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SIMMARY 

The kinetics of tilt. pH change acc~mpanying the transformation of fibrinogen into 
fibrin has been investigated at different initial pH values. From pH 5.5 to S the rcaction 
follows first-order kinetics. Above pH 8, two reactions are apparen t :  one producing, 
the other absorbing hydrogen ions. This biphasic curve can be analyzed in terms of 
two consecutive, first-order reactions. It is concluded that  the rate of the single 
reaction below pH 8 and of tke first reaction above this pH is equal to the rate of the 
proteolytic  step, whereas the rate of the second reaction above pH 8 is equal t,, 
the rate of the polymerizat ion s t e p  

INTRODUCTION 

A comprehensive kinetic s tudy of the conversion of fibrinogen into fibrin, under the 
action of thrombin (EC 3.4.4.13) is rendered difficult by  the mult is tep nature  of 
this process, in  this reaction the sequence of events is briefly the following: an cnzymic 
step of a well-defined chemical nature  takes place first, which is then followed by 
the polymerizat ion of the reaction products,  through much less defined secondary 
forces, into a three-dimensional network, The polymerizat ion very. likely occurs in 
two stages, with an intermediate  polymer appearing first '**. The appearance of the 
:insoluble fibrin at  the end of the reaction makes the kinetic s tudy of the overall 
reaction very  easy, but  at  the same t ime i/nposes great  technical difficulties on the 
isolated s tudy  of the first step, the direct action of thrombin upon fibrinogen. 

A kinetic s tudy of the enz~a ic  step can be performed b~ : !,  de.*e..,-m_inatio.r, of 
the  peptidic materials  released2; 2, est imation of the new N-terminal  groups l iberated 
by  thrombin 3, 4; or 3, determinat ion of the fibrin monomer produced by  converting 
it quant i ta t ive ly  into fibrin-clot, after inhibition of the thrombin action with an 

Abbreviations : TAME, tosylarginylmethyl ester; Ac-globulin, accelerator globulin of Seegers ; 
NIH, National Institutes of tIealth, Bethesda, Md. (U.S.A.). 

" Part I and II of this series were published in J.  Biol. Chem., 2o9 (I954) 723 and 733. 
"" Present address: Esso Research and Engineering Company, Linden, N.J. (U.S.A.). 

" * "  Our present knowledge on this subject is summarized in ¢oCEIERAGA AND LASKOWSKI'S recent 
review I. 
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inhibitor which does not interfere with the polymerization of monomers already 
presentS, e. The first two obviously, would be the methods of choice, since they give 
a direct estimate of the thrombin action, however, they are very laborious and not 
very accurate. The third one, beside the numerous correction factors involved, suffers 
from our present uncertainty with respect to the relationship between thrombin 
action and polymerization 1. Thus, it is now well established that throrubin splits 
off four peptides from the fibrinogen moleculeLS, but it is not known which of the 
24 possible species formed by removal of one, two, three, or four peptides are able 
to polymerize and which are not. A detailed discussion of the problems involved and 
of the results of kinetic measurements of the fibrinogen-f, brin transformation has 
been given by SCHERAGA AND EHRENPREIS 9. 

In the present paper a kinetic analysis of the pH changes associated with con- 
version of fibrinogen into fibrin will be presented. This method gives a direct estimate 
of the hydrogen ions liberated, or taken up, during the overall reaction. However, 
the interpretation of the data is complicated by the fact that both the enzymic 
and the p,-lymerization steps contribute to the pH change. Since our method is 
unable to distinguish between the two polymerization steps, the entire polymerization 
process will be treated subsequently as a single step. A detailed analysis of the final 
changes in hydrogen-ion equilibria, without considering the kinetics of these effects, 
has been presented already ~0. Together with the titration data pertaining to the first 
step zz, these experiments made it possible to formulate a reaction mechanism of the 
clotting process. In this paper it will be shown that on the basis of this mechanism 
a reasonable interpretation of the kinctics of the pH change is possible. 

MATERIALS AND METHODS 
Fibrinogen and lhrombin 

Fibrinogen was purified from Armour's Bovine Fraction I, lot 128-215 and L 9.1o, 
according to LAKI'S procedure lz, resulting in preparations which were 94-95 % 
clottable, as estimated by the method of the same author 12. The fibrinogen solutions 
were dialyzed exhaustively against 0.3 M KCI in the cold and clarified by high-speed 
centrifugation. Concentrations were determined by Kjeldahl-nitrogen estimations, 
on the basis of a nitrogen content of 16. 7 % (ref. 13) and ranged from 121 to 1.66 %. 

Thrombin (EC 3.4.4.13) was obtained from prothrombin purified from bovine 
plasma according to SEEGERS 14, by either citrate, or brain thromboplastin-Ac-globulin 
activation. Activity of the former, determined on standard fibrinogen solutions was 
314 NIH units/mg, whereas of the latter was 137 NIH units/rag. There was no difference 
in the behavior of these two different preparations in the experiments described in 
tbJs paper, therefore, no further distinction will be made between the two. In latter 
stages of this work the pH-shift reaction was standardized in terms of TAME-units 15, 
one unit being the amount of thrombin which hydrolyzes o.x tzmole of TAME in 
one minute at pH 8.0 and z5 ° from O.Ol M TAME solution in o,r_5 M KCI. All the 
rate constants were subsequently recalculated on this basis. 

pH m~ording 

Since the pH changes observed during the clotting reaction are small, of the 
order of 0.15 pH units or less, a very sensitive, and at the same time stable, electro- 
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meter was needed. Most of the experiments were performed with a Cambridge, 
Model R, pH meter,  on which the' l ine-operated power supply was disconnected and 
bat ter ies  substi tuted.  With carefully selected tubes, this apparatus  satisfied the 
above mentioned requirement. However, it proved very sensitive to external  dis- 
turbances and very careful grounding and shielding of the entire system was essential. 
In later  experimen'  ; a Cary, Model 31, vibrating-reed electrometer was used, which 
proved ideal in every respect. After reading the initial pH, the output  of the electrode 
system was compensated with a dry-cell. When a measurable pH shift occurred, it was 
recorded as a deviat ion from tiffs base line on a Leeds and Northrup Speedomax, 
Type G, Model S recorder, of 3 o mV adjustable range and a response time of I sec 
full scale. 

The electrode system consisted of a _Beckman No. 280 General Purpose glass 
electrode and a sa tura ted  KCl-cal~)m,'l electrode connected to the solution with 
a sa tura ted  K C l - a g a r  bridge. The lat ter  has given more stabil i ty,  more reproduci- 
bi l i ty and less noise than the commercially available reference electrodes A 3o-ml 
beaker,  surrounded with a jacket  through which water at 25 _-h 0.02 ° was circu- 
lated, served as the electrode ves.~el. Contamination by  atmospheric CO 2 was 
avoided by  blowing a current of air, washed successively through conc. HeSO l, 
4 ° % NaOH and water,  over the solution. The whole electrode system was placed 
in a F a r a d a y  cage and also the components of the water  circulating system were 
grounded. 

Typical  experiments  were performed as follows: io-ml  samples of fibrinogen 
were p ipe t ted  into 25-ml stoppered Erlenmeyer flasks. To these, varying amounts 
of CO,,-free 0.05 N NaOH, 0.3 M KCI, or 0.05 N HCI, 0. 3 M KC1 solution were added 
and the volumes made up to i i  ml with o.3 M KC1. All the solutions were prepared 
with CO.,-free glass-distilled water. Acid addi t ion to fibrinogen resulted in floccules 
which redissolved very" slowly. Therefore, acidification was avoided, as much as 
possible, and instead the pH of the stock fibrinogen solution was kept low, so that  
most of the samples necessitated alkali  addition. The mixture was left in the refrige- 
ra tor  for approximate ly  one hour, then warmed to room temperature  and transferred 
into the reaction vessel. Sufficient t ime was allowed for temperature  equilibration 
and for obtaining a stable base line. After the p H  was read, 0.9, ml of thrombin solution 
of approx. 66 TAME units/ml was blmvn in, with a serological pipette,  and the 
solution quickly mixed by  shaking the whole reaction vessel. After this, the mixture 
was left s tanding and the pH recording cont;nued until  a final stable value was 
at tained.  In  most of the experiments the final fibrinogen concentration was 1.37 % 
and the final thrombin concentrat ion 1.18 TAME units/ml. 

I t  was essential to clean all glassware with extreme care, in order to 
avoid spontaneous p H  drifts. Cleaning with hot chromic acid solution was used, 
followed by thorough rinsing and then boiling twice in large volumes of distilled 
water.  

The electrode system was s tandardized with 0.05 M potassium h~drogen phtha-  
late,  to which a pH value of 4.0o was assigned at  25 °. The s tandardizat ion was 
repeated at  the end of a series of recordings and no significant drift  was ever observed. 
F rom time to time, the pH response of the glass electrode over a wider range was 
also checked with phthala te  of pH 4.00, phosphate of pH 6.80 and borate buffer of 
p H  9.18. In  this pH range a perfectly linear response was obtained. 
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RESULTS 

The interval in which the pH shift takes place is sufficiently narrow to assure a direct 
prop~,rtionality between the magnitude of the shift and the amount of hydrogen ions 
liberated. Therefore, the recordings can be used directly for the kinetic analysis of 
the redistribution of hydrogen ions during the clotting reaction. 

It may be mentioned here, that the magnitude of the pH shift, in the re, gion 
where the buffering effect of water is negligible, is independent of the fibrinogen 
concentration. This follows from the fact that there is no extraneous buffer in the 
system and the fibrinogen acts both as a hydrogen ion-producing system and as 
a buffering system. When the absolute magnitude of the change in hydrogen ions was 
needed, the pH shift was multiplied by the buffering capacity of fibrinogen in the 
respective pH range. Values of the buffering capacity, defined as the increment of 
bound hydrogen ions over the increment of pH, dh/dpH, were calculated at O.l-pH 
intervals from the data read on a large scale t i trat ion curve of fibrinogen. The t i tration 
curve was constructed with the data published in the first paper of this series n. 

The recordings obtained below pH 8 are reproduced on Fig. Y. The curves ac- 
curately" obey a first-order reaction law over more than 9 o% of the reaction as 
demonstrated in the plots shown on Fig. z. The rate constant,  cMculated from the 
slope of the straight lines, shows a stea:ly increase with pH. When its logarithm was 
plotted against pH a straight line was obtained with a slope of 0. 5 as shown on Fig. 3. 
It is very difficult to ascertain the significance of this fractional slope in a system 
where the pH effect on the enzyme-subs t ra te  complex formation and on the rate 
of decompesition of the latter are not separated and where both these effects may 
be linked to ionogenic groups on enzyme and sabstrate alike. 

Above pH 8 the pH-shift recordings have a biphasic character. First, the pH 
changes in an acidic direction, reaches a maximum, then turns more alkaline and 
levels off before a t ta ining the initial value. The curves, reproduced on Fig. 4, can 
be analyzed in terms of two opposing, simultaneous first-order reactions. First the 
logarithm of the difference of the final height reached and the height at time t was 

04 1 :: 
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Fig. x. Recordings of the change in pH of 0.2 
fibrinogen soluti . . . .  fter addition of thrombin. 1 2 ~ 4 ~ 6 ~ ~ 
Final fibrinogen concentration 1.37%, final Minutes thrombin concentration i.z8 TAME units/ml., 
I 0.3, temp. 25 °. Numbers on each curve Fig. 2. First-order plots of some of the curves 

indicate the initial pH. shown on Fig. I. 
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p lo t t ed  agains t  t ime.  This plot corresponds  to the  second react ion and  the  po in t s  
fall on a s t ra igh t  Iine in the  region where there  is no in terference from the  first react ion.  
Wi th  the  s lope a n d  in te rcept  of the line the  second react ion was r econs t ruc ted  in 
i ts  e n t i r e t y  a n d  a d d e d  to the  expe r imen ta l  curve.  The resul t ing curve is t h a t  of the 
first react ion.  Kt levees off, as expec ted ,  and  gives a reasonable  f irst-order plot.  Figs. 5 a 
a n d  5 b W e  an  example  of the  anah ' s i s  of one curve along the  lines suggested abow' .  
The experirnentaJ  curve was then  recalctfiated using the  pa rame te r s  of the  two re- 

ac t ions  a n d  r ead jus t ed  when  necessary  to ob ta in  a be t t e r  fit. The poin ts  on Fig. 4 

are ca lcu la ted  in t h i s  way  and  appa ren t l y  a reasonably  good fit was obta ined.  

The  usuM pitgalls of f i t t ing react ion curves  wi th  exponent ia l s  are even  more 

p r o n o u n c e d  in our  case of two opposing reac t ions  t h a n  with  exponen t ia l s  of the  

same sign. However ,  as long as the ra te  cons t an t s  are sufficiently different ,  the calcu- 

la t ions  seem to  f i e ld  unique answers ,  but  obviously  the  answers  become more am- 

b iguous  as  t he  over lap  of the two curves becomes  more extensive .  This s i tua t ion  
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Fig. 5- logarithm eli the rate constants, calcu- 
lated trom the pEotts shown on Fig. z and other 

similar on~.  plotted against pH. 
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Fig. 4. pH change of fibrinogen solutions upon 
thrombin addition at initial pH's more alkaline 
than 8. The circles are values calculated as 

indicated in the text. 
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Fig. 5a- .~=al}~is ot the reaction curve obtained " 10o ooo 300 400 
Seconds at pH 8.8o_ "[he e.wperimental ,:urve (0)  is 

resolved into the two cempon~n* r , , zves  of the Fig. 5 b. First order plot of the isolated first 
f~st (A) and the second (@) reaction. (®) and second ( 0 ) reactions 
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limits the usefulness of our data to the region below pH 9.2, which is rather unfortu- 
nate, because data at higher pH values would make the estimate of the groups in- 
volved, with pK values in this pH range, much more accurate. Perhaps more accurate 
recordings and the use of computers could remedy this situation to some extent. 

The rate constants calculated for the two reactions are plotted against pH on 
Fig. (), It  is reassuring that  the rates of the first reaction calculated from the com- 
posite curve fit smoothly with the points of the single reaction on the acidic side. 
The curve of the first reaction is a symmetrical, bell-shaped curve typical of the 
I)H dependence of a large number of enzymic reactions. It  is nearly identical in shape 
and l~)cation of its maximum at pH 8.2 with the pH dependence of the rate of splitting 
of TAME by thrombin 15, of the rate of formation of fibrin monomer 9 and of the 
extent of inhibition of thrombin by diisopropylfluorophosphate ~6. 

0.51 • 

0.4 

0.3 

0.7: 

O: 

o / d.o /o  8'.0 91o 16.o OH 
Fig. 6. Rate constants of the first (O) and of the second (O) plotted agair.st pH. Rate constants 
calculated with decimal logarithms and time in min/1 TAME unit/t ml in the reaction mixture. 
Final fibrinogen concentration in the four experiments collected in this figure varied between 

t.o2 and 1.44 o,g. I 0.30, temp. 25 °. 

The rate of the second reaction is much slower than that  of the first and it de- 
creases gently with pH. It  appears that  at applox, pH IO the rate of the two reactions 
becomes nearly equal. This, and the steeply increasing buffering capacity of fibrinogen 
in this pH range, decreases the magnitude of the pH change to a very great extent  
and also results in ahnost complete loss of the biphasic character of the curves. 

DISCUSSION 

In the first two papers of this series ~°,11 it was shown that  in the overall clotting 
reaction below pH 8 hydrogen ions are released, whereas above pH 8 are both pro- 
duced and absorbed. I t  was also possible to assign the various components of this 
complex process, either to the first enzymic step, or to the second polymerization 
step: In the first step hydrogen ions are liberated in increasing amounts  as the pH 
runs from 6 to IO by the splitting of the peptide bonds. In  the second step, when the 
fibrin monomers polymerize, the pK's  of two groups are shifted by hydrogen bond 
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format ion,  or some o ther  mechanism. The first group (A), with the lower pK  becomes  
more acidic, whereas  the second, (B) wi th  the  higher  p K  less acidic, and as a result  
hydrogen  ion~ are l iberated when the pH  is in the t i t ra t ion  range of the first arK1 
absorbed when the p H  is in tha t  of the second group. The  apparent  p K ' s  of t h e s e  
two groups were de te rmined  as 7 . o  and 8.2. A more detai led theory  of the hydrogen 
bonding  mechan i sm and calculat ion of the t rue  p K ' s  was given by STVRTEVAXT e t  a !  ~ .  

The  a-amino  group produced in the  first step has an apparen t  pK  of 7.5. 
"Ih? amoun t  of hydrogen ions l iberated,  or t aken  up by ei ther  of these groups 

approache~ app rox ima te ly  the  same m a x i m a l  value,  about  one e q u i v / i o  5 g of tibri- 
nogen.  However ,  at a given p H  these quant i t ies  will va ry  from one group to the o ther  
because of the  different  p K  values. 

A schemat ic  representa t ion  of the hydrogen- ion shift.~ is g iven in Fig. 7. The  
o rd ina te  of the heavy  line (I) at any  par t icu lar  pH  gives the amoun t  or" hydrogen 
ions released in the  first s tep at tha t  pH,  t ha t  of the thin lines the amounts  released 

- - ~ .  

\ 
-0.5 

-~'%.o do z'o s:o 9.o lo.o .:o 
pH 

Fig. 7. Schematic representation of shifts in hydrogen-ion equilibria brought about by the clotting 
of fibrinogen. Curve I represents hydrogen ions liberated by the first, proteolytic step, curve I IA 
by the second polymerization step and curve IIB shows hydrogen ions reabsorbed during the 

polymerization step. 

(IIA),  or absorbed (IIB) in the s,~'cond step. The  algebraic sma  of all the  ordinates  
gives  the  change in hydrogen ions dur ing the  overal l  reaction.  

Thus.  the  react ion at the  two ex t r eme  p H ' s  of the  c lo t t ing react ion can be wr i t ten  
as follows: 

pH 6 pH xo 
Step one (I) n I" --~ n f n F - - ~  ~t f -:,- n H ~ 
Step two (II) n f ---->fn + n H ~ n f + n H* - ->f ,  

. . . . . . . . . . . . . . . . . . . . . . . .  
O . . . .  11 n F--+f , ,  -F n H '~ - ...... n F~--f-;;n . . . . .  

In  this  scheme F denotes  fibrinogen, f fibrin monomer ,  J,~ fibrin po lymer  and tt the  
n u m b e r  of uni ts  of lO 3 gm tak ing  par t  in the  react ion.  

I t  is appa ren t  t ha t  at  pH  6 hydrogen  ions are produced  only  in the second step, 
whereas  at  p H  IO they  are produced  in the first and  absorbed again in tke  second 
step. Because the  t i t r a t ion  ranges of these groups over lap  to a considerable  degree 
a t  an in t e rmed ia t e  p H  hydrogen  ions are l ibera ted  by  bo th  the  first and  the  second 

step.  
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These conclusions were reached by  an analysis of the pH di:fferences between the  
initial and the final stages of the first and of the overall reaction. The kinetic curves 
presented in this paper  fully support  the above react ion mechanism. At low pH. 
there is only one reaction, producing hydrogen ions; at  high pH, however, one can 
see tha t  hydrogen ions are first l iberated and then absorbed again, as required by  the 
above mechanism. That  the two reactions at  high pH are resolved is, of course, due 
to the fact tha t  the second one is much slower than the first one. Only one reaction 
would be apparent ,  if the first step were the rate  l imiting one. 

.-ks it was shown in the previous section, the experimental  curves above pH ~; 
can be resoh,ed into two simultaneous and opposing first order reactions. Denoting 
by a 0 the quant i ty  taking par t  in the first reaction and by b 0 that  taking par t  in the 
second reaction, the equation of two opposing simultaneous first order reactions, 
with rate constants k 1 and k,  is: 

.'lh = (ao - -  bo) - -  aoe -A'lt + boe "-A'°-t ( l ) 

The experimental  curves are accurately  described by an equation of ti~is form, 
however, tim reaction scheme adopted calls for consecutive and not simu!taneou~ 
reactions. This apparent  discrepancy was resolved by  deriving the equation of op- 
posing consecutive reactions and showing tha t  it  is formally identical with Eqn. z. 
Thus, a curve amenable to a mathemat ica l  description in terms of two opposing 
simultaneous reactions, may  in fact represent consecutive reactions, but in the la t te r  
case, the parameters  a 0 and b 0 are only apparent ,  related in a more complex way to 
the actual  quanti t ies  taking par t  in the reaction. 

Let us denote the momenta ry  concentrat ion of fibrinogen, fibrin monomer and 
fibrin polymer  by  n~, n 2 and n 3, all expressed in the same weight unit,  e.g. Io  5 g, 
per volume. The amount  ot hydrogen ions released will be proport ional  to the amount  
of fibrin monomer produced whether present as such, or polymerized,  i .e.  to the sum 
of fibrin monomer and fibrin polymer,  and the amount  of hydrogen ions absorbed 
will be proport ional  to the amount  of polymerized fibrin. If ~ and fl are propor t ional i ty  
factors themselves dependent  on pH, then the amount  of hydrogen ions released, 
A h~, absorbed, A h z ,  and the overall  change, A h ,  at a given time and a ccrtzin pH 
will be : 

Ahl  = ~(n2 + n3) (2) 

Ah~ = - -  fln~ (3) 

Ah = .ihl + Ah,~ = ores + (~-- f l )n:3 (4) 

The propor t ional i ty  factors are not equal, even though the number  of groups tak ing  
par t  in each step are approximate ly  equal because tim pK ' s  of the groups are 
different. 

The rate equations of two consecutive first order reactions can be integrated 
to give: 

k, [e_~2t e_klt ] (5) 

n 3 =  no i + k l - -k~  k,,--k2 ~ (6) 
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-vhere % == nt I n2 : ha, i .e.  the original fibrinogen cc, nceutration. Combination 
of these two equatioh, with Eqn. 4 results in:  

= (~ -I~ .... - [ ..... = ;3,,,, _ 7 _ ] ~ - q '  J" kl --- k.,l = fine ,;~-7-k2 - (7) 

Eqns. 7 and I differ only in the coefficients of the exponential terms. Therefore, curves 
of either simultaneous, or cons,cutiv( reactions can be iitted by the sum of two 
exponential curves. 3Iorcover, the exponents in the two expressions are identical, 
i .e.  the rate constants calcul,tted by such curve fitting will be the true ones, whether 
t h e  i e a c t i . n s  a le  s i lnul tane~)us,  or  conse( u t ive .  

When tim reactions are consecutive a 0 and b, are only apparent and the true 
values of the quantities taking part in the reaction can be determined by comparing 
coefficients in Eqns. I and 7. This gives: 

xno :- ao - -  bo -~te (8) 
let 

tJno :: b0 ki --  ke 
hi (')) 

The a 0 and b0 values, obtained from each experimental curve with the procedure 
already described, were used to calculate the corresponding =n 0 and Bno values with 
the help of Eqns. 8 and 0 and the latter were then plotted against pH on Fig. 8 
(~n 0 by open circles, Bno by full triangles). Below pH 8, where only one reaction wa~ 
present, the amount of hydrogen ions liberated was calculated from the final value 
of the pH shift. These paints are represented by full circles on Fig. 8. The upper 
solid curve of this figure represents the amount  of hydrogen ions released and the 
lower one that  of the hydrr~gen ions absorbed, irrespective of their origin, i .e . ,  whether 
they come from the first, or the second reaction. 

According to Fig. 7, above pH 8 the hydrogen ions are liberated exclusively 
by the first reaction, therefore, the points of the upper curve in this region should 

e 

% o 

A :/!iuJ>: 

-1"%.0 6.0 7.0 a.O 9.0 10.0 11.0 
pH 

Wig. 8. Tim apper cur ;e  shows the combined release of hydrogen ions by the first and the second 
reactions exi:ressed as equiv, of H + per [o 5 g of fibrinogen, plotted against the initiai pH. The lower 
curve is a sirrdlar plot for the hydrogen ions reabsorbed during the polymerisation step. For ex- 

planations see text. 
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represent the t i t ra t ion of the a-amino groups l iberated by  thrombin.  A.; a first 
approximation,  a classical t i t ra t ion curve was fitted through these points. The ex- 
tension of the t i t ra t ion curve below pH 8, shown by the broken line, separates thus 
the domain of hydrogen ions l iberated in the first from tha t  of hydrogen ions l iberated 
in the second reaction. To emphasize the complex origin of ~ach point  on this curve, 
the domain corresponding to the liberation of hydrogen ions by  the polymerizat ion 
reaction is shaded in Fig. 8. I t  is perhaps worthwhile to point  out tha t  the curvc:; 
of Fig. 8 are not differential curves and the amount  of hydrogen ions l iberated is not 
given by the areas del ineated on the graph. These are t i t ra t ion curves, more exact ly,  
the difference of two t i t ra t ion curves, where the total  amount  of hydrogen ions 
l iberated during the first and the second step, at  a certain pH is given by  the ordinate  
at  that  pH and the port ion of this passing through the clear area represents hydrogen 
ions l iberated during the first, that  passing through the shaded area those l iberated 
during the second step. 

Returning now te  the question of whether  the pH shift is made up of simul- 
taneous or consecutive reactions, it  is evident  from the equations give tha t  this 
question can be sett led only by  an independent  knowledge of the quanti t ies  involved. 
From the differences of t i t ra t ion curves n and est imates of the r,.ew N-terminal  groups 
formedV, s there are approx. I . I  ~-amino groups produced per 100000 g of fibrinogen. 
This is in fair agreement with the  quan t i ty  derived from Fig. 8, thus suggesting con- 
secutive reactions. Analysis in terms of simultaneous reactions yields quanti t ies  
3o-5 o % higher, but  ia view of the low accuracy of the da t a  at  the high pH end, a 
difference of this magni tude does not const i tute a definite proof. 

The t i t ra t ion curve of the **-amino groups, as shown in Fig. 8, is slightly shifted 
from that  found in the difference of t i t ra t ions  in the presence of urea n. The cause of 
this might be simply the errors involved in these fairly complicated measurements,  
or al ternat ively,  the insufficient correction of the effect of 5 M urea on the fibrinogen- 
t i t ra t ion curves. Also, i t  should be remembered tha t  the correction for the urea 
effect was based on the shift caused by  urea of the t i t ra t ion  curve of nat ive fibrinogen. 
However, there might be more here than a pare  solvent effect. Indeed,  the posit ion 
of the new a-amino groups might be quite different in the fibrin gel than  in the urea 
solution where the gel s tructure is disrupted.  Consequently, larger shifts than  those 
solely due to the presence of urea might be expected. The p K  of 8.0 arr ived at  in 
the present experiments is closer to tha t  expected for an N-terminal  group is than  the 
7.5 value found previously. The apparent  p K  values of the groups taking par t  in the  
polymerization proce.~s are also affected by  the relocation of the curve of the first 
step. Their new values are 7.4 and 8. 9 . 

Inspection of Fig. 8 reveals that  up to pH 7 the hydrogen ions are l iberated 
largely by  the polymerizat ion reaction, between pH 7 and 8 both reactions contr ibute 
to their  release and finally above pH 8 only the proteolytic  step. The different ra tes  
of release of the peptides may  complicate this picture fllrther ~9. ~.  Surprisingly, none 
of this complex behavior is reflected in the kinetic curves. As seen on Fig. 2 the reaction 
curves below pH 8 s t r ic t ly  obey a first-order law. Between pH 7 and 8 one would 
exF:c t  a more complex curve, revealing the two consecutive reactions and conforming 
to an equation analogous to Eqn. 7 with the sign of the/~-coefficient changed. Moreover, 
there is no indication of a t ransi t ion in the magni tude of the rate  constants,  nei ther  
on an ordinary,  nor on a logarithmic plot  of the rate against  pH (see Figs. 6 and 3). 
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According to Eqn. 7, there will be only one apparent r(--s~c~0,r~ ~ t e n  k,. is very 
much larger than k~, i.e. when the proteolvtic step is the ra~,e-Ntiv.g one. Our 
data, presented on Fig. 6, show that the rate of polb-meriza~,(,~n aIb~0,ve pH 8, at our 
particular fibrinogen concentration of approx. L2 °o, is lower ~,,a~,_. Ehe rate ~)f the 
proteolytic step. However. the rate increases with decrea_sLr~g pH , ~  mav very well 
take an upward turn below pH 8, increasing substant i~x,  (,x-.er ~Ne rzate r~f the first 
reaction. Unfortunately, our experiments are not able to "flz~sh (,~a~.a below pH 
and there are very few data in the literature on the rate of the ~0,~w~erization step. 
Tbc only averailable data on its pH dep('r.dence are those of _~c,~_~.a~,;_~ .ayD EHREN- 
PREIS 9, obtained under substantially different conditions, a~,d ,~e~- ,k~,)~- the expected 
steep increase of the rate with lowering of the pH, Thus, it seeras r~a~0,n~bte to assume, 
that  the first step is rate limitiv.g bek~w pH 7 and that  t~e ra~,,~. ,0,g Eke pH shift is 
indeed a measure of the rate of the proteolytic step, even t h o ~  ~c,s~ ,~,~ the hydrogen 
ions released originate in the p~fiymerization step. In the i~,er~,ed~.ate region the 
two rates are very similar, therefore, the two reactions ean~,~l thee. ~,.~,tinguished in 
the overall curve, whereas at pH values higher than 8, when ~b.e p,~.~ymerizati,m only 
absorbs hydrogen ions, the rate of the hydrogen-ion pr(~t~c~0~,. Ib,y ~ecessity, must 
be equal to the rate of the first step. Thus, the bel!-shaped ~a~z.~-e.. ~ a t e d  on Fig. 6, 
is actually the rate curve of the first, proteolytic step in t ~  faba-~w0gen-fibrin trans- 
formation. 

TABLE I 
C O M P A R I S O N  OF T H E  R A T E  C O N S T A N T S  OF T H E  F~R~T ]P~-2~CTT0)-~ ~;E.~£-'~ED I3Y 

S C H E R A G A  A N D  E H R E N P R E I S  9, W I T H  T H O S E  F O t J N I )  I N  T~g:~ v~a-(O~b2 

k dmin/;mi~ 

pH Schera~,a and 
Ehr,'npreis This paper, 

6.o o. ~ 8 3 0.06 
7 .0 ~ .49 o.~9 
8.0 2.5w o.4(~ 
9,0 0.93 0.34 

The first-order character of the overall clotting reaction ~-a~s t~s~ ~ecognized bv 
LAK121. SCHERAGA and his collaborators, on the other hazel  hawe dem, mstrated that 
both the first (proteolytic) stepS, 9 and the polymerization ~ z  ~ o.bev first-order 
kinetics. The data presented in this paper are in complete ,ac~0~rdl ~r~rJi~ these findings. 
A quant i ta t ive comparison of our rate constants for the ,f~rsl ~e~  ~i~]~ those found 
by SCItERAGA AND EHRENPREIS may be instructive, e~:e~ ~ 0 ~  ~ke latter were 
obtained at somewhat different experimental conditions: o.2** l~5,firtogen concen- 
trat ion at I o.x 5, compared with L37 °o fibrinogen co~een~ra~i0,~ at ~' 0.3 ° in our 
studies. The rates were read on Fig. 6 of ref. 9 and on F:~g. 6, ,0,1f ~ paper and are 
given in Table I. It  is apparent that our rates are some 5 ~ ]~0~e~ than those of 
SCHERAGA AND EHRENPREIS. This difference very probaMy is ~ ~ d  by the 6-fold 
difference in fibrinogen concentration, because the above aa~.tl~0~-s ~0~md no difference 
in rate when the fibrinogeH concentration was i n c r e a s ~  ro-Ik&tt gm0~ o~.o~ to 0.2 % 
(ref. 6). More likely, it is caused by the difference in iomc ~ e ~ t h , ,  ~-mCe WA~'Ga A.','D 
PATCH 2z found in their experiments on the effect of ~ .~-are~l~ oa the rate of 
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c l o t t i n g  a s i m i l a r  5 - fo ld  d e c r e a s e  in r a t e  w h e n  t h e  ion ic  s t r e n g t h  w a s  i n c r e a s e d  f r o m  

o.15 to  0.30.  H e n c e ,  t h e  a g r e e m e n t  in  t h e  a b s o l u t e  v a l u e s  of  t h e  r a t e  c o n s t a n t s  in 

t h e  t w o  s e t s  o f  e x p e r i m 0 n t s  s e e m s  t o  be  s a t i s f a c t o r v .  

C a r e f u l  i n s p e c t i o n  o f  t h e  r e c o r d i n g s  e b t a i n e d  a t  p H  5 .44  a n d  5 .69  r e v e a l e d  t h e  
p r e s e n c e  o f  a l a g  p e r i o d .  A f t e r  t h i s  i n i t i a l  d i s t u r b a n c e  t h e  c u r v e  c o n t i n u e s  a s  a f i r s t -  
o r d e r  r e a c t i o n .  S i m i l a r  o b s e v v a t i o n s  w e r e  m a d e  b y  WAUGH AND LIVINGSTONE 2a a n d  

|'~I.O.MBXCK AND LAURENT 24 in  t h e i r  k i n e t i c  s t u d i e s  o f  t h e  c l o t t i n g  r e a c t i o n ,  a l t h o u g h  

a t  a h i g h e r  pi-l,  w h e r e  o u r  c u r v e s  do  n o t  a p p e a r  to  h a v e  s u c h  a l ag  p e r i o d .  I t  c a n  be  

t, x p l a i n e d  b y  l a c k  o f  p o l y m e r i z a t i o n  a t  t h i s  l ow  p H ,  u n t i l  a c e r t a i n  c o n c e n t r a t i o n  

of  f ib r in  m o n o m e r s  is r e a c h e d .  A f t e r  s o m e  n u c l e i  o f  p o l y m e r i z a t i o n  - r e  f o r m e d ,  

a p p a r e n t l y  al l  t h e  a v a i l a b l e  f ib r in  m o n o m e r s  a r e  i n c o r p o r a t e d  a n d  t h e  r e a c t i o n  p r o -  

c e e d s  w i t h  t h e  r a t e  o f  f o r m a t i o n  o f  t h e  f ib r in  m o n o m e r s .  
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