-myosin 
interaction, and on the function of the actomyosin system has been 
investigated.
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MATERIALS AND METHODS

The back muscles of New Zealand rabbits of 2-2.5 kg weight were used 
for preparation of phosphorylated and non-phosphorylated myosins. Both 
forms of myosin were obtained according to Stepkowski et al. (1985b). This 
procedure involves endogenous enzymes - kinase and phosphatase of myosin 
light chains - present in crude myosin extracts. Crude myosin solution was 
incubated for 20 min at room temperature with 0.5 M KC1, 20 mM phosphate 
buffer (pH = 8.0), 5 mM ATP, 12.5 mM MgCl2 , 0.1 mM CaCl2 and 0.5 M KC1,
20 mM Tris-acetate buffer (pH = 8.0), 1 mM EGTA, 12.5 mM MgCl2 for
phosphorylated and non-phosphorylated myosins, respectively. Each type of 
myosin was then purified further, as described previously by Stepkowski et 
al. (1985b). The purity of preparations obtained in such way was 
controlled by SDS-PAG electrophoresis according to Weber and Osborn
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(1969). The extent of phosphorylation of LC2 was checked by urea-PAG 
electrophoresis (Perrie, Perry, 1970). For the identification of the 
phosphorylizing protein component of the myosin the autoradiogram was 
taken from SDS-PAG electrophoretogram of myosin phosphorylated by [y- 
pj ATP of 1.85 X lO^Bq/ymol specific radioactivity (Gould et al., 1972). 

The electrophoretograms and autoradiograms were also evaluated densito- 
metrically. In non-phosphorylated preparations the extent of phos
phorylation was none, as evaluated by urea-PAG electrophoresis, whereas in 
phosphorylated myosin we observed about 20-25 % of non-phosphorylated l_C2.

The state of oxidation of SH^ groups in myosin preparations was 
checked by K+EDTA ATPase activity test. Inorganic phosphate released 
during reaction was determined according to Taussky, Shorr (1953). The 
composition of the reaction medium was 0.6 M KC1, 20 mM Tris-acetate 
(pH = 8.0), 10 mM EDTA, 2.5 mM ATP.

Actin was prepared according to Strzelecka-Golaszewska et al. (1975) 
from actin powder obtained by acetonic extraction. From the mixture of 
phosphorylated or non-phosphorylated myosin and actin (3:1 w/w) synthetic 
actomyosin was prepared. The protein contents of the myosin and actomyosin 
preparations were determined by the biuret method (Gornall et al. 1949).

The time courses of superprecipitation of synthetic actomyosins were 
studied as described by Ebashi (1961) with the modification of Szöőr, and 
Boross (1977). The changes in turbidity due to ATP action were 
continuously recorded with a Jena Zeiss UV VIS spectrophotometer at 25°C, 
in a 1 cm cuvette at 660 nm, during constant stirring. The reaction 
mixtures were measured together in the cuvettes, the volume of the samples 
being 3 ml. The composition of the superprecipitation medium: 100 mM KC1, 
1 mM MgCl2, 0.01 mM CaCl2, 0.5 mg/ml actomyosin. The development of the 
superprecipitation was started by the addition of the ATP. It is 
characteristic of turbidity changes that, when higher ATP concentrations 
are used (0.5 mM), the initial straight clearing segment is followed by 
phasic superprecipitation.

The changes of ATP concentration during superprecipitation were 
monitored by bioluminescence method (Csabina et al., 1982) using the 
luciferin-luciferase system and liquid scintillation device. The essential 
point of the method is the conversion of luciferin, due to luciferase 
action into oxyluciferin. Proportional to ATP concentration amount of



photons formed in that process can be measured. For the ATPase activity 
calculations the characteristic limit points of the superprecipitation 
curve were taken into account (Д. marks). The changes in ATP-concentration 
between the two limit points were considered in each case projected upon 
the I ATP| curve, taking into account the time interval, too.

Resolution of the abbreviations used in the paper:
EDTA: ethylenediamine-tetraacetate; EGTA: ethylene-glycol-bis (2-

aminoethylether) N,N' - tetraacetate; LCy, LC2 , LC3: 23.5 KDa, 18 KDa,
16 KDa light chains of myosin; LMM: light meromyosin part of myosin; PAG: 
polyacrylamide gel; Sa: characteristic SH-group in the LMM part of myosin; 
SDS:sodium dodecyl sulphate.
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RESULTS

Our urea-PAG-electrophoretic examinations show that the three 
different light chains can be well separated in non-phosphorylated myosin, 
and LC2 appears to be homogeneous. The LC2 light chain of phosphorylated 
myosin separates into two fractions, a phosphorylated one with higher 
electrophoretic mobility and a lower-mobility non-phosphorylated one, and 
the proportion of the phosphorylated LC2 is about four times that of the 
non-phosphorylated one.

Our autoradiographic experiment with ]-y—-̂ p̂ ] дур clearly show that in 
the course of the phosphorylation of myosin the terminal phosphate group 
of ATP is incorporated into LC2 only.

In the further steps it was studied in what way the phosphorylation 
of LC2 affects the K+EDTA-ATPase activity of myosin. Our experiments 
demonstrate that the ATPase activities of the phosphorylated and non- 
phosphorylated myosin preparations are identical, no significant 
difference can be proved in either case.

Later we examined whether the phosphorylation of LC2 can influence 
the changes in ATP concentration evolving in the course of the 
superprecipitation of synthetic actomyosin. The straight clearing segments 
are not presented in Figs 3 and 4, only the superprecipitation phases 
associated with changes in ATP concentration.
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Fig. 1. Urea-PAG-electrophoretogram and densitogram 
of non-phosphorylated (A) and phosphorylated 
(B) myosin light chains (-PLC2 : non- 
phosphorylated light chain 2 of myosin;
+PLC2 : phosphorylated light chain 2 of myosin)

Our results show that the decrease in ATP-concentration is slower in 
the superprecipitation of synthetic actomyosin containing phosphorylated 
LC2 than with actomyosin containing the non-phosphorylated one. It is 
important that in the course of the development of superprecipitation the 
changes in ATP concentration regularly follow the changes in turbidity in 
both kinds of actomyosin.
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Fig. 2. Densitograms of the SDS-PAG-electrophoretogram
(______ ) of the myosin light chains and the
autoradiogram of the gel (—  -)

Fig. 3. Changes in ATP concentration during the
superprecipitation of synthetic actomyosin 
containing non-phosphorylated LC2
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Fig. 4. Changes in ATP concentration during the
superprecipitation of synthetic aetomyosin 
containing phosphorylated LC2 (In Figs. 3
and 4: a___ 0___ о changes in ATP
concentration---- &--- & super-
precipitation curve). The triangles denote 
the limit points of the characteristic 
segments of superprecipitation, the Roman 
numbers show the different phases of super- 
precipitation

In the following step the degree of ATPase activity characteristic of 
the different phases of superprecipitation was determined both for 
phosphorylated and non-phosphorylated aetomyosin.
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Table 1. Changes in the ATPase activity of synthetic actomyosins 
during superprecipitation (on the basis of Figs. 3 and 4)

____________ATPase activity (pmol ATP/mg protein/min)________

phases
actomyosin containing 
phosphorylated myosin

actomyosin containing 
non-phosphorylated myosin

I. 0.035579 0.06628

II. 0.058490 0.06104

III. 0.005668 0.02066

IV. 0.000007 0.00028

The ATPase activity of synthetic actomyosin containing phosphorylated 
myosin is lower than that of actomyosin containing non-phosphorylated LC2 . 
This is in any case important to us since there was no difference in the 
ATPase activities of phosphorylated and non-phosphorylated myosins.

One can see in the last two Figures that there are considerable 
differences in the development of the superprecipitation of the two types 
of actomyosin.

With the phosphorylated kind the clearing segment is longer, the 
development of superprecipitation is slower, the maximum value of super- 
precipitation is lower, than those for the actomyosin with non-phos
phorylated myosin. In agreement with our earlier work on super- 
precipitation (Szöőr et al., 1983), EGTA as a Ca++ withdrawer, slows 
superprecipitation down, and lessens its degree, while physostigmine, as 
cholinesterase inhibitor, accelerates superprecipitation and enhances its 
degree. Superprecipitation decelerated by EGTA is accelerated by physo
stigmine, and its degree is enhanced. It is important that the effect of 
EGTA and physostigmine on superprecipitation is identical and of the same 
degree in the case of both phosphorylated and non-phosphorylated 
actomyosins.
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Fig. 5. Superprecipitation of synthetic actomyosin 
containing non-phosphorylated myosin 
(PHYS: physostigmine sulphate)

DISCUSSION

The regulation of muscular function is different in the various types 
of muscles. From the regulational point of view it is an important factor 
what the state and conformation of myosin is like.

The phosphorylation of myosin LC2 influences muscular function, 
nevertheless the importance and role of this process is different 'in the 
particular muscle types (Bárány, К., Bárány, M., 1977, 1982; Kardami et 
al., 1980; Kerrick et al., 1980; Manning, Stull, 1982; Okamoto, Yagi, 
1976; Stull et al., 1980b). The general consequences of LC2

phosphorylation can be summarized as follows:
Change in l_C2 state_______ ^ change in myosin conformation ------ >
regulation of actin-myosin interaction ------ ^  effect on muscular
function. The removal of LC2 induces such conformational changes in the
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Fig. 6. Superprecipitation of synthetic actomyosin 
containing phosphorylated myosin (PHYS: 
physostigmine sulphate)

head part of the myosin, which prevent the regulation of the troponin- 
tropomyosin system in the actin-myosin interaction (Margossian et al., 
1975). It can be assumed that in the function of the skeletal muscles of 
vertebrates the LC2, too, may have retained some regulatory 
characteristics besides the troponin-tropomyosin regulatory system, which 
latter evolved later in the course of development.

On the other hand, it is also well-known that the phosphorylation of 
myosin LC2 is a precondition, an obligatory factor of muscular contraction 
in the smooth muscle fibre (Adelstein, Eisenberg, 1980; Conti, Adelstein, 
1981; Stull et al., 1980a) whereas in the case of the skeletal muscle it 
has only a modifying role, and contraction-relaxation take place much 
faster than phosphorylation-dephosphorylation (Bárány et al., 1979;
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Manning, Stull, 1979; Reddy, Wyborny, 1979; Stull et al., 1982).
It is essential that, through the kinases and phosphatases, the 

phosphorylation - déphosphorylation processes play a role not only in the 
processes of muscle contraction - relaxation, but also in glycogen 
metabolism, which is in energetical connection with muscular function 
(Cohen, 1983).

The phosphorylation of LC2 does not influence the activity of myosin 
ATPase, but inhibits the activity of synthetic aetomyosin ATPase. This 
fact allows the conclusion that the phosphorylation of myosin alters the 
conformation of myosin and its affinity to actin, and this may be an 
explanation for the differences in the ATPase activity of phosphorylated 
and non-phosphorylated actomyosins.

This is why in our superprecipitation experiments we used synthetic 
aetomyosin. By doing so we eliminated the action of regulatory proteins. 
On the grounds of our superprecipitation experiments the phosphorylation 
of myosin results in the expansion of clearing, hinders the evolvement of 
superprecipitation of aetomyosin, decreases the degree of super- 
precipitation and, at the same time, the ATPase activity of aetomyosin. 
Our experiments show that the phosphorylation of myosin LC2 does not 
modify the effect of EGTA and physostigmine.

It can be assumed that, for both types of myosin, physostigmine 
exerts its superprecipitation-accelerating and enhancing effect through 
the cholinesterase centre of LMM by enhancing the actin-myosin interaction 
and aetomyosin ATPase activity, the Ca++ sensitivity of myosin and 
changing the Ca-dependent regulation, too (Szöőr et al., 1983). This 
phenomenon is similar to the activation observed by Yamashita, and 
Horigome (1977) resulting from the modification of Sglocalized in LMM.

On the grounds of our experiments it can be established that the 
phosphorylation of the skeletal muscle myosin modifies the functions of 
synthetic aetomyosin, results in changes in actin-myosin interaction, and 
further, the superprecipitation-inhibiting effect of phosphorylation is 
exerted through the inhibition of the actin-activated myosin ATPase.

Opinions differ regarding the question of the effect of the 
phosphorylation of skeletal muscle myosin LC2 on muscular function, the 
regulatory role of phosphorylation in the skeletal muscle is not clearly 
known as yet (Cooke et al., 1982; Kakol et al., 1980, 1982; Kasman et al., 
1980; Michnicka et al., 1982; Ritz-Gold et al., 1980; Stepkowski et al.,
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1985a, 1985b; Yazawa, Yagi, 1978).
In our following experiments we are going to study the mechanism of 

myosin phosphorylation and its role in the function of skeletal muscle in 
more detail.
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DETERMINATION OF THE SEDIMENTATION COEFFICIENT AND MOLECÜLAR WEIGHT OF 
PROTEINS BY DENSITY GRADIENT ULTRACENTRIFUGATION IN FIXED ANGLE ROTOR

Márton Szabolcs, István Francia

Central Research Laboratory, University Medical School, Debrecen, Hungary

(Received May 22, 1989)

SUMMARY
The applicability of density gradient ultracentrifugation using 

fixed angle rotors for the determination of sedimentation 
coefficient and molecular weight of proteins was studied.

Ovalbumin, bovine serum albumin, IgG-,IgA- and IgM-globulin 
proteins, as standards were, among others,centrifuged in a fixed 
angle rotor (Beckman type 50) in 5-20 % (w/v) sucrose density 
gradient for 300 min, at a speed of 40,000 rpm, at 5 °C. After 
centrifugation, the sedimentation diagram of the above-mentioned 
proteins was taken by a spectrophotometer equipped by a flow-through 
cuvette and a compensator. The sedimentation path was measured on 
the diagrams. A calibration curve was drawn by plotting the 
sedimentation coefficents of the standard proteins against the 
sedimentation paths. This curve, for which the equation y=1.74x-1.6 
is valid, was used for the determination of the sedimentation 
coefficients of several globular proteins under the conditions 
described above. The values obtained this way agree within 13-10 % 
with those determined with analytical ultracentrifuge. If the 
logarithms of proteins molecular weight used as standards were drawn 
against the logarithms of their sedimentation paths a calibration 
curve was obtained. This curve for wich the equation In y=2.022 In x 
+ 8.71 is valid can be used for the determination of molecular 
weights of globular or nearly globular proteins.

Brakke (1951) demonstrated for the first time the advantages of 
density gradient ultracentrifugation in preparative work. Ultracentri
fugation in swing out rotors, applying density gradient, is a widely used 
technique for purification, separation and for the measurement of the 
sedimentation coefficient, the molecular weight, and the density of 
biological substances and macromolecules (Brakke, 1960; de Duve, 1971; 
Dingman, 1972; lift, 1969; Johns, Stanworth, 1976; Martin, Ames, 1961; Me 
Carty et al. 1974; Mc Ewen, 1967; Schumacher, 1967; Vinograd, 1963).
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The fixed angle rotors are, rarely used for the determination of 
sedimentation coefficient and molecular weight of various substances in 
density gradient centrifugation because of the Coriolis effect (Berman, 
1966) and the alteration of the centrifuge tube's contents during the 
starting and stopping periods.

In spite of all these, the density gradient centrifugation in fixed 
angle rotors was used by Charlwood (1963), Fischer et al. (1964), Flamm 
et al. (1966), and by Brentani et al. (1967). The use of fixed angle 
rotors may have the following advantages:
1) In a fixed angle rotor 10-12 samples can be investigated 
simultaneously in contrasxt to the 3-6 samples in a swing out rotor.
2) The volume of the tubes of the fixed angle rotors is larger, which can 
be utilized in preparative work.
3) A greater centrifugal force can be obtained with fixed angle rotors, 
that helps one to reduce the centrifugation time.
4) In sedimentation equilibrium centrifugation, combined with the 
application of density gradient (isopycnic runs), a better resolution of 
the individual components (a.g. DNA) can be achieved in a fixed angle 
rotor than in a swing out rotor (Flamm et al. 1966; Fischer et al., 
1964).

□n the basis of the above data, we investigated in sucrose gradient 
ultracentrifugation
1 ) the correlation between the distance of proteins with different sedi
mentation coefficient from the top of gradient (meniscus) or their 
sedimentation coefficient and their molecular weight.
2 ) the accuracy, in case of a linear correlation, of the data obtained by 
this technique.

In this paper we report on our experimental results.

MATERIALS AND METHODS

Bovine serum albumin (BSA, Fluka) was purified by gel filtration on 
a Sephadex G-100 column before use, to remove dimeric and trimeric forms 
and other protein impurities. Human gamma globulin (Human Vaccine 
Producing Works Budapest) containing 10% protein, was gel filtrated on a 
Sephadex G-200 column to prepare homogeneous IgG-globulin. Human IgA 
globulin was isolated from the sera of plasmacytomic patient by gel
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filtration Sephadex G-200 and Sepharose 6B method.
The fractions exhibiting IgA antigenicity only, were collected. IgM 
macroglobulin was isolated by the method described earlier (Szabolcs et 
al. 1965) from the sera of a Waldenstrom macroglobulinaemic patient, 
being Sia (1921) positive. Ovalbumin (OA) was prepared according to Cole 
(1933), protein impurities were removed by gel filtration on a Sephadex 
G-75 column. Phosphorylase-b was isolated from rabbit muscle according to 
Fischer and Krebs (1958). Myosin was prepared also from rabbit muscle, as 
described by Portzehl et al. (1950). Myoinositol-l-phosphate synthetase 
(MIPS) was isolated from a wild-type Neurospora crassa strain by the 
method of Zsindely et al. (1977). Bovine transferrin was purchased from 
Miles Laboratories. Gliadin was isolated from fluor or bread (Szabolcs et 
al. 1977).

A linear density gradient was prepared in 10 ml cellulose nitrate 
centrifuge tubes (No 303934) from 5 % and 20 % (w/v) or 10 % and 40 % 
(w/v) sucrose solutions, containing 0.15 M NaCl and was stored at a cool 
room for 16-18 hrs 0.2 ml of a 1-3 mg protein/ml test solution or 0.2 ml 
of the calibration solution (1-3 mg protein/ml OA, BSA, IgG, IgA, IgM 
globulin) was layered onto the gradient (9.2 ml). The samples were then 
centrifuged in a Beckman L3-50 or L5-65B preparative ultracentrifuge 
fitted with a type 50 fixed angle rotor (No 316032) at 5°C of 10°C, at a 
speed of 40.000 rpm for a period of 3-5 hrs. After stopping (without 
breaking), the screws of the tube caps were removed and the tubes were 
kept at 5 °C for at least 2 hrs, for reorientation of their contents to 
occur. The content of each tube was sucked starting from the bottom of 
the tube via a hypodermic needle connected to a silicone tube and an LKB 
peristaltic pump (10227 Perpex; gear box SG 6/125) successively and was 
led into a flow-through quartz cuvette (No 558543) in an Opton PM2 DL 
photometer. The whole system (hypodermic needle, silicone tube and 
cuvette) was previously filled with 20 % or 40 % (w/v) sucrose solution. 
The absorption exhibited at 280 nm by the solution, flowing through the 
cuvette, was recorded with a Radelkisz compensator (type: OH-814/1) at a 
paper speed of 150 cm/h. In this way, the sedimentation diagram of the 
substances tested was obtained. (The solution flowing through the cuvette 
was collected in fractions of 0.25-0.50 ml for isolation of proteins and 
for the determination of the sucrose concentration, etc.).

In addition to preparative ultracentrifugation, the sedimentation
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coefficient and molecular weight of proteins, used in our experiments 
were determined in a MOM G-120 or a Phywe U-77 analytical ultra- 
centrifuge.

Protein determinations were carried out by the biuret reaction. 
Homogeneity and purity of the standard proteins (IgG-, IgA-, IgM- 
globulins) were checked by immunoelectrophoresis according to Scheidegger 
(1955), whereas those of other proteins were checked also by 
polyacrylamide gel electrophoresis (Davies, 1964) and by SDS
polyacrylamide gel electrophoresis (Weber, Osborn; 1969). In our
experiments, only proteins proved to be homogeneous by the above methods 
were used. Antisera for immunoelectrophoresis were obtained from the 
Human Vaccine Producing Works (Budapest).

Sucrose (Merck) concentrations were determined with and Abbe-type 
refractometer (Carl Zeiss, Oena).

RESULTS

For the standard proteins, used for calibration, the following sedi
mentation coefficients (s20;w^ ancl molecular weights were obtained: OA: 
2.9 Svedberg unit (S), molecular weight M=41.000; BSA: 4.5 S, M=67.000; 
IgG globulin: 6.4 S, M=150.000; IgA globulin: 9.7S, M=320.000; IgM 
globulin: 18 S, M=860.000. On the basis of its sedimentation coefficient 
and molecular weight IgA globulin appears to be in dimeric form. The 
standard proteins were, after determination of their sedimentation 
coefficients and molecular weights, ultracentrifugated in 5-20 % (w/v) 
sucrose density gradient, under conditions described in Methods, for 
various periods. We wanted, however, to determine whether the movement of 
a substance of known sedimentation coefficient is linearly proportional 
to the duration of centrifugation.

Figure 1 shows, as an example, the sedimentation diagram (see 
Materials and methods) of IgG globulin. The double line marked "meniscus" 
represents the top of gradient. As the conditions of the measurements 
were the same in each case (9.2 ml of gradient + 0.2ml of the testing 
solution), the system (hypodermic syringe, silicone tube, cuvette) was 
filled before recording in an identical manner, paper speed was 150 cm/h, 
the evaluation become simple. The distance (cm) on the sedimentation 
diagram between the peak of protein concentration gradient curve and the
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meniscus was measured. This value is the relative sedimentation distance 
(cm) which, as the conditions were identical, can be considered as 
absolute values.

Fig 1. Sedimentation diagram of IgG globulin after 
centrifugation in a fixed angle rotor in 
5-20 % w/v sucrose density gradient.
Duration of centrifugation: 300 min., 
speed: 40.000 rpm, temperature: 5 °C.
Quantity of protein applied onto the 
density gradient: 0.5 mg.
________ : absorption at 280 nm.
t--•— *- : sucrose concentration.
Other conditions: as described in "Methods"

Figure 2 shows that the proteins (BSA, IgG, IgA and IgM globulin) 
travel a distance proportional to the duration of centrifugation, 
depending on their sedimentation coefficient, in a 5-20 % (w/v) linear 
sucrose gradient. (Although not shown, the same applies to the
sedimentation in 10-40 % (w/v) sucrose gradient, too). Therefore, in case 
of a given protein, e.g. IgG globulin, the distance between the meniscus



line and the peak oi the protein concenxration gradient curve, expressed 
in cm, is linearly proportional to the duration of centrifugation. The 
lines, representing the sedimentation in density gradient of four 
proteins with different sedimentation coefficients, do not start from the 
zero point, but they intersect the ordinate.
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Fig 2. Sedimentation of bovine serum albumin, IgG-, IgA- 
and IgM globulins as a function of duration of 
centrifugation in fixed angle rotor in 5-20 % w/v 
sucrose density gradient. Temperature: 5 °C, 
speed: 40.000 rpm. (.): average value and 
standard deviation. Number of experiments: 3-4

Martin and Ames (1961) investigated the sedimentation of enzyme 
proteins of various sedimentation coefficients under conditions similar 
to those described above. Using swing out rotors, they found that the 
distance between the meniscus and protein peak is linear to the time 
function and the line representing this correlation starts at the zero 
point.

After centrifugation, the distances from meniscus of the known 
(standard) and unknown substances should be measured.
Then:
s20,w(unknown) =a'/*-1 s20,w(known)

a= distance of sedimentation from meniscus of the substance with 
unknown sedimentation coefficient

b= distance of sedimentation from meniscus of the substance with known
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sedimentation coefficient
(Theoretical considerations of density gradient ultracentrifugation 
cannot be dealt with, here we refer to earlier works (Charlwood, 1963; 
Johns, Stanworth, 1976; Martin, Ames, 1961; McEwen, 1967). In case of a 
fixed angle rotor, the previous method (Martin, Ames, 1961) cannot be 
applied directly. Calibration curves can, however, be constructed on the 
basis of the data of Figure 2. The sedimentation coefficients should be 
represented as a function of the distance between the peaks of the 
gradient curves and meniscus on the sedimentation diagrams of BSA, IgG, 
IgA and IgM globulins centrifuged for 300 min in 5-20 % (w/v) sucrose 
density gradient. The curve shown in Figure 3 is then obtained for which 
the equation y=ax+b is valid: is the sedimentation coefficient to be
determined, £ is the slope of the curve (its value is 1.74), x is the 
distance between meniscus and peak, b̂ is the intersection of the curve 
and ordinate (its value is -1.6).

Fig 3. Correlation between the sedimentation coefficient 
and path of sedimentation of bovine serum albumin,
IgG-, IgA- and IgM globulins. 5-20 % sucrose density 
gradient, fixed angle rotor. Duration of centrifugation: 
300 min. Speed: 40.000 rpm. Temperature: 5 °C. (*) 
average value and standard deviation. Number of 
experiments: 3-4



Next we determined whether the sedimentation coefficients, obtained 
by calculation, would agree with those determined by analytical ultra
centrifugation. For the calculation, various proteins and sera were 
centrifuged for 300 min at 5 °C, at a speed of 40.000 rpm in 5-20 % (w/v) 
sucrose density gradient. The sedimentation coefficients were calculated 
from the equation y=1.74x-1.6, using values of x as measured on the 
sedimentation diagram.

Table 1 shows that the sedimentation coefficients calculated from 
the equation, differ by — 3-10 % from those measured in the analytical 
ultracentrifuge. The f/f0 (frictional ratio) of standard proteins, shown 
in Table I, is in the range of 1.28 (BSA) to 1.60 (IgM globulin). In case 
of proteins having a f/f0 greater than 2 , e.g. gliadin, myosin, our 
sucrose gradient ultracentrifugation experiments carried out until now 
indicate that the sedimentation coefficients, calculated from the 
equation, differ considerably (up to 20 %) from those determined in the 
analytical ultracentrifuge. It follows, that our calibration curve is 
suitable for the determination of sedimentation coefficient having a f/f0 

between 1.3 and 1.60.
As mentioned previously, the centrifugation of standard proteins was 

carried out for a duration of 300 min, in 10-40 % (w/v) linear sucrose 
gradient, at 5 °C, at a speed of 40,000 rpm. Slope of the calibration
curve in this case is 2.6, value of Jo is -1.6 .

According to literary data, the molecular weight of the quasi 
spherical macromolecules can be determined by the following relation 
(Martin, Ames, 1961):
S]̂ /s2 = M1/M2 , where
S| = the sedimentation coefficient of the analysed macromolecule 
s2 = the sedimentation coefficient of the standard macromolecule 

= the molecular weight of the molecule with the s^ sedimentation
coefficient

М2 = the known molecular weight of the molecule with the S2 sedimentation
coefficient.
Johns and Stanwort (1976) recommended the following equation to 

determine the molecular weight of quasi spherical macromolecules:

log S20 w= a.logM + b, where a=0.623; b=-2.339
The above authors carried out their experiments by using swing out rotor.
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Table 1.

Comparison of the sedimentation coefficients of various proteins determined by preparative and by analytical
ultracentrifuge

Protein
f

Distance between 
peak and meniscus 

cm(x)

preparative analytical 
ultracentrifuge 

sedimentation coefficient 
in Svedberg units

preparative . 100 

analytical 
%

Ovalbumin 2.68 3.06 3.25 94.15
Phosphorylase b 6.20 9.18 8.62 106.5
Myo-inositol-]- 5.4 7.8 8.02 97.2
phosphate synthetase
Human sera+ 3.9; 11.35 5.18; 18.14 5.5; 19.0 94.2; 95.5
Human sera+ 3.65; 6.75 4.75; 10.1 4.9; 10.4 96.9; 97.1
Human sera+ 4.9 6.9 6.62 104.2
Transferrin 3.6 4.67 5.18 90.0

(x) is average of 2-3 measurements 
+ pathological human sera
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By the ultracentrifugation of standard proteins with known sedimentation 
coefficient and molecular weight in sucrose gradient with type 50 "angle- 
rotor" we observed the undermentioned relations.

If we represent the logarithm of the molecular weight of the 
proteins used as standards (OA, BSA, IgG, dimer IgA, IgM-globulin) as a 
function of their logarithm of the sedimentation distances measured in 
cm-s, we get a straight line. The equation of it is: lny=a.lnx+b. In y is 
the natural-logarithm of the molecular weight to be determined, is the 
slope of the line, In x is the natural logarithm of the sedimentation 
distance, is the intersection of the curve and ordinate.
In Table 2 we summarized the equations calculated after the appraisal of 
the results obtained by ultracentrifugation carried out using different 
linear sucrose gradients 5-20 (w/v) % and 10-40 %, different standard 
proteins (OA, BSA, IgG-,dimer IgA-, IgM-globulines) for various periods 
of time (180-300 min). By these means the unknown molecular weight of 
quasi spherical protein molecules can be determined by measuring the 
moving in the linear sucrose gradient under the circumstances (rpm, time, 
temperature, type of gradient) given in Table 2. It appears, for example, 
that the examination of a protein with 20,000-50,000 D molecular weight, 
300 minutes of centrifugation, and 5-20 or 10-40 (w/v) % sucrose gradient 
is expedient to apply. In the case of a higher molecular weight, the 
centrifugation can be carried out for less than 300 minutes in even 5-20 
(w/v) % sucrose gradient.

DISCUSSION

The results obtained above show that the sedimentation coefficient 
and molecular weight can be determined with the help of the fixed angle 
rotor and linear sucrose density gradient. In this way, several 
advantages of the fixed angle rotor, as opposed to the swing out one, can 
be exploited.
1.) More samples can be used in case of application of the fixed angle 
rotor even if 1-2 standard protein samples are also run, in addition to 
the 8-9 (10 tube rotor) or 10-11 (12 tube rotor) testing samples. This is 
3-4 (4-5) samples more than the 6 tubes that could have been used in a 
swing out rotor. At the same time, the duration of centrifugation is much 
shorter.



Table 2

Equations for determining the molecular weight of spherical or quasi spherical proteins. The equations were 
calculated by ultracentrifugation of proteins (OA, BSA, IgG-, IgH-globulin) with different well known molecular 
weights. The ultracentrifugation was made by using different linear sucrose gradient and duration time in a fixed 
angle rotor (type 50). (Number of experiments: 4).

Revolution per Duration time °C Sucrose gradient 
minute %(w/v)

Equations Intersection of Y
in linear scale

40,000 180 5 5 - 20 In y=l.87527 lnx + 9.7233 16,703.15
40,000 240 5 5 - 20 In y=l.97669 lnx + 9.1958 9,856.09
40,000 300 5 5 - 20 In y=2.02262 lnx + 8.71012 6,064.01
40,000 240 5 10 - 40 In y=2.22370 lnx + 9.51284 13,532.40
40,000 300 5 10 - 40 In y=2.30418 lnx + 9.09007 8,866.80
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2. ) For measuring of the molecular weight only 0.2-1.0 mg of protein is 
needed.
3. ) The use of fixed angle rotor and linear sucrose density gradient is 
especially advantageous in the screening of human sera: e.g. measurement 
of macroglobulin concentration of macroglobulinaemic sera and 
differentiation of these sera from the normal ones. This advantage of the 
sucrose density gradient centrifugation over analytical ultra
centrifugation is especially important if it is taken into account that, 
in addition to obtaining analytical data (quantity of components, 
sedimentation coefficients, molecular weights), the gradient can be 
fractionated for isolation of the individual components. Therefore, 
different (e.g. immunological, etc.) properties of the isolated proteins 
can be studied.
4. ) It is not necessary - sometimes even impossible - to isolate an 
enzyme in pure form for determining molecular weight. In the circum
stances explained above the measurement can be performed even with an 
extract containing several components. In such case the activity of the 
enzyme is measured in one aliquote of collected 0.25-0.5 ml fractions 
(see above). By presenting enzyme activities in the order of collected 
fractions sedimentation profile(s) is made, on which the sedimentation 
path of the enzyme of unknown molecular weight in sucrose gradient can be 
measured. Using this method we demonstrated, that the molecular weight of 
acetylcholinesterase solubilized by deoxycholate from fragmented 
sarcoplasmic reticulum was 140,000 (dimer) and 280,000 (tetramer) Dalton. 
The amount of tetramer molecular form decreases under 4-5 months storage 
at -20 °C. In the same time the amount of components with 70,000 -
200,000 Dalton molecular weights increase (Szabolcs, 1987). These results 
are in good agreement with our earlier data obtained by gelfiltration 
(Sepharose 6B) method (Szabolcs, 1984).

The work described above as an example could be solved with an 
analytical ultracentrifuge supplied with photoelectric scanner, suitable 
optics and light. However, the samples that can be examined this way are 
less numerous than in the case of our method presented above.
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SUMMARY
MgATPase activity of plasma membrane from sunflower roots 

purified by phase partitioning was tested using different 
permeabilizing agents. MgATPase activity showed similar dependence 
on Triton X-100, digitonin and Zwittergent 3-14 concentration, the 
curves resulted from the stimulatory and inhibitory reactions. The 
latency calculated at their optima was only 52 %. In case of n-octyl 
glucoside the latency was 77 %, while the highest latency (82 %) was 
measured in the presence of lysophosphatidylcholine, and it was the 
only surfactant which did not inhibit the PM ATPase even at 10 times 
the concentration giving maximum release of latent activity. 
Therefore, for the further characterization of the PM ATPase 
lysophosphatidylcholine is suggested to be used as detergent.

INTRODUCTION

Aqueous polymer two-phase partitioning separates membranes on the 
basis of surface charges and hydrofobicities, and it is a very good 
technique used for the isolation of PM with a defined sidedness (Larsson 
1985, Briskin et al., 1987). The different sides of the PM seem to differ 
considerably in surface net charge density (Miller et al., 1984), 
vesicles of different orientation should therefore exhibit quite 
different behaviour in phase systems. The MgATP binding site of the PM 
MgATPase is located on the cytoplasmic side of the membrane, the increase 
in enzyme activity upon addition of detergents shows that PM vesicles 
purified by phase partitioning are right side-out and sealed.

Akadémiai Kiadó, Budapest
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MATERIALS AND METHODS

Plant growth, isolation of plasma membrane vesicles and enzyme assays 
were carried out as previously described (Szabó-Nagy et al., 
1989): microsomal fraction was prepared from root of sunflower 
(Helianthus annuus L.cv. Topflor) grown in a climate chamber for 14 days 
counting from the transfer to the growth solution.
For PM preparation the optimized aqueous polymer two-phase system with 
the final composition of 6.0 % (w/w) dextran T-500, 6.0 % (w/w)
polyethylene glycol 3350, 250 mM sucrose, 5 mM K-phosphate (pH 7.8) was 
used. Background ATPase activity was measured in the presence of 0.1 mM 
EDTA, 0.1 mM (NH4)6Mo7024, 1 mM NaN3, 3mM ATP, 25 mM Tris-MES (pH 6.5), 
250 mM sucrose, 15 pg protein and in the presence or absence of
detergent. ATPase latency was calculated according to társson et al.
(1984): 100‘(v[j-v)/v(j, where v and v^ are the activities measured in the
absence and in the presence of detergent.

Chemicals
All chemicals were of analytical grade and purchased from Calbiochem- 
Behring (MES, Zwittergent 3-14), Fisher Chem. Co. (Na3V04), Fluka 
(MgS04), Pharmacia (Dextram T-500), Serva (sucrose, Triton X-100), Sigma 
(n-octyl glucoside, polyethylene glycol 3350), Serdary Research
Laboratories (lysophosphatidylcholine from pig liver) and from Reanal 
(all others used).

RESULTS AND DISCUSSION

Studying the PM ATPase activity the first step was to find the 
appropriate detergent, since PM vesicles prepared by phase partitioning 
are mainly right side-out and sealed (Larsson et ál., 1984), and ATP 
cannot reach the substrate binding site being on the cytoplasmic side. 
Triton X-100, digitonin and Zwittergent 3-14 had similar effects on PM 
MgATPase, the highest stimulation was found at 0.01 % for Triton X-100 
and digitonin and at 0.005 % for Zwittergent 3-14 (Fig. 1). The maximal
activity was two times higher in these cases than in the absence of
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Concentration, °/o(w/v)

Fig 1. Concentration curves for the effect of detergents 
on MgATPase activity of PM purified by phase 
partitioning from sunflower roots. The standard 
reaction mixture contained in mM: 250 sucrose;
25 Tris-MES (pH 6.5); 1 NaN3; 0.1 EDTA; 0.1 
(ИНд^МоуОгд; 3 ATP; 3 MgSÛ4 and 15 p g protein. 
Symbols stand for Zwittergent 3-14 (A); Triton 
X-100 (•); digitonin ( Ä); n-octyl glucoside
(o); lysoPC (x). Bar shows mean — S.O. of 5 
determinations in the absence of detergent

detergents, while MgATPase activity was enhanced 5-folds in the presence 
of octyl glucoside at 0.5 %. However, at higher concentrations these 
detergents were inhibitory, which may be due to disintegration of the 
membrane or to direct effects of detergents on the enzyme. The presence 
of detergents also increased MgATPase activity in wheat root plasma 
membrane vesicles, the degree of stimulation varied from 2-fold (digi
tonin) to 5-fold (Triton X-100) and above the optimum concentration 
ATPase activity decreased (Bérezi and Möller 1987). Similar stimulatory 
and inhibitory effects of detergents were also observed by Larsson et al. 
(1984), Brüggemann and Janiesch (1987) and Grouzis et al. (1987).



The highest activity was measured in the presence of lysoPC the only 
surfactant which did not inhibit the MgATPase activity in the range of 
concentrations used. The latency of PM MgATPase activity measured in the 
presence of lysoPC was higher than 81 %, and this suggests, that the 
majority of vesicles are really sealed and right side-out. Since lysoPC 
does not decrease the MgATPase activity even at higher concentrations, it 
is suitable for determining the "true latency". The effect of lysoPC on 
the ATPase activity from other plant species (wheat and cucumber) was 
also studied, and lysoPC proved to be the best detergent in these cases. 
LysoPC prepared in our laboratory from egg and soybean phosphatidyl
choline by enzymatic digestion using phospholipase A2 increased the PM 
Mg ATPase activity, while the presence of phosphatidylcholine alone did 
not cause any effect (data not shown). Similar stimulatory and dose- 
effect of lysoPC was found by Cocucci and Marre (198A) in the case of 
MgATPase prepared from radish microsoma. Our results are in good 
agreement with those of Grouzis et al. (1987) showing that lysoPC was the 
best surfactant amongst the detergents used in the case of corn root 
plasma membrane prepared by sucrose gradient centrifugation. Tokumura et 
al. (1985) found that the interaction of lysophospholipids with the 
membrane is restricted to the phospholipid moiety, perhaps this is the 
explanation for the lack of inhibition. Palmgren et al. (1988) measured 
also high ATPase activity in the presence of lysoPC and they suggested 
that lysoPC and free fatty acids increase both membrane fluidity and 
density of the negative surface charges of cell membranes, which may 
affect lipoprotein associations.

In conclusion it can be suggested to use 0.01% lysoPC in ATPase 
assays to obtain high specific activity and "true latency".
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SUMMARY
Magnetic Resonance Imaging (MRI) is a powerful new diagnostic 

tool in medicine. In MRI there is a great need to improve the
specific identification of different tissues i.e. to enhance the
contrast between them. This review tries to cover most of the
approaches known for solving this problem.

INTRODUCTION

Applying nuclear magnetic resonance (NMR) MRI used to obtain
tomographic pictures in different planes through the human body 
(Lauterbur, 1973; Mansfield, Morris, 1982; Pártáin et al., 1983; Young, 
1984; Budinger, Margulis, 1986). The NMR images reveal soft tissue 
structures with high clarity and great sensitivity to certain type of 
pathology (Pártáin, 1984; Morgan, Hendee, 1984; Higgins, Hricak, 1987). 
Unlike in x-ray computed tomography (CT) there is no need to expose the 
patient to ionizing radiation. Instead, MRI uses short pulses of radio 
frequency energy while the patient is immersed in a strong magnetic 
field. It has been demonstrated that the exposure of the whole body or 
part of the body to static or dynamic magnetic fields during MRI causes 
no harm to bodily health (Budinger, 1979; Rinck, 1983; National 
Radiological Protection Board, 1984; Vogl et al., 1988). Further, MRI 
provides an anatomical description of soft tissues with better contrast 
resolution then CT in most areas of the body.

At present, a major limitation of MRI is its inability to resolve 
and contrast tissues which, though histologically different, are 
magnetically similar. The image contrast in MRI can be manipulated by a 
non-invasive manner using a wide variety of sequences of radio-frequency

Akadémiai Kiadó, Budapest
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(RF) pulses. These manipulations of RF are: pulse repetition time (TR) 
inversion delay time (TI), and spin-echo delay time (ТЕ). However, the 
long time required to find the optimum pulse sequence to detect a lesion 
dictates to use contrast enhancing pharmaceutical agents. Affecting the 
image contrast these agents can produce additional diagnostic information 
and optimize the visualization of the differences between normal and 
pathological anatomy. Several review articles on contrast media for MRI 
have appeared in the last few years (Brasch, 1983; Engelstad, Brasch, 
1984; Goldstein et al., 1984; Gries, Miklautz, 1984; Wesbey et al., 1984; 
Ogan, Brasch, 1985; Lauffer, 1987).

CONTRAST CAUSING FACTORS

In clinical imaging using ■'•H-NMR the detected signal is generated 
mostly by protons of the water molecules in body fluids and tissues. The 
signal intensity in MRI is mainly a function of proton density, the spin- 
lattice (longitudinal) relaxation time (T^) the spin-spin (transverse) 
relaxation time (T2) of water in various tissues and organs of the body 
and the change in flow. These parameters are responsible for image 
contrast and can be altered either independently or in combination by 
contrast agents.

Proton density

Proton density is responsible for some aspects of tissue contrast. 
For example soft tissues owing to their comparatively high proton density 
give and intense signal (Steiner, 1986). Agents that affect proton 
density such as diuretic drugs (Beall, 1982) and mineral oil (Newhause et 
al., 1982) can be used for MRI contrast enhancing. However, the proton 
density does not change much from its normal distribution in the presence 
of disease or with contrast agents.

Changes of the relaxation times (Tj, T2)

The most important factors affecting signal intensity are T^ and T2. 
Agents which selectively alter T^ and T2 of water in various tissues may 
serve td enhance the contrast in MRI applications (Brasch, 1983;
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Engelstad, Brasch, 1984; Goldstein et al., 1984; Gries, Miklautz, 1984; 
Wesbey et al., 1984; Ogan, Brasch, 1985; Lauffer, 1987). Characteristics 
of an ideal MR contrast agent have already been summarized (Brasch, 1983; 
Lauffer, 1987; Brasch, Bennett, 1988). These characteristics are: 1_. 
chemical stability and ease of their storability in a form suitable for 
clinical administration, 2_. inexpensive synthesis from readily available 
starting materials, ~i_. water solubility, 4-. quick excretion without in 
vivo metabolism, 5_. high paramagneticity, 6_. good tolerance in diagnostic 
doses. Ferromagnetic particles and paramagnetic species in different 
forms are two classes of contrast agents which can fulfil these 
requirements and are under intensive investigation.

Change in flow

Changes in flow affect the proton motion and can greatly alter image 
density. Efforts have been made for assessing the effects of low in 
vascular imaging (Katz et al., 1987; Nishimura et al., 1987). However, it 
is obvious that the strong flow effects produced by drugs are 
undesirable.

CONTRAST ENHANCING AGENTS 

Ferromagnetic and super ferromagnetic particles

Particles of magnetite (Fe20j.Fe0) have been shown to efficiently 
and specifically lower T2 values of bulk water protons according to 
animal studies (Mendonca-Dias, Lauterbur, 1986; Renshaw et al.,1986). The 
superparamagnetic particles (e.g. magnetite with diameter 10-20 nm) are 
also very effective in changing T2 of water (Olsson et al., 1986). 
Renshaw, Owen, Evans and Leigh (1986) have coupled superparamagnetic 
FejO^ particles coated with bovine serum albumine to monoclonal 
antibodies with a high affinity to a neuroblastoma specific cell surface 
antigen. In spite of the small change in and T2 of water in the tumors 
the labelling with the superparamagnetic agent yielded a significant 
contrast enhancement between the tumor and the surrounding tissues. Based 
on their in vivo animal (rats) studies Hahn et al., (1987) concluded that 
ferrite iron oxide particles can be a new class of contrast agents for
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gastrointestinal MR imaging. Saini, Stark, Hahn, Wittenberg et al. (1987)
and Majumdar et al. (1988) pointed out that superparamagnetic iron oxid/
particles (Biomag M4125) are very effective contrast agents with strong 
relaxation effect and exhibit tissue specific localization being 
accumulated in liver and spleen. Saini, Stark, Hahn, Bousquet et al. 
(1987) used the same particles to enhance detection of liver carcinoma 
with in vivo MR imaging in animal models. Stark et al.(1988) reported the 
first clinical use of a superparamagnetic iron oxide (AMI-25) for 
contrast enhancing in detection of hepatic lesions in the liver by MRI. 
Their initial clinical results confirmed that ferrite can significantly 
improve the performance of abdominal MR imaging.

Paramagnetic metal ions as contest agents

The paramagnetic metal ions, owing to their electromagnetic dipole 
moment which is about 1000 times larger then that of protons, can produce 
a remarkable decrease in water proton relaxation time. Such an effect is 
particularly significant if the paramagnetic ion possesses a high spin 
number. Substances with unpaired electrons, typically metal ions such as 
Cu2+, Fe3+, Mn2+, Cr2+ and Gd-5+, are known to be effective proton
relaxers in high resolution NMR studies of biological systems (Burton et 
al., 1979). The utility of the paramagnetic metal ions is problematic 
owing to their toxicity at the concentration necessary for clinical use 
(Engelstad, Brasch, 1984; Ogan, Brasch, 1985). The acute toxicity of 
these ions may be related to their ability to compete with Ca2+ for 
specific binding sites (Krasnow, 1977). Therefore chelated complexes of 
paramagnetic metal ions have been explored as alternative MRI contrast 
agents. Most of them are simple salts which localize in metal scavenging 
organs such as the liver, spleen or kidney. Due to the relatively high 
affinity for most metals, the chelator diethylenetriaminopentaacetic acid 
(DTPA) 1 (Fig. 1) have received wide attention.

The chelation reduces the number of chelation sites through which 
the metals interact with water. As a direct result the complexed metal 
ions were less effective at reducing T^ than the corresponding free ones 
(Carr et al., 1984; Runge et al., 1984). However, this decrease of 
effectiveness in relaxing water is more than offset by the decrease in 
toxicity at effective doses for MRI experiments.
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J-- C O 2H

H°2C^ n^ Nn^ n^ - C°2H
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Fig 1. DTPA 1

Gd-DTPA

Among those water soluble chelate complexes which remain in
circulation sufficiently long to provide contrast to organs and tissues 
with high water content Gd-DTPA dimeglumine or its disodium salt - 
further on marked as Gd-DTPA - is most often employed as proton T^, T2 

relaxation agent. The Gd3+ ion contains in the 4f electron orbitals 7 
unpaired electrons. Its magnetic moment is 8.0 Bohr magneton therefore 
its chelated metal complex is the most effective one. Until the end of 
1988 it was the only one used as contrast agent for MRI in humans 
(Bydder, 1988). In over 7000 administrations of Gd-DTPA only minor side 
effects were observed (Brasch, Bennett, 1988) in patients. Gd-DTPA is 
distributed in extracellular fluid compartments accumulating in tissues 
which process is controlled by the blood flow, available fluids spaces 
and capillary permeability (Mansfield, Morris, 1982; Runget et al., 1984; 
Runget et al., 1985). It has been demonstrated that Gd-DTPA is useful for 
diagnosis of cerebral tumors by NMR and also of other diseases in the 
central nervous system (Greco, Steiner, 1987; Russell et al., 1987). It 
has also been shown that Gd-DTPA enhanced contrast in other organs of the 
body, such as in hepatic tumors (Ohtomo et al., 1987) and in pituitary 
adenomas (Dwyer et al., 1987). Lately Gd-DTPA was used to study multiple 
sclerosis and it proved to be a sensitive marker of the blood-brain 
barrier impairment (Miller et al., 1988; Grossman, 1986). Pettersson et 
al. (1988) reported the clinical trial of Gd-DTPA on patients with soft 
tissue tumors. Enhancement was found to give better delineation of the 
tumor in richly vascularized parts of the tumors. Powers et al. (1988) 
concluded that Gd-DTPA is useful in delineating the presence, extent and 
number of certain lesions of the central nervous system in children. Gd- 
DTPA was also used for the better detection of intracranial métastasés
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(Healy et al., 1987).

Gd-DOTA

A potential drawback of using paramagnetic metal chelates intra
venously can be their in vivo dissociation and the chelation of the 
highly toxic free metal ions by endogenous chelators. Therefore one of 
the main challenges for chemists working in this area is to synthesize 
new chelators which bind to paramagnetic ion with high thermodynamic and 
kinetic stabilities. Magerstädt et al. (1986) have studied Gd-5+complexes 
to l,4,7,10-tetraazacyclododecane-N,N',N1',N'''-tetraacetic acid (DOTA) 2 
(Fig. 1) as a more stable alternative contrast enhancing agent to Gd- 
DTPA. Injection of Gd-DOTA produced similar contrast enhancement in mice 
implanted with tumors as did Gd-DTPA.

Fig 2. DOTA 2

The stability constant (kg) of Gd-DTPA is 1028 while that of Gd-DOTA 
is 10 . But these in vitro thermodynamic stability constants can serve
only as estimates of stability in the body. Bousquet et al., (1988) 
determined the in vivo relaxivity, biodistribution and acute animal 
toxicity of Gd-DOTA comparing with those of Gd-DTPA. They found that Gd- 
DTPA has 17% greater in vitro relaxivity than did Gd-DOTA, but better 
acute LD50 data were found for the latter. Runge et al., (1988) pointed 
out that the enhancement of a rat glioma using Gd-DTPA was greater than 
that with Gd-DOTA.
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Nitroxides as contrast agents

Having an unpaired electron, nitroxide free radicals (Keana, 1984) 
are paramagnetic therefore can "relax" the hydrogen nucleus surrounding 
them. Their uncharacteristic stability caused by the delocalization of 
the unpaired electron between the N and 0 makes these radicals as a 
primarily source of spin labels. Nitroxides have already proved to be 
useful as proton relaxation agents in biological studies (Krugh, 1976). 
Bennett et al. (1987) have shown that relaxivity of nitroxides depends 
on magnetic fields, temperature, solvent viscosity and degree of binding 
of nitroxides to protein. Nitroxides are 10-15 times less effective in 
changing T]_ than Gd-DTPA. This is due to the fact that Gd-DTPA has 7 
unpaired electrons while nitroxides have only one. Despite of this low 
relaxivity, initial studies of the contrast enhancing properties of 
nitroxides 3, 4, 5 (Fig. 3) in animals have been promising. In vivo
studies (Brasch, London et al., 1983) in experimental animals showed that 
nitroxide 3 accumulating in renal structures increased MRI intensity of 
the kidney and demonstrated the presence of diseases. Nitroxide 3 has 
also been used to identify breaks in blood-brain barrier of dogs (Brasch, 
Nitecki et al., 1983). Sosnovsky et al., (1985) synthesized spin labelled 
chelating agents and their gadolinium complexes and evaluated their 
effects on Tj and T2 of water, plasma and blood. Sosnovsky et al., (1986) 
prepared nitroxyl labeled glucose derivatives as potential MRI contrast 
enhancing agents. In animal experiments Rosen et al., (1987) demonstrated 
that certain nitroxides are as effective as Gd-DTPA in enhancing MR 
images of the cerebrospinal fluid spaces and surrounding tissues.

Fig 3. Nitroxides 3, 4, 5
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In summary, the results of these initial studies: low toxicity, no 
mutagenesis, chemical versatility and stability at physiological pH and 
temperature suggest that nitroxides have high potential as MRI contrast 
agents. However, pharmacokinetic studies (Couet et al., 1984; Griffeth et 
al., 1984) have demonstrated that nitroxides undergo a rapid one- electron 
bioreduction to the N-hydroxy derivative when administered intravenously 
to experimental animals. The resultant N-hydroxy species are diamagnetic 
therefore do not function as contrast agents. The primary sites of this 
in vivo reduction were found to be in lung, liver and kidney (Griffeth et 
al., 1984). The bioreduction studies (Keana, Van Nice, 1984; Eriksson et 
al., 1987) suggest that the reduction is mediated primarily by cellular 
reductases and secondarily by ascorbate.

Nitroxide-doped liposomes with oxidant

One approach to offset the effect of nitroxide reduction during 
imaging is to find the way when the reduced form of the nitroxide groups 
can be reoxidized. According to Keana and Pou (1985) water soluble 
membrane impermeant oxidant Kj Fe(CN)g was trapped within the liposomes 
containing nitroxides. Ascorbate ion being a mild bilayer impermeant 
water soluble reagent was chosen as the external nitroxide reductant. It 
has been known (Birrell et al., 1980) that nitroxide fatty acids can 
undergo rapid transbilayer motion (flip-flop). Having been reduced by the 
excess of ascorbate ions externally the reduced form of nitroxide flip- 
flops to the inside of the liposomes. Here it can be reoxidized by 
Kj^FeiCN)^ and flip-flop back.

TISSUE SPECIFICITY

One important limitation of chelated paramagnetic ions is their lack*of tissue selectivity. It means that T^ and T2 that form the basis of NMR 
signals and thus the basis for tissue discrimination on NMR images do not 
have values specific for particular cell or tissue types. For solving 
this problem several different approaches have been utilized.
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Porphyrin derivatives

Metalloporphyrines have high concentration retention in tumors 
relative to normal tissues giving them special tumor localizing property 
(Patronas et al., 1986; Fiel et al., 1987; Lyon et al., 1987). ïhey also 
offer the advantage of low toxicity and high NMR relaxivity. Among the 
others tested the Mn-5+ ion complexed to tetrakis(sulphonato-
phenyDporphyrin (TPPS) 6 (Fig. 4) called Mn-TPPS appeared to be the 
tumor-specific MRI contrast agent (Lyon et al., 1987). Spin echo images 
of mice bearing solid tumors (L1210) injected with this reagent, have 
shown a significantly enhanced contrast between tumor and normal tissues. 
Furmanski and Longley (1988) also demonstrated with MRI imaging of human 
tumor xenografts in mice that metalloporphyrins have the potential for 
use as tumor selective contrast agents.

s o 3H

H 0 3: S 0 3H

S 0 3H

Fig 4. TPPS 6
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Liposomes

An alternative approach to developing tissue specific MRI contrast 
agents is to use liposome entrapped paramagnetic species. Liposomes tend 
to be taken up by the reticuloendothelial systems such as liver, spleen 
and bone marrow. It appears from the investigations of Caride et al. 
(1984) that entrapped Mn-DTPA in liposome is less efficient Tj proton 
relaxation enhancing agent than is free Mn-DTPA. Kabalka et al. (1987) 
have found that the stearyl derivative of DTPA (DTPA-SA) 7 (Fig. 5) 
chelated to Gd^+ and entrapped in liposomes caused a Tj relaxation 
enhancement in the liver and spleen of mice for a period exceeding eleven 
days. Thus, liposomes could efficiently deliver MRI contrast agents to 
organs like liver and spleen.

H О 
I II

I— C O 2H
CH3(CH2)16CH2— N - C — ^  / v V \

CH3(CH2)17NH3+ o - c
N

-C 0 2H

-c o 2h

Fig 5. DTPA-SA 7

Biomolecules

Another possible solution for obtaining tissue specific contrast 
agents for MRI is the attachment of the chelated paramagnetic metal ions 
to biomolecules. For direct conjugation of chelating agents to 
biomolecules the procedure of Hnatowich et al. (1983) and Krejcarek and 
Tucker (1977) have been used. The biomolecules of interest could be 
derivatized with DTPA by reacting their exposed amino groups with the 
dianhydride 8 or mixed anhydride 9 (Fig. 6) producing stable peptide 
linkages.

In this process one carboxylate group of the original DTPA is 
unavailable for complexation resulting a somewhat reduced stability 
constant. For example, Gd-DTPA bound to serum albumine has a stability 
constant of 1019 (Lauffer et al., 1986), whereas Gd-DTPA has 10^. To 
keep all five carboxcylate groups of DTPA available for chelation 
Brechbiel et al. (1986) developed a side chain phenylisocyanate



Lex: Contrast enhancing in magnetic resonance imaging 275

functionalized DTPA derivative 10 (Fig. 7).

NCS

Fig 7. Functionalized DTPA derivative 10

This chelator has not yet been applied to MRI contrast enhancement 
but has successfully been used in the radioactive (ll^In) labelling of 
tumor localizing monoclonal antibodies for scintigraphic image in tumor 
bearing mice (Brechbiel et al., 1986). Keana et al. (1988) have also 
reported of the synthesis of DTPA derivative 1 1 ,12  (Fig. 8) having two 
phenylisothiocyanate groups. The ease of their synthesis comparing with 
the synthesis of 10 makes these chelators a recommended choice for 
derivatizing biomolecules.

Fig. 6. Anhydrides 8 , 9
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Fig 8. Modified DTPA-s 11, 12

In vivo contrast enhancement of the heart and lung of rats and 
rabbits after intravenous administration of Gd-DTPA - human serum albumin 
indicated the usefulness of these or other Gd-DTPA - biomolecules as 
intravascular contrast agents (Schmiedl et al., 1987).

1

Antibodies

An alternative approach for developing contrast enhancing agent with 
a degree of tissue specificity is to link the Gd-DTPA to monoclonal 
antibodies whose targeting to tumors has been well established by use of 
radiolabels. Curtet et al. (1986) attached 16 DTPA- molecules to 
monoclonal antibody 19.9 (MAb 19.9) directed against colon
adenocarcinoma. The antibody retained its biological and immunological 
properties after labelling. T̂  relaxation time measured in tumors removed
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from mice 24 hr after injection of Gd-DTPA-MAb 19.9 was decreased by 15%. 
It is likely that this increase in relaxivity will not lead to sufficient 
contrast enhancement of the tumor by MRI (Curtet et al., 1986). This 
inefficiency is caused by the relatively low amount of Gd-DTPA bound to 
MAb. According to Manabe et al. (1986) it might require as many as 100 or 
more chelated paramagnetic ions per MAb to achieve in vivo contrast 
enhancement of the target tissue by MRI. Using the direct conjugation of 
8 to MAb it appears impossible to reach this ratio without seriously 
damaging the MAb specific targeting properties. As a possible solution to 
this problem, Manabe et al. (1986) have investigated the use of poly(L- 
lysine) as a carrier for attachment of Gd-DTPA to MAb. They were able to 
attach up to 42 molecules of Gd-DTPA per MAb while retaining over90% of 
its activity in vivo. Similar attempts were made by Torchilin et al. 
(1987) using also’ polylysines. They could link up to 150 di- or trivalent 
metal ions to the antibody. Keana et al. (1988) proposed a different 
possible way to increase the ratio of the paramagnetic species to the 
biomolecule using molecules called "amplifiers". By the term "molecular 
amplifier" they mean a chemically well defined polyfunctional molecule to 
which a large number of paramagnetic centers can be attached and which 
has a unique functionalized arm through which the unit may be attached to 
the targeting device.
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SOftlARY
These experiments were aimed at the better understanding of 

the mechanism of the enhancement of radiation damage brought about 
by acetone in spores of Bacillus megaterium. Particularly, the 
intention was to examine the extent of involvement of water
content in this action of acetone. The radiosensitization of
aceton increased with increasing oxygen concentration and
ultimately became zero at 2.1 % O2 in N2- The extent of
sensitization increased with rising concentration of acetone up to 
the first peak (50 % acetone in water) under anaerobic condition. 
Further increase in acetone concentration resulted a maximum 
response seen at 90 % acetone in water. To investigate the role of 
hydroxyl radical in the radiation sensitization caused by acetone 
two different types of hydroxyl radical scavengers (t-butanol and 
iso-propanol) were used.

INTRODUCTION

Bacterial spores ave been widely used to study the effects of 
different radiation modifying agents. Tallentire et al. (1972) described 
the radiation sensitization of Bacillus megaterium spores by ketonic 
agents: acetone, acetophenone and p-nitroacetophenone. He supposed that
ketonic sensitizers and oxygen, in part operate by the same mechanism. The 
correlation between this radiobiological sensitization and electrophylic 
structures was also shown (Adams, Dewey, 1963; Adams et al., 1967) that 
led to the characterization of a new class of radiosensitizers, that so 
called "electron affinic" compounds. Tallentire and Jacobs (1972) found 
that p-nitro-acetophenone (PNAP) increases the radiation sensitivity under 
anoxic condition but does not alter the response in air. The radiation 
modifying effect of PNAP widely studied by Ewing (Ewing et al., 1974; 
Ewing, 1975; 1977; 1978). He indicated that the sensitization of Bacillus
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negaterium by PNAP can be devided into at least two components, one which 
involves hydroxyl radicals and one which does not (Ewing, 1978). It has 
been also reported that the PNAP has a protective effect in 0.8 % O2 in N2 

when spores suspended in buffer. Initially the free radical products (‘OH, 
H-, e~aq) are derived from the water radiolysis. Regarding this process 
the water is supposed to play an important role in the radiation 
sensitization. In our test system we modelled the effect of oxygen, water, 
sensitizer and hydroxyl radical scavengers to obtain further information 
about this phenomenon.

MATERIALS AND METHODS
Bacillus megaterium spores (ATCC 8245) were used in these 

experiments. The plating medium was Oxoid Nutrient Broth No. 2. 
supplemented with 2 % Oxoid Agar No. 1. Colonies were counted after 
overnight incubation at 37°C.
Gamma irradiation was carried out with an RH-y^O 6"Co apparatus with a 
dose rate ranging from 58.63 to 67.38 Gy/min. Dose effect curves were 
constructed from four experimental points, each being determined by at 
least four replicate plate counts. Survival curves of the form, S=n . e'^0 
were fitted to the experimental data by a least-square program. Д  is the 
fractional survival after dose £, j< is the inactivation constant and д  is 
the extrapolation number. Each survival curve is obtained at least three 
separate experiments.
Suspensions containing 5x10 viable spores were equilibrated with nitrogen 
and oxygen in nitrogen over the stirred suspension for 30 minutes before 
the commencement of irradiation. Gas flow was continued throught 
irradiation. The suspensions were equilibrated with gas mixture of 0.7 %,
1.4 % and 2.1 % O2 in N2 and pure nitrogen.
Acetone and iso-propanol were obtained from Reanal Co. (Budapest) and t- 
butanol from Sigma (B 2138). Iso-propanol and t-butanol were added to the 
suspension 30 minutes before exposure.

RESULTS

A series of experiments were carried out to determine the 
relationship between response of spores to gamma-irradiation and acetone 
under anoxic condition. A plot of the values of inactivation constants as 
a function of acetone concentration is depicted in Fig. 1. The curve 
appears to show four distinct parts. At concentration less than 50 % 
acetone in water there is a gradual increase in the value of к followed by 
a very sharp decrease with a very slight increase in the acetone 
concentration. Further increase in acetone concentration caused a second 
rise in value of к which reached its maximum at 90 % acetone in water.
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MOLAR CONCENTRATION O f ACETONE

Fig 1. Radiosensitizing effect of acetone under 
anoxic condition (acetone alone /•/, 
acetone and 2.5 mol/ 1 iso-propanol /А/, 
acetone and 0.1 mol/ 1 t-butanol /■/)

Final reduction of water content resulted in a sharp drop in radiation 
response. For better comparison the radiosensitizing effect of acetone, 
inactivation constant and Sensitizer Enhancement Ratio (SER) are 
illustrated in Table 1. For irradiation in nitrogen the mean value of к 
without acetone is 12.70 Gy“^x 10~^.
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Table 1. Radiosensitizing effect of acetone under anoxic condition

Acetone in water
(v/v%)

Inactivation constant 
(Gy x 10 "4)

Sensitizer enhancement 
ratio (SER)

0 12.70 -

10 14.11 1.11

20 14.32 1.15
30 14.96 1.17
40 14.86 1.24
50 16.61 1.30
60 14.87 1.17
70 15.42 1.21
80 15.84 1.24
90 17.78 1.40
99.5 14.19 1.11

Regarding the two most effective acetone concentrations (50 % and 90 %) it 
can be stated that 1.30 and 1.40 SER values approximately correspond to 
the values at 1.4 % 02 in N2 (OER = 1.28) and 2.1 % 02 in N2 (OER = 1.38) 
respectively, in the absence of acetone. The anoxic radiation response of 
Bacillus megaterium spores irradiated in 50 % and 90 % acetone in water 
can be enhanced by 42 % and 54 %, respectively 0< value at 100 % 02 22.03 
Gy-1 X 104, with an OER 1.73). Spores irradiated in 10 % and 99.5 % 
acetone resulted same radiation response (SER, 1.11).
Table 2. illustrates the effect of different concentrations of oxygen on 
spores suspended in water or in 90 % acetone in water. Under anoxic 
condition spores suspended in water (with no acetone) have an inactivation 
costant 12.70 Gy^xlO-4 which is increased to 17.52 Gy-1 x 10-4 in 2.1 % 
02 in N2, resulting OER 1.38. In the presence of 90 % acetone in water 
there was an increased response to the effect of ionizing radiation. The 
maximum sensitization obtained under anoxic condition with a SER 1.40. 
Increasing concentration of oxygen caused a decreased sensitization which 
ultimately became zero at 2.1 % 02 in N2.
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Two hydroxyl radical scavengers were employed that can alter the effective 
concentration of -OH during irradiation.

Table 2. Radiosensitizing effect of 90 % acetone at various oxygen
concentrations

Gas mixture 
(02% in N2)

Oxygen enhancement 
ratio (OER)

Sensitizer enhancement 
ratio, (SER)

pure N2 1.00 1.40
0.7 1.09 1.33
1.4 1.28 1.21

2.1 1.38 1.00

These chemicals were chosen for their different mode of action. Ewing 
(1976), Ewing and Powers (1980) has distinguished two kinds of reduction 
in radiation sensitivity. According to his results a simple hydroxyl 
radical removal in anoxia does not provide protection but some agents, 
probably a function by forming an a-hydroxy-radical, can reduce the 
radiation response. He separated two different mechanisms namely the 
"desensitization" and the "protection". For instance, t-butanol can remove 
the sensitization of NO3 (Powers et al., 1972a) and Ag+ (Richmond, Powers, 
1974), but this agent has no protective effect in water under anoxic 
condition (Ewing, 1978). Iso-propanol has the ability to form a-hydroxy- 
radical and is able to reduce radiation response under anoxic condition.
2.5 mol/1 isopropanol decreased the sensitization peak observed at 50 % 
acetone, reducing value from 16.61 Gy-1 x 10 -4 to 14.77 Gy--*- x 10-4 
(Fig 1). We found 0.1 mol/1 t-butanol uneffective at this acetone 
concentration. Reverse effect was found at 90 X acetone in water. 
Sensitivity at this concentration was lowered from 17.78 Gy-*- x 10-4 to 
16.18 Gy-1 x 10-4 by t-butanol.
2.5 mol/1 iso-propanol did not alter radiosensitivity at this 
concentration. An unexpected sensitization can be seen at 60 % acetone in 
water caused by iso-propanol and t-butanol. Both hydroxyl radical 
scavengers increased radiation sensitivity of the spores. Radiation

I
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response enhanced up to the к value 15.78 Gy--*- x 10-^ (0.1 mol/1 t- 
butanol) and 16.32 Gy-*- x 10-  ̂(2.5 mol/1 iso-propanol) from 14.87 Gy-* x 
10- ,̂ respectively. Ewing (1978) found the same phenomenon when high t- 
butanol concentration was used in the presence of p-nitroacetophenone, but 
he could not provide satisfactory explanation for this findings.

DISCUSSION

Several models have been proposed to explain sensitization caused by 
electron affinie compounds. The most favoured theory is the so-called 
radical fixation or direct model (Adams, 1970; Adams, Jameson, 1980). 
According to this hypothesis after energy absorption positive ion and an 
electron would be formed and the electron would be migrated to a more 
electron affinie site on the target molecule. If an agent with higher 
electron affinity is present, an electron transfer to the target could 
occur. This process would compete with charge recombination in the 
molecule. The electron affinity of sensitizer is the essential parameter 
in this model.
Powers (1972) and Powers et al. (1972b) has proposed an indirect model in 
which the sensitizer acts by reacting with hydrated electron, enhancing 
the available hydroxyl radicals. Regarding the different sensitization by 
acetone at various water content and the different protection of hydroxyl 
radical scavengers we have combined certain elements of both hypothesis to 
explain our findings.
We demonstrated that at given concentrations of acetone (50 % and 90 %) 
increase radiation sensitivity up to a peak, and on the other side, 
responses sharply decrease at 60 % and 99.5 % acetone. The phenomenon of 
decreased response at high sensitizer concentration is not unknown 
(Jacobs, Sade, 1984; Powers, 1973, 1978). Powers (1978) distinguished a 
low dose component (the "resistant" component). In our cases at medium or 
high acetone concentrations, the sensitizer competes for hydroxyl radicals 
thus decreasing its effectiveness, or in other words, at this region 
acetone competition for hydrated electron may not be effective enough to 
convert most e-ac, into hydroxyl radicals. Based on our results we suggest 
that the mechanism of sensitization of acetone might be different at low 
and high water content. If the -OH is involved in the sensitizing action 
of acetone it is expected that the presence of hydroxyl radical scavengers
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would reduce the amount of OH radicals decreasing the radiation
sensitization of acetone. Our results indicate differences in the mode of 
action of the applied scavengers. We suppose that this dissimilarity of t- 
butanol and isopropanol is not exclusively due to the ability of
forming «-hydroxy radical. Probably there is a difference, in the water 
content, between the two population of -OH produced as well. The first 
population is created by radiolysis of water and the second one of 
hydroxyl radicals by reaction of e_aq with acetone. Primary radicals 
derived from water are easily removable by isopropanol, but not by t- 
butanol. Secondary OH radicals generated in the close vicinity of their 
target can be lowered only by t-butanol. This suggests that the difference 
between the action of iso-propanol and t-butanol is attributed to the
different origin of OH radicals and not to the ability of forming a - 
hydroxy radical.
Another interesting question relating to the hydroxy radical production is 
what kind of water compartments are involved. Some sensitizer exert their 
action when the cells are in suspension, and are ineffective when the
cells are equilibrated to water vapor (Richmond et al. 1975). In all
probability, the -0H plays important role in the radiation sensitization, 
but the final action depends upon some unknown relationship between the 
sensitizer and water structure and/or postion (Powers, 1978).
According to our results the next explonations can be offered as the 
action of mechanism of acetone:
a/ Acetone and oxygen, in part, operate by the same mechanism, 
b/ Acetone has two different modes of action and only one of them can be 

eliminated by -OH scavengers.
с/ Hydroxyl radical dependent damage can be separated into two categories. 

The first population of OH radicals deriving from water radiolysis and 
the second one by the reaction of acetone, 

d/ Elements of direct and indirect models proposed by Adams (Adams, 1970; 
Adams, Jameson, 1980) and Powers (Powers, 1972; Powers et al., 1972Ы 
explain the radiosensitization of acetone, 

e/ Mechanism of sensitization by acetone is different at low and high 
water content.

f/ Free radical component of damage may disappear at very low water 
content.
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SUMMARY
It was found that milk samples from cows with mastitis have 

markedly higher selenium concentrations and higher standard 
deviations than those of healthy cows. A good correlation was found 
between the severity of the disease and increase of selenium 
concentration.

INTRODUCTION

Selenium sufficiency in milking cows (and in cattle generally) is 
normally estimated through the selenium content of hair or blood (Anke, 
Risch, 1979). Nevertheless, the data presented by Partschefeld et al. 
(1973) showed that milk is a better indicator than hair, blood or internal 
organs. The present work is aimed to investigate the possible interference 
by mastitis on the evaluation of the selenium status.

MATERIALS AND METHODS

Healthy and mastitis cows were selected from Holstein-Friesian herds 
of different farms and selenium contents of milk was determined. Selenium 
contents of milk samples were compared between healthy and sick cows and 
between healthy and sick udder quarters with Student's t-test. For the 
diagnosis of mastitis MASTITEST (PHYLAXIA Budapest) containing bromcrezol 
purple dye was used in accordance with the Hungarian standard (M5Z 12320- 
83). Besides individual testing, the degree of mastitis of the sick groups
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was determined by means of MASTITEST on pooled milk samples. Samples were 
prepared for Se determination according to Pool et al. (1977). Ten cm^ of 
milk was pretreated with nitric acid, then ashed in presence of magnesium 
nitrate. Selenium content was determined by gas-chromatography (with EC 
detector) in form of piazselenol made with 4,6-dibromo-orto-fenilendiamine 
(Shimoishy, 1977). The above mentioned two methods were combined into one 
process by Nagy (1987). The precision of this method is characterized by a 
12 % variation coefficient.

RESULTS AND DISCUSSION

Selenium content of milk samples from cows with sick udders was 
significantly higher than that of healthy animals (Table 1). In aggravated 
cases milk selenium surpassed 4- to 5-fold the corresponding values of 
healthy animals. The increased secretion of selenium was also shown when 
milk samples from sick and healthy quarters of the same udder were 
compared (Table 2).

Table 1. Selenium content of milk from healthy and mastitis cows 
in the same herd ( pg/dnr)

mastitis healthy F-test t--test
herd ratio

group group P P
n 7 7 - - -

I. M ++ ? - - -

X 13.0 5.8 - < 0.05 2.2
s 5.5 1.9 0.05 - -

n 5 ~ T ~ - - -

II. M ++ t - - -

X 18.1 6.3 - < 0.01 2.9
s 5.2 1.7 < 0.05 - -

n § 8 - - -

III. M +++ 0 - - -

X 23.2 6.6 - < 0.01 3.5
s 8.4 2.5 < 0.01 - -

П 8 8 - - -

IV. M +++ + 0 - - -

X 24.2 6.5 - < 0.01 3.7
s 5.7 2.0 < 0.05 - -

n : number of individuals 
M : degree of mastitis 
s : standard deviation
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Table 2. Selenium content of milk obtained from mastitis and 
healthy udder quarters of the same cows

Se, C|ig/dmv)
COW mastitis healthy ratio

udder quarter
I . 6 .5 ^574 ”'l'.2

(M: +)
II. 12.3 7.0 1.8

(M: ++)
III. 14.3 6.3 2.3

(M: +++)
IV. 15.6 7.8 2 . 0

(M: +++)
V. 24.3 6.6 3.7

(M: +++)VI. 32.6 10.9 3.0
(M: +++)VII. 33.8 8.4 4.0
(M: ++++)

VIII. 34.1 7.2 4.7
(M: ++++)

IX. 34.2 11.7 2.9
(M: ++++)

M: Degree of mastitis

Both the selenium content of milk and the increase of selenium 
concentration in case of udders with mastitis was significantly correlated 
with the grade of mastitis (p< 0.05 and p<0.01, respectively), in most of 
the herds examined. This shows that lacteal selenium can be used as an 
indicator of the selenium status only in cows free of mastitis.

This also suggests that eleveted excretion of selenium may contribute 
to the formation of a latent selenium deficiency. Via its effect on the 
immune system (Shamberger, 1983), this may contribute to the aggravation 
of the mastitis itself.
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BOOK REVIEWS

DRUG FORMULATION. I. Rácz (ed.). Akadémiai Kiadó, Budapest, 
1989. ISBN 963 05 476 0, pp. 416

The aim of the monography is to draw attention on pharma
ceutical technology, the role of the structure, stability, com
patibility, biopharmacy from the point of view of drug formu
lation. The book is divided into four chapters. 1.) Principles 
of pre-formulation and formulation testing of pharmaceutical 
products. 2.) Drug stability. 3.) Physicochemical interactions 
encountered in the course of drug product preparation. 4.) Bio- 
pharmaceutical aspects of designing and evaluating drug prod
ucts. In the first chapter author reviews the criteria of pre
formulation. This definition is used for processes preceeding 
the establishment of the final product, predevelopment and 
pilot scale-up studies. Conventional preparations (homogenous 
liquid-phase, heterogenous solid-phase, heterogenous fluid- 
and semisolid-phase) and non-conventional long-acting pharma
ceutical products are discussed separately. An overall scheme 
for testing and control of active ingredients and products is 
given. The second part of the chapter is devoted to experimen
tal procedures of pre-formulation and formulation. Objective 
evaluation of the results with adequate mathematical formulas 
is illustrated with comprehensive examples. A guidance for 
development of large-scale production is proposed. In the sec
ond chapter author calls the attention to scrutinize stability 
of active ingredients, excipients and end-products. He deals 
with factors influencing stability. Changes which occur during 
storage are divided into three groups: (a) physical and colloi
dal-physical, (b) chemical, (c) microbiological ones. Degrada
tion processes are documented with examples. Reaction kinetics 
and optimal mathematical formulas in evaluating the separate 
phases are discussed. He emphasizes that decomposition of solid 
products may be increased or decreased by various excipients. 
Influence of physical factors on drug stability is documented 
with several figures resp. tables.
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Chapter three provides good definition for different type 
of interactions. It reports complex-bindings increasing biolog
ical effects (e.g. caffeine-ergot alkaloids) resp. interactions 
decreasing pharmacological activity (e.g. aminophylline - dry 
Belladonna extracts). Incompatibilities of parenteral drug for
mules are listed in table. Interactions of drug-additive and 
additive-additive are recorded in details being well applica
ble both in factory production and dispensing pharmacy. In 
chapter four a table summing up biological half-lives in man of 
often applied remedies is very useful. It would be of help to 
complete it with a comparison of oral vs rectal doses. Absorp
tion and distribution processes are abundantly discussed how- %
ever in vivo biotransformation and elimination decreasing resp. 
influencing drug- and pro-drug actions are scarcely mentioned. 
Valuable aspects are given for pro-drug and prolonged drug- 
preparation technology.

The monography is recommended primarily for pharmaceutical 
factories and galenical laboratories. A value of the book is to 
deal separately with the formulation, storage and examination 
of active ingredients, excipients and product alike. The draft
ing principles of the chapters are uniform. Conclusions and 
literary data closing every chapter as well as comprehensive 
style renders the book easy to survey. The tables are useful 
both in dispensing pharmacy and in the choice of optimal dose 
regimen. References are abundant and subject index is correct.
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METAL IONS IN BIOLOGICAL SYSTEMS. VOL. 25 INTERRELATIONS AMONG 
METAL IONS, ENZYMES, AND GENE EXPRESSION. Eds.: Helmut Sigel 
and Astrid Sigel. Marcel Dekker Inc., New York and Basel, 1989, 
pp. 592, 162 US Dollar (in other countries than USA and Canada)

The book under review is the 25th one in the series "Metal 
ions in biological systems". Helmut Sigel, the editor, claimed 
in his preface when starting the series in 1973: "Recently the 
importance of metal ions to the vital function of living organ
isms has become increasingly apparent .... No doubt, we re 
only at the brink of this process". Now, 25 years later, the 
series is worth continuing, due to the recent results in the 
field of "bioinorganic chemistry".

In all of its twelve chapters the present volume deals
with the relationship of metal ions to genetics. The first
chapter, in search of the mechanism of manganese-induced muta-

2+genesis, analyzes the effect of Mn on DNA polymerase I, on 
proofreading by 3'- to 5'-exonuclease activity and on the sen
sitivity of exonuclease activity to inhibition by 5'-NMP.
Chapter 2 demonstrates specific metallonucleases and describes 
organic metal complexes capable of oxidative cleaving of nucle
otides. The most impressive part in this chapter is the design 
of "affinity cleaving" artificial nulceases by coupling non
specific DNA-cleaving metal complexes to sequence-specific DNA- 
binding molecules. Chapters 3 and 4 demonstrate how metal ions 
can take part in the signalling of specific protein synthesis. 
The best elucidated examples are the transcriptional regulation 
of the synthesis of a detoxifying protein, mercury reductase, 
by MerR protein, the genetic regulation of iron uptake by Fur 
protein and the copper-specific induction of yeast metallothio- 
nein.

2 +The specific stabilizing effect of Zn towards bacterial 
RNA polymerase, the Gene 32 protein of bacteriophage T4 and the 
eukaryotic transcription factor IIIA, a member of the "Zinc fin
ger" proteins, is described in chapters 5 and 6 . The history of 
zinc finger proteins clearly illustrates that after the discov
ery of the first one in Xenopus laevis, a series of "consensus



298

sequences" for binding of Zn has been recognized. Its character
istic Zn-binding loop contains Cys-X2 op 4 -Cys and His-X3~His 
residues. Model experiments show how this peptide can wrap spe
cific nucleic acid sequences, resulting in their stabilization.

A large part of the volume (Chapters 7-12) deals with site- 
directed mutagenesis. The use of synthetic or mutant БЛА tem
plates in cloning proteins provides an ideal method to determine 
the function of an amino acid within the protein, since it may 
be selectively deleted or exchanged while, ideally, the rest of
the protein is kept constant. The first example in the book is 

2+the probing of Ca -binding sites of calbindin D , , which rep-
2+resents a simple model of EF-hand Ca -binding proteins (like 

calmodulin etc.). Further examples to demonstrate the usefulness 
of site-directed mutagenesis are: probing the structural require
ments of the active site in staphylococcal nuclease, in some Zn- 
metalloenzymes (alkaline phosphatase, alcohol dehydrogenase, 
carboxypeptidase A) and, finally, in a series of hem proteins 
(cytochrome C, cytochrome peroxidase, cytochrome b^, cytochrome 
P-450, hemoglobin and myoglobin). These investigations of course 
are completed with chemical modification of amino acid residues 
and metal ion replacements, too.

Each chapter has a logic construction with a short intro
duction and methodology (when necessary). The way of presentation 
varies from giving a conscise survey to assuming the form of an 
original paper. The schematic pictures are very useful for better 
understanding. Some parts of the interpretation require a good 
basic knowledge of physical methods (like NMR) but the conclu
sions are always clear and straightforward. A comprehensive up 
to date list of references completes each chapter.

The whole of the volume represents timely and interesting 
information not only for "bioinorganic chemists" and scientists 
in the field of biology, chemistry and physics, but also for 
university teachers and students including medical students 
interested in problems pf bioinorganic chemistry.
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SUMMARY
Murine peritoneal macrophages were treated in vitro with 
L-leucine methyl ester (0.25-5.0 mM). This treatment re
sulted in an inhibition of the amino acid incorporation 
into the cells both at 4°C and 37°C during a relatively 
short incubation period. The adherence of macrophages was 
not changed by the treatment. Bacterial phagocytosis was 
partly influenced: Leu-OMe did not change the binding but 
the engulfment of opsonized bacteria was blocked. Damage 
of the plasma membrane caused by Leu-OMe was not so seri
ous as that produced by specific anti-PEC antiserum. Leu- 
OMe is a lysosomotropic agent accumulated preferentially 
by lysosomes. The vacuolization of the cells and the dil
atation of the vacuoles are evidences for the intracellu
lar damage. In the early phase this damage is character
ized only by the leakage of the cytoplasm, later the dam
age of the plasma membrane can also be demonstrated.

INTRODUCTION

In recent years numerous new observations have been pub
lished on intracellular protein catabolism. The exploration of 
ATP-dependent proteolysis (1, 2) and the ubiquitin system (3) 
is to be considered as very important aspects, in this field. 
The study of the ubiquitin system may explain the half-life of 
the so-called "short-lived turnover proteins" and give an un-

Abbreviations : Leu-OMe, L-leucine methyl ester; Leu-Leu-OMe, L-leucyl-leu
cine methyl ester; NEM, N-ethyl-maleimide; NK, natural 
killer cells; NP-40, phenyl-ethyl-polyethylene glycol, an 
non-ionic detergent; PBS, phosphate buffered saline;
PCA, perchloric acid; PEC, peritoneal exudate cells

Akadémiai Kiadó, Budapest
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derstanding of the process of the specific protein catabolism.
It is known that certain amino acids e.g. methionine and their 
derivatives inhibit intracellular proteolysis (4).

The cytoplasmic proteolysis of intracellular proteins is 
partly dependent, partly independent on ATP and a type of pro
teolysis takes place in the lysosomes. It is very likely that 
this latter form plays an important role in antigen processing.

Intracellular protein catabolism can be followed by stud
ying ultrastructural changes. The amount and volume of the vac
uoles can be determined by quantitative electron microscopy 
(5-7) .

In the case of hepatocytes it has been observed that cer
tain amino acids mainly methionine, but other amino acids as 
well, took part in the regulation of vacuole-formation. This 
role of amino acids is probably not the same in different cell 
types (8).

For the time being there are possibilities to investigate 
the intracellular proteases in situ, without damaging the plas
ma membranes of cultured cells by a new method, electro-perme- 
abilization (4, 9). Similarly, several agents, being able to 
permeate the plasma membrane and affect directly the lysosomes, 
are also very useful tools in the study of lysosomal proteoly
sis. These drugs e.g. monoamines are known as lysosomotropic 
agents (10). The methyl esters of certain amino acids and di
peptides (11-15) also belong to this group of compounds. Re
cently L-leucine methyl ester and L-leucyl-leucine methyl ester 
were found to be very effective and useful lysosomotropic agents 
(16-21) .

There are two possibilities for studying lysosomes: bio
chemical and cytological techniques. Purified components pre
pared from lysosomes are not available yet. For this reason 
only lysosomotropic agents like Leu-OMe renders possible to in
vestigate the permeability and other properties of lysosomes, 
intracellularly, in situ.

The treatment of macrophages with the compounds mentioned 
above resulted in the disruption of lysosomes and selective 
death of the cells, while in the case of NK and other cells 
cell-damage was reversible (15, 18, 21). It has been published
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that the depletion of lysosome-rich cell populations (large 
granulocytes, lymphocytes, monocytes and subsets of T-suppres- 
sor cells) by Leu-OMe leads to the activation of antigen spe
cific В lymphocytes in culture for the production of human 
monoclonal antibodies (22-24).

In this report we describe the effect of Leu-OMe on in 
vitro protein synthesis, bacterial phagocytosis and adherence 
of murine peritoneal macrophages.

MATERIALS AND METHODS

Preparation of peritoneal macrophages. CFLP male mice 
(25-35 g, LATI, Gödöllő, Hungary) were injected i.p. with
1 . 0  ml 2% dephosphorylated casein solution and sacrified after 
72 h. The peritoneal cells were harvested by using 10 ml Ca2+- 
Mg2+-free Hanks solution. After centrifugation the PEC were 
suspended, counted under a light microscope and left to adhere 
in 2.0 ml Hanks solution for 1 h at 37°C in plastic Petri dishes 
(Nunc, Denmark) in a 5% CO2 atmosphere. The non adherent cells 
were removed by washing the cells with a PBS solution and the 
adhered cells were considered as macrophages.

14 6In vitro incorporation of C-valine. 3x10 PEC were 
attached for 1 h, adhered cells were labeled with 74 kBq 
L- (U-l^C) -valine (sp. act. 7.46 GBq/mmole, UVWR, Prague, 
Czechoslovakia) for 60 min in 1.0 ml Hanks Solution. At the end 
of the incubation an equal volume 1 M PCA was added to the 
incubation mixture. Acid précipitable material was washed three 
times with cold 0.5 N PCA. Samples were dissolved in 1.0 ml 
0.5 M NaOH for 30 min. Radioactivity was determined by a Beckman 
LS 300 liquid scintillation spectrometer, incorporation was cal
culated in cpm/yg protein. Protein content was determined by 
the method of Lowry et al. (25).

Preparation of the antiserum directed against mouse PEC.
A rabbit was injected i.v. with 10“ mouse PEC/ml four times at 
weekly intervals. Bleeding was performed 14 days after the last 
injection. The antiserum was used in 1:20 dilution in the pre
sence of 20-fold diluted guinea; pig serum as complement.

51Cr labeling of peritoneal exudate cells. The labeling 
of PEC was carried out according to Liske (26). 740 kBq 51cr- 
Na2CrC>4 (sp. act. 5.94 TBq/g Cr) was added to 5x10^ PEC without 
adherence. Cells were washed five times with Hanks solution.
The total release of 51cr was measured by lysis with distilled 
water and by using 1% NP-40 detergent solution. Radioactivity 
was measured in a NK 350 gamma scintillation spectrometer 
(Gamma Works, Budapest, Hungary).

Determination of bacterial phagocytosis and binding in 
peritoneal macrophages. The ingestion of Micrococcus luteus 
bacteria was measured by the method of Vray et al. (27).
Briefly, 3x10^ macrophages were pre-treated with 5 and 10 mM
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Leu-OMe in Eagle medium for 60 min at 37°C, the Leu-OMe was 
then removed, cells were washed twice with PBS, pH=7.4, and 
cultured in a new Eagle medium. 5x10^ complement opsonized, 
FITC-labeled Micrococcus luteus bacteria were added to the 
cells incubated at 37°C for 60 min; the ingestion was stopped 
with 1 mM NEM (final concentration). Cells were then washed 
twice with PBS, pH=7.0, non ingested bacteria were removed by 
lysozyme treatment and finally the cells solubilized with
1.0 ml 1% NP-40 detergent. Ingestion was determined on the 
basis of fluorescence measured in a Hitachi spectrofluorimeter 
using 492 nm for excitation and 525 nm wavelength for emission. 
The binding was determined by the same method, but cells were 
incubated with bacteria at 4°C in the presence of NEM, after 
60 min the samples were washed three times with PBS, pH=7.0, 
then the cells were solubilized with NP-40 without lysozyme 
treatment.

RESULTS

The effect of various Leu-OMe concentrations, 0.25-5.0 mM,
on the protein synthesis of adhered macrophages was investigated 

14by measuring (U- C)-valine incorporation. Leu-OMe inhibited 
the incorporation of valine in a concentration dependent manner. 
Inhibitions were very marked above 1 mM Leu-OMe concentration 
(Fig. 1).

On the basis of this result the time and temperature de
pendence of this inhibition was studied using 5 mM Leu-OMe. 
Adherent PEC were incubated at 37°C or 4°C for 5 to 60 min.
After removing the lysosomotropic agent by washing the samples 
at 4°C with PBS labeled valine was added at 37°C and incubated 
for 60 min. As shown in Fig. 2 Leu-OMe inhibited protein syn
thesis at both temperatures, but the inhibiting effect developed 
slower at 4°C than at 37°C.

These results suggested to elucidate the mechanism of Leu- 
OMe action and particularly its effect on the plasma membrane 
of macrophages. For this reason we carried out experiments to 
study the adherence, the phagocytic process and chromium-51 
release as an indicator of the intact state of the plasma mem
brane .

The effect of Leu-OMe treatment on the adherence of PEC7was also investigated. In a series of experiments 10 PEC were 
treated with 5 mM Leu-OMe at 37°C and after washing the cells 
three times with PBS they were left to adhere for 60 min in
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Fig. 1. The effect of Leu-OMe on the incorporation of 
l^c-Valine into the proteins of macrophages.
3x10*5 macrophages were left to be adhered and 
then incubated in the presence of Leu-OMe.
80 kBq labeled amino acid, specific activity of 
7.4 GBq/mmole was added and incubated further 
for 60 min. Radioactivity and protein content 
were determined after dissolving the TCA-pre- 
cipitate in 0.5 N NaOH. The average of 3 ex
periments and standard error are shown in the 
figure.

plastic Petri dishes. In another series of experiments 10^ PEC 
were left to adhere for 60 min then washed with PBS and treated 
with 5 mM Leu-OMe for 30 min. The ratio of adherent to non 
adherent cells was determined by measuring their DNA content 
(28). The adherence of macrophages was not changed under con
ditions described above.

''‘Cr-labeled PEC were treated with 5 mM Leu-OMe or anti- 
PEC antisera for 60 min. The results are shown in Fig. 3. The 
specific antiserum caused the release of a considerable amount



3 0 4  Antoni et al.: Effects of L-Leucine Ester on Peritoneal Cells

Fig. 2. The effect of temperature and length of Leu-OMe 
treatment on the amino acid incorporation into 
the proteins in macrophages. Controls (•) and 
(a) at 4°C and 37°C respectively, 5 mM Leu-OMe, 
4°C (o), 5 mM Leu-OMe, 37°C (□). Other details 
see in Fig. 1.

of ^Cr into the supernatant while Leu-OMe treatment did not 
resulted in a similar effect. Simultaneous treatment of the 
macrophages with Leu-OMe and anti-PEC antiserum also caused 
a considerable release of radiochromate.

These results promoted us to study the characteristic 
function of macrophages i.e. the phagocytosis after Leu-OMe 
treatment. FITC-labeled Micrococcus luteus bacteria were used 
to follow both the binding and the ingestion. The macrophages 
were preincubated with 5 and 10 mM Leu-OMe at 37°C for 60 min. 
After removing the lysosomotropic agent by washing the cells 
twice with PBS complement-opsonized Ml-FITC were added to the 
cultures for 60 min. The binding was followed at 4°C in the 
presence of NEM, a glycolysis blocker, while the ingestion was 
measured at 37°C. Leu-OMe treated macrophages preserved their
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capacity for binding the bacteria, indicating the intact state 
of C3b-receptors, but they were unable to ingest the bound 
bacteria (Fig. 4).

Fig. 3. The effect of Leu-OMe on the plasma membrane of 
macrophages. 51cr-labeled macrophages (3x10®) 
were treated as indicated. Total labeling (A), 
released radiochromate after lysis with 1% NP-40 
for 24 h (B), lysis with water for 24 h (C), 
lysis with 2 0x diluted anti-macrophage serum for 
60 min (D), released radiochromate from control 
cells in 60 min (E), from cells treated with 
5 mM Leu-OMe in 60 min (F), control cells after 
60 min treatment with anti-macrophage serum for 
60 min (G), cells treated with 5 mM Leu-OMe for 
60 min and then with 2 0x diluted anti-macrophage 
serum for 60 min after changing media (H). Total 
labeling (100%) was 8700 cpm 51cr per 3x 1 0  ̂mac
rophages .

capacity for binding the bacteria, indicating the intact state 
of C3b-receptors, but they were unable to ingest the bound 
bacteria (Fig. 4).

The effect of Leu-OMe on the phagocytosis was found to be 
irreversible^ one could not detect any difference between 
samples which were pre-incubated only with the drug and those 
which were also incubated in the presence of the drug during 
the whole ingestion (Fig. 4) .
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Fig. 4. The effect of Leu-OMe treatment on the phagocy
tosis and binding. 3x10^ macrophages were pre
incubated in 1 ml Eagle medium containing 10% 
autologous serum. After the change of medium 
1.0 ml Eagle medium and 1 0  ̂ FITC-labeled M.luteus 
bacteria were added for determining the ingestion 
and binding (details see in the text). Preincu
bation with Leu-OMe and phagocytosis without 
Leu-OMe (■), phagocytosis in the presence of 
Leu-OMe (a), preincubation with Leu-OMe and 
binding without Leu-OMe (•), binding in the 
presence of Leu-OMe (o).

DISCUSSION

Several authors have observed that the methyl esters of 
L-amino acids diffuse freely into certain cells, e.g. hépato
cytes, to be concentrated in the lysosomes where they are 
hydrolysed rapidly to free amino acids (29-32). The high con
centration of amino acid methyl esters within lysosomes is 
capable to cause osmotic swelling and consequently, the rup
ture of lysosomes.
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In the case of the T and В lymphocytes this process has 
not been observed (16). These observations have been supported 
by our studies, according to which Leu-OMe did not inhibit pro
tein synthesis in murine thymocytes (33, 34). The effect of 
Leu-OMe was reversible in hepatocytes (11), myocardial cells 
(35) and NK cells (14, 15). At the same time this treatment 
caused a damage and rapid death of the peripheral blood mono
cytes, which are rich in lysosomes (22). Thiele and Lipsky (17) 
have found that the effect of Leu-OMe is selectively toxic for 
the peripheral monocytes. The treatment with Leu-OMe at 1 mM 
or at higher concentration resulted in the vacuolization of 
the cells, the disruption of lysosomes and finally in the rapid 
death. This phenomenon was observed both at 4°C and 37°C (16, 
22). The formation of a natural dipeptide, Leu-Leu-OMe has been 
demonstrated in peripheral blood monocytes (18-20).

Our experiments demonstrate that Leu-OMe is active also
on peritoneal macrophages) 5 mM Leu-OMe treatment at 4°C and

о 1437 C causes a 90-95% inhibition in the C-valme incorporation
into cellular proteins (Fig. 1 and 2).

The adherence of PEC was not influenced by the Leu-OMe 
treatment (Fig. 3) . This result is supported by another finding 
the binding of bacteria to the membraneous C3b receptor is pre
served after Leu-OMe treatment while the final stage of the 
phagocytosis, the engulfment is blocked (Fig. 4). These obser
vations raise the issue to what extent the plasma membrane and 
the intracellular membranes are destroyed by the Leu-OMe treat
ment. The damage of intracellular membranes in peritoneal mac
rophages and the autophagia can be experienced after a short 
time exposure to this compound (16, 34). Leu-OMe causes a dam
age in the first place on the cytoplasmic intracellular, par
ticularly the lysosomal membranes while the plasma membrane is 
not impaired, although a considerable damage to the plasma 
membrane can be shown by electron microscopy (34). The uptake 
and accumulation of leucine by lysosomes does not require any 
special carrier, but this fact raises a question: does the 
sudden increase of leucine concentration in the cells after the 
rupture of lysosome inhibit the protein synthesis?



Antiserum directed against PEC causes a release of a con
siderable amount of radiochromate from ^Cr-labeled PEC while 
Leu-OMe treatment does not liberate chromium-51 to this extent. 
On the other hand, when Leu-OMe treatment is followed by anti- 
PEC antiserum incubation, the amount of radiochromate released 
is similar to that in the case of antiserum treatment (Fig. 3) .

Our results suggest that the Leu-OMe treatment causes 
changes which are the results of osmotic effects in the intra
cellular space and these changes can be demonstrated first of 
all in the lysosomal system (33-37). Thereupon other cytoplas
mic membranes, e.g. the endoplasmic reticulum are damaged indi
cating that the inactivation of this system is followed within 
a short time, in 5-20 min after the Leu-OMe treatment. The 
intracellular alterations are of primary importance in the 
rapid death of the macrophages. These intracellular changes 
later result in the partial fragmentation of plasma membrane. 
This hypothesis is supported by the fact that the plasma mem
brane fragments are not solubilized and preserve the capacity 
for binding of various ligands e.g. specific antibodies, bac
teria, complement via the appropriate receptors (Fig. 4).

Leucine is accumulated in lysosomes but its methyl ester 
is necessary for its penetration (12). This is a specific pro
perty of the lysosomes) though the methyl esters of other amino 
acids are also capable of entering but their lysosomal concent
rations are much lower than that of Leu-OMe. An approximately 
13-fold accumulation of leucine is measured in the lysosomes. 
Simultaneously the activity of 8-glucosaminidase also increased 
(12). The accumulation of Leu-OMe does not depend on tempera
ture in the first stage, but later the activity of the enzymes 
increases probably as a result of the change in intralysosomal 
pH.

The rapid inhibition of the amino acid incorporation and 
consequently of the protein synthesis can be explained possibly 
by damages in the energy supply of the treated cells. Other 
authors have reported that both mitochondria and peroxisomes 
preserved their intact state (12). Therefore it is assumed 
that the endoplasmic reticulum is probably the victim of the
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autophagocytosis (34) and this process may be responsible for 
the inhibition of protein synthesis.

The fact that the inhibition of protein synthesis by Leu- 
OMe is observed equally at 4°C and 37°C, further electron mic
roscopic observations (16) also suggest that the first stage 
of the effect of the Leu-OMe is due to osmotic alterations 
supported by a considerable amount of vacuoles formed and di
lating in the cytoplasm of macrophages. The second stage of 
the Leu-OMe effect is probably characterized by enzymatic pro
cesses, e.g. the déméthylation of amino acid esters or the 
possibility of proteolysis in relation to the damaging effects. 
These latter processes have also been investigated (12, 31) 
the loss of several enzyme activities and the effect of vari
ous agents regulating proteolysis were studied (35). The selec
tive killing of macrophages by Leu-OMe appears to be related 
to the characteristically rich endowment of lysosomes Within 
these cells and to the high sensitivity of these organelles 
to this lysosomotropic agent (38, 39).

Finally, we consider Leu-OMe as a suitable tool for iso
lation of macrophage membrane fragments and for the destruction 
of fixed macrophages in several tissues.
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SUMMARY
Rat brain tumour was induced by treatment with N-ethyl- 
nitrosourea. Using Southern blot analysis, restriction 
fragment length polymorphism of N-ras gene was identified. 
Comparative studies showed that new restriction site did 
not occur in the DNA of DMN induced renal and liver tu
mours . The data suggest that the mutation occuring may be 
specific to the "target" cell or to the structure of 
carcinogens.

INTRODUCTION

Chemically induced tumours in rodents provide good models 
to study the role of the transforming ras gene family in car
cinogenesis (1, 2). In hepatic tumours, mainly Ha-ras and Ki
ras were found to be activated (1, 3). Several groups have 
shown, that the activation of these ras genes is due to point 
mutations (1-8). The N-ras gene was first analysed in human 
neuroblastoma cell lines (9, 10). It is known, that the muta
tion occuring in the human N-ras gene sequence at codon 13 
gives a new recognition site for the restriction enzime HphI, 
and was observed, in human leukemia (11). For this reason we 
studied tha N-ras gene in rat brain tumour induced by a well 
known alkylating agent N-ethylnitrosourea (ENU) (12). Compara
tive studies were also made on dimethylnitrosamine (DMN) in
duced rat renal and metastatising liver tumours.

Abbreviations: ENU, N-ethylnitrosourea; DMN, dimethylnitrosamine;
APRT, adenosine phosphoribosyl transferase; RFLP, restric
tion fragment length polymorphism

Akadémiai Kiadó, Budapest
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MATERIALS  AND METHODS

The brain tumours were induced transplacentally in BDIX 
rats. 50 mg/kg ENU was given on the 18th day of the pregnanacy. 
The kidney and liver tumours were induced by 30 mg/kg DMN in 
newborn F-344 rats. DMN was injected intraperitoneally. Primary 
kidney, liver and brain tumours found in adult rats were trans
planted and serially passaged under the renal capsule of rats 
of the appropriate strain (13). Histologically the kidney tumour 
was mesoblastic nephroma whereas the liver tumour was hepato
cellular carcinoma giving métastasés in the peritoneum and the 
thoracic lymph nodes. The brain tumour proved to be a Schwannoma 
(personal communication of Dr. P. Molnár).

High molecular weight DNA was extracted from the tumour 
cells according to Flamm and Bond (14). PstI, PvuII and HphI 
enzymes (Bethesda Research Laboratories) were used for DNA 
digestion under conditions specified by the manufacturers. After 
agarose gel electrophoresis the DNA was transferred to Hybond- 
N-membrane (Amersham International pic, U.K.). A 650 bp Hind III 
fragment of human N-ras was used as a probe. This N-ras sequence 
contained a mutation at codon 12 (a kind gift of Dr. A. Hall). 
Before reprobing for APRT gene the filter was washed under con
ditions according to the "Amersham blotting protocols for 
Hybond™ membranes".

The probes were labelled by random priming using 3 2p дстр 
(Amersham) to a specific activity of 1-2x10^ cpm/yg DNA.

RESULTS AND DISCUSSION

In earlier experiments amplification and increased expres
sion of N-ras oncogene was observed in the renal and the liver 
tumours induced by DMN (13). In the first part of our present 
experiments, we analysed DNA from rat brain and from brain tu
mours induced by ENU for the detection of the N-ras oncogene.
The probe hybridized with 4.1 Kb and a 5.9 Kb fragments of 
genomic DNA digested with PstI (Fig. 1) both in the normal and 
tumour DNAs.

The differences found in the signal intensity on hybridi
sation could be related to differences in DNA loading and not 
to N-ras gene amplification. Similar variations in signal inten
sity shown when the filter was reprobed with adenosine phospho
ribosyl transferase gene (APRT). Mutations of the N-ras genes 
have been found in N-nitroso-N-methylurea induced mouse lym
phomas (15, 16), 3-methyl-cholantrene induced mouse fibrosarco
mas (17), methyl-(methoxymethyl)-nitrosamine induced rat mesen
chymal renal tumours (18) dibutyl-nitrosamine and butylated



Fig. 1. Occurence o f N-z-as in brain 
tumour induced by E N U . Genom ic 
D N A  was digested by PstT, electrophore- 
sed in 0.8%  agarose gel and transferred 
to H ybond-N  filter. N-z-us probe was 
labelled with 32P dCTP and hybridized 
under standard conditions. The filter 
was prehybridized at 65 °C  for 3— 6 hrs in 
a mixture, contained 6 x  SSCand 0.25 % 
dried milk. The hybridization mixture 
contained 6 x  SSC, 10% dextrane sulfate 
and 0.25 % dried milk. The hybridiza
tion was carried out at 65 °C  for 24 hrs. 
The filter was washed in 2 x  SSC, 
0.25%  dried milk, 0.1% SDS solution  
at room  temperature for 10 minutes 
and finally in the same solution at 
65 °C  for 30 minutes. The filters were 
autoradiographed for two days at 
— 80 °C  against K odak 5 film using an 
intensifying screen. Lane 1.: adult 
B D IX  rat brain. Lane 2. : Schwannoma 
induced by E N U . The size o f the 
fragments were evaluated by molecular 
weight markers generated by cleavage 

o f  D N A  by Hind III



Fig. 2. Southern blot analysis o f D N A  from a variety o f  different 
tumours to  detect the presence o f  RFLP o f N-rai. The genom ic 
D N A -s were digested with PvuII and HphI and electrophoresed 
in 2% agarose gel. The differences evident in the hybridization 
signal arose from  the different am ounts o f  D N A  loaded and not 
from N -ras gene amplification as indicated by a similar variation 
in signal intensity when the filter was reprobed with APRT. The 
size o f the fragments were evaluated using o f “ 123 base pair 
ladder” (BR L). The procedures o f  hybridization, washing and 
autoradiography were identical to that described in Fig. 1. 
1. B D IX  control rat brain; 2. Schwannoma induced by E N U ;  
3. F-344 rat kidney; 4. M esoblastic nephroma induced by D M N ;  
5. F-344 rat liver; 6. Hepatocellular carcinoma; 7. M etastasis o f  

hepatocellular carcinoma
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hydroxytoluene induced rat hepatocellular carcinomas (19). Bos 
et al. (11) found that alterations occuring at codon 13 resulted 
a new HphI recognition site in human myeloid leukemia. In our 
experiments we sought the above mentioned change in different 
rat tumours (Fig. 2).

The Southern blot analysis showed that new restriction site 
did not occur in the DNA of DMN induced renal and liver tumours 
and control organs. However, in the brain tumour the two origi
nal fragments (590 bp and 730 bp) disappeared and we have found 
a 650 bp new fragment indicating a new HphI recognition site.

Our present findings indicate a restriction fragment length 
polymorphism (RFLP) in N-ras gene of an experimental brain tu
mour induced by ENU but no such changes in DMN induced tumours 
in liver and kidney.

The data are consistent with the suggestion that the muta
tion occuring may be specific to the "target" cell as well as 
to the structure of the chemical carcinogen (7). Furthermore, 
we would like to receive exact data on the mutation using spe
cific oligonucleotide probes.

Acknowledgements
The authors wish to thank Dr. P. Molnár for histological diagnosis of 

brain tumour, Dr. A. Hall for N-ras gen. This work was supported by Nation
al Committee of Technical Development (OMFB, Hungary), Hungarian Ministry of 
Health, Hungarian Academy of Sciences (MTA)-Soros Foundation and Cancer 
Research Campaign, U.K.

REFERENCES

1. Barbacid, M. (1987) Ann. Rev. Biochem. 56, 779-827
2. Bishop, J.M. (1983) Ann. Rev. Biochem. 52, 301-354
3. Oláh, E. (1989) "Pattern of oncogene expression in hepatoma 

cells", in: Liver Cell Carcinoma (Eds.: Bannasch, P.,
Kepler, D., Weber, G.), Kluwer Academic Publisher Dordrecht, 
Boston, London, pp. 423-436

4. Sukumar, S., Notario, V. , Martin-Zanca, D., Barbacid, M. 
(1983) Nature 306, 658-661

5. Taparowsky, E., Shimizu, K., Goldfarb, M., Wigler, M. (1983) 
Cell 34, 581-586

6 . Zarbl, H., Sukumar, S., Arthur, A.V., Martin-Zanca, D., 
Barbacid, M. (1985) Nature 315, 382-385



31 6 Rády et al.: N-ras Mutation in Rat Brain Tumour

7. McKay, I.A., Paterson, H., Brown, R., Toksoz, D., Marshall, 
C.J., Hall, A. (1986) Anticancer Res. 6 , 483-490

8 . Topai, M.D. (1988) Carcinogenesis 9, 691-696
9. Shimizu, K., Goldfarb, M., Suard, Y., Perucho, M., Li, Y., 

Kamata,T., Feramisco, J., Stavnezer, E., Fogh, J., Wigler, 
M. (1983) Proc. Natl. Acad. Sei. USA 80, 2112-2116

10. Shimizu, K., Goldfarb, M., Perucho, M., Wigler, M. (1983) 
Proc. Natl. Acad. Sei. USA 80, 383-387

11. Bos, J.L., Toksoz, D., Marshall, C.J., Verleandevries, M., 
Veeneman, G.H., van der Erb, A.J., van Boom, J.H., Janssen,
J.W.G., Steenwoorden, A.C.M. (1985) Nature 315, 726-731

12. Saffhill, R., Margison, P., O'Connor, P.J. (1986) Biochim. 
Biophys. Acta 823, 111-145

13. Arany, I., Rády, P., Kertai, P. Magyar Onkológia (accepted 
for publication, abstract in English)

14. Flamm, W.G., Bond, H.E. (1966) Biochim. Biophys. Acta 129, 
310-316

15. Guerrero, I., Calzada, P., Mayer, A., Pellicer, A. (1984) 
Proc. Natl. Acad. Sei. USA 81, 202-205

16. Guerrero, I., Villasante, A., Corces, V. , Pellicer, A.
(1985) Proc. Natl. Acad. Sei. USA 82, 7810-7814

17. Bollero, M .G ., Carbone, G., Pierotti, M.A., Molla, A.,
Della Porta, G. (1988) Carcinogenesis 9, 1517-1519

18. Sukumar, S., Perantoni, A., Reed, C., Rice, J.M., Wenk,
M.L. (1986) Mol. Cell Biol. 6 , 2716-2720

19. Funato, T., Yokota, J., Sakamoto, H., Kameya, T.,
Fukushima, S., Ito, N., Terada, M., Sugimura, T. (1987)
Jpn. J. Cancer Res. (Gann) 78, 689-694



Acta Biochim. Biophys. Bung. 24(4), pp. 217-324 (1989)

THE MODIFICATION OF ESSENTIAL LYSINE RESIDUES FOR ACTIN 

BINDING OF MYOSIN SUBFRAGMENT-1 BY PYRI DOX AL-5 ' -PHO SPHA TE

- 1 2 E. Sárközi , L. Szilágyi
1"Frédéric Joliot-Curie" National Research Institute for Radio- 
biology and Radiohygiene, Budapest 1775, P.O.Box 101, Hungary 
Department of Biochemistry, Eötvös Loránd University,
Budapest 1088, Hungary

(Received May 31, 1989)

SUMMARY
Myosin subfragment-1 was modified with pyridoxal-5'-phos
phate, a lysine modifying agent. Approximately two lysines 
could be blocked with a concomitant decrease in the actin- 
activated Mg2+-ATP-ase activity of S-l; K+-EDTA, Ca2+- and 
Mg2+-ATP-ase activities of S-l remained unchanged. This 
selective inhibition of actin-activated Mg2+-ATP-ase ac
tivity of S-l by pyridoxal-5'-phosphate was further char
acterized by kinetic studies. The double reciprocal plot 
revealed no change in the Vmax, while Кдо increased from 
15 yM to 36 yM indicating that the modification reduced 
the actin affinity of S-l. The effects of pyridoxylation 
of S-l were compared to those of 2, 4, 6 trinitrobenzene- 
sulfonate modification of S-l. The two types of lysine 
modification are strikingly different. The reactive lysine 
residue (Lys 83) remained unmodified after pyridoxylation 
of S-l thus the effects of trinitrophenylation could be 
revealed independently in the double-modified sample. 
Furthermore after trinitrophenylation the S-l fragments 
were found to be protected against partial tryptic diges
tion in the presence of nucleotides.

INTRODUCTION

The structure and function of myosin has widely been stud
ied by proteolytic digestion and chemical modifications.

Three peptides resulting from the limited proteolysis of 
S-l heavy chain has been referred to, starting from the N ^ -

Abbreviations: EDTA, ethylene diamine tetraacetic acid Na2~salts HEPES, 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid;
PLP, pyridoxal-5'-phosphate; DTT, dithiothreitol; RLR, 
reactive lysine residue; S-l, myosin subfragment-1;
TNBS, trinitrobenzenesulfonate; TNP, trinitrophenylated;
Tris, tris-(hydroxymethyl)aminomethane
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terminus, as 25, 50, 20 kDa fragments (1, 2). The nucleotide 
binding of myosin induces conformational changes in the head 
part of molecule (3-5). The amino-terminal 25 kDa peptide and 
the amino-terminal segment of 50 kDa peptide contain the nuc
leotide binding site of S-l (6 , 7).

Nucleotides affect the proteolytic susceptibility of 
25 kDa and 50 kDa fragment of S-l (8 , 9). The 25 kDa fragment 
contains a conserved structure which binds the adenine ring of 
the nucleotide. This sequence is described as a common nucleo
tide binding site of different ATP-ase enzymes (10).

A reactive lysine residue (RLR) was identified in the
25 kDa fragment with TNBS modification. Trinitrophenylation 

2+ +decreases both Ca - and K -EDTA ATP-ase activity of S-l (11) .
In the present paper we describe the modification of S-l 

by pyridoxal-5'-phosphate, which interacts similarly to TNBS 
with e-amino group of lysine residues.

The pyridoxylation of dehydrogenases and other enzymes 
has been described earlier (12-14)) now we adopted this treat
ment also for myosin S-l and studied the effects of this modi
fication .

MATERIALS AND METHODS

Protein preparation. Myosin subfragment-1 (15) and actin 
(16) were prepared from rabbit skeletal muscle by standard 
methods. A ^ g  were 0.8 and 0.63 for S-l (17) and G-actin (18)
respectively.

PLP modification of S-l. PLP modification and all sub
sequent manipulation were done in the dark to prevent the 
light induced decomposition of pyridoxyl-lysine (19). To a 
2 mg/ml solution of S-l in 0.1 M KC1, 50 mM HEPES, pH 7.0, and
1 mM MgCl2 and PLP were added. After 20 min incubation at room 
temperature 3.8 mg/ml NaBH4 was added in 10-fold molar ratio 
over PLP. The samples were exhaustively dialysed against 50 mM 
Tris-HCl, pH 7.5, containing 50 mM KOI and 1 mM EDTA. The ex
tent of modification was determined by absorbance at A325 nm 
(20), e= 104M-1 -cm** 1.

TNBS modification of S-l. 2.5 mg/ml S-l was reacted with 
TNBS in two-fold molar ratio at room temperature for 15 min, 
in 50 mM Tris-HCl, pH 7.5, 40 mM KC1, 10 mM EDTA solution.
TNBS was dissolved in 0.2 M borate buffer, pH 7.5. The reac
tion was terminated by the addition of 1 mM DTT. The reaction 
mixture was dialysed against 50 mM Tris-HCl, pH 7.5, containing 
50 mM KC1 and 1 mM EDTA. The number of trinitrophenylated amino



Sárközi and Szilágyi: PLP Modification of Myosin S-l 319

groups was assessed according to Okuyama and Satake (21), 
e = 1.45*10 ̂ M-1 •cm-1.

+ 2 +ATP-ase assays. The K -EDTA and Ca -ATP-ase activities 
were measured at 25°C in 2.5 mM ATP, 0.6 M KC1, 20 mM Tris-HCl, 
pH 8.0, solution in the presence of 5 mM EDTA and 5 mM CaCl2 , 
respectively. Mg2+-ATP-ase activity was measured in 2.5 mM ATP, 
18 mM KC1, 2 mM MgCl2 and 20 mM Tris-acetate, pH 7.0. S-l con
centration was 15-20 yg/ml. Actin-activated Mg^+-ATP-ase ac
tivity was determined under condition used for Mg2+-ATP-ase 
measurement in the presence 30-240 ug/ml actin. P-̂ liberation 
was determined as described by White (22).

Digestion of S-l. Digestion of S-l with trypsin was car
ried out at an enzyme to substrate ratio of 1:50 wt/wt in 
50 mM Tris-HCl, pH 8.0. The enzymic hydrolysis was terminated 
by addition of soybean trypsin inhibitor type I-S a 2:1 wt/wt 
ratio to trypsin.

Polyacrylamide gel electrophoresis. Electrophoresis was 
performed according to Laemmli (23) using 15% polyacrylamide 
slab gels.

RESULTS AND DISCUSSION

Modification of S-l by PLP
The reaction of e-amino groups with PLP was followed spec- 

trophotometrically after NaBH^ reduction. The spectrum shows 
two absorbtion maxima, the normal absorbance at 280 nm of 
proteins and a new one at 325 nm that indicates the presence 
of e-N-pyridoxyl-L-lysine (24).

The concentration dependence of S-l pyridoxylation is 
shown in Fig. 1. The PLP incorporation into S-l reaches a 
saturation level. At pH 7.0 the number of modified lysine 
residues of S-l can be restricted to about two, whereas at 
pH 8.0, under the same experimental conditions, the extent 
of incorporation of PLP is roughly doubled (not shown).
Characteristics of PLP modification of S-l

K+-EDTA, Ca2+-, Mg2+-ATP-ase activities of S-l were un-
2+changed after modification, whereas actin-activated Mg -ATP-

ase activity was selectively decreased. As shown in Fig. 1,
incorporation of 2 moles of PLP per mole of S-l decreased the

2+activity by 65%. We measured the actin-activated Mg -ATP-ase 
activities of untreated and PLP-treated S-l at various actin 
concentrations (Fig. 2). KM , as determined from double recip-
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Fig. 1. Concentration dependence of PLP incorporation
into S-l and the effect of PLP incorporation on 
actin-activated Mg2+-ATP-ase activity. The actin 
to S-l ratio was 2:1 (wt/wt). The ATP-ase activ
ity was measured in the presence of 3.5 mM KC1.

rocal plots, increased from 15 yM to 36 yM, while the Vr max
remained unchanged. The curves corresponding to less PLP modi
fied S-l samples were between the plots of untreated and 2 mole 
PLP/mole S-l (not shown) suggesting that PLP incorporation into 
S-l decreased the actin affinity of S-l in the presence of ATP.
Comparison of two lysine modification of S-l

It is known that the trinitrophenylation of the reactive
2+ +lysine residue of S-l decreases both Ca -, and K -EDTA ATP-ase 

activity of S-l and abolishes the rapid P^ burst (11).
We studied whether the reactive lysine could be modified 

by TNBS after PLP treatment of S-l. The extent of TNBS incorpo
ration and K+-EDTA ATP-ase activity of S-l, PLP-S-1, TNP-S-1 and 
TNP+PLP-S-1 was measured. (Table 1A, B).
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Fig. 2. Double reciprocal plot of actin-activated Mg
ATP-ase activity of S-l as a function of actin 
concentration. Control S-l (o-o) and PLP-S-1 
(•-•) were compared. The ATP-ase activity was 
measured in the presence of 18 mM KC1.

Data in Table 1A demonstrate that the time course of TNBS 
incorporation was the same in the control and PLP-S-1 further
more the degree of TNBS incorporation into S-l was independent 
of the extent of PLP incorporation. When comparing the K+-EDTA 
ATP-ase activity of different samples (Table IB) the activity 
of control and PLP-S-1 has shown insignificant difference, 
whereas there was a characteristic reduction of K+-EDTA ATP-ase 
in the TNBS modified and double-modified samples. The decrease 
of ATP-ase activity was about 80% in both samples.

By comparing the tryptic digestion of modified S-l in the 
presence of nucleotides, further distinction was attempted 
between the two types of lysine modification.
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Table 1.
A. Time course of TNBS incorporation into S-l

Samples
TNBS incorporation during the treatment

5 min 15 min 20 min

Control S-l
0.33 mole PLP/ 

/mole S-l
2 mole PLP/mole 

S-l

0.76 ± 0.02 1.44 ±
0.72 ± 0.03 1.42 ±

0.70 ± 0.02 1.43 ±

0.05 1.69 ± 0.10
0.04 1.66 ± 0.05

0.05 1.65 ± 0.08

B. K+-EDTA ATP-ase activity of modified samples

Samples V V decreaseо о
(Mmole P^/mg S-l • min) (%)

Control S-l 
2 mole PLP/mole S-l
1.43 mole TNBS/mole S-l
1.43 mole TNBS+2 mole 

PLP/mole S-l

3.65 ± 0.10 
3.42 ± 0.05 
0.61 ± 0.02

0.76 ± 0.04 * 50

6.3 ± 2.72 
83.2 ± 0.50
79.1 ± 1.14

As it has been described (8 , 9) trypsin, in the presence 
of nucleotides, can generate 47 and 21 kDa peptides from the
50 and 25 kDa fragments, respectively (Fig. 3).

We digested PLP-S-1 and TNP-S-1 in the presence and ab
sence of 5 mM ATP. The time course of digestion was followed 
by gel electrophoresis.

As the electrophoretic patterns show (Fig. 4) the nucleo
tide-induced tryptic fragmentation was similar in untreated and 
PLP-treated S-l, while the trinitrophenylation of Lys 83 in S-l
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Fig. 3. Effect o f ATP on the time course of tryptic 
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phoresis was carried out on 15% acrylamide slab gels containing 0.1% SDS. D igestion

for 0, 15, 30, 60 min



Sárközi and Szilágyi: PLP Modifieation of Myosin S-l 323

abolished the nucleotide-induced degradation of 50 kDa and 
amino-terminal 25 kDa peptides into 47 and 21 kDa fragments, 
respectively. This effect was also found in double modified 
S-l (not shown). Thus, on the one hand the RLR appears to be 
accesible after PLP treatment and, on the other hand, the in
volvement of RLR in the nucleotide binding function of S-l 
seems to be expressed. The PLP modified lysines appear to be 
different from RLR.

Three pieces of evidence seem to support this statement. 
First, the kinetics of TNBS incorporation into S-l was inde
pendent of PLP modification. Second, after TNBS treatment of 
pyridoxylated S-l the K+-EDTA ATP-ase activity of S-l was 
changed in accordance with the effect of trinitrophenylation. 
Third, the PLP treatment did not alter the process of tryptic 
fragmentation of the heavy chain of S-l in the presence of ATP, 
while trinitrophenylation markedly decreased the effect of 
nucleotides.

The difference in specificity of the two lysine reagents 
may be attributed to the different steric requirements de
pending on the molecular structure of S-l different lysine 
residues become accessible for the two agent tested.

The attempts to identify the site of PLP incorporation 
into S-l will be described in a separate paper (Sárközi et al., 
in preparation).

REFERENCES

1. Bálint, M. , Sreter, A., Wolf, I., Nagy, B. and Gergely, J.
(1975) J. Biol. Chem. 250, 6168-6177

2. Lu, R.C., Sosinski, J., Bálint, M. and Sreter, A. (1978)
Fed. Proc. 37, 1965

3. Mendelson, R.M., Putman, S. and Morales, M.F. (1975)
J. Supramol. Struct. 3, 162-168

4. Siedel, J.C. and Gergely, J. (1971) Biochem. Biophys. Res.
Commun. 44, 826-830

5. Murphy, A.J. (1974) Arch. Biochem. Biophys. 163, 290-296
6 . Szilágyi, L., Bálint, M., Sreter, A. and Gergely, J. (1979)

Biochem. Biophys. Res. Commun. 87, 936-945
7. Mahmood, R. and Yount, R.G. (1984) J. Biol. Chem. 259,

12956-12959



324 Sárközi and Szilágyi: PLP Modification of Myosin S-l

8. Mócz, G., Lu, R.C. and Gergely, J. (1982) Biophys. J. 37,
38

9. Hozumi, T. (1983) Biochemistry 22, 799-804
10. Walker, J.E., Satake, H., Runswick, H.J. and Gray, N.J.

(1982) EMBO J. 1, 945-951
11. Kubo, S., Tokuma, S. and Tonomura, Y. (1960) J. Biol. Chem.

235, 2835
12. Kuno, S., Toraya, T. and Fukui, S. (1981) Arch. Biochem.

Biophys. 211, 722-730
13. Smith, R.E., Hsieh, M. and Macquarrie, R. (1982) Arch.

Biochem. Biophys. 219, 351-358
14. Phillips, N.B., Goss, N.H. and Wood, H.G. (1983)

Biochemistry 22, 2518-2523
15. Weeds, A.G. and Taylor, E.W. (1975) Nature 257, 5456
16. Spundich, J.A. and Watt, S. (1971) J. Biol. Chem. 246, 4866
17. Margossian, S. and Lowey, S. (1978) Biochemistry 17,

5431-5439
18. Houk, W.T. and Ue, K. (1974) Anal. Biochem. 62, 66-74
19. Churchich, J.E. (1972) J. Biol. Chem. 247, 6953-6959
20. Forrey, W., Olsgaard, R., Nolan, C. and Fischer, E.H.

(1971) Biochemie 53, 269-281
21. Okuyama, T. and Satake, K. (1960) J. Biochem. 47, 454
22. White, H.D. (1982) Methods in Enzymology 85, 700
23. Laemmli, K.K. (1970) Nature 227, 680-685
24. Fischer, E.H., Forrey, A.W., Hedrick, J.L., Hugles, R.C.,

Kent, B. and Krebs, E.G. (1963) in Chemical and 
Biological Aspects of Pyridoxal Catalysis p. 543 
(Pergamon Press, Oxford)



Aeta Bioahim. Biophys. Hung. 24(4), pp. 325-342 (1989)

C H A R A C T E R I Z A T I O N  OF THE HONEYBEE HAEMOLYMPH a - G L YC O SI D AS E  

S P E C I F IC IT Y  AND APPARENT C O O P E R A T I V I T Y  AS RELATED TO 

S U B S T R A T E - D I R E C T E D  AGGREGATION OF ENZYME ASYMMETRIC

PROTOMERS

M. Bounias
Laboratory of Biochemistry, INRA and University of Avignon, 
B.P. 91, F-84140 Montfavet, France

(Received March 30, 1989 and in revised form June 1, 1989)

SUMMARY
Based on experimentally determined glycosidase molecular 
forms, their specificity and apparent Hill coefficients 
against trehalose (1.4) and sucrose (0.6), respectively, 
in honeybee haemolymph, a theoretical model is proposed 
involving differential types of non-random aggregation of 
a single enzyme protomer. This basic unit contains one 
trehalose-specific site and two asymmetrical subsites: 
one holds a catalytic zone and both share a proper affin
ity to any substrate non-specific binding zone. Then, the 
predicted aggregation possibilities of the protomer to 
dimers, trimers and tetramers very closely account for all 
the experimentally determined properties of the enzymes. 
Moreover, the hypothesis that the enzyme aggregation may 
be directed by the particular substrate present in major 
concentrations in the medium is supported by the observed 
differences in enzyme polymorphism following pre-incuba
tion at high concentrations of either trehalose or sucrose 
in the medium.

I N T R O D U C T I O N

The fact that the presence of a given substrate inside a 
cell may induce the synthesis of an adapted enzyme molecule is 
indeed one of the most striking biochemical features of life 
regulation processes. This kind of mechanism is daily involved, 
for instance, in the induction of our digestive enzyme by in
gested foods (Desnuelles, 1963). The way through which in
creased amounts of enzyme proteins are synthesized via gene 
activation is now rather well known (Danchin, Ullman, 1980). 
However, this kind of mechanism does not involve a direct in
formation transféré between the substrate and the enzyme. By
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contrast, recent experiments on the induction of glycosidase 
activities by feeding honeybees with either trehalose or suc
rose as the only source of nourishment suggested that, in the 
early phase, sucrase molecules could not only constitute a 
part of the trehalase complex already present (Bounias, Morgan, 
1984a), but also result from a further modification of the 
specificity of an induced trehalase which would thus cope with 
the not endogenous substrate sucrose (Bounias, Morgan, 1984b).

I propose a possible molecular mechanism accounting for 
the structural and kinetic modification of this enzyme de
pending on the properties of the substrate present in the me
dium.

MATERIALS AN D METHODS

The initial trehalase complex was extracted from honeybee 
haemolymph by puncturing the dorsal aorta. For these experi
ments wintering bees were used because of their exceptional 
low initial trehalose concentrations relative to other stages.

The haemolymph glycosidases were separated by non dena
turing 7.5% polyacrylamide gel electrophoresis, in 0.1 M 
Tris-glycine, pH 8.5 buffer. The applied electric potential 
was 80 V for 50 min followed by 160 V for 30 min. Trehalase 
activities were recorded from 2 mm slices incubated for 2 h 
with 150 pi of 16 mM trehalose in phosphate buffer, pH 6 .8 .
The concentration of released glucose were determined by a 
highly sensitive quantitative chromatographic method (Bounias,
1980). Electrophoresis was performed from extracts respectively 
preincubated for 10 min in 1 M trehalose or sucrose. During 
this incubation time samples were exposed twice for 150 s to 
mild ultra-sound treatment in a 150 W cleaning tank to facili
tate the molecular rearrangements.

Statistical comparisons of means and estimation of the 
significance of correlation coefficients were performed by the 
students' "t" distribution.

RESULTS

Configuration of a-glycosidase from Honeybee haemolymph
Let us consider an enzyme with relatively low molecular 

mass, fitted for trehalose binding followed by hydrolysis into 
two molecules of glucose. The active site consists of two par
ticular zones: one, the substrate binding site allows the more 
or less specific recognition and binding of substrates, and the 
other, the catalytic site contains the appropriate side chains
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which actually enhance the reaction (Defaye et al., 1980). In 
the case of glycosidases, i.e. hydrolases (E.C. 3.2.1.), the 
catalytic site should contain a histidine and a serine or an 
aspartic acid residue (Palmer, 1985), and the substrate binding 
site should be fitted to the common molecular configuration of 
all possible substrates (Fig. 1A). Here, trehalose (a, a-di- 
glucoside) and sucrose (glucose-a(1 ,1 )-fructoside) contain 
«-glucose moiety as a common part. However, the other moiety 
is quite different, the fructoside looking more angular in 
shape than the glucoside (Fig. IB). It is likely that specific 
trehalose sites cannot bind sucrose, whereas sucrose sites are 
less specific and can accept trehalose as well as other sub
strates such as the artificial para-nitro-phenyl-a-D-glucoside. 
This hypothesis is supported by the fact that out of the vari
ous trehalase molecular forms only a small number are active

Fig. 1. A - Schematic representation of enzyme full sites 
and subsites with appropriate substrates in re
active position. В - Symbolic configuration of 
trehalose (T) and sucrose (S) with respect to 
their simplified molecular structure.



3 2 8 Bounias: Substrate-Aggregation of Bees Glycosidases

against sucrose and pNP-a-D-glucoside (Bounias, Morgan, 1984c). 
Moreover, it is consistent with the tetrameric model previously 
proposed by Fajszi and Keleti (1972) in which asymmetry is 
linked to the active site.

Let us now consider a liquid medium in which the substrate 
is present together with the enzyme. The affinity between the 
substrate molecule and the subsites of the enzyme as a protomer 
will result in the aggregation of the protomer into complexes 
of increasing apparent molecular masses.

Fig. 2. Different configurations of dimers produced
under the aggregative action of trehalose (T) 
or sucrose (S). The substrates adapted to the 
preexisting or newly formed sites are indicated 
in front of each. Black arrows indicate the 
likely positions of catalytic sites, as on 
Fig. 1. E = enzymic protomer, CE = aggregate.

Depending on whether a catalytic site is present or not 
in appropriate position relatively to the substrate, the com
plex will or will not exhibit an additional enzymic activity 
(Fig. 2). The three possible dimers obtained allow the binding 
of one sucrose molecule and either three trehaloses or, at 
least, one or two, in the case of a mixture of trehalose and 
sucrose in effect. According to the vicinity of the sites, it 
might happen that the binding of a sucrose molecule prevent
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more or less completely the binding of the second trehalose. 
On the other hand, the binding of two trehalose molecules on 
the dimer may prevent the binding of a sucrose, but not that 
of a third trehalose molecule.

Fig. 3. Different configurations of trimers produced 
under the aggregative action of trehalose (T) 
or sucrose (S). The substrates adapted to the 
preexisting or newly formed sites are indicated 
in front of each. Active sites as on Fig. 1 and 
2.

Fig. 3 shows the four different possible configurations 
of the trimer. The tetrameric configurations allow 10 differ
ent molecular forms which are not represented here.

It should be pointed out that when a substrate molecule 
has gathered two enzyme moieties, the resulting complex may 
remain stable after the substrate has been either dissociated 
from the complex or splitted into products because of the mu
tual affinity of the substrate-binding zones of the paired 
subsites. This point will be discussed later.
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Predicted against observed substrate vs enzyme stoichiometry
The ratio of the number of bound substrate molecules to 

the number of involved enzyme units was independently inter
preted in terms of apparent cooperativity by Kurganov (1983) 
and Bounias (1983). This ratio is consistent with the Hill co
efficient in the case of honeybee a-glucosidases (Bounias,
1983).

Here, ignoring the cases of steric competition of sub
strate molecule-binding vicinal sites, these apparent cooper
ativity indices may reach the minimum values, as indicated in 
Table 1. The data suggest an apparent positive cooperativity 
for trehalose and a negative one for sucrose.

From the study of specific sucrose and trehalase activities 
(8 ), the following Hill coefficients were calculated:

Trehalase n = 1.41 ± 0.08 (n = 7)
Sucrase n = 0.63 ± 0.06 (n = 4)

The data are consistent with that predicted for trehalose, 
but higher than that predicted for sucrose, which indicate a 
higher stability of some of the complexes which allow the 
largest number of sucrose molecule to bind to the subsites.
This is the case, in particular, if all enzyme subunits link 
to one another in the same way, giving a sucrose-compatible 
subsite. This configuration leads to the highest possible bind
ing capacities for sucrose, and the resulting cooperativity 
coefficients will then depend on the relative proportion of 
the various complexes present in the medium. Table 2 indicates 
the expected theoretical coefficients and the average propor
tions of the various complexes, as estimated from a series of 
previous experiments (Bounias, Morgan, 1984d).

Then, the weighted average values for the expected Hill 
coefficients are the following:

Trehalase n = 1.46 ± 0.04 (N = 4)
Sucrase n = 0.634 ± 0.05 (n = 4)



Bounias: Substrate-Aggregation of Bees Glycosidases 331

These data are very close and statistically not different 
(P = 0.68 and P = 0.74, respectively) from those obtained ex
perimentally .

Table 1. Apparent cooperativity coefficients expected from
the various possible cases of molecular aggregation 
of enzyme subunits, with either trehalose or sucrose 
as substrates

Configuration Forms
number Trehalose Sucrose

Monomer 1 1 . 0 0 0
Dimers 3 1.33 0.33
Trimers 4 1.50 0.50
Tetramers 10 1.55 0.55

Average
Not weighted N=4 1.345 0.345
Weighted* N=18 1.47 0.47

*with respect to the respective numbers of forms

Influence of the substrate structure on the mode of 
aggregation of enzyme subunits

Between the previous extreme cases it can be expected 
that the presence of high concentrations of one of the two 
considered substrates would favour the complex structures the 
best fitted to this substrates. This means that high sucrose 
concentrations would favour the molecular arrangements corre
sponding to the greatest numbers of sucrose subsites, and 
reciprocally for trehalose. Fig. 4 illustrates the results 
obtained using an haemolymph sample extracted from wintering 
adult honeybees.This stage was chosen for minimum initial 
trehalosemia (5 ± 2 mM, N = 5) by contrast with emerging and 
foraging adults (30 ± 15 mM, N = 44). The initial pattern (P°)
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Fig. 4. Patterns of trehalase forms separated by PAGE, 
in honeybee haemolymph without treatment or 
following incubation in trehalose or sucrose.
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contains four major fractions, A, B, C and E, fraction C being 
composed of at least two subfractions (not separated in the 
present experiments).

Incubating aliquots of this sample with either 1 M tre
halose or sucrose elicits two new patterns, P^Tre* (in which 
fraction E is increased and D, not present in P°, appears) and 
p(Suc) jin which fraction D is increased and is likely to sub- 
divid into and D2, respectively, whereas fractions B and C 
are depressed).

Table 2. Theoretical apparent Hill coefficients (n) for
trehalase and sucrase molecular forms, and their 
expected proportions, as experimentally determined 
(means ± S.D. from N = 4)

Putative
forms Trehalases Sucrases

Average Average
(n) proportions (n) proportions

Monomer 1.00 0.20 ± 0.07 0.00 0.02 ± 0.04
Dimer 1.50 0.44 ± 0.13 0.50 0.25 ± 0.19
Trimer 1.66 0.20 ± 0.06 0.66 0.34 ± 0.13
Tetramer 1.75 0.15 ± 0.04 0.75 0.38 ± 0.12

The statistical comparison of these three patterns using 
the correlation calculation between the quantitative contribu
tion of each pair of homologous fractions resulted in the 
data indicated in Table 3. There is, accordingly, no signifi
cant difference between the initial and trehalose enriched 
extracts, whereas sucrose incubation results in a significant 
deviation from both others.
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Table 3. Comparison of the trehalase patterns obtained from
haemolymph extracts without treatment (P°), or after 
incubation with 1 M trehal se (PI) or sucrose (P2)

Comparisons PI against P° P2 against P° P2 against Pi

Correlation (p) 0.563 - 0.127 0.377
N 15 15 19

Freedom degrees 13 13 17

t - 2.46 0.46 1.67
1 - P 2

P (P) 0.029 0.65 0 . 1 1

DISCUSSION

The fitness of the experimental data to the proposed 
model lies on 4 major points.

a) The model explains very well the positive or negative 
apparent cooperativity respectively observed when trehalose 
or sucrose are used as substrates. The quantitative values 
seem in favour of a better stability of the sucrose-adapted 
complexes.

b) The proposed model suggests that several types of
aggregates could be simultaneously present with similar coop
erativity coefficients: this is the case for dimers (D̂  and 
D^) for trimers (T̂ ) and for three out of the ten possible
tetramers, all exhibiting, in their category, the higher levels 
of cooperativity. This is consistent with previous experimental 
data exhibiting up to 7 distinct fractions. A rough estimation 
of their possible molecular masses (Bounias, Morgan, 1982) 
allowed fraction E to be considered as a protomer (Mr 180-100 x

310 ), and fraction D, Cjl C^ as various forms of dimers
(Mr '1140-190 x 10^). Fractions C. to В could be trimers 

3 1(Mr 1230-280 x 10 ) and fraction A would gather the tetramers 
(Mr 1350-420 x 10^) not separated.
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c) The model indicates that lower size complexes, i.e. 
dimers and of course the protomers will exhibit the lower ac
tivity against sucrose, by contrast with a high capacity of 
splitting trehalose: this is consistent with the obtained ex
perimental data concerning the specificity of the enzyme frac
tions against trehalose or sucrose (Bounias, Morgan, 1984d).

d) A differential aggregation of the enzyme protomers into 
various complexes fitted to the substrate present in the medium 
is predicted by the model and verified through experiments in
volving a preliminary incubation at high concentrations of each 
substrate and the detection of enzyme activities using the most 
universal substrate, i.e. trehalose.

Even if this set of arguments is not yet strong enough to 
let us believe that the proposed model actually represents the 
reality of honeybee haemolymph a-glucosidase complexes, it may 
be expected that the adequacy of the predicted and observed 
properties of the system may reflect at least a part of truth.
It is noteworthy that spontaneous aggregation of plant glycosi
dases have also been recently reportèd (Fann and Conn, 1985 ; 
Selmar et al., 1987J Eksittikul and Chulavanatol, 1988).

In practice, a competition is very likely to occur between 
sucrose added as a linking factor and trehalose molecules al
ready present in the haemolymph of bees. But the ratio is about 
100 against 1 in favour of the sucrose influence, so that a 
significant specific effect could actually be expected.

How a complex initially fitted for trehalose can be partly 
dissociated prior to rearrangement by sucrose might be explained 
by the suggestion that in a linearly associating system the high 
concentrations of a specific ligand provoke the dissociation of 
the complexes because of the occupation of both subsites 
(Kurganov, 1984). The results shown in Fig. 4 confirm that 
increasing trehalose concentrations of adding an excess of 
sucrose actually decreases the amount of higher complexes 
(forms A and B). However, the lower form (D) which appears at 
the same time should be stable and active on high substrate 
levels. The dissociation of complexes at high ligand concen
trations might therefore be limited to some of the complexes
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which exhibit a maximum aggregation degree. One can simply 
assume that the spontaneous aggregation of protomers leads to 
unstable complexes (i.e. with high dissociation constants) 
whereas their substrate-directed aggregation leads to a more 
stable associated form which, after the release of products 
from substrate, can dissociate much less easily into the ini
tial free protomers (i.e. the dissociation constant of the 
substrate-aggregated complexes is much lower than that of the 
spontaneously aggregated ones) (Fig. 5). Such a mechanism would 
simply represent an extension of the substrate-induced fit of 
Koshland-Nemethy and Filmer (1966), except that the binding of 
L to one half site may not directly affect the full site it
self, but rather the binding force between protomers. The con
sequences of this phenomenon on the modulation of catalytic 
activities at present remains a matter of speculations.

Fig. 5. Stabilization of complexes, as likely obtained 
through ligand-induced aggregation.
E = enzyme protomer. EXL = protomer activated 
by ligand binding. ESP = enzyme aggregate sta
bilized by ligand (or product) binding.



Bounias: Substrate-Aggregation of Bees Glycosidases 337

These considerations can now be converted into terms of 
dissociation constants (a, b, c, etc. ...). Let E be the pro- 
tomer and L the ligand (here, either trehalose: T or sucrose:
S), and CEn the complex of N aggregated protomers. The whole 
process involves spontaneous protomer association, ligand di
rected aggregations and catalytic action and some additional 
conditions dependent on the ligand structure.

1. ) Spontaneous enzyme aggregation.

[1] NE zAà^  CEN£ [a = EN/CEN£]

N = order number of aggregated protomers
£ = order number of spontaneously ordered aggregates 

by nonrandom distribution according to protomers 
structures.

2. ) Ligand binding to half sites.

[2] E + L  ̂ ^  LE1 generalized as [3j ;
[b = (E) (L) / (LE^J

[3] CENa + L i = M = ±  LCE*Na;

[c = (LCE*Na)/(CENa)(L)]

a = order number of nonrandom asymmetric arrangements
of protomers as directed by ligand structure.
Parameters (C) is dependent on a, itself dependent
on the structure of L.(C = 0 (aL)). Ф a functionc
of parameters a, L.

(x) means that aggregates can be stabilized by ligand 
induced fitting.

3.) Ligand-induced enzyme aggregation.

W  LCE* n _ 1 , a + E ^ Ж = ±  CE*NaL
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[5] CE* L -L 1 Na ^

[6] CE* L -L J Na

d, d ', e are

^  CE*Na

je-L, CE Na

dissociation

P, (d'<<d)

+ L

constants.

4.) Ligand binding to catalytic sites.

4.1 - Binding to newly formed catalytic sites at 
aggregated protomers interfaces.

[7] CE (к)
Nea + XL CE" LNea X

with N>1 , e>0 , a> 0 or e>0 , a>0
X = number of ligand molecules bound to a complex of 

N£C( protomers. N£a = 0N <e, a) and x = 0x (e, a, N) 
<N-1.
f is the dissociation constant.J_j

4.2 - Binding to original

[8] CE*N£a t YL

with Y = 0Y (e, a, N)
Y<N if L = trehalose 
Y = О if L = sucrose 

and fT<fs, gT<gs . gL is

4.3 - Full binding (L = T

Ы  CE*.. L + YL -- -—L J Nea x *=-----

protomer

CE NeaLY

full sites.

(L = T)
(L = S)

the dissociation constant, 

only).

CE NeaLXY

h is the dissociation constant.
Note that f<<g, h will privilege the lower apparent 
Hill coefficients, since X<N, i.e. x = X/N<1.
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5.) Activity of complexes according to protomer arrange
ments .

4.1 - Arrangements.

For N = 2, a = 3 possibilities (Fig. 2 ) a = 1 to p и Ы

N = 3, a = 4 possibilities (Fig. 3) a = 1 to p II ►tb
.

N = 4, a = 10 possibilities CE4 . a a = 1 to a = 10

X and Y depend on N and a.

Those of these individual complexes which allow suc
rose binding are likely to exhibit specific binding 
and even catalytic properties according to their par
ticular chirality features (i.e. CE2_^ and CE2 _ 2 may 
differ by and C^, for instance).

5.2 - Kinetic constants for product formation

[10] CE*L Nea Lx kEal
CE*Nea + XP

[И] CE*LE Nea Ly ‘ keao
CE*Nea + YP

[12] CE*L Nea
ke a 2

CE*Nea + (x + y)Pxy
, eao к = 0 if L = S
,ea1 , , eao .. . , „к and к can vary according to a and e.

( 3? ) •Finally, CE Nect represents a family of various 
complexes and the initial velocities are the sum of 
the elementary components:

[13] = k„ ^Neaxy 
N,e,a=l 
X • y>o

(CE NeaLxy)

etc...
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The condition a<b would allow the possibility that 
various kinds of associated complexes are present at 
high ligand concentrations. The following additional 
hypothesis would hold for the same observation:

Г!4] CE*Na = ± =  СЕШ  1 = (CENa)/(CE*№ )

Deriving from the equation, detailing the implications 
of relation |13| would lead to unusefully intricated 
forms at the present stage. However, a simplified 
treatment gives the following approximation of the 
resultant fractional saturation: F„.

.bound
JNea

[15] F

L + I/ 
E f

(x+y)

bound + . cd,. E, . ,L L 
free 1+ ~ 2 (1+ -)+(d+L)-2+ —

е е  E L  E ^  fNea
+ L (X+y)

with all terms in Y disappearing for L = S.

The apparent Hill coefficients resulting from the 
described system will be:

ng < (N-l)/N for L = sucrose (n <1)
NT < (2N-D/N for L = trehalose (l<nT<2)

This system accounts for the variations of the Hill 
coefficient for trehalose, l<y<2, and of the Hill 
coefficient for sucrose, always lower than 1 since 
x<(N-l)/N.

It should be emphasized that the principle of the disso
ciable tetrameric isoenzyme system already described by Batke 
(1972) holds for our experimental model and does account for 
the observed phenomena.

If the model fits at least a part of the truth, it should 
be possible to derive the expression of the Hill coefficient
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of the ligand, according to the stoichiometric approach (Bounias, 
1983) , as a funciton of the ligand itself, enzyme and a competi
tive inhibitor concentration. The aim of our current researches 
is now to compare these new equations to our experimental data. 
The presented experimental results support a general theory of 
substrate-directed organization of receptor protomers into func
tional complexes which might be of great interest for studies 
on the origin of life. In effect, the fitting of amino-acids 
lateral chains around a prebiotic molecule (as a prosubstrate) 
before their polymerization, for instance by thermic condensa
tion, (Fox, I960) would give a non-random production of poly
peptides containing a putative substrate site, i.e. a prebiotic 
enzyme. One can wonder if such a "moulding" process might not 
have provided one basis, first of the construction and then of 
the functioning of life.

Acknowledgements
The author wishes to express his best thanks to Prof. T. Keleti for 

revision of the manuscript and valuable encouragements and advice. Thanks 
are due to Mrs. N. Bareste for typing and to Miss S. Coulomb for technical 
assistance.

REFERENCES

Batke, J . (1972) J. Theor. Biol. 34 , 313- 324
Bounias, M. (1980) Analyt. Biochem. 106, 291-295
Bounias, M. (1983) C .R. Acad. Sei. (Paris ) 297III, 583-588
Bounias, M., Morgan, M.R.J. (1982) Apidologie 13, 115-126
Bounias, 

79B
M., Morgan, 
, 75-80

M.R.J. (1984a) Comp. Biochem. Physiol.

Bounias, 
1 2 ,

M., Morgan, 
769-770

M.R.J. (1984b) IRCS Med. Sei. Biochemistry

Bounias, M., Morgan, M.R.J. (1984c) Int. J. Biochem. 16, 939-941
Bounias, M., Morgan, M.R.J. (19 8 4d) C.R. Soc. Biol . 178, 29-37
Danchin, A., Ullmann, A. (1980) Trends Biochem. Sei. 5, 51-52
Defaye, J., Driguez, H., Henrissat, B., Bar-Guilloux, E. (1980) 

Nouveau Journal de Chimie 4, 59-68
Desnuelles, P. (1963) Rev. Fr. Et. Clin, et Biol. 8 , 494-506
Eksittikul, J., Chulavanatol, M. (1988) Arch. Biochem. Biophys. 

266, 263-269



3 4 2 Bounias: Substrate-Aggregation of Bees Glycosidases

Fajszi, C., Keleti, T. (1972) Biopolymers 11, 119-126
Fan, T.W.M., Conn, E.E. (1985) Arch. Biochem. Biophys. 243, 

361-373
Fox, S.W. (1960) Science 132, 200
Koshland, D.E. Jr., Nemethy, G., Filmer, D. (1966) Biochemistry 

5, 365-385
Kurganov, B.I. (1983) J. Theor. Biol. 103, 227-245
Kurganov, B.I. (1984) J. Theor. Biol. 109, 59-70
Palmer, T. (1985) Understanding Enzymes, 2nd Ed., Ellis Horwood 

Ltd. 213-218
Selmar, D., Lielarei, R., Bichl. B., Voight, I. (1987) Plant 

Physiol. 83, 557-563



Aata Bioohim. Biophys. Hung. 24(4), pp. 343-354 (1989)

H E A V Y  METAL IO N -IN D U C E D  CHANGES OF RIBOSOMAL RNA S YNTHESIS  

IN SYNECHOCOCCUS sp. S T R A IN  PCC 6301, A C Y A N O B A C TE R IU M

Zsófia Pálfi and Gy. Surányi
Institute of Plant Physiology, Biological Research Center, 
Hungarian Academy of Sciences, H-6701 Szeged, P.O.Box 521, 
Hungary

(Received October 4, 1989)

SUMMARY
We examined the effect of cadmium, zinc, copper and mer
cury ions on the rate of total RNA synthesis and on the 
accumulation of ribosomal RNAs in Synechococcus sp. PCC 
6301, an obligate photoautotrophic cyanobacterium. It was 
found that treatment of cells with growth-inhibitory con
centrations of cadmium and zinc ions severely decreased 
the rate of total RNA synthesis both under light (growing) 
and dark (non-growing) conditions, while copper and mer
cury ions had different inhibitory effects under these 
conditions. Moreover, cadmium and zinc ions substantially 
inhibited the "normal" processing of high-molecular-mass 
rRNAs and the in vivo postmaturational cleavage of 23S 
rRNA in the light and interfered with the accumulation of 
dark-specific RNAs of 0.33x10®, 0.24x10® and 0.16x10® 
daltons in the dark. On the other hand, copper and mercury 
ions had a similar effect in the light, but did not abolish 
the accumulation of dark-specific, rRNA-derived, RNAs in 
the dark.

IN T R O D U C T IO N

Aquatic organisms cope with a number of environmental 
stresses such as fluctuation in temperature and exposure to 
heavy metal pollutants. Some of these metals, e.g. copper and 
zinc, are essential for the growth of both prokaryotic and 
eukaryotic organisms, but are required only in very low con-

Abbreviations: BSA, bovine serum albumin; EDTA, ethylenediaminetetraacetic 
acid; pl6, precursor of 16S rRNA; p23, precursor of 23S 
rRNA; SDS, sodium dodecyl sulfate; SSC, standard saline 
citrate; TBE, Tris-borate-EDTA; TCA, trichloroacetic acid; 
TEAS, Tris-EDTA-acetate-sodium chloride.

Akadémiai Kiadó, Budapest
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centrations. The role of copper and zinc in photosynthetic or
ganisms greatly depends on their concentration (Cedeno-Maldonado 
et al., 1972; Tripathy and Monathy, 1980). These heavy metal
ions are indispensable constituents of several enzymes. In con-

24- 2+ 2+trast to Cu and Zn , some of the heavy metals, such as Cd
2+and Hg , are non-essential for cell growth and are extremely 

toxic even at low concentrations (Trevors et al., 1986) Vallee 
and Ulmer, 1972).

Cyanobacteria (blue-green algae) are oxygen-evolving, 
photosynthetic prokaryotes. Most of them, the obligate photo
autotrophs, require, in addition to inorganic nutrients, only 
CC>2 as carbon source and light for energy. Genetic regulatory 
responses to light availability are remarkably complex and 
pleiotropic in cyanobacteria (Doolittle, 1979; Stainer and 
Cohen-Bazire, 1977).

Investigations of various stress responses in cyanobacteria 
under light (growing) and dark (non-growing) conditions might be 
helpful in understanding the nature of regulatory processes 
involved in light-dependent gene expression of these organisms. 
Recently, we reported the heat shock phenomenon in Synechococcus 
sp. PCC 6301, a unicellular, obligate photoautotrophic cyanobac
terium (Borbély et al., 1985; Surányi et al., 1987). The re
sponse of cells to elevated temperatures was found to involve 
the alteration of several specifically light-regulated processes, 
such as growth, RNA and protein synthesis. Since only very lit
tle work has been done so far on heavy metal ion-induced stress 
responses in cyanobacteria (Trevors et al., 1986; Vallee and 
Ulmer, 1972), we extended our investigations to heavy metal ion
stresses. In the present study we examined how the heavy metal 

2+ 2+ 2+ 2 +ions Cd , Zn , Cu and Hg interfere with one of the most 
characteristic light-regulated processes of Synechococcus sp. 
cells, RNA synthesis and the accumulation of ribosomal RNAs.
We also describe the rRNA-origin of some dark-specific cyano- 
bacterial RNAs.
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M A T E R IA L S  AND METHODS

Materials . (5 #6-^H) uracil (1.746 kBq/mmol) and (2-^C) uracil
(13.32 GBq/mmol) were purchased from Chemapol (Prague, Czecho
slovakia). (32p)orthophosphate (potassium salt, carrier-free) 
was obtained from the Isotope Institute of the Hungarian Academy 
of Sciences (Budapest). Restriction endonucleases were the prod
ucts of the Institute of Biochemistry (Biological Research Cen
ter, Szeged, Hungary), nitrocellulose BA 85 was from Schleicher- 
Schiill, lysozyme was from Sigma Chemical Co. (St. Louis), SDS, 
EDTA, formamide and agarose were from Serva (Heidelberg). Heavy 
metal salts and all other chemicals were of analytical grade 
and obtained form Reanal (Budapest, Hungary). Recombinant plas
mid pBB9 was kindly supplied by Dr. Imre Boros.

Buffers. SC, 150 mM sodium chloride/15 mM sodium citrate, 
pH 8 . TBE, 50 mM Tris/50 mM boric acid/1 mM EDTA, pH 8 . TEAS,
40 mM Tris-HCl/2 mM EDTA/20 mM sodium acetate/18 mM sodium 
chloride, pH 8 .

Cyanobacterial strain and culture conditions. Synecho- 
coccus sp. strain PCC 6301 (Anacystis nidulans ATCC 27144) was 
grown in the liquid medium of Allen (1968) in glass tubes at 
39°C, illuminated with warm white fluorescent light (36 W/m^). 
Sterile air containing 5% (vol/vol) CO2 was bubbled continu
ously through the cultures, providing CO2 and agitation. The 
growth of cultures was monitored by measuring the optical den
sity at 800 nm and the chlorophyll-a content of cells (Borbély 
et al., 1985). Viable cell counts were determined by the method 
of Borbély et al. (1985). Photosynthetic oxygen evolution was 
measured polarographically in a Clark-type oxygen electrode 
(Schmetterer and Peschek, 1981) .

Stress conditions. Illuminated, exponentially growing 
Synechococcus cultures (0.3-0.6 Aggo units) were divided into 
subcultures and exposed to various heavy metal ion stresses 
under light and dark conditions. Analytical grade salts of 
Cd2+, Zn^+, Cu2+ and Hg^+ were used to prepare 10 mM stock 
solutions which were added to the subcultures in the appropri
ate amounts to reach the required concentrations (25 yM cadmium 
acetate, 25 yM zinc acetate, 25 yM copper sulfate and 2 pM 
mercury chloride). The pH of the medium did not change signifi
cantly during heavy metal salt treatments.

Analysis of RNA synthesis. The rate of total RNA synthesis 
was measured by labeling cyanobacterial cultures for two gener
ations (12 hours) with 5 kBq/ml of ( •'-̂C) uracil, followed by 
pulse-labeling of 0.5 ml samples with 1.2 MBq/ml of (^н)uracil 
for 15 min during the course of heavy metal ion stresses 
(90 min). The incorporation of radioactivity into cells was 
determined by removal of 0 . 2 ml aliquots from double-labeled 
samples, adding them to equal volumes of bovine serum albumin 
solution containing 0.4 mg BSA and mixing with 0.8 ml cold 
12.5% TCA. The precipitates were collected by centrifugation 
and washed twice with cold 5% TCA and ethanol. The pellets were 
dried and hydrolyzed in 0.2 M NaOH overnight at 25°C. The sam
ples were centrifuged and aliquots were taken from the super-
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natants to measure their radioactivity in Bray solution in a 
Delta Searle 300 liquid scintillation spectrometer. The rate 
of total RNA synthesis was expressed as the ratio of (̂ h )uracil 
radioactivity to (^^C)uracil radioactivity incorporated into 
TCA-precipitable and alkali-soluble material per 15 min of 
radioactive pulse.This ratio was taken as 1 . 0 prior to the 
application of heavy metal salts to Synechococcus cultures.

32In vivo P-labelinq and extraction of total cellular RNA. 
Prior to labeling the cells with (32p)orthophosphate, the con- 
centration of KH2PO4 in the standard medium was reduced to 
1 0 ~ 4 до. to compensate for the decrease of buffering capacity 
the medium was supplemented with 0.04% Tris solution and the 
pH was adjusted to 7.6 with HC1. Nucleic acids were labeled 
for 1-16 hours (see figure legends) by the addition of carrier- 
free 32p to the cultures at a final radioactivity of 3.7 MBq/ml 
(0.1 mCi per ml). For the preparation of 32p_qaj->eled total 
cellular RNA, Synechococcus cells were collected by centri
fugation, washed twice with sterile distilled water and lysed 
in 1 ml of lysis buffer (100 mM NaCl, 5 mM Na2EDTA, 20 mM Tris- 
acetate, pH 7.6, containing 1.0 mg/ml lysozyme) by freezing 
and thawing five times. Before the last freezing-thawing step 
the lysis buffer was supplemented with 1% SDS, 10 mM MgCl2 and 
100 pg/ml bentonite, an RNase inhibitor. Proteins were removed 
from the lysates by extraction with an equal volume of lysis 
buffer-saturated redistilled phenol containing 0 .1% 8-hydroxy- 
quinoline, followed by two chloroform - isoamyl alcohol (24:1) 
extractions. The RNA was precipitated at -20°C by adding 0.1 
volume of 3 M sodium acetate, pH 6.0, and 2.5 volumes of 96% 
ethanol. After centrifugation at 12,000 x g for 15 min the 
pellet was washed twice with 70% ethanol, dried and dissolved 
in electrophoresis sample buffer (98% formamide +0.1 vol. of 
TBE buffer containing 0.1% bromphenol blue marker dye).

RNA electrophoresis. RNA was loaded onto 3% acrylamide - 
bisacrylamide (29:1) vertical slab gels prepared in TBE buffer 
containing 7 M urea. For preparative purposes composite 2.5% 
acrylamide - 0.5% agarose slab gels were used in the same 
buffer system. In order to adequately separate high-molecular- 
mass RNA species, the gels were run at 9 V/cm for 3 hours at 
room temperature until the marker dye had run off the end of 
the gels. RNA was visualized by autoradiography at -70°C or 
by staining with ethidium bromide (1 pg/ml in TBE buffer) for 
30 min. Individual RNA species were electroeluted from gels by 
a method based on the work of Otto and Snejdarkova (1981).

Hybridization analyses. Recombinant plasmid pBB9 (Boros 
et al., 1983; Brosius et al., 1981) was digested with restric
tion endonucleases under the conditions recommended by the 
suppliers. DNA fragments were separated according to size by 
electrophoresis through 0 .8-1 .2% horizontal agarose gels in 
TEAS buffer at 5 V/cm. After electrophoresis the gels were 
stained with ethidium bromide (0.5 ug/ml) and photographed 
under ultraviolet light. Transfer of DNA from agarose gels 
to nitrocellulose filters was performed by the method of Smith 
and Summers (1980). Hybridization reactions were carried out 
for 24 hours at 42°C in 4xSSC/50% formamide using in vivo
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Fig. 1. Effect o f various heavy metal ion stress treat
ments on the rate o f  total R N A  synthesis in Synecho- 
coccus sp. cells. An illuminated exponentially growing  
culture was labeled overnight with [14C]uracil, 
divided into subcultures at time zero and heavy metal 
ion-stressed in the light (A) and in the dark (B). H eavy  
metal ion concentrations used were as m entioned in 
Results. Portions were removed from the cultures and 
pulse-labeled with [^H] uracil for 15 min (1.2 M Bq/m l). 
The ratio o f  incorporation o f  [^Hjuracil to [14C] 
uracil was defined as 1 in samples pulse-labeled prior 
to the addition o f heavy metal ions to the subcultures. 
L, untreated control subculture shifted to dark at zero 
time. Radioactive 15-min pulses are sym bolized with  
open sym bols (o, A)) for light-and full sym bols ( • ,  a 
for dark-treatments, respectively. Circles stand for 
samples taken from control cultures, triangles indicate  

heavy metal ion treatment of cells



Fig. 2. Polyacrylamide gel electrophoretic pattern o f total R N A  extracted from Syne- 
chococcus sp. cells exposed to heavy metal ion stresses in the light (A ) and in the dark 
(B). Aliquots o f  a log-phase culture were labeled with 32P-orthophosphate for 1 hour 
in the presence or absence o f various heavy metal ions. Cellular R N A  was prepared 
from equal volum es o f  cultures (1 ml) and analyzed by electrophoresis in polyacrylamide 
gels. RN A  profiles obtained from cells treated with Cd2+ (lanes 1), Zn2+ (lanes 2), 
Cu2+ (lanes 3), H g2+ (lanes 4) and untreated cells (lanes 5) are presented. Lane M  
shows molecular mass marker R N A s purified from  cells 32P-labeled for 16 hours in the 
light. Molecular m asses o f rR N A s and the 23S rRNA cleavage products are indicated 
on the left side o f both panels. The apparent molecular masses o f  dark-specific R N A s  
are the follow ing: (a) 0.33X 10° D  (b) 0.24X 1011 D  (с) 0.16X 10e D  (see panel B)



F ig. 3 . Restriction map of pBB9, a recombinant plasmid, that contains a 7.5 
kbp Bam HI fragment of phage Arifd18 DNA carrying the ribosomal rrnB 
operon of E. coli, subcloned into pBR322. The genes for the rRNAs and 
tRNAGlu are represented by shaded segments. PI and P2 are the two tandem 
rRNA promoters for rrnB. T1 and T2 are putative transcriptional terminators. 
The amplicillin and tetracyclin resistance genes (the latter is interrupted by 
the 7.5 kbp Bam HI insert) of the plasmid vector pBR322 are dotted. The A 
phage portion of the 7.5-kbp fragment is hatched. The location of restriction 
enzyme sites used by us are based on the known sequence of the 7.5-kbp insert 
(Brosius et al., 1981). Ava II was used to cut only that Bam HI—Xba I DNA 
fragment which carries the 16S rRNA gene. The scale shows DNA length in 

kilobase pairs (kbp)
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Fig. 4. Hybridization o f 32P-labeled Synechococcus R N A s to restriction 
fragments o f pBB9 D N A . Plasm id D N A  was digested with one or more 
restriction enzymes, fractionated by agarose gel electrophoresis, blotted 
onto nitrocellulose filters and hybridized with in vivo 32P-labeled rR N A s 
(23S and 16S rR N A s), dark-specific R N A s (О.ЗЗх 10е, 0 .2 4 x  106 and 
0.16X 10e D  R N A s) and the clavage products o f the 23S rR N A  (0 .9 x  10G 
and 0 .2 x  106 D  R N A s) o f Synechococcus cells. R N A  was purified from  
long-term labeled cultures kept in the dark or grown in the light. Lane 
1 in each panel shows ethidium  bromide staining patterns o f restriction 
fragments after agarose gel electrophoresis. Other lanes show correspond

ing autoradiograms

Panel A: pBB9 w as digested with Eco RI (lane 1) and hybridized with 
23S rR N A  (lane 2), 0 .9 x  106 D  R N A  (lane 3), 0 .2 x  10e 
D  R N A  (lane 4), 16S rR N A  (lane 5), О.ЗЗх 10s D  R N A  
(lane 6), 0.24X 106 D  R N A  (lane 7) and 0.16X 106 D  R N A  
(lane 8) o f  Synechococcus cells.

Panel B: pBB9 w as digested with X ba I +  Bam HI, the D N A  frag
ment containing the 23S rR N A  gene o f E. coli was cleaved 
with Sal I (lane 1) and hybridized with 23S rR N A  (lane 2), 
0.9X 106 D  R N A  (lane 3) and 0 .2 x  106 D  R N A  (lane 4) 
of Synechococcus cells.

Panel C : pBB9 was digested with Bam HI +  Xba I, the D N A  fragment
bearing the 16S rR N A  gene o f E. coli was cut with Sal I 
(lane 1) and hybridized with 16S rR N A  (lane 2), О.ЗЗх 106 
D  R N A  (lane 3), 0.24X 10e D  R N A  (lane 4) and 0.16X 106 
D  R N A  (lane 5) o f  cyanobacterial cells.

Panel D : The order o f R N A  sample is the same as that in Panel C, 
but the hybridization o f Synechococcus R N A s was done to 
Ava I-cleaved 16S rR N A  gene of E. coli.
Sizes o f  the D N A  fragments are given in kbp.
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•3 2 ^P-labeled RNA probes (ca. 10 ерш per filter) electroeluted 
from polyacrylamide gels. Filters were washed twice at 42UC in 
4xSSC/50% formamide for 1 hour, followed by two 30-minute 
washes in 2xSSC at room temperature. The filters were then 
exposed to X-ray films at -70°C for 1-3 days.

RESULTS

In preliminary experiments we tested the effect of various 
heavy metal salts in a wide concentration range (up to 1 mM) 
on the growth of Synechococcus cells and found increasing 
toxicity with increasing concentrations in all cases (data not 
shown). We chose growth-inhibitory heavy metal salt concentra
tions that caused a comparable decrease of the number of col
ony forming units by the end of the stress period (90 min) in 
the light, but did not decrease substantially the photosynthe
tic oxygen-evolving capacity of the cells. These concentrations 
(25 pM cadmium acetate, 25 pM zinc acetate, 25 pM copper sul
fate and 2 PM mercury chloride) were used in all the experi
ments described below to induce stress responses in cyanobac
teria .

To study the effect of heavy metal ions on the rate of
total RNA synthesis, an exponentially growing Synechococcus

14culture was labeled with ( C)uracil overnigh, divided into
2+ 2+ 2+ 2 +subcultures and exposed to Cd , Zn , Cu and Hg stresses

both in the light and in the dark. The rate of total RNA syn-
3thesis was determined by ( H)uracil pulse-labeling of aliquots

taken from the differentially treated subcultures. In cells 
2+ 2+exposed to Cd or Zn in the light, the rate of incorporation 

of the radioactive RNA precursors into TCA-precipitable mate
rial decreased gradually by some 70 to 80% for 90 min, com
pared to the value characteristic of control cells not stressed 
by metal ions (Fig. 1A, top panels). When an untreated control 
culture was shifted to the dark, there was an immediate dec
rease in the rate of RNA synthesis, followed by a slight, 
transient increase at about 30 min. Thereafter a steady state 
rate was maintained. This rate was notably lower than that 
measured under light conditions (Doolittle, 1972 and 1979) 
Surányi et al., 1987) Fig. IB, upper left panel). Cells



2+ 2 +shifted to the dark responded to Cd or Zn treatment with
a rapid and continuous decrease in their RNA synthesis rate
(Fig. IB, top panels), similar in kinetics to that observed
in the light. Cyanobacteria incubated in the light in the 

2+ 2+presence of Cu or Hg displayed a significant decrease in
their RNA synthesis rate, but to a somewhat more limited ex-

2 4  2 +tent than during Cd or Zn treatments, and ultimately
reached a new steady state (Fig. 1A, lower panels). If cells

2+ 2+ *were treated with Cu or Hg in the dark, the rate of RNA
synthesis throughout the stress period changed in a similar
way as in the unilluminated control culture (Fig. IB, lower

2+ 2+panels). Our results indicate that Cd and Zn ions substan
tially inhibit the rate of RNA synthesis in Synechococcus sp.
cells, independently of light, i.e. energy availability. In

2+ 2+contrast, the effect of Cu and Hg seems to be light-depen
dent, since these metal ions decreased the rate of RNA synthe
sis of cyanobacterial cells considerably in the light but not
in the dark, compared to the respective controls.

32When total cellular RNA was isolated form P-labeled 
cyanobacteria after a 1 hour heavy metal ion stréss, a meas
urable decline in amount was observed. As the bulk of RNA in 
the cell is ribosomal RNA (Smith and Carr, 1977) we examined
the overall pattern of rRNA accumulation by labeling 1 ml

32aliquots of Synechococcus cultures with P-orthophosphate 
and treating them simultaneously with heavy metal ions both 
under light (growing) and dark (non-growing) conditions. RNA 
was extracted from the labeled cells and analyzed by denaturing 
polyacrylamide gel electrophoresis (Fig. 2). In cyanobacteria 
the RNA processing and degradation events appear to be light- 
dependent. The cleavage of pl6 RNA (0.67 x 10® D) to produce 
mature 16S rRNA (0.56 x 10® D) and the conversion of p23 RNA 
(1.2 x 10° D) to mature 23S rRNA (1.1 x 10® D) is more rapid 
in the light than in the dark. The in vivo postmaturational 
cleavage of 23S rRNA into two RNA fragments of 0.9 x 10® and 
0.2 x 10® D is also stimulated by light (Doolittle, 1973).
Heavy metal ion treatments of illuminated cells led to the 
accumulation of pl6 and p23 RNAs and, hence, to the inhibition
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of rRNA processing. This effect was most pronounced in cells
2+ 2+ . . exposed to Cd or Zn . Moreover, the in vivo cleavage of

23S rRNA into two fragments was also inhibited by all the four
heavy metal ions applied in the light (Fig. 2A) .

If cyanobacterial cells are transferred to the dark, they
accumulate an intriguing class of "conditionally stable" RNAs
which are unique to these organisms (Bonén et al., 1976;
Singer and Doolittle, 1974; Fig. 2B, lane 5). The molecular
masses of these RNA species are 0.33 x 10 , 0.24 x 10° andg
0.16 x 10 D. All three RNAs are stable only in cells kept in
the dark, but they, like mRNA, turn over rapidly in light-grown
cells and can only be demonstrated during very short labeling

2+periods. As shown m  Fig. 2B, the exposure of cells to Cd 
2 +or Zn in the dark abolished the accumulation of these dark-

stable RNA species, in addition to the very severe inhibition
of rRNA synthesis and processing. A less pronounced inhibitory

2+ 2+effect was observed when Cu or Hg was added to cultures 
kept in the dark.

The simultaneous disappearance of rRNAs arid dark-specific
2+ 2+RNAs from total cellular RNA of Cd - or Zn -treated cultures

suggests that these RNA species might have a common origin. To
examine this possibility, a Synechococcus culture kept in the

32dark was long-term labeled, for 16 hours, with P-orthophos- 
phate, the dark-specific RNAs (a, b, c in Fig. 2B) were iso
lated from labeled cells and hybridized to restriction frag
ments of pBB9, a recombinant plasmid carrying the entire rrnB 
ribosomal operon of E.coli (Boros et al., 1983; Brosius et al., 
1981 ; Fig. 3). We exploited the high degree of homology between 
the rRNA genes of E.coli and Synechococcus sp. (Douglas and 
Doolittle, 1984; Tomioka and Sugiura, 1983), which allows for 
heterologous hybridization. Fig. 4 shows the electrophoretic 
patterns of pBB9 DNA fragments after digestion with restriction 
enzymes along with the corresponding hybridization patterns for 
dark-specific RNAs (0.33 x 10®, 0.24 x 10® and 0.16 x 10® D), 
rRNAs (23S and 16S rRNAs) and the in vivo cleavage productsr r
of 23S rRNA (0.9 x 10 and 0.2 x 10 D). As can be seen in 
Fig. 4A, 6.14 or 2.06 kbp-long Eco RI fragment gave strong



hybridization signals with dark-specific RNAs (lanes 6 , 7, 8 ) 
revealing that these RNAs are transcribed from a 16S rRNA gene. 
To elucidate the exact location of DNA regions complementary 
to dark-specific RNAs, further hybridization analyses were 
carried out with an isolated 16S rRNA gene of E.coli (the
3.2 kbp Bam HI - Xba I fragment of pBB9). These experiments

f tindicated that the 0.16 x 10 and 0.33 x 10 D RNAs are comple
mentary to the 3' terminal region of the 16S rRNA gene and 
contain overlapping sequences, whereas the 0.24 x 10® D RNA 
hybridizes to the 5' terminal half of the 16S rRNA gene (Fig.
4C and D). In addition, we showed that the in vivo cleavage of 
the 23S rRNA is likely to occur between the first ana the 
second domains (Douglas and Doolittle, 1984) of the molecule, 
as the 0.2 x 10° D RNA fragment hybridizes to the very 5' ter
minal sequences of the 23S rRNA gene in pBB9. The 0.9 x 10® D 
RNA fragment was found to be complementary to the remainder of 
the 23S rRNA gene (Fig. 4A and B). The results of hybridization 
analyses are summarized in Fig 5 (A and B) .

DISCUSSION

Copper and zinc ions in trace amounts are essential micro
nutrients for cyanobacteria and other photosynthetic organisms 
and are required as prosthetic groups for many enzymes. However 
in moderately high concentrations these metal ions appear to 
disturb the photosynthetic electron transport in isolated 
chloroplasts of higher plants (Cenedo-Maldonado and Swader, 
1972) Tripathy and Monathy, 1980). Cadmium and mercury ions 
are unambiguously toxic to cyanobacteria causing severe inhi
bition of physiological processes such as growth, photosynthesi 
and nitrogen fixation (Trevors et al., 1986) Vallee and Ulmer, 
1972).

Analyses of the rate of RNA synthesis in Synechococcus 
cells in the presence of heavy metal ions indicate that cadmium 
and zinc ions cause substantial inhibition of RNA synthesis 
irrespective of light availability. When cells were treated 
with copper or mercury ions in the light, they showed a con
siderable decrease in their RNA synthesizing capacity, while
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A
Pi P2

16S rRNA g e n e

- U 50  bp © @

Eco R I 1200 bp ©  © 32 SO bp ©

Sal 1 1700 bp ©  © 2750 bp ©

A*a 1 S70 bp ©  1AS0 bp ©  © 350bp©| 770 bp © 1310 bp ©

Fig. 5. P h y s i c a l  m a p  of the 16S r R N A  g ene (A) and the 
23S r R N A  g ene (B) o f  E . c o l i  r r n B  o p e r o n  s u m m a 
r i z i n g  the results o f  h y b r i d i z a t i o n  analyses of 
S y n e c h o c o c c u s  RNAs to E . c o l i  r R N A  genes.
The B a m  HI - Xba I (A) and the X b a  I -Bam HI (B) 
f r a g m e n t s  o f  the p B B 9  p l a s m i d  c o n t a i n i n g  the 
16S r R N A  gene and t h e  23S r R N A  gene of E. coli, 
r e s p e c t i v e l y ,  w ere c l e a v e d  w i t h  a t h i r d  r e s t r i c 
tion enzyme, as i n d i c a t e d  b e l o w  the maps. H y b r i d 
i z a t i o n  o f  c y a n o b a c t e r i a l  RNAs e l e c t r o e l u t e d  f rom 
p o l y a c r y l a m i d e  gels to any of the r e s t r i c t i o n  
f r a g m e n t s  o f  rrnB ( r e p r e s e n t e d  b y  f ragment sizes 
in kbp) is s y m b o l i z e d  w i t h  e n c i r c l e d  numbers.
P a n e l  A  shows the h y b r i d i z a t i o n  p a t t e r n  of the 

f o l lowing d a r k - s p e c i f i c  RNAs: (J) 0.33x
1 0 6 D, (2) 0 . 2 4 x l 0 6 D a n d  ®  0 . 1 6 x l 0 6 D,
p u r i f i e d  f r o m  S y n e c h o c o c c u s  cells labeled 
for 16 h o u r s  in the dark.

P a nel B d i splays the h y b r i d i z a t i o n  p a t t e r n  of the 
0.2x10° D (D a n d  the 0 . 9 x 1 0 ^  D (2) c l e a v 
age p r o d u c t s  o f  the 23S r R N A  ex t r a c t e d  
f r o m  S y n e c h o c o c c u s  c e l l s  (32p) labeled 
for 16 hou r s  in the light.
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under dark conditions a rather stable level of RNA synthesis 
was maintained, which may be the consequence of differences 
in heavy metal ion uptake in the light and in the dark.

In view of the above results, an important question to 
ask is how heavy metal ions alter the normal pattern of ribo- 
somal RNA accumulation in cyanobacteria. Our results indicate 
that cadmium and zinc ions had the most pronounced inhibitory 
effect on the accumulation of rRNAs. In the light they inhib
ited the processing of rRNA precursors (pl6 and p23) and the 
in vivo postmaturational cleavage of 23S rRNA, while in the 
dark they abolished the accumulation of dark-specific RNAs. 
Copper and mercury ions, on the other hand, showed a compara
tively strong inhibition of rRNA processing in the light, but
did not change the ribosomal RNA pattern considerably in the

2+ 2+dark. It is interesting to note that in Cu - and Hg -treated 
cells at least four RNA species accumulate during dark incuba
tion, in addition to rRNA precursors, mature rRNAs and dark- 
specific RNAs (Fig. 2B, lanes 3 and 4). The origin of these 
RNAs is not known.

In cyanobacteria the stable RNA pattern is different 
under light and dark conditions, as the cells accumulate a 
few RNA species in the dark, which are very unstable in the 
light (Bonén et al., 1976) Singer and Doolittle, 1974). Hybrid
ization analyses presented in this paper show that dark-spe
cific RNAs of 0.33 X 10®, 0.24 x 10® and 0.16 x 10® D are 
transcribed from a 16S rRNA gene. It seems noteworthy that 
the sum of the apparent molecular masses of 0.33 x 10® and 
0.24 x 10® D RNA species is, within experimental error, the 
molecular mass of mature Synechococcus 16S rRNA (0.56 x 10® D). 
Furthermore, these two RNA species are present in approximately 
equimolar amounts. That is, the ratio of counts/minute in 
0.24 x 10® D RNA to counts/minute in 0.33 x 10® D RNA is close 
to the ratio of their molecular weights (0.73) data not shown). 
Therefore, it seems likely that the 0.33 x 10® and 0.24 x 10® D 
RNAs were produced as the result of a single specific scission 
in the 16S rRNA chain. Dark-specific RNAs with apparent molec
ular masses of 0.33 x 10 and 0.16 x 10 D may be related in



Pálfi, Surányi: Heavy Metal Ion-induaed Stress in Syneehococcus 3 5 3

sequence, as shown by hybridization experiments (Figs. 4 and 
5). In addition to our observations, it has been described by 
Bonén et al. (1976) that mild denaturion converts the former 
RNA species into material со-migrating with the latter on poly
acrylamide gels.

None of the previous experiments of Singer and Doolittle 
(1974) and Bonén et al. (1976) assigns a function to dark- 
specific RNAs in cyanobacteria. We show that these RNAs are 
in vivo cleavage products of an unstable fraction of 16S rRNA 
that are rapidly destroyed in the light, but stable in the 
dark. In contrast to this phenomenon, the cleavage of mature 
23S rRNA (between the first and second domains, as shown by 
us) and the accumulation of 0.2 x 10® and 0.9 x 10® D RNAs 
is stimulated by light (Doolittle, 1973). We suggest that the 
degradation of ribosomal RNAs (that is 16S and 23S rRNAs) 
might be important in controlling ribosome abundance in cyano
bacteria under different growth conditions and that this modu
lation of ribosomal activity is influenced by heavy metal ion 
stress conditions. However, the mechanisms by which heavy metal 
ions alter the "normal" RNA synthesis and accumulation pattern 
in cyanobacteria requires further elucidation.
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The reaction of amino acids, mainly of lysine and valine, 
with reducing sugars has been known as "Maillard-reaction" 
since 1912. The first data on glycosylated hemoglobin (Trivelli 
et al., 1971) were soon followed by observations on glycosylated 
serum albumin (Bailey et al., 1976) Dolhofer, Weber, 1979), 
lipoproteins, fibrinogen, erythrocyte membrane proteins, lense 
crystallin, collagen, myeline proteins and hormone receptors 
(Bernstein, 1987) . It has been established that, after the 
N-terminal amino groups, it is mainly the e-amino group of the 
basic lysine residue in proteins that forms a Schiff-base with 
glucose and covalent linkages by the Amadori rearrangement.
Given this knowledge it was suprising that we found no data on 
glycosylated histones which represent the majority of basic 
nucleoproteins. In this report we describe the results of our 
investigations on the glycosylation of calf thymus histones.

Histones were isolated from calf thymus (Johns, 1971). For 
comparison Boehringer (Mannheim, FRG) total histone, histone H^ 
and H. were used. A Hoffman La Roche (CH) preparation served 
as protamine (salmon). The glycosylation of serum obtained from 
non-diabetic subjects and of bovine albumin (Human, Budapest) 
was also measured. Total protein of the samples was determined 
by biuret reaction.

For in vitro glycosylation, histone protein was incubated 
with 300 mmol glucose (Reanal, Budapest) at 37°C in 6 6 % aqueous 
alcohol solution for 72 h. After dialysis, the glycosylation of
Abbreviations: GH, glycosylated histone; GP, glycosylated protein;

NBT, nitro blue tétrazolium; PAGE, polyacrylamide gel 
electrophoresis

Akadémiai Kiadó, Budapest
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the lyophilized preparations was measured with the fructosa- 
mine-NBT reaction (Johnson et al., 1982) and compared to non- 
glycosylated histone. For this purpose the quotient of NBT ДА 
and biuret value was divided by the value for nonglycosylated 
histone. The various preparations of histone proteins were sep
arated according to Panyim and Chalkley (1969) as well as 
Laemmli (1970) using PAGE. Analysis of the isolated and GH 
(and protamine) for С, H and N was performed by micromethods. 
Conclusions on the amino acid composition of the samples were 
drawn from two-dimensional thin-layer chromatography (White, 
1968) carried out on a Merck DC-cellulose foil after 6N HC1 
hydrolysis at 110°C for 6 h and from HPLC data (Schleicher, 
Wieland, 1981, Biotronic LC-2000) 200x6 mm column) BTC 3118 
cation exchange resin). UV spectra of the hydrolysates were 
also recorded.

Taking the glucose content of thymus histones as one, the 
GP value of bovine albumin was 4, of human serum 2, and that 
of protamine 0 .

Table 1. Results, expressed in w/w%, of elemental analysis
of calf thymus total histone and of its glycosylated 
derivative

Histone Glysosylated
histone

c 45.13 45.63
H 2.89 4.49
N H - 4 3 13.05

After in vitro glycosylation the following GP values were 
obtained: 50-70 for thymus histones, 5 for protamine and 25-40 
for bovine albumin. In acidic-urea PAGE demonstrated no strik
ing difference in position between the GH and nonglycosylated 
histone bands. Yet the former seemed to migrate more slowly.
For gels of a different composition the divergence was even 
less marked. According to an analysis of total thymus histone 
(see Table 1) in GH the lower nitrogen value is noteworthy. Our 
calculations indicated that this is due to the incorporation of
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10% (w/w) glucose. The average molecular weight of amino acids, 
calculated according to the literature from the amino acid com
position of histone fractions, was 110. Accepting this value,
100 moles of amino acid took up 6 . 8 moles glucose. Since the 
total histone contained 15% lysine, on the basis of what has 
been said (6 . 8 mol glucose), 45% of the lysine was glycosylated.

A calculation according to this relationship showed that 
the protamine incorporated 0.5 mol glucose/100 mol amino acid, 
compared to 6 . 8 mol histones.

On the two dimensional chromatograms a new spot of great 
mobility appeared in the GH picture, in contrast to the un
treated histone, which does not contain such spot. In the 
standard series of amino acids we also failed to find a corre
sponding spot. According to amino acid analysis performed by 
HPLC, in GH only the proportion of lysine was lower by 2% than 
that of histones.

Our measurements have shown that calf thymus histones, 
like proteins, but unlike protamine, is moderately glycosylated. 
The basic guanidino group of protamines cannot be even theo
retically, glycosylated. Our calculations indicated that for 
the higher GP value found in the course of the in vitro gly
cosylation of protamine its terminal amino group was respon
sible .

Regarding histones, on the basis of C, H and N measurements 
and the NBT-fructosamine reaction it can only be said that, 
under our conditions, about 45% of the lysine residues was 
glycosylated. At the same time, this value was lower when cal
culated from lysine composition of the individual fractions 
(e.g. 22% for H^) . The glycosylation of calf thymus was low 
compared to that of serum albumin. This might perhaps be ex
plained by the close relationship of histones to DNA. At the 
same time, there is no doubt that in the course of protein ca
tabolism lysine is excreted through the kidneys mostly in gly
cosylated form (Brownlee, 1980).

The new spot seen on the chromatogram in the acidic hydro
lysate and the lower proportion of lysine found with HPLC in 
glycosylated histones, which spectroscopically corresponds to
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furosine (Finot et al., 1968; Schleicher, Wieland, 1981) in
dicates the incorporation of glucose by histones. This is lent 
further support to by our latest histochemical results (Jobst 
et al., to be published).

The acetylated, methylated, phosphorylated derivatives of 
histone proteins, which are rich in nucleophilic groups, are 
well known (Einck, Bustin, 1985); thus, the fact that they 
were glycosylated was not surprising. In our quest for the 
biological importance of glycosylated histones we are studying 
their distribution in pathological parenchymatous organs, their 
role in the stabilization of DNA, as well as in the amount and 
breakdown of mRNA, i.e., in what is called its autoregulation 
(Peltz, Ross, 1987).
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SUFMARY
High potential iron-sulphur protein (HiPIP) has been purified 

to electrophoretic homogeneity from the photosynthetic bacterium 
Thiocapsa roseopersicina. The protein has a single polypeptide chain 
(molecular mass 10 kDa) containing one 4Fe-4S cluster. The midpoint 
redox potential (E=0.325 V), isoelectric points and pH profile, as 
well as the absorption, circular dichroism and Mössbauer 
spectroscopic properties in the reduced and oxidized states have 
been determined.

The protein is in the reduced state as isolated; upon oxidation 
by ferricyanide there are characteristic changes in its visible 
absorption and circular dichroism spectra. HiPIP contains no alpha 
helix, about half of the polypeptide chain assumes beta sheet 
conformation. Pronounced structural differences between the oxidized 
and reduced states have been observed in the aromatic amino acid and 
Fe-S cluster spectral regions. Mössbauer spectra of the HiPIP in the 
two redox states reveal further differences. The possible 
contribution of aromatic amino acid residues, to the redox 
transition is discussed.

INTRODUCTION

High potential iron-sulphur proteins are a special type of 
ferredoxins (Nomenclature Committee of the IUB, 1979). The redox 
potential of them is about 0.3-0.4 V. The ferredoxins have contain single 
polypeptide chain and one 4Fe-4S type cluster per protein molecule and 
are usually small proteins (molecular mass is about 10 kDa). 
Nevertheless, because of the differences in amino acid sequences, folding 
and redox potentials, the HiPIPs are considered to belong to separate 
lines of evolution (Hall et al., 1975) than the ferrodoxins, having 
negative redox potential.
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Little is known about the physiological role of HiPIP. Photo
oxidation of HiPIP in chromatophore particles has been observed in 
Thiocapsa roseopersicina by absorption spectroscopy (Zorin, Gogotov, 
1983). The nature and the in vivo significance of this reaction is not 
clear, although it has been suggested (Manavalan, Curtis, 1983) that 
HiPIP enhances the reduction rate of the oxidized form of cytochrome 055g 
in Chromatium chromatophore particles by mediating electron flow from 
artificial electron donors.

HiPIP has been detected and isolated from various sources including 
photosynthetic bacteria (Bartsch, 1971; Meyer et al., 1973; Fischer, 
1980; Tedro et al., 1979; Tedro et al., 1981;Wermter, Fischer, 1983). A 
comparison of the amino acid sequences of six different HiPIP (Tedro et 
al., 1981) indicates that apart from the four cysteine residues which 
bind the Fe-S cluster only three amino acid residues (Tyr-19, Asn-45, 
Gly-75) are conservative in the sequences. However, the primary 
structures of the HiPIP from C. vinosum and T. roseopersicina are 80% 
homologous (Tedro et al., 1981) which suggests a strong three dimensional 
structural similarity as well. HiPIP from T. roseopersicina DSM 219 was 
first purified and partially characterized by Fischer (1980). A more 
detailed chemical and spectroscopic study of this protein from BBS strain 
has been reported by Zorin and Gogotov (1983).

In the present work structural parameters of HiPIP from _T. roseoper
sicina BBS have been determined with the aim of gaining more information 
about the molecular events accompanying the redox transition.

MATERIALS AND METHODS

Strain: Thiocapsa roseopersicina BBS was a kind gift from Prof. E.N. 
Kondratieva (Moscow State University, USSR), and was cultivated under 
standard photosynthetic conditions (Pfennig, 1967) in 10 dm-5 bottles. The 
bacteria were harvested in the logarithmic growth phase by continuous 
centrifugation and were stored at -20 °C.

Protein purification: Frozen cells were thawed and treated with 
chilled acetone-water solution (ratio 9:1, at -20 °C). The precipitate 
was washed with the same mixture and dried under vacuum. Proteins were 
dissolved in 20 mM K-phosphate buffer (pH 7.5) and centrifuged at 20000 g 
for 4 hours. Solid (NH^^SO^ (Reanal) was added to the supernatant (final



Ciszewska et al.: High potential iron-sulphur protein 363

(NH^SC^ concentration 0.8 M) and the crude protein extract was applied 
onto a Phenyl-Sepharose CL 4B (Pharmacia) column. The HiPIP-containing 
fraction was collected, desalted on a Sephadex G-25 fine (Pharmacia) 
column and was bound on a DEAE QE 52 (Whatman) column. The HiPIP was 
eluted by linear salt gradient and was further purified by preparative 
polyacrylamide gelelectrophoresis using the discontinuous buffer system 
of Neville (1971).

Protein determination: Protein concentration were measured according 
to Hartree (1972) and/or by the micro-Kjeldahl method using liophylized 
HiPIP and bovine serum albumin (BSA, Fraction V, Sigma) as standards. 
Iron content was determined in an atomic absorption spectrophotometer 
(AAS 1 N, Carl Zeiss).

Molecular mass determination: Polyacrylamide gel electrophoresis 
(Neville, 1971) in the presence of sodium dodecyl sulphate and 2- 
mercaptoethanol (SDS-PAGE) was run at 20% polyacrylamide concentration 
and 1% crosslinking. Proteins were stained with Coomassie Brilliant Blue 
R-250 (Merck). The molecular weight marker kit (2.5-17 kDa) from Fluka 
served for calibration.

Isoelectric focusing: Isoelectric points of the reduced and oxidized 
HiPIP were determined in agarose gel in pH 3-6 gradients. Gels were cast 
on GelBond plastic sheets. Gels (114x225 mm) contained 0.3 g Agarose IEF 
(Pharmacia), 3.6 g sorbitol (Reachim) and 1.9 gml of pH 3-6 Ampholine 
(LKB) carrier ampholyte in 27 ml of distilled water. Cathode solution was
0.1 M histidine (Fluka), anode solution was 0.5 M H2SO4 (Carlo Erba). 
40 pg of protein was applied in each lane. Electrophoresis was carried 
out in a FBE 3000 electrophoresis chamber (Pharmacia) for 2500 volthours. 
Gels were fixed in 5% sulfosalicylic acid and 10% trichloroacetic acid 
(Reanal) mixture and were stained with 0.2% Coomassie Brilliant Blue R 
250 (BioRad). pi calibration kits were from Pharmacia.

Titration curve analysis (pH profile): 1 mm thick IEF gels were cast 
and the pH gradient was formed by focusing for 1000 volthours. Ihe gels 
were then rotated perpendicularly to the gradient and 250 p g of both 
reduced and oxidized HiPIP were applied in the central slot. Electro
phoresis was continued at 7 W power for 190 volthours in this position 
and the gels were fixed and stained as above. In all experiments gels 
were cooled to 10 °C with an MK 180 cooling thermostat (MLW).

Redox titration: Redox titrations were performed anaerobically at pH
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7.0 and 25 °C by KjFeCCN)^ titration. Redox potentials were measured by a 
solid state electrometer (Type 610 CD, Keithley) and redox microelectrode 
(Ingold) in a 1 cm cuvette. The absorption changes at 500 nm were simul
taneously monitored in a SP 1800 spectrophotometer (Pye Unicam). The 
electrode was calibrated with quinhydrone (Merck). Samples contained 3 ml 
of 0.1 mM HiPIP in 20 mM K-phosphate buffer as well as 2,3,5,6-tetra- 
methylphenylenediamine (Aldrich) and tetramethyl-p-benzoquinone medi
ators. Final concentration of the mediators was З х Ю -  ̂m .

Spectroscopic measurements: Absorption spectra were recorded on a 
Beckmann DU-8B UV-visible spectrophotometer.

Circular dichroism measurements were carried out in a Jasco J-40c 
dichrograph calibrated with (+)-camphor-10-sulphonic acid. Quartz 
cuvettes of various path lengths (0.1-1.0 cm) were used to maintain 0D
1.0 throughout the studied spectral region (190-680 nm). Data were taken 
at 0.1 nm intervals and were fed into a multichannel analyzer (ICA 70, 
KFKI). The fraction of alpha helix and beta strand was determined by 
using a program of Siegel et al. (1980).

For Mössbauer studies HiPIP was purified from -^Fe grown cells. Iron 
was supplied in the 57Fe (2,3-dihydroxybenzoic acid)j complex in the 
culture medium. Samplex contained HiPIP at 56 and 44 mg-Vml concentration 
for the reduced and oxidized protein, respectively. The protein solution 
was pipetted into a 10 mm thick sample holder and was frozen at -78 K. 
Mössbauer-spectra were taken in a NZ-640 spectrometer (KFKI). The gamma 
source was ^Co (50 mCi) embedded in a rhodium matrix. The spectra were 
computer fitted (Moss et al., 1968). Metallic iron was used to calibrate 
the instrument; the isomeric shift values refer to the center of the iron 
spectrum.

Oxidized HiPIP for the spectroscopic investigations was prepared by 
ferricyanid treatment (10 min., at 298 K). Excess ferricyanide was 
removed on a Sephadex G-25 column.

RESULTS

Protein purification and characterization: HiPIP is a major protein 
component in the crude extract when the cells are disrupted by chilled 
acetone treatment. It is not bound to Phenyl Sepharose which suggests 
that HiPIP is a hydrophobic protein. A typical elution pattern on a
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□EAE DE 52 column in shown in Fig. 1. At this stage HiPIP is about 90% 
pure, for higher purity preparative PAGE was added to the purification 
scheme and was routinely performed under non-denaturing conditions.

Fig. 1. Chromatogram of HiPIP purification. Column (2 cm x 10 cm) 
packed with DEAE DE 52. Continuous line shows protein 
absorption at 280 nm, dotted line indicates NaCl gradient 
from 0 to 0.5 M in 50 mM Tris/HCl buffer pH 7.5. Shaded 
area contains HiPIP.

Homogeneous HiPIP preparation is characterized by a purity index 
A283/A385 which differs for the reduced and oxidized forms, respectively 
(Table 1). Pure HiPIP contains a single polypeptide chain according to 
SDS-PAGE. Its molecular mass is 10 i  0.5 kDa.

The protein as isolated aerobically in its reduced form is stable 
when stored at -20 °C for at least 6 months. Upon liophylization, 
however, a significant number of the Fe-S clusters are destroyed and the 
purity index rise up to 7.5 - 8.5. Oxidized HiPIP undergoes slow 
reduction in aerobic solution at room temperature; after 15 hours about 
50% of the HiPIP is in the reduced state.



366 Ciszeuska et á l Eigh potential iron-sulphur protein

Table 1. Molecular properties of high potential iron-sulfur protein

Thiocapsa roseopersicina Chromatium Thiocapsa

Molecular mass 11000 10000 n.d. 9258 9267
(Dalton)
pi ox. 4.5 n.d. n.d. 3.9 acidic

red. 4.1 4.08 4-5 3.7 acidic
ox. 2.10 n.d. n.d. 2.20 2.26

a283/a385 red. 2.54 2.25 3.85 2.56 2.94
( , -, 18.8(283) 33.0(283) n.d. 41.3(283) 45.0(283)

Amax- 7.5(358) 14.7(390) n.d. 16.1(388) 15.3(375)

Fe/mol 3.8 3.9 n.d. 4 4

Reference this work (3) (7) (18) (6)
n.d., not determined

There is a remarkable difference in the isoelectric points of the 
reduced and oxidized forms of HiPIP (Table 1). Accordingly to the pH 
profile (Fig. 2) reflect similar dissimilarities particularly in the pH 
3-6 region. These phenomena suggest the possibility of resolving the 
oxidized and reduced HiPIP by chromatophocusing (data not shown). They 
also imply a pronounced redistribution of charges upon redox transition.

Protein determination: The modified Lowry method (Bagyinka, 1981)
using BSA standard gives erroneous HiPIP concentrations. When lyophylized 
HiPIP and BSA are used for calibration (Fig. 3.) there is a pronounced 
difference in the calibration curves. This explains the differences in 
the molar extinction coefficients between our data and the previous work 
on the same protein (Table 1).
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+

pH 3 10

Fig. 2. pH profile of oxidized and reduced HiPIP in the pH 3-10 
range. pH gradient in the agarose gel was formed by 
electro-focusing the Ampholine containing gel for 
1000 Volthours. A mixture of oxidized (ox.) and reduced 
(red.) HiPIP (250 у g) was then electrophoresed from the 
central slot. Gel was stained with Coomassie blue R-250.

Redox potential: From spectrophotometric redox titration a midpoint 
redox potential of 0.325 V (298 K, pH 7.0) has been obtained (Fig. 4). 
When the protein concentration is properly determined one electron per 
protein molecule is removed upon oxidation.

Absorption and CD spectroscopy: The absorption spectrum of the 
reduced state shows the typical 4Fe-4S protein features with a broad 
transition at 385 nm which changes upon oxidation (Fig. 5). The UV 
absorption band in the peptide absorption region (220 nm) of the oxidized 
and the reduced forms are identical whereas there is a small intensity 
change at the aromatic amino acid region (280 nm).
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Fig. 3. Protein calibration curves, using bovine serum 
albumin (-•-) or liophylized HiPIP (-0-). 
Protein concentrations were determined by the 
Hartree (1972) method

Fig. 4. Spectrophotometric redox titration of HiPIP from T. roseoper- 
sicina. 0 - titration increasing redox potentially
KjCFeClOg; • - titration decreasing redox potential by ascorbate
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Fig. 5. The absorption spectra of HiPIP from Thiocapsa roseopersi- 
cina in oxidized (— ) and reduced ( ) state

The CG spectra of the HiPIP in the two redox states are shown in 
Fig. 6 . The differential absorption (A|_-Ap) of HiPIP is in the range of 
0.06-0.001 % of the total absorption.

There are several clearly distinguishable CD bands which indicates 
that the absorption spectra cover a complex electronic excitation 
behaviour. An analysis of the far UV spectral region reveal no alpha 
helix, the majority of the protein (about 60 %) is in beta sheet 
conformation and thus the remaining 40 X assumes random coil. This 
composition remains unaltered when the redox state is changed.

The CD signal in the 275-300 nm region is attributed solely to the 
aromatic amino acid residues since no cysteinyl residues are available to 
form disulfide bounds in this protein. (Zorin, Gogotov, 1983; Fischer, 
1980).

There are remarkable differences, depending on the redox state of 
HiPIP, in the near UV region. The negative peak at 283 nm increases in 
intensity upon oxidation. This effect is unlikely to be due to a 
tryptophan contribution since the 0-0 lL^ band is unaltered. Therefore it



370 Ciszewsha et al. : High potential iron-sulphur protein

Fig. 6. The CD spectra of HiPIP from Thiocapsa roseopersicina in
oxidized (__ ) and reduced ( . . . )  state. Also shown the
results of fitting for reduced state (— )

can be assigned to the lLb transition of tyrosine. The sharp negative 
ellipticity maximum at 300 nm is nearly identical for both redox states 
of HiPIP; it can be ascribed to the sum of 0-0 lLa transitions of various 
tryptophan residues since tyrosine usually has no transitions in this 
region. The CD band at 312 nm of the oxidized HiPIP apparently disappears 
upon reduction.

From 320 to 440 nm both oxidized and reduced HiPIP display two 
negative CD bands which are slightly shifted toward shorter wavelengths 
in the oxidized form.

Mössbauer spectroscopy: Mossbauer spectral data of oxidized and 
reduced HiPIP forms are given in Table 2. Upon superficial observation 
both spectra seem to be composed of one quadrupole doublet and the 
spectral parameters are in good agreement with the previously published 
data for HiPIP from other organisms (Moss et al., 1968).
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Table 2. Mössbauer parameters of HiPIP from T. roseopersicina

oxidized reduced

One quadrupole
isomeric shift 0.373(1) 0.426(1)
quadrupole
splitting 0.932(1) 1.073(1)
width 0.664(3) 0.581(2)

Quadrupole pairs

Type A

intensity ratio 28% 72% 52% 48%
isomeric shift 0.397(2) 0.364(1) 0.427(1) 0.426(1)
quadrupole
splitting 1.25(1) 0.77(1) 1.282(4) 0.849(4)
width 0.43(1) 0.56(1) 0.452(4) 0.450(3)

Type В

intensity ratio 52% 48% 52% 48%
isomeric shift 0.260(4) 0.500(5) 0.322(2) 0.539(2)
quadrupole N
splitting 0.898(2) 0.957(3) 1.065(1) 1.067(1)
width 0.51(1) 0.51(1) 0.453(4) 0.449(4)

Closer examination, however, reveals an asymmetry in the doublets in each
spectrum. The bes1: fit has been obtained by' assuming two doublets. The
accuracy of the measurement is not sufficient to select the pairs from 
the four peaks on the basis of fitting parameters unequivocally. In both 
redox forms two doublets can be fitted: the inner-outer pair (A type) 
gives almost the same isomeric shift but different quadrupole splitting, 
whereas the opposite is the case if the other pairing of peaks (B type) 
is considered. For the reduced form both assumptions lead to a relative 
weight of doublets 50:50 percent. In the case of oxidized HiPIP, the В
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type of evaluation gives 50:50 percent for relative weights while in the 
A type of pairing a 71:29 ratio is obtained.

DISCUSSION

HiPIP from Thiocapsa roseopersicina has several physico-chemical 
properties similar to HiPIP from other microorganisms. It is a hydro
philic, low molecular mass protein which contains one 4Fe-4S cluster and 
performs redox functions. Upon oxidation by ferricyanide or reduction by 
ascorbate one electron per molecule is involved in the redox transition 
(Fig. 3).

The presence or absence of this electron brings about protein 
conformation changes as indicated by the nonequivalence of isoelectric 
points and pH profiles in the oxidized and reduced states. These data can 
be rationalized only if one assumes that new charged groups are exposed 
or formed in the protein during redox transition.

Visible and UV CD data have not been available for HiPIP from T. 
roseopersicina, but they can be compared to the CD spectra of the more 
thoroughly studied Chromatium vinosum HiPIP ((2,18-21), especially since 
the two proteins have very similar amino acid sequences (Tedro et al.,
1981).

The oxidized HiPIP spectra are in good agreement with those of 
Stephens et al. (1978), but differ from those of Fiatmark and Dus (1969) 
which can be attributed to the incomplete oxidation of the latter samples 
(Carter, 1977).

From far UV CD spectra information can be otained on the secondary 
structure, which is predominantly beta sheet and random coil in the T. 
roseopersicina HiPIP. This is in line with a report on C. vinosum HiPIP, 
where abundant antiparallel beta structure has been found by X-ray 
crystallography (Carter, 1977).

By fitting Gaussian curves to the CD spectrum in the region between 
190 and 250 nm three ellipticity bands have been found at 200, 220 and 
230 nm. The last one has been assigned to Fe-SH bonds (Fiatmark, Dus, 
1969).

We have found considerable differences in the CD region of aromatic 
amino acids associated with the redox states. They can be related to the 
alteration in the orientation of the tyrosine residue with respect to the
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main polypeptide chain in the different redox states. On the one hand the 
tyrosine lLj-, CD transition is known to be sensitive to such molecular 
changes (Kahn, 1979). On the other hand, crystallographic evidence 
(Carter et al., 1974) indicates that the tyrosine-cluster distance 
increases upon oxidation in C. vinosum HiPIP. Since there is only one 
tyrosine residue in the roseopersicina HiPIP (Tyr-19), which is 
conservative in the amino acid sequences of every HiPIP, one can conclude 
that Tyr-19 plays important role in the redox transitions of HiPIP.

There are substantial differences between the oxidized and reduced 
HiPIP in the visible CD which reflects the Fe-S cluster transitions. 
These changes are qualitatively similar to those observed with C^ vinosum 
(2,18-21). The fact that upon redox transition the major CD changes have 
been observed in tyrosine and in the cluster region suggest an 
involvement of these groups in the redox processes.

The redox states of the 4Fe-4S cluster of HiPIP are usually 
described with the three-state hypothesis developed by Carter et al. 
(1972). The reduced state of HiPIP corresponds to state C in this model, 
where two Fe2+ and two Fe-*+ iron atoms are coupled antiferromagnetically. 
Upon oxidation the cluster becomes paramagnetic (state C+) and contains 
three Fe^+ and one Fe2+ atoms. Although most of the published HiPIP Möss- 
bauer spectra are asymmetric to a certain degree, the spectra have not 
been resolved to separate Fe^+ and Fe2+ components (Moss et al., 1968; 
Dickson et al., 1974).

Fitting our spectra with a single quadrupole doublet gives the same 
parameters as in previous studies. The signal broadening and asymmetry of 
lines, however, can be considered as indications of two slightly 
different, overlapping spectra which may belong to the non-equivalent 
iron atoms in the cluster. A better fit is otained by assuming two 
quadrupole doublets. Because of the signal to noise ratio, there are two 
possible interpretations of the measured spectra. In the first case (type 
A) the two doublets have similar isomeric shift and different quadrupole 
splitting, whereas in the second case (type B) the doublets show similar 
quadrupole splitting and different isomeric shift. The intensity ratios 
suggest that it is the type A approximation which describes the real 
situation within the cluster. Thus each of the two doublets have 50 % 
weight of total intensity ( 2 Fe2+ and 2 Fe3+) in the reduced cluster, 
while in the oxidized HiPIP the weights of the doublets are 71 to 29 (3
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Fe^+ and 1 Fê "*-). Consequently, upon oxidation the electron in the
cluster appears to be localized on one of the iron atoms.

It should be noted that reduced HiPIP did not contaminate the 
oxidized samplex and vice versa, since only 6Í1 and 111 % of the spectra 
belonging to the opposite redox state can be detected in the oxidized and 
reduced spectra, respectively.
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SUMMARY
As an extension of our studies on simple and macromolecules, 

the optical polarizabilities of some biomolecules (Glycine, L- 
alanine and folid acid) have been studied using new dispersion 
relation. Oiamagnetic susceptibilities and electron ionization cross 
sections for these biomolecules have also been evaluated. The 
relative merits, feasibility and the limitations of the dispersion 
relation in relation to other reported methods are discussed 
critically. The use of the studies in this direction are also cited 
briefly.

INTRODUCTION

The study of the physical properties of biomolecules play a vital 
role in understanding the basic principles of cell structure, metabolism 
and other physical phenomena. Molecular biology and biomedical 
engineering are two fields of research of much importance in this 
direction. Though many physical techniques like UV Visible, NMR, Raman 
and Laser have been used to study life mechanisms in terms of chemical 
activities, but not much work has been done in utilizing optical 
polarizabilities and related properties (i.e. diamagnetic and molecular 
electron ionization cross section) as tools in this field. Rao et al 
(1977) Murthy (1979), Murthy et al. (1980), Murthy, Jeevan Kumar (1987b) 
have successfully used the technique of optical polarizability in the 
conformation of polymers, synthetic polymers and liquid crystals, and 
enzyme kinetics.

The aim of the present investigation is to determine the optical 
polarizabilities of a few biomolecules (L-alaine, Folic acid and Glycine)

Akadémiai Kiadó, Budapest



378 Murthy, Kumar: Polarizabilities, of biomolecules

by using new dispersion relation and using the same to determine the 
diamagnetic susceptibility and molecular electron ionization cross 
sections. The results are discussed in comparison with the values 
obtained by other methods.

ÆTH0D

Optical Polarizability
The new dispersion relation of Murthy et al. (1986) and Murthy, 

Oeevan Kumar (1987a) is expressed as

1/ X 2 = a + ]ß7(n-l)] (1)

where a = 1/ and g = (-e^N/2ir C^m)( p /M)p-^ОHere 'n ' is the refractive index, e, m, C, N are, respectively, the 
charge of electron, mass of electron, velocity of light, and Avogadro's 
number; p, M and p, ^ and XQrefer> respectively, to density, molecular 
weight, and number of free electrons, wavelength of the radiation of 
source and the natural frequency of electron, a and 8 are the intercept 
and scope of linear disperion curve.

Eq. (1) reduces for 'K ■+ “
0 = {a + [8/n -1)1) (2)OOk

where refers to the refractive index at infinite wavelength.
On further simplification of the above eq.(2) one can get

l (n2 -l)/(n£ + 2)1 = (La - 8) 2_a21 /1 (a-8 )2 + 2a2|} (3)

Substituting the value £(q£. - l)/(n£ + 2)J from eq. (3) in the Lorenth- 
Lorentz relation and rearranging the terms

«М = (3/4 Tr N) (M/P ) ( [a-8)2 - a 2 ] / & )2 + 2 a 2]} (4)

Diamagnetic Susceptibility
The recent literature reported several methods to correlate optical 

polarizability and diamagnetic susceptibility. Kirk Wood (1932) and Vinti
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(1932) observed an approximate proportionality between diamagnetic 
susceptibilities and the square root of the optical polarizabilities. 
Their relationships have, however, several limitations, while the 
experimental observations and the studies of Subbaiah (1978) support a 
linear relationship between them. Hence Rao et al. (1979) have suggested 
a relation based on empirical grounds which is applicable to any class of 
molecule. The relation reads

- Хм = v' ni a1 aM (5)

V 1 represents the saturation factor = (0.9)n, with n representing the
number of unsaturated bonds or rings present in a molecule.
cr̂  is the degree of covalence of the characteristic group and is given
as

a1 = ( a 1/nl a1/n2 .... a1/nn) (6)

m= 0.72 X 1019 а characteristic constant so the -Хм is obtained in 
1 0"^ cgs emu.

Molecular Electron Ionization Cross Section
It is well known that there is no consistent theory to explain 

molecular electron ionization cross section. Several empirical relations 
have been suggested to explain the experimental observations. Electron 
ionization cross sections have been suggested to be proportional to 
molecular polarizability as well as to diamagnetic susceptibility. Beyan 
and Kaven (1969) and Rao et al. (1979) are the few who have given such 
semiempirical relation. Rao and Murthy's relation reads as

Q ( in 1010 cm2) = 0.278XM (7)

where there is a saturation factor as explained in the last section.

RESULTS AND DISCUSSION

Molecular polarizabilities of a few biomolecules L-alanine, folic 
acid and glycine are determined by using the equation based on new 
dispersion relation. The refractive indices of these samples are
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evaluated by using solution technique with Pulfrich refractometer; 
distilled water is taken as solvent for all samples. From the values the 
refractive indices of solute, the values a and g are obtained, from the 
graph drawn l/-^2 and 1/n-l. Utilizing these values of a and 8, the mean 
molecular polarizabilities are evaluated. The mean molecular 
polarizability values of L-alanine, folic acid and glycine alongwith the 
values of au obtaining from Lippincot--function potential model and by 
the addition of bond polarizabilities are shown in Table 1.

Table 1
Mean Molecular Polarizabilities

Molecule а м ж 1025 
cm^

New Dis
persion

« м X 1025 
cm3

Lippincot- 5 

-function model

ам  X 1025 
cm3

From Bong 
polarizabilities

L-alanine 72.90 75.00 75.70
Folic acid 372.30 402.50 375.30
Glycine 59.23 54.68 53.40

Using the same values of «м and eq. 5 and 6, the diamagnetic 
susceptibilities and molecular electron ionization cross sections 
determined for the selected biomolecules are given in Table 2.

A glance at Table 1, suggests that the optical polarizability 
calculated by new dispersion relation agrees well with that obtained by 
two other methods. But the new dispersion relation can be claimed to be 
better as compared to Lippincot- S -function model since the latter is 
supposed to be little approximate. This observation suggests the overall 
reliability of application of new dispersion relation applied to 
polarizability studies. Similarly, the values of diamagnetic suscepti
bility and electron ionization cross section corroborate this 
observation.
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SIMWRY
More than 40 orthovoltage X-ray therapy units are monitored by 

calibrated thermoluminescent dosimeters (TLD). Three pairs of 
LiF:Mg,Ti and CaSO^iDy pellets are irradiated in air in a 
polypropane capsule. The range between 0.2 to 3.0 mm Cu the half
value layer (HVL) is determined from the CaSO^-LiF ratio. In this 
range, the response of the LiF dosimeters is corrected for energy 
dependence. We are using a fixed sensitivity for LiF in the MVL 
range of 2 mm A1 to 0.2 mm Cu. In the first two years 173 
monitorings were performed by using 485 badges. Usually not more 
then two different radiation qualities (in the HVL ranges 2 mm A1 to 
0.2 mm Cu and 0.9 - 2.5 mm Cu) or two beams used on a therapy unit 
are measured by using 2-3 badges per monitoring. In 134 cases 
(77.5%) the dose rates were within acceptable limits (i 10%). In 23 
cases (13.3%) a failure of the X-ray unit was detected. We think 
that our system is simple enough and may be used for the dosimetric 
monitoring of orthovoltage X-ray therapy units. In some cases even 
the type of malfunction can be determined.

INTRODUCTION

Quality control in the orthovoltage X-ray energy range is possible 
with the commonly used LiF:Mg,Ti thermoluminescent dosimeters (TLD) if 
the energy dependence is corrected for. In addition, the half-value layer 
(HVL) can be determined by using a dual TLD system. Thus, as far as the 
authors can determine, only one system has been developed for large scale 
measurements in the orthovoltage range. With the system of the I.A.E.A., 
however, only two pilot studies were reported (Eisenlohr et al., 1977;
XA part of the paper was presented as a poster on the 
International Symposium on Dosimetry in Radiotherapy, Vienna,
August 31 September 4, 1987

Akadémiai Kiadó., Budapest
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Bjarngard et al., 1978; Zsdánszky et al., 1981). Servomaa et al. (1984) 
used LiF in the diagnostic kV range without any correction for energy 
dependence. A pilot study on our system using LiF:Mg,Ti for dose 
measurement and the ratio of the readings from CaSO^iDy-LiFtMgjTi for HVL 
determination has been published (Zaránd, Polgár, 1985). This papar is a 
brief report on our two-year experience.

METHOD

Moren than 40 orthovoltage X-ray therapy units are monitored by 
TLD's in various hospitals in Hungary. The detailed method is published 
in Hungarian (Zaránd, Polgár, 1985). A brief description is given below.

The in-air irradiation method is used. Three pieces of LiF and CaSO^ 
are placed in a polypropane capsule 5x2.5x3.8 cm̂ . The capsules are fixed 
on the plexiglass end of the applicator perpendicular to the anode- 
cathode axis of the tube and irradiated with a nominal dose of about 1.2 
Gy. Irradiation time, t, geometry, and nominal dose rate, D are given by 
the participants. Both dosimeter types are calibrated individually and 
evaluated in a TLD-04B reader (Szabó et al., 1981). Details of thermal 
annealing and evaluation are given elsewhere (Seelentag et al., 1988). No 
background dosimeters are mailed.

The energy dependence of the system as well as that of the CaSO^-LiF 
ratio relative to the ^Co gamma rays is determined by using secondary 
standard instruments. The HVL is determined from the CaSO^-LiF ratio in 
the interval of 0.2 to 3 mm Cu (above 2.5 mm Cu HVL extrapolated values 
are used). The relationship between this ratio and the HVL is determined 
from the following:

г = 0.37 X H2 - 2.63 X H + 6.45 (1)

where small г is the ratio of the readings of CaSO^ dosimeter to that of 
the LiF dosimeter with the LiF reading being uncorrected.
H is the HVL in mm Cu
The energy dependence of LiF dosimeter relative to ^Co gamma rays, S, is 
determined from the following relationship:

S = 1.30 - 0.14 ln(H) (2)
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The above equations are empirically based and the constants are obtained 
by the least squares fitting of data over the HVL range of 0.2 - 2.5 mm 
Cu. With the TLD-04B 325 °C was set, while the Harshaw 2000 A+B is 
operated with a ramp heating (260 °C) during the evaluation of CaSO^. The 
CaSO^iDy-LiFtMgjTi ratio is not sensitive on the reading cycle (due ^o 
normalisation on ^Co gamma energy). Therefore, the results obtained with 
the two readers in the HVL range of 0.2 to 2.5 mm Cu were used in 
Equation (1) (Figure 1). This equation is used only above 120 kV (in 
practice above 0.4 mm Cu HVL because no Hungarian hospital is using a 
beam in the 0.2 - 0.4 mm Cu). In the HVL range of 2 mm A1 to 0.2 mm Cu a 
constant value of S is used. This method is similar to that used by 
Seelentag et al. (198В).

H V L  (mm Cu)
Fig. 1. CaSÜ4 :Dy/LiF:Mg,Ti ratio vs. HVL by using different 

reading cycles

Individual calibration factors of the dosimeters and the dependence of 
the CaS04 ratio on the HVL are controlled regularly.

In previous studies (Zaránd, 1979) two consecutive ionization 
measurements on X-ray units were compared. The time elapsed between two
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measurements was usually 1 year. 56 X-ray units were involved. These 
values were used for establishing an acceptance level for the TL 
measurements. If the dose rate measured by TLD is within a 1  10 % 
agreement with the stated value the unit is assumed to be operating 
properly.

RESULTS

In Figure 2 several X-ray beams are measured on various X-ray units 
and each radiation quality is compared to the ionisation measurements 
(the time elapsed between the two measurements was not more than three 
months). The average is 0.997 with a S.D. of — 0.031. Units with detected

Fig. 2. Comparison of the dose measured with 
TLD and the stated dose (D^on)
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malfunction are not included in the figure. Two distributions of the HVL 
measured with TL detectors and compared with the stated values are 
presented in Figure За-b. In the HVL range 0.7-1.2 mm Cu the ratio is
1.04 — 0.106 (n=29) while in the 1.2-2.5mm Cu range a value of 0.982 — 
0.064 (n=23) was observed. Neither of these values is significantly 
different from 1 (on the 5 % level).

0.8 1.0 1.2 0,8 1.0 1,2
HVL B.asur,d/HVLstated

Fig. 3. HVL obtained from the LiF:Mg,Ti/CaS04 ratio vs. HVLion 
in the range of (a) 0.7-1.2 mm Cu and (b) 1.2-2.5 mm Cu, 
resp.

In the first two years 173 monitorings were performed by using 485 
badges (we are using usually 2-3 badges per monitoring and normally two 
radiation qualities are measured. In 134 cases (77.5%) the dose rates 
were within acceptable limits, in 23 cases (13.3%) a failure of the X-ray 
unit was detected. In 9.2 % (17 cases) the badges were returned 
unirradiated or an irradiation failure occured. In some cases even the 
type of malfunction can be determined. Rotation of the tube in its 
housing (Figure 4) results in pronounced dose rate decrease in the 80-120 
kV range (relative to the 180-230 kV range). This type of problem may 
also result in changes in the half-value thickness, especially at the 
lower kV range. Failure in the heating circuit or loss of emission may be 
detected from a decrease in the dose rate of all radiation beams studied 
while the half-value thickness remains unchanged.
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y e a r
O M ako 2 0 0 k V /ln m C u  T H X -250  
X M ako 24 0 k V /0 .4 rtm  T h o r e a u s  T H X -250

Fig. 4. Effect of tube rotation in the housing 
on dose rate

DISCUSSION

Figure 2 shows that the distribution of TL-dose per stated dose 
(measured by ionization method) is in practice the same as published for 
the comparison of ionization measurements (Zaránd, 1979). The basic data 
of the above publication are used in Figure 5. In (Zaránd, 1979) the 
values obtained for different radiation beams were averaged for each 
unit. The average of the ratio of two consecutive ionization 
measurements is 0.999 (cr = 1  0.042). The small difference between the 
standard deviations may be explained by the difference in the time 
elapsed between the pairs of measurements (3 months or 1 year). It has 
been found by Seelentag (1988) that the S.D. of TLD-dose relative to 
stated dose of 6 dosimetry laboratories from 4 different countries was 
only — 1.8%, while that of the radiotherapy departments was 6 and 8.7%.
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Fig. 5. The ratio of two consecutive ionization 
measurements on various radiation 
qualities (basic data of Seelentag 
et al. (1988)

In our previous measurements (Zaránd, Polgár, 1985) reproducibility tests 
of our system (mailed to a single hospital) resulted in S.D.'s not 
exceeding — 1.7%. The ionisation and the TL methods, therefore, can be 
used equally well for monitoring of orthovoltage X-ray units.

It is well known that the mean and S.D. values have a meaning only 
if they are assessed from a homogeneous set of measurements. In Figure 
За-b the distribution of the measured HVL's relative to stated values is 
different. In the next paragraph we try to give an explanation for this 
difference.

The relative standard deviation of H may be determined from FT^ (r), 
which is the inverse of the function r(H) (see Equation 1.), by using 
standard methods. The uncertainties due to normalisation on ^Oqo energy
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should also be taken into account. The dose rate is calculated as

D = R/[s(H(r)) X t] (3)

where R is the dose measured with LiF but not corrected for energy 
dependence and t is the irradiation time given by the hospital. The 
standard deviation of t is assumed to be Jtl%. The energy dependence of 
сТц/H and that of dg/D are given in Figure 6. The 95% confidence interval

HVL (nmCu)

Fig. 6. The dependence of cr̂ /H (solid lines) and dg/D (dashed lines) 
on HVL. Relative standard deviations are presented in the 
two upper curves. 95% confidence intervals are given for 
various combinations of nmeas/nca3 (three lower curves).

of the measurement is also included in the figure for a fixed number of 
calibration detector pairs (псаз), with 3 or 4 measuring pairs, (nmeas). 
It can be seen that the dependence of dg/D on H may practically be 
neglected, and therefore, the measured dose per stated dose values may be 
evaluated in one group (as presented in Figure 2). The expected relative
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S.D. of the HVL depends considerably on the HVL itself. This explains the 
difference between the two distributions presented in Figure 3. A better 
reproducibility of the TL reader would considerably decrease the 95% 
confidence interval of the HVL measurements and an additional LiF-CaSO/, 
would result in further improvement.

The TLD technique functions well below the 10% accuracy (95% 
confidence level) in the dose range used in this study. No systematical 
errors were observed. The authors have used, thereforp, this technique 
for the dose rate determination in some hospitals where the X-ray unit is 
used only for non-tumor therapy.

The ICRU (1973) suggests a ±5% accuracy in radiation therapy if the 
eradication of the primary tumor is sought. On the other hand, 
orthovoltage irradiation is usually not the method of choice in tumor 
therapy. According to the WHO "the basic treatment machine for 
radiotherapy in developing countries should be the cobalt unit" ((WHO, 
1980). According to our opinion the 15% value is not required in non- 
tumor therapy. The mailed TLD technique presented here is, therefore 
suitable and simple enough for a regular centralised monitoring of 
orthovoltage X-ray units. In special circumstances (e.g. the X-ray unit 
is not used for tumor therapy or in developing countries) it can be used 
for dose measurements. It can also be a useful tool in constancy checks 
e.g. on a monthly basis (as suggested by the I.A.E.A. (Massey, 1970). It 
is, however, in general not a replacement of the ionization method.
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SUMMARY

The determination of isoeffect curves (sometimes within given 
contours) from data given in an n x m matrix is a general scientific 
problem. The algorithm to be described is useful e.g. for pen 
plotters not only in the case of brachytherapy but in teletherapy 
too. It takes into consideration the effect of the body contour 
(isodose curves are not plotted outside the contour). The points 
with the desired dose value are rearranged into continuous line 
segments. The segments are characterized by the serial number of 
their start point and that of their extremity and by a variable the 
value of which can be 0 or 1 depending on whether the segment is 
closed or not. The number of the unconnected segments is the fourth 
variable characterizing the isodose line. The sorting algorithm 
ensures the less motion of the pen and the less tests during the 
plotting process. The algorithm has been implemented on IBM 
compatible PC's.

INTRODUCTION

We had the intention to write our isodose plotting program by using 
the algorithm suggested by Rosen (1985). We had some difficulties when 
drawing the isodose lines into the contour since in such cases some 
segments are necessarily open. We met another problem when the isodose 
line of interest had not only two but more intercepts with the boundary 
of the cell defined by four neighbouring dose matrix points. (See points 
C, D, G and H in Fig. 1). In these types of problems the sorting criteria 
used in general cannot decide which is the true point in the sequence.

Akadémiai Kiadó, Budapest
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Fig 1. A part of the dose matrix is shown with 
two partially indicated isodose loops. 
Circles represent the points with the 
desired dose values. Points C, D, G and 
H are on the boundaries of the same 
cell having the same spatial grid 
constant RA in both directions. The 
right sequence of points P(i) is 
decided on the base of the triangle 
criterion detailed in the text.

MATERIALS AND METHODS

The process of drawing an isodose line can be divided into three 
parts, i., Points with the desired dose value must be selected from the 
previously calculated dose matrix, ii., The selected points are sorted 
into lines and the variables characterizing the line segments (start 
point, extremity, closed loop or open curve, number of separate segments) 
are to be determined, iii., Having learned everything about the whole 
isodose line it can be plotted in a straightforward manner.

The points of an isodose line may lie on a row or a column of the 
dose matrix or may coincide with matrix points. The searching process 
detailed below is insensitive to which of the above mentioned three cases
occurs.
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Let XQ and Y0 be the integer part of the coordinates of the 
point to which the neighbouring point is searched from the array 
containing n elements. (The integer part is in terms of the RA grid 
constant.)

X0 = RA int[X(k)/RA] and Y0 = RA int[Y(k)/RA], (1)

where X(k) and Y(k) are the coordinates of the k™1 point. Similarly, let 
us denote by X^ and Y^ the same quantities for the î *1 point which is 
tested whether it is close to the k ™  point or not:

Xx = RA int[X(i)/RA] and Y: = RA int[Y(i)/RAj (2)

The points which satisfy the

]X0 - X(i)]■>RA or ]Y0 - Y(i)|hRA (3)

conditions are far from the k*̂ 1 point in x or y direction, respectively. 
The points which satisfy the

|XX - X(k)]>RA or \Y1 - Y(k)]>RA (4)

conditions are over the grid constant horizontally or vertically, 
respectively, and may not be neighbouring points to the point.

The rest of the points may be neighbouring points. It should be 
decided whether the wanted point is left or right or downwards or 
upwards from the k^1 point. This means four further conditions.

- RA <X(i) and X(i) < XQ (5)
X0 <X(i) and X(i) < XQ + RA (6)

- RA <:Y(i) and Y(i) < Y0 (7)
Y0 <Y(i) and Y(i) < Y0 + RA (8)

Every ith point which satisfies one of these conditions may be 
neighbouring point to the k™"1 point. The value of i's must be noted.

Having found every possible neighbouring point it should be decided 
which point is the true neighbour. If a point (e.g. В in Fig. 1) has only
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one point (C) close to it, this one point (C) is chosen. Point C, 
however, has three neighbouring points in the same cell (D, G, H) and D 
is the right answer for the former question. Another criterion must be 
found in order to find the right answer.

Points A, В and C make a triangle the area of which can be 
calculated by the vectorial product of AB and BC. This should be done for 
the triangles BCD, BCG, and BCH, too. Comparing the signs and values of 
these areas with the sign and value of the area of the triangle ABC, pont 
D must be chosen. In this manner crossovers between loops are avoided.

There are some points which should be treated carefully. Such points 
are the first and second point of an open curve. If the first point of a 
new line segment has only one neighbour the segment is an open curve and 
this point is one of the extreme points. This time there is no triangle 
the area of which might be calculated. If the second point of the segment 
has also one neighbour the sorting process may continue without any 
difficulties. If, however, the second point has more than one neighbours 
a new start point must be chosen. Generally, if the starting point has 
two and only two neighbours the area of the triangle can be calculated 
even at the beginning and every other point of the segment can be chosen 
in a straightforward manner.

The extremity of a segment is of special interest, too. When no 
neighbouring point is found to the point it should be decided whether 
this point is close to the start point (the serial number of which is 
denoted by BEG(j)) or not. In the former case the segment is a closed 
loop. The serial number к should be noted as EXT(j), referring to the end 
point of the segment, while the end flag is set to zero: CL0(j)=0. (j 
refers to the ĵ -h line segment.) In the latter case it is tested how many 
neighbours the start point has. If it has only one neighbour, the k ^  
point, the true extremity and the segment is an open curve so EXT(j)=k, 
and CL0(j)=l. If the start point has two connecting points the points 
from BEG(j) to к must be exchanged and the sorting process is continued 
in the opposite direction while neighbouring points are found. The last 
point will be the true extremity of this open curve. If no neighbouring 
point is found to the к**1 point j is increased by 1 and the start point 
of the next segment will be k+1 (BEG(j)=k+l).

When the FDR NEXT cycle referring to к is finished the last point of 
the array should be tested in the same way as each last point of any kind



Polgár, Zaránd: Sorting Program for Plotting of Isodose Curves 397

Fig. 2. Simplified block diagram of the sorting algorithm. The points are 
sorted into continuous line segments characterized by the serial 
number of the start point (BEG(j)) and that of the èxtremity 
(EXT(j)). The end-of-line flag (CLO(j)) shows whether the 
segment is closed or not. The whole isodose line consists on NUM 
unconnected segments.
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of segment. The actual value of j at the end of the process, that is the 
number of the unconnected line segments, should be noted: NUM=j.

Since the isodose curves are drawn into the cross section of the 
patient single points without any neighbours and lines consisting of two 
points may occur in the vicinity of the outline. There is nothing to do 
with the single points while the lines consisting of two points are 
treated as open curves.

Having sorted every point into the right sequence the isodose line 
can be plotted. Every line segment is plotted from the start point 
(BEG(j)) to the extremity (EXT(j)) continuously and depending on the 
value of CLO(j) the extremity is joined to the start point or the curve 
is left unconnected. It should be noted that during the plotting process 
this is the only test, otherwise the process is really straightforward 
and the array consisting of n elements is divided into NUM parts.

DISCUSSION

The algorithm minimizes the plotter motion and the number of tests 
in the plotting procedure. The size of the array containing the 
coordinates of the isodose points should not be changed. In every case 
when a true neighbouring point is found the sorting process requires the 
exchanging of two and not more elements. For the sake of straightforward 
plotting the unconnected isodose line segments, four integer type 
variables are introduced (BEG(j), EXT(j), CLO(j) and NUM, see Fig. 2.). 
The introduction of these variables does not increase significantly the 
memory requirements. The advantage of the algorithm described is that 
crossovers between neighbouring loops can be avoided if the grid constant 
permits only a limited resolution. It should be noted that by using a 
matrix representing higher spatial resolution most of the crossover 
problems are avoided automatically. In this case, however, the increased 
computing time and the memory required are the limiting factors. A 
further advantage is that open line segments in the vicinity of the 
outline can easily be treated.

REFERENCE
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The Monell Chemical Senses Center (Philadelphia, Penn
sylvania) , a multidisciplinary organization dedicated to re
search in all aspects of the chemical senses, commemorated its 
twentieth year in 1988 by hosting four international confer
ences on specialized topics within this area. This book ap
peared as the first volume of the series of CHEMICAL SENSES 
containing the proceedings of the first international symposium 
held in March 23-25, 1988. The individual chapters are not only 
the transcriptions of the presentations but contain a wide and 
broadly based discussion of the recent data during the meeting. 
The titles of the next three volume and symposiums will be the 
followings: Irritation, Genetics of perception and communica
tion, Appetite and nutrition.

The introductory chapter of this volume reviews some cur
rent hypotheses about how sensory signals are transduced to 
give a characteristic response and characterizes the role of 
phospholipase A2 in signal transduction. The phospholipase A2 
is regulated by receptors, G-protein, cytosolic calcium, sodium- 
proton pumps, stimulatory and inhibitory proteins, etc. in a 
complex way.

The first chapter presents experimental data about the 
contribution of biochemical events in taste transduction, the 
properties of receptros and the second-messenger production.

The second chapter describes the ionic mechanisms of taste 
cell activation. The resting membrane potential is the sum of 
ionic and metabolic components. In mediation of chemosensory 
transduction and the spread of excitation a variety of the 
voltage-gated Na, Ca, K, ligand-gated and passive ion channels 
contribute. The types and distribution of ion channels differ 
significantly in the apical and basolateral membrane of taste
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cells. Both the kinetic properties and the distribution of 
different channels were studied by the patch-clamp technic, 
too.

The third chapter is dealing with the biochemical events 
in olfactory reception and transduction. Two papers are related 
to the purification, the sequence analysis and localization of 
proteins which show binding activity toward odorant molecules. 
Others describe the major signalling pathways involved in ol
faction, the odorant-activated cAMP enzyme cascade and the 
phosphoinositide-derived messengers.

In the fourth chapter many experimental data are presented 
concerning the electric properties of the olfactory receptor 
cells, the ionic mechanism involved in the signal transduction, 
the role of cyclic nucleotide- and stimulus-gated channels in 
these processes.

This volume focusing on the initial biochemical and bio
physical aspects of taste and olfaction is intended for wide 
audience, both workers in these fields and scientists interest
ed in gaining knowledge in this rapidly expanding discipline.

László Kovács
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