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SUMMARY 

The kinetics of the digestion of fibrinogen by a-chymotrypsin (EC 3.4.4.5) has 
been studied in the pH-stat ,  by non-protein nitrogen determinations, and by changes 
in the sedimentation patterns, clottability and precipitability with (NH4)2SO 4 of the 
digested protein. 

In not too prolonged digestions, the pH-sta t  revealed 2 simultaneous reactions, 
of which the fast one comprised 7, the slow one 9 6 bonds per mole of fibrinogen. 
During the slow reaction the molecule was fragmented into fragments similar to those 
obtained with trypsin (EC 3.4.4.4). Clottability was lost at a rate intermediate be- 
tween those of the slow and fast reactions in the pH-stat .  The action of thrombin 
upon the digests could be shown in the pH-stat ,  even after complete loss of clottability. 

INTRODUCTION 

In our previous workl, 2 we have shown the splitting of fibrinogen by trypsin 
(EC 3.4-4.4) into 3 fragments of approximately equal weight. The bonds susceptible 
to thrombin were split much before fragmentation occurred, a result not surprising 
in view of the similar specificity of the 2 enzymes. I t  was desirable, therefore, to in- 
vestigate the digestion process with a proteolytic enzyme which does not at tack the 
arginyl-glycine bonds and obtain fragments which still retain their bonds susceptible 
to thrombin. For this purpose a-chymotrypsin (EC 3.4.4.5) was chosen, and the 
kinetic results obtained with this enzyme will be reported in this paper. 

MATERIALS AND METHODS 

Bovine fibrinogen was purified from Fraction I from bovine plasma, obtained 
from Armour Pharmaceutical Co., Kankakee, Ill., Lot No. V-52oi, and thrombin 
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(EC 3.4.4.13) from Thrombin, Topical of bovine origin from Parke, Davis and Co., 
Detroit, Mich., by  the methods described in the previous communication 1 and they 
had the characteristics described there. 

a-Chymotrypsin was a thrice crystallized, salt-free lyophilized preparation ob- 
tained from Worthington Biochemical Corp., Freehold, N.J. The concentrations of 
the enzyme solutions were estimated spectrophotometricaUy on the basis oi~ ~'~ 2821% m, 
equal to 20.0 (ref. 3)- I ts  specific activity, determined as described by BALLS AND 
JANSEN ~, w a s  equal to that  reported by these authors. The extent of trypsin contami- 
nation of the enzyme was determined from the rate of splitting of tosyl-arginine me- 
thyl ester, a typical trypsin substrate, at pH 8 and 25 °. The measured rate could have 
been ascribed to 0.02% trypsin impurity. However, INAGAMI AND STURTEVANT 5 as 
well as other authors, showed that  these 2 enzymes have a certain degree of cross- 
reaction with each others substrates, so that  the low activity observed may be that  of 
chymotrypsin itself. Indeed, when the activity was determined in the presence of 
various amounts of soybean trypsin inhibitor, the enzyme-inhibitor association 
constant was found to be 0. 5 • lO 5-M -1, which is near to the one characteristic for 
chymotrypsin and soybean inhibitor% 4 orders of magnitude below the association 
constant of trypsin with the same inhibitorL 

Soybean trypsin inhibitor of KUNITZ, salt-free crystallized from ethanol, was 
obtained from Worthington Biochemical Corp. 

Since the soybean trypsin inhibitor of KUNITZ only partially inhibits chymo- 
trypsin and the organo-phosphorus compounds are too slow in their inhibitory action 
for kinetic purposes, a second inhibitor in soybean, first described by BOWMAN s, w a s  

used in these studies. I t  was prepared according to BIRK 9, omitting the column 
fractionation. Assuming that  the preparation contained 50% active material, its 
association constant for chymotrypsin was found to be 2. 4 • lO 7. M 1, which is about 
13o times higher than that  of the KUNITZ inhibitor. Though inhibition was by  no 
means complete with this inhibitor, it slowed down the reaction sufficiently to permit 
the investigation of samples inhibited at various stages of the digestion. 

The physicochemical techniques and the evaluation of the kinetic data  were 
described in detail in the paper on the trypsin digestion of fibrinogen ~. Since these 
were used essentially unchanged, their description will be omitted. 

RESULTS 

pH-stat  studies 
Over a not very extended digestion period, the reaction curve could be described 

by 2 simultaneous reactions, being similar in this respect to the digestion with trypsin. 
The difference between the rates of the 2 reactions, however, was large, so that  it 
proved difficult to characterize both reactions at a single enzyme concentration. This 
difficulty was circumvented by  performing the reaction, at each pH, with 2 different 
enzyme concentrations, one being 6 times larger than the other. Fig. IA shows a re- 
presentative example of the runs with the 2 different enzyme concentrations and 
Fig. IB their analysis by  the log rate vs. time plot. The points on Fig. IA were calcu- 
lated with the parameters of the 2 reactions obtained from the log rate plots and 
show that  the mathematical  analysis gives a very accurate description of the experi- 
mental  curves. 
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Fig. i. A, Base uptake during the digestion of fibrinogen at  p H  9.o and 2o °. Curves were traced 
by  the pH-s ta t ,  while the points were calculated as explained in the text.  The enzyme to fibri- 
nogen weight ratio is indicated above each curve. Fibrinogen concentrat ion was 2 %. ]3, Analysis 
of  the 2 pH-s t a t  curves shown in A. Logar i thm of the rate  of base uptake  plotted against time. 
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TABLE I 

R A T E S  A N D  B A S E  C O N S U M P T I O N S  P E R  M O L E  OF F I B R I N O G E N  I N  T H E  S L O W  A N D  F A S T  R E A C T I O N S  C A L C U -  

L A T E D  FROM THE pH-STAT C U R V E S  

R a t e  c o n s t a n t s  are  ca lcu la ted  wi th  dec imal  l oga r i t hms  and  t ime  is expressed  in  min.  The  base 
u p t a k e  is g iven as moles  of base per  34 ° ooo g of f ibrinogen. F ib r inogen  concen t ra t ion  was  2 % ; 
f ibr inogen to  c h y m o t r y p s i n  rat io ,  4 7 : i .  

pH Fast reaction* Slow reaction* 

k A o k "Io 2 A .  
(moles base) (moles base) 

7.0 1.3o 1.8 2.39 15.6 
7.5 1.5o 3.1 3.26 35.o 
8.0 1.34 5.1 2.99 59.2 
8.5 1-34 6-5 2-9 ° 79.5 
9.o I.IO 6.8 2.47 93.6 
9-5 o.93 7.5 2.37 95.7 

* The d a t a  of the  fas t  reac t ion  are averages  of 3 runs  a t  each pH,  those  of the  slow reac t ion  
of 2 runs.  

The rate constants and the maximal base uptakes of both reactions were deter- 
mined at every 0.5 pH interval between pH 7.0 and 9.5. The data are assembled in 
Table I. All the k values, regardless of the actual enzyme concentration, were normal- 
ized to correspond to an enzyme to protein ratio of 1:47. The rate constants of both 
reactions show parallel pH dependence, with a maximal rate at approximately pH 7-5. 

The Ao values represent the titration of the new a-amino groups formed by  
the splitting of peptide groups. I t  could be assumed that  these groups were in com- 
pletely uncharged form at the highest pH where they were determined, because this 
pH was far enough from the usual p K  of such groups. The value of Ao at that  pH, 
therefore, corresponds to the number of peptide bonds split by  the enzyme. Thus, 
from Table I it appears that  there are about 7 bonds split in the fast reaction and 
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Fig. 2. M a x i m a l  base u p t a k e  in  each react ion,  ca lcu la ted  from the  p H - s t a t  curves,  p lo t t ed  aga i n s t  
pH.  Ord ina te s  are expressed  as f rac t ions  of the  u p t a k e s  ob t a ined  a t  p H  9.5- The curve  is a theo-  
re t i ca l  t i t r a t i o n  curve  wi th  a p K  of 7.71. 
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about  96 in the  slow react ion in i molecule of fibrinogen. The degree of  t i t r a t ion  of  
these groups,  expressed as f ract ion of the  maximal ,  is shown as a funct ion of p H  in 
Fig. 2. The drawn curve is a theoret ica l  t i t r a t ion  curve with  no e lec t ros ta t ic  correction. 
I t  appears  t ha t  the  a -amino  groups p roduced  in bo th  of these react ion classes have  a 
p K  of 7.7, which is reasonable for an a -amino  group in a protein,  or pept ide.  

Besides the  2 react ions ment ioned  above,  chymot ryps in  spli ts  a large number  
of o ther  bonds  in still  slower react ion classes. These are appa ren t  a t  prolonged react ion 
t imes,  or wi th  high enzyme concentrat ions .  Since these led even tua l ly  to the  complete  
breaking  up of  the  molecule, thei r  inves t iga t ion  d id  not  seem to be of any  pa r t i cu la r  
in teres t  from the v iewpoint  of our invest igat ions.  

Sedimentation studies 
Chymot ryps in  digest ions for sed imenta t ion  analysis  were per formed at  p H  8.o, 

20 °, wi th  an enzyme to prote in  ra t io  of i :1o3, and  fibrinogen concentra t ion  of  2%.  
The course of the  slow react ion was ca lcula ted  under  these condit ions wi th  the  d a t a  
ob ta ined  from the p H - s t a t  s tudies,  and samples  were wi thdrawn from the react ion 
mix ture  at  var ious  degrees of  complet ion  of the  slow reaction.  These were then  mixed  
wi th  BOWMAN'S soybean inhibi tor  in a 3.4-fold excess over the  chymot ryps in  present  
and  refr igerated immedia te ly .  Since the  inhibi tor  does not  cause complete  inhibi t ion,  
the  samples  were run as ear ly as possible in the  Spinco, Model E, ana ly t ica l  u l t ra -  
centrifuge. The  series of pa t t e rn s  ob ta ined  is shown on Fig. 3. F r o m  this  it  appears  tha t  
the  f ragmenta t ion  of the  fibrinogen molecule occurs dur ing the slow react ion seen in 
the  pH-s t a t .  The re la t ive  propor t ion  of the  components  was de te rmined  b y  p l a n ime t ry  
of the  pa t t e rns  super imposed  on a base  line ob ta ined  with  all the ingredients ,  except  

CHYMOTRYPS1N DIG[STIOfl OF RBRINOGEN M pH 80 

Reoction time Omie 6.4 rain II 8mien ~8.5min 30,Stain 57 7rnin IlZ4mi~ 

Exte~ of slow 0% 20% 35% 50% 70% 90% 99% 
reaction 

Fig. 3. Sedimentation patterns of fibrinogen digested with chymotrypsin at an enzyme to protein 
ratio of 1:1o3, at pH 8.0 and 2o °. Fibrinogen concentration in the runs was 1.37%. Patterns 
obtained after 8o-min centrifugation at 59 780 rev./min and 20 °, with phase-plate angle at 60 °. 

fibrinogen, in the  same concent ra t ion  as in the  digests.  In  all the  ear ly samples  there  
was a b road  peak  close to the  meniscus,  represent ing  20 -22% of the  to ta l  area,  
whereas up to 35 % of the  slow react ion the  main  peak  showed no signs of f ragmenta-  
t ion and very  l i t t le  change in sed imenta t ion  coefficient. In  these mix tures  S~o,w of  the  
main  peak  was 6.04 S, as compared  with  6.17 S for na t ive  fibrinogen at  the  same con- 
cen t ra t ion  (1.37%) and in the  same solvent.  Thus, the  first s tep in the  degrada t ion  b y  
chymot ryps in  appears  to be the  removal  of approx.  20 °/o of the  mass  of fibrinogen in 
the  form of  fa i r ly  large molecular  weight peptides.  I t  is possible tha t  modified molec- 
ules of this k ind  account  for poor clots seen with  some commercia l  fibrinogen prepara -  
t ions and also for repor ts  of lower molecular  weights of this  protein.  
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A slower moving component appears first at the 50% stage and becomes the 
major constituent of the pat tern at 70% completion of the slow reaction. The sedi- 
mentat ion coefficient of this fragment, s20,w, was 5.52 S at 50% and 5.18 S at 70% of 
the slow reaction. With further digestion a shoulder appears on the slow side of the 
fragment peak, showing degradation to still smaller fragments. 

Non-protein nitrogen determinations 
Although the trypsin contamination in our enzyme preparation was very low, 

this and the following experiments were performed with chymotrypsin partially in- 
hibited with the soybean inhibitor of KONITZ. This should have removed completely 
whatever trypsin was present. The digestion was performed at pH 8.0, 20 °, an enzyme 
to protein ratio of I:118, 2% fibrinogen concentration, and with an amount of soy- 
bean inhibitor equal to one-third of the weight of chymotrypsin present. In order to 
determine the extent of inhibition and thus make it possible to correlate this experi- 
ment  with the ones performed previously without inhibitor, the reaction was followed 
in the pH-stat ,  and the rates and quantities involved were determined. The ratio of 
the rates and the number of bonds split in the slow and the fast reaction were the 
same within experimental error as those found without inhibitor, demonstrating again 
that  trypsin was not present; however, the rates were lO.2% lower than those 
corresponding to the amount of chymotrypsin in the mixture. The digestion was then 
repeated under identical conditions taking out samples at different t ime intervals and 
mixing them with an equal volume of 30% trichloroacetic acid. The amounts of 
nitrogen and the absorbances of the supernatants were then determined. The 
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Fig. 4. A m o u n t  of nitrogen (O) and of absorbance at  280 m/~ (©) in trichloroacetic acid super-  
na t an t s  of digested samples plot ted against  t ime of digestion. Reaction conditions during diges- 
t ion: Fibrinogen concentrat ion 2 %, chymot ryps in  to fibrinogen ratio I : i  18, p H  8.0, 20 °. 
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T A B L E  I I  

SUMMARY OF THE KINETIC CONSTANTS OF THE DIGESTION AT p H  8.0 

F ib r inogen  concen t ra t ion  2 ~o; f ibr inogen to c h y m o t r y p s i n  ratio,  47:1;  2o °. IRate cons tan t s  cal- 
cu la ted  wi th  dec imal  loga r i thms ;  t ime  expressed in min. 

Fast reaction Slow reaction 
k h . Io  2 

p H - s t a t  1.34 3.o 
Sed imen ta t i on  Absen t  5.4 
Non-pro te in  n i t rogen  format ion*  o . io  o.68 
Non-pro te in  n i t rogen  formation** 0.09 1.16 
Loss of c l o t t ab i l i t y  o.22 - -  
Loss of p r ec ip i t ab i l i t y  in 25 ~o s a t u r a t e d  (NHa)2SO 4 0.28 

* By n i t rogen  es t imat ions .  
** By  absorbance  de te rmina t ions .  

course of the reaction is shown in Fig. 4. and the rate constants obtained from the log 
rate plots are given in Table II.  The fast reaction liberated 11.6%, the slow reaction 
21.1%, of the total nitrogen. On the basis of absorbance the percentages calculated 
were similar, 13.6 % and 2o.I%,  respectively. 

Reaction of the chymotrypsin digests of fibrinogen with thrombin 
Clotting ability of the digests. The effect of thrombin upon the arrested digests 

could be investigated, since neither the KUNITZ, nor the BOWMAN soybean inhibitor 
has any effect on the clotting or esterase activity of this enzyme. Samples at various 
stages of digestion were obtained under conditions identical to those described for the 
investigation of non-protein nitrogen formation. They were mixed immediately with 
5 volumes of 0.06 M phosphate buffer of pH 6.3, containing a 5-fold excess over 
chymotrypsin of BOWMAN'S soybean inhibitor and 8 units of thrombin per ml. The 
clots were centrifuged after 30 min in the Servall SS-I centrifuge and the absorbance 
of the supernatants determined at 280 m#. Corrections were made for all the non- 
clottable proteins present. The clottability of the samples declined at a fast rate, and 
no clottable material could be detected after approx. IO min of digestion, which 
corresponds roughly to 25 % completion of the slow reaction in the pH-stat .  

The change in the precipitability of the digest in 25 % sat& (NH4)2S Q solution 
at pH 6.3 was followed in the same experiment. Under these conditions 98% of the 
native fibrinogen was precipitated. The amount of precipitate in the digests decreases 
rapidly, following first-order kinetics, with a rate very close to that  of the formation 
of non-clottable material. The rates of these reactions are given in Table II .  

Effect of thrombin upon the digests, followed in the pH-stat. Splitting of peptide 
bonds by  thrombin was apparent in the pH-s ta t  in digests carried well beyond the 
point where clottability disappeared completely. A large batch of 2 % fibrinogen was 
digested to 75 ~o completion of the slow reaction in the pH-sta t  at pH 7.0 and then 
stopped by the addition of BOWMAN'S inhibitor. From the digested mixture I5-ml 
aliquots were brought to various pH values and the uptake, following the addition 
of 57 units of thrombin, was recorded in the pH-stat .  Titrant  was 0.02 M, CO_o-free, 
KOH. 
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Fig. 5. Final  base uptakes caused by thrombin on a chymotrypt ic  digest of fibrinogen arrested at  
75 % completion of the slow reaction, plotted against  pH. Ordinates expressed as fractions of the 
uptake determined at p H  9.5. Curve is a theoretical t i t ra t ion curve wi th  a p K  of 7-3. 

Maximal uptake was reached at pH 8.5 and corresponded to 1.6 bond split per 
mole of  fibrinogen. Fig. 5 shows the uptake as a function of pH, expressed as the frac- 
tion of the maximum. The drawn curve is a theoretical titration curve, and it appears 
that the group liberated by thrombin has an apparent pK of 7.3. 

End-group determinationsl°m point to the release by thrombin of 4 peptides 
per mole of  fibrinogen. The experiment described above showed 1.6 bond split when 
the slow reaction was allowed to proceed to 75 % completion. It is obvious that some 
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Fig. 6. Bonds split by thrombin in digested flbrinogen, determined by base uptake in the pH-  
s ta r  a t  p H  8.5, plot ted against  the extent  of the slow reaction during the preceding chymo- 
t rypt ie  digestion of fibrinogen. 
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of the thrombin susceptible bonds were either split, or became resistant to thrombin 
during the chymotryptic digestion. This effect was investigated in more detail by 
digesting fibrinogen to various extents and then allowing it to react with thrombin. 
Fifteen ml of 2% fibrinogen was brought to pH 8.5 at 25 ° and digested to predeter- 
mined uptakes of base with 3.33 mg of chymotrypsin mixed with I . I I  mg of the soy- 
bean trypsin inhibitor of KUNITZ. The reaction was stopped by adding 25 mg of 
BOWMAN'S soybean inhibitor, and after stabilization of the base line 80 units of 
thrombin were added. 0.2 M KOH was used as ti trant during the digestion phase and 
0.02 M KOH during the reaction with thrombin. The results are summarized in Fig. 6. 
Since at pH 8.5 the titration of the a-amino groups produced should be very nearly 
complete (to 93% with a p K  of 7.3), the final uptakes were taken as a direct measure 
of the number of bonds split by thrombin. These are plotted against the extent of the 
slow reaction of the chymotryptic digestion. The curve shows a maximum at approx. 
40% completion of the slow reaction. Above this, the number of bonds split by 
thrombin declines linearly with the extent of digestion. The line extrapolates back at 

I00 o ~  
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70 i Cloltability 

2d~-- 
I0 

I0 20 3C 40 50 60 
RE2CTICN TiME (ram) 

Fig. 7. Clottability, f ragmentat ion of the molecule, determined from the ultracentrifuge patterns,  
and slow reaction in the pH-s ta t  plotted against digestion time. Reaction conditions: 2 % fibri- 
nogen concentration, i : lO 3 chymotrypsin to fibrinogen ratio, pH 8.0, 20 °. 

zero digestion to the expected 4 bonds split per mole of fibrinogen. Below 4o % diges- 
tion the apparent number of bonds split by thrombin decreases again. This effect is 
caused by the polymerization of the incompletely digested fibrinogen. In our previous 
studies 12 it was shown that  the polymerization reaction absorbs, at this pH, 50-75 % 
of the hydrogen ions liberated during the proteolytic step. The decline of the line 
below 4 ° °/o digestion, therefore, represents the extent of polymerization in the digest- 
ed samples. I t  should be mentioned here that  in the samples there was gel formation 
up to about 25 % and an increase in viscosity and turbidity from here up to about 
40% completion of the slow reaction. Samples digested beyond this point showed no 
changes in their physical properties upon addition of thrombin. 
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DISCUSSION 

The mathematical  representation of the pH-s ta t  curves describes the reaction 
correctly to within experimental error, as proved by the close correspondence of the 
calculated curves to the experimental ones (see Fig. IA). However, one should keep 
in mind that  the close fit does not prove that  other, more complex kinetic formulations 
for example, inhibition by reaction products, consecutive reactions, etc., could not 
give an equally good representation of the process. Moreover, the analysis in terms of 
2 reactions is obviously an oversimplification, each reaction in actuality representing 
the average of a class of closely related kinetic entities. 

A comparison of all the kinetic data may  give more physical meaning to the 
reaction classes derived from mathematical  analysis, by  correlating them with some 
specific changes in the molecular characteristics observed during digestion. In order 
to facilitate this comparison, the kinetic constants are assembled in Table I I  and 
some of the changes followed are presented in Fig. 7. The fragmentation into the large 
fragments follows approximately the course of the slow reaction in the pH-stat .  The 
shape of the curve shows that  the fragmentation requires a number of bonds split in 
each molecule, since more than 35 % of the total bonds are split before fragmentation 
occurs. Also, the 2 curves approach each other in the later stages of the reaction, 
suggesting that  nearly all the bonds in this reaction class must  be split in order to 
make the fragmentation complete. 

There is no clear-cut correlation between any of the other processes followed and 
this is probably a reflection of the heterogeneity within the reaction classes seen in the 
pH-stat .  Whereas the latter may give an average of a broad range of rates, some more 
specific method, for example the change in clottability, may  focus on a single discrete 
group. 

As a whole, the digestion of fibrinogen by chymotrypsin appears to be a more 
complex process than that  with trypsin. This is so, probably, because of the more 
varied specificity of the enzyme, comprising peptide bonds split at widely different 
rates. 
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