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Influence of Hydrostatic Pressure on 
the Reversible Polymerization of 
Fibrin Monomers 
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THE cOlwersion of fibrinogen to fibrin, which is the ll1;;t 
s tage of the complex process of blood coagulation, is 
composed of three sllccessiYe reactions l : an enzymatic 
hydrolysis by thrombin of four argin~-l-I.rsyl bonds per 
molecule of fibrinogen, yielding a fibrin monomer: a 
spontaneolls polymerization of monomers to form a .2:1:'1 

or fibrin clot; and an enzymatic transamidation by fib"in 
stabilizing factor (factor XIII or fibrinase) bf:'t\l'l:'en 
s:-amino groups of ly;;yl and glutamin~-I side chains. The 
mechanism of the reyersible polymerization of fibrin 
monomers remains largely lmknown, although it can be 
studied separatcly because fibrin monomers can be 
stabilized in acidic media of high ionic strength such i\S 

1 ::\1 NaBr, pH 5·3'. 
The h:~rpothes i s of hydrogen boncling between ionizable 

groups, in which histidyl fWlctions as acceptor and 
tyrosyl or lysyl as donors, as proposed by Stmte\'ant 
et al .3 , accounts for the depolymerizing effect of dilution, 
of slight temperature increase and of salts and urea. 
It also explains the pH range of polymerization (bl:'tween 
5·5 and 10'5), the pH e\.-olution during the rl:'acrion 
(pI'oton liberation below pH 7'5) and the inhibiting 
effect of chemical blocking of his tidy I and tjTosyl residues~ 
The only rea l shortcoming of tIus hypothesis is its 
failure to accOlmt for the magnitude of the heat eyolution 
during polymerization'. It seems that additional heat 
evolving reactions snch as hydrogen bonding bet"-een 
non·ionizable groups, ion pair bonding, hydrophobic 
bonds or conformational changes should also be in'-oh·l:'cl . 
Up t o now, howe\.-er, no sufficient independent eYi­
dence for either of those additional reactions has been 
presented. 

The origin of the heat eyolution in reyersible fibrin 
polymerization h as become an interesting problem since 
a. number of other cases of exothermic pl'Otein polymer­
izations, including flagell in , (3-lactoglobulin and lactic 
dehydrogenase, ha\-e been discoyered . 

A study of the influence of hydrostatic pressure on the 
polymerization equilibria giws the sign and magnitude 
of the volume increment, which is dependent on the 
nature and the number of the interactions invol\-ed in 
polymerization. Volume changes during polyml:'rization 
have been noted before, for example in tobacco mosaic 
yirus protein" and in myosin'. 

Bovine fibrinogen was prepar~d according to the method 
of Blombiick and Blomback7

; fibrin monomers wl:'re 
prepared according to DOUlll:'lly· as modified by Endl·es~ . 

A technique for obserYing associat ion and aggrl:'gation 
reactions of proteins by means oflight scattering measure ­
ments under high pressure has recent l:,- been de\'eloped 
by Putzeys and VllIleghem (unpublished thesis). "-e were 
able to use the apparatus and technique in the Laboratory 
of Biochemistry I. Light scattering measurements were 
taken at 90° und tmder pressure lip to 3,200 kg/cm'. 
Temperature variations resulting from application of 
pressure were pre'l'ented by a wutl:'r jacket, maintained 
at 25° C. 

Fibrinogen and fibrin monomer solutions showed no 
change in light scattering uncleI' pressure up to 3.:WO 
kg/cml except. for 8 small stepwise change during the 
application of pn'SSure, caused by d l:'formation of the 
windows in the optical path (Fig. lA) . 

Intermediately pol~"lTIerizC'd fibrin monomer solutions 
of 10 mg/m.l. in 1 )[ XaBr, 0·05 :'1[ ncetate buffer , with a 
pH yarying from 5· j () to 6'15, showed a large dccrra,:;C' 
in light scatterin!: undE'r pressure (Fig. IB-E) and \\'e l 'e 

apparently nlremly complrtel~r drpol),uC'rized uncle'\" a 
prE'ssuro of 2.500 kg/cm>, for nftC'r equilibration a further 
incl"l'nse did not chango the nmonnt of sca ttered light. 
Tho polymerizntion-d epolymrriznt ion rcnct ion was nh\"8~'s 
completely re\"(~rsible. The influC'llcC' of the concC'ntrnrinn 
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the d eFolymerizing effcct of pn',","", 
could be ascribed to pH chunges . '1'1" . 
experiments were therefore repeated II. 

a 0·05 :'II ammonimn acctatc bllff,., 
(decrease of about 0·1 pH unil ;; 1\, 
3,000 kg/cm') and in 0·05 l\l :'1m::; (X . 
morpholino - ethane - sll lphonic Ill',d 
buffer (increase of about 0·25 pH 111I il _ 

at 3,000 kg/cm'). In all cases 111 \ 

apparently complete depolymcrizatiull 
was obtained at 2,500 kg/cm'. 

Finally, it was t csted whether 11,,· 
pressure effect could be ascribed to lIlI 

alteration of the protein during II ", 
prcparation of monomers. Xuti\"l ' 
plasma, diluted with buffer to 1\ COli . 

centration of I mg fibrinogen/m!. nIH\ 
clotted with thrombin , behaved identl ' 
cally under pressure. 

On the basis of the complete re\'('l'~i · 
bility of the depolymerization and poly. 
merization reactionil and in "ie\\' of II,, · 
fact that the phenomenon is the SlIlIlI' 

in buffers with different pH dependcnc .. 
on pressure, we conclude that the pol~" 
merization is accompanied by un 
increase in volume. This ,"olum,· 
increase is not explained by till' 
hypothesis of hydrogen bonding I,... 
tween histidyl and tyrosyl or E·alllilln 

Fig. 1. Influence of pH on the polymerization of fibrin monomers In 1 1II NaBr; abscissa, 
photomulliplier curreu~ in pA; ordinate. time in min; 0, application of pressure of 
2,500 kg/em'; x , release of pressure. The solu tions w~re initially depolymerized by 

application of preSSUIe. 

groups as the only polymerizatioll 
mechanism for this reaction in the Jill 
range investigated should be aCCOIII· 
panied by a volume decrease (resultim! 
from hydrogen bonding and from ('IN" 

trostriction arolmd tho liberated pro· 
tons). 

In fact, our results indicate thnt 
during polymerization an addi t iollfll 

of protein on the light scattering changes under pressure 
is shown in Fig. 2. Turbid clots8 , prepared by 20 fold 
dilution of 10 mg/m!. fibrin monomer solutions in phos­
phate buffer (I = 0'2, pH = 6·0), depolymerized equally 
well under a pressure of 2,500 kg/cmz, 

Because the polymerization is vet'y pH sensitiye and 
the pH of the acetate buffer decreases under pressure 
(about 0·4 pH lUuts at 3,000 kg/cm2 ) it was tested whe ther 
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50 

interaction OCCLlI'S with a significant 
volume increase sufficient to O\'ercome the "olume decren..",' 
due to hydrogen bonding and c1ectrostriction. This seolll" 
to point in the direction of the existence of additional 
hydrophobic bonding or ion pair bond3 (salt linkages)'. 
The role of hydrophobic bonding seems to be small ill 
view of the depolymerizing effect of temperature OIH\ 

electrolyte concentration, Attempts to show the pres(, IH" 
of hydrophobic sites on the surface by binding the ligal\d 

o 

0.0' 01 

Fig. 2. IutJueuce of concenlr.llion of prolein on the polymerization in 1 )[ NaBr. pH 6·1. Absrlssa. photolllultiplier current ill/IA; ortlinnle. tlmr in mill. 
0 , ollplleation of pressure of :!,500 kt!/clll'; x , release of pre •• urc. The 501nll01l5 were Initially depolarized Ly apl'lkaliulI of preSSllrl'. J)llul ic,n 

1/1-10 mg fibrin monOl1lCnI per 1Il1. 
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ANS (1-anilo.8.naphthalene sulphonate)'··ll were unsuc­
cessful. Further stuciie;; t o e;;timate thc volume increase 
per link by quantituti\'c determination of the effect of 
pressure on the successiyo polymerization constants 
will be undertaken. 

'Ve thank Professor P . Putzevs for the use of his 
special equipment and Dr A. Per~oCJns and Dr K. Hel'e· 
mans for their advice. " -e also thank Mr F. Deeock for 
his technical assistance. 
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In vitro Production of Nucleolar 
Channel System by Progesterone in 
Human Endometrium 
ELECTROK microscope examination of normal human 
endometrium during the midsecretory phase of the 
menstrual cycle demonstrates that the nucleolus of the 
epithelial cell diffcrentiates into an organelle variously 
termed a nucleolar canalicular sYstem" a nucleolal' 
basket2 or a nucleolar channel systel~". Such a structure 
appears if ovulation has occurred. Nucleolar baskets 
ha\-e been seen as early as the sixteenth day of a normal 
28 day cycle. After this they may increase in number, 
reaching a maximum arolmd the twentieth day and then 
disappear, not being fOlmd later in the cycle. They 11I1\'e 
not been seen in the proliferative phase of the cycle or 
in early pregnancy. 

This system seems to be a lll1ique form of nucleolar 
differentiation having been obsen'ed in human glandular 
endometrial cells and in no other tissue. It consists of 
an involved labyrinth of channels coursing through a 
mora dense homogeneous matrix (Fig, 1). Electl'Oll 
opaque 150 A particles are arranged in a regular fashion 
around tho periphery of the total channel mass but lIla~­
also surrOLmd the indi\'idual channels (our unpublished 
results). 

Previous attempts to demonstrate the specific physio­
logical effect of progesterone by means of organ culture 
were frustrated by the induction of secretory chunges 
in the endometrial cell in the control culturet • Elcctron 
microscope examination of such organ culturcs failed 
to show nucleolar channel systemss. Using organ culture 
of proliferative human endometrium it has recently been 
shown"· 7 that progl'sterone does act directly on the 
epithelium to com'ert proliferati,'c to secretory endo­
metrium. Thus t.he effects obsen'ed in vivo could be 
mimicked in vitro . This conversion was specifically due 
to progesterone and was not produced in the control 
cultures, in cultures \I'it h oestrogen alone or with cortisol. 
'Ye undertook this stU(l\- to find out ",hether nucleolar 
diffcrentio,tion clln he induced by progesterone iII' organ 
cultures of .p.L'ol.i.fc.t:ati'·' L'l1dometriull1. 

Specimcns were ob luined aSf'pticatl);- fl'l)J\l normat­
women by endomC'tl'illl hiopsy on the tcnth day of the 
menstruul cycle. A small piece was processed for electron 
microscopy find anoll1el' was ('xamineu histologically. 
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The remaindC'f of the endomC'trium was cut into piC'ces 
1-2 mOl". Each of six pieces was placed on 'l\Iillipore' 
filter paper resting on agar enriehcd with TC 199 medium 
to which 10 P CI' cent calf sel'llm and 10 !J.g/ml. insulin 
had been addcd. In addition to control culturC's, cultures 
containing progcsterone (1 f-lg/ml. and 10 f-lg/ml.), medroxy­
progesterone acetate (1 f-lg/ml. and 10 f-lg/ml.), oestradiol 
(lO !J.g/ml.) or oestradiol (10 f-lg/ml.) plus progesterone 
(10 !J.gjml.) were prepared. Thcse were incubated at 
37 0 C in a moist atmosphere of 95 per cent oxygen aud 
5 per cent CO 2 , Specimens were examined both histo­
logically and by electron microscopy aft.er 48 and 96 h_ 
For electron microscopy, a small portion of the tissue 
was fi..'(ed in 3 per cent glutaraldehyde in phosphate 
buffer (pH 7'0) at room tempcrature for 1 or 2 h. After 
re-flxation for 1 h in 1 per cent veronal buffered osmimu 
tetroxide and subsequent dehydration, the specilllens 
were embedded in 'Epon 812'. Thin sections were double 
stained with uranyl acetate and lead citrate and examined 
in an Hitachi HU-llB electron microscope. At least 
two tissue blocks containing representati\'e samples of 
endometrium were examined from each specimen. 

The histological appearance of the control cultures 
resembled that of the original proliferative endometrium. 
Oestrogen produced no significant change. The addition 
of progesterone produced the changes characteristic of 
secretory endometrium, first sub nuclear deposition of 
glycogen, then secretion of the glycogen into the lumen 
of the glands. 

Electron microscope examination of the original 
specimen showed the characteristic appearance of pro­
liferative endometrium (ref. 8 and our unpublished data). 
Xo nucleolar channel systems were seen. Exteosi,-e 
search failed to reveal nucleolar channel systems in the 
control cultures and none were found in the cultlU'es 
exposed to oestradiol. Characteristic nucleolar channel 
systems were produced in the cultures containing proges­
terone (Fig. 2). They wero found after 48 and 96 h at 
both progesterone concentrations but it was not possible 
to quantitate the results in terms of length of exposure 
to, or concentration of, progesterone. Although our 
results suggest that differentiation may be accelerated 
in vitro, such a conclusion is not justified without further 
study. Nucleolar baskets were also produced in the culture 

- FIJ!. h-1·;lertron miCl'Qgl'aph of cn<lolllcirial cl.ithelial cell from a biops~' 
specimen takcn on lbe eighlcrn lh d:lY of a normal ~~ day cyde. A 
nucleolar channel .,-stem (;>;<;8). rh"rncteri~llc of secretory stal:& 
clillomelriulll, I; SCeJI within II", nlldells (:-;). Tho ch,mnel3 COl11\iC 
thron~h a dense matrix (111). H"II ' e partic-les (DP) arc seeD at th& 

ped!lllery of the l1ul'lcolus. (X 24,376.) 
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