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found that normal Zimm-type plots could be ob­
tained as low as 0.0055 ionic strength. Under this 
condition we found a molecular weight of 5.0 mil­
lion and a radius of gyration of 2500 A. The dif­
ference from the 0.165 ionic strength measurements 
showed up in the value of the second virial coeffi­
cient. At the lower ionic strength it had a value of 
13.5 X 10-4 (mole-cc./g.). This is about 10 times 
the value found at the usual ionic strength. Since 
the molecular size is unchanged this difference in 

Introduction 
The conversion of fibrinogen to fibrin may be con­

sidered to occur in three reversible steps, only the 
first of which involves thrombin.4 In step 1 throm­
bin catalyzes the hydrolysis of two arginyl-
glycine bonds6-11 in fibrinogen leading to the libera­
tion of at least two peptides and also carbohydrate 
material.12 In this process the molecular weight 
of fibrinogen (330.000)13'14 is reduced by about 3%, 
the remaining protein being designated fibrin 
monomer.Xi Under appropriate conditions4 fibrin 
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excluded volume is presumably the result of the 
increased intermolecular electrostatic repulsion. 
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monomer polymerizes (step 2) and ultimately forms 
the fibrin clot (step 3). The three reactions may 
be written as 

T 
Proteolysis F " ^ * f + P (1) 

Polymerization ni c
 > f„ (2) 

Clotting mf„ Y - * - fibrin (3) 

where T is thrombin, F is fibrinogen, f is fibrin 
monomer, P represents the peptide and carbohy­
drate material, f„ designates the intermediate poly­
mers and n and m are variable numbers. 

Considerable information already has been ob­
tained about the mechanism of step 2.4 This paper, 
and several to follow, report on attempts to under­
stand the mechanism of step 1. In this initial 
paper the kinetics of the thrombin-fibrinogen 
reaction are investigated under conditions where 
only step 1 occurs.16 If the fibrinogen concentra­
tion is less than about 4%, step 1 will occur in 1 M 
NaBr at pK 5.3, without the subsequent polymeri­
zation of fibrin monomer.18'19 Hence, this solvent, 
in which the stability of purified F and T has been 
fully established,18'20 was employed in the present 
study. By using relatively purified thrombin the 
uncertainties involving the inactivation of fibrin 
monomer by commercial thrombin preparations20 
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The kinetics of the proteolytic action of thrombin on fibrinogen {i.e., step 1 of the fibrinogen-fibrin conversion) have been 
studied in 1 M NaBr, pH 5.3, at 0, 15 and 25°. No polymerization occurs under these conditions. The reaction was 
fallowed by analysis for fibrin monomer, using ^-toluenesulfonyl-L-arginine methyl ester as a thrombin inhibitor. Step 1 
was found to be initially first order in both thrombin and fibrinogen. The apparent disagreement between this result and 
those from previous kinetic studies has been resolved in a separate publication. Hence, previously postulated thrombin-
iaactivation reactions need not be introduced to explain the kinetic data. Step 1 thus appears to be a simple bimolecular 
reaction to form the enzyme-substrate complex under conditions where the enzyme is not saturated. The effects of pH 
and solvent on the rate constants have been reconciled with the expected behavior of the kinetic constants £s and Km. Fi­
nally, in carrying the kinetic runs to their equilibrium position, it was found that step 1 does not go to completion in 1 M 
NaBr at pH 5.3. The failure to attain completion is not due to inactivation of any of the protein components present in 
the reaction but to a reversible equilibrium which will be discussed in greater detail in a forthcoming paper. 
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have been eliminated. The synthetic substrate 
^-toluenesulfonyl-L-arginine methyl ester hydro­
chloride (TAMe) has been used for the quantitative 
determination of thrombin concentrations.1020 The 
kinetics of the reaction have been determined by 
analysis of mixtures of F, f and T for the concentra­
tion of f at various times using TAMe as a thrombin 
inhibitor.10 All kinetic data pertain to the forward 
reaction, no data being reported here for the 
reverse reaction. The reversal of step 1 and an 
evaluation of the thermodynamic parameters for 
this equilibrium will be discussed in a forthcoming 
paper.21 

In contrast to the present study, several kinetic 
investigations of step 1 have been carried out under 
conditions leading to the production of fibrin, 
i. e., steps 1, 2 and 3 proceeded essentially simul­
taneously.2'-23 Because of the different conditions, 
these results may not be directly comparable with 
those reported here. However, in a separate publi­
cation,17 we have reported kinetic results obtained16 

under conditions similar to those used by Waugh 
and Livingstone.23 This paper17 should be con­
sulted for a further discussion of the kinetics of 
step 1 as a function of pH. 

Experimental 
Materials.—Purified fibrinogen was prepared from Ar­

mour Bovine Fraction I, lot P2803, using a modification of 
Laki's procedure15 involving refractionation between 21 
and 25% saturation with ammonium sulfate, as previously 
described.21 The resulting precipitate was dissolved in 
XaBr (final concentration about 1 M, p"H 5.3 to 5.7) and 
dialyzed at 3° against 1 M NaBr containing 0.05 M acetate 
buffer at pll 5.3 until free of sulfate.26 The per cent, 
ciottability of such solutions could not be determined by 
Laki's procedure16 because of the high ionic strength (1 .If 
NaBr) . However, similar preparations of fibrinogen, when 
dissolved in 0.3 M KCl, were found to be about 9 3 % 
clottable by Laki's method.15 

Purified fibrin monomer was prepared hy a method pre­
viously described.18 A small thrombin impurity amounting 
to about 0.1 TAMe unit per ml. of 3 % monomer solution 
was always found to be present.26 This has been attributed20 

to the carrying over in the mother liquor of some of the throm­
bin used initially to clot the fibrinogen from which the fibrin 
monomer was prepared. As will be evident from the data 
to be presented, this small amount of thrombin in no way 
affected the results. 

The concentration of fibrinogen and fibrin monomer in 
the stock solutions was determined both spectrophotometri-
cally and by clotting as previously described,20 making use 
of Morrison's procedure.28 One ml. of the stock solution 
containing fibrinogen (or fibrin monomer) in 1 M NaBr was 
added to 20 ml. of a standard clotting buffer,29 adjusted from 
(i.8 to 6.3. Then 1 ml. of a thrombin solution was added 
to the resulting mixture (final concentration = 1 unit /ml . ) . 
The concentration of NaBr was thus reduced to 0.045 M 
so that the salt did not interfere in the Morrison assay. 
The clots were collected after 4 hours.20 
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I20fi (19.31). 
(24) J. M. Sturtevant, M. Laskowski, Jr., T. H. Donnelly and H. A. 

Scheraga, THIS JOURNAL, 77, 618R (1955). 

(25) This 1 M NaBr solution, buffered at ptL 5.3, will hereafter be 
referred to as the "bromide solvent." 

(20) The TAMe unit of thrombin activity has been defined else­
where.20 Our unit differs somewhat from those of Sherry and Troll11 

and Ronwin.27 

(27) E. Ronwin, Can. J. Biochtm. Physiol., 38, 743 (1957). 
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KCl, 0.05 M KHiPO1, 0.05 M Na1HPO1, #H 6.8. 

The thrombin used for most of the experiments was citrate 
thrombin,30 kindly supplied by Dr. W. H. Seegers. It was 
received in 50% glycerol which was removed by dialysis 
against the bromide solvent. The activity of this prepara­
tion, which was unaltered by dialysis,31 was about 2500 
TAMe units/ml. The stability of citrate thrombin under 
a variety of conditions has been discussed in a previous 
publication.20 

For some runs at 0° , commercial Parke, Davis thrombin 
having an activity of about 13 TAMe units/mg. was used. 
It was dissolved in the bromide solvent prior to use. 

The synthetic substrate p-toluenesulfonyl-L-arginine 
methyl ester hydrochloride (TAMe) was supplied by the 
H. M. Chemical Co., Ltd. , Santa Monica, Calif., and had 
the properties previously reported.20 

The other chemicals used (NaBr, phosphates, acetate) 
were of reagent grade quality. 

All pH measurements were made with a Beckman model 
G. pK meter standardized at pll 4 and 7 with Beckman 
buffers. 

Thrombin Analysis.—The concentration of thrombin was 
determined by following its esterase activity toward TAMe 
(TAMe assay), using the ^H-stat modification20 of the 
method of Sherry and Troll.10 In this procedure,20 0.01 M 
TAMe in 0.15 M KCl or in 1 M NaBr32 is adjusted to pH 
8.0 at 25°, the thrombin solution is added and the pH is 
maintained constant by the addition of dilute NaOH. 
The titrant solutions were 0.057 N NaOH in 0.15 M KCl 
and 0.132 N NaOH in 1 M NaBr for the determinations in 
the presence of KCl and NaBr, respectively. The hydro-
lytic reaction was followed for 10 min. to determine the 
thrombin activity.26 By convention, we report thrombin 
concentrations as if they were determined under the stand­
ard conditions: pH 8 at 25° in 0.15 M KCl. Hence, de­
terminations done in NaBr have been corrected to values 
corresponding to KCl since, as previously reported,20 1 M 
NaBr decreases thrombin activity toward TAMe by about 
50% in the pH range 5 to 9. 

It should be noted that the actual thrombin activity in 
the bromide solvent is only a very small fraction of the ac­
tivity of the same weight of thrombin under standard con­
ditions. This reduction in activity arises not only because 
of the presence of 1 M NaBr but also because of the low 
pVL (5.3 compared to 8.O).20 As a rough estimate from the 
data of reference 20, 1 TAMe uni t /ml . of thrombin activity 
at pH 8 in 0.15 M KCl at 25° corresponds to about 0.024 
unit /ml. in the bromide solvent at 25° or about 0.0024 unit / 
ml. in the bromide solvent at 0°. For example, in a typical 
reaction carried out in the bromide solvent at 0 , thrombin 
activity was nominally called 100 TAMe uni t /ml . even 
though its activity was, in reality, only 0.24 TAMe uni t / 
ml. As a consequence of this lower activity, the rate of the 
thrombin-catalyzed conversion of fibrinogen to fibrin mono­
mer is very low in the bromide solvent, even 1 hough large 
amounts of thrombin are used. 

Thrombin activity also was checked by determining the 
clotting time of standard fibrinogen solutions in clotting 
buffer.29 

TAMe Method for Following Step 1 in the Bromide Sol­
vent.—It has been shown previously,18'19 by means of flow 
birefringence and sedimentation experiments, that steps 2 
and 3 are inhibited in the bromide solvent. Hence, the 
rate of conversion of F to f (i.e., step 1) in this solvent could 
be followed by any one of several methods. The choice of 
method for following the course of step 1 is based on the 
following considerations. (1) An instantaneous thrombin 

(30) W. H. Seegers and NT. Alkjaersig, Arch. Biochcm. Hinphys., 61, 
1 (195H). 

(31) The glycerol solution of thrombin could also be analyzed by 
(he TAMe method since the solution was sufficiently diluted (about 
250-fold) prior to assay so that the concentration of glycerol was re­
duced to a few tenths of a per cent. Therefore, the glycerol did not 
interfere with the analysis. 

(32) Most of the TAMe assays in the experiments to be reported 
were performed in the presence of fibrinogen or fibrin monomer In 
0.15 M KCl at pH 8.0 clotting invariably occurred in the assay 
solution; adherence of the clot to the electrodes gave rise to erratic 
results. The presence of 1 M XaBr in the assay solution prevented 
clotting (at least during the 10 min. period required for the assay) and 
permitted very satisfactory duplication of results. As previously 
shown,20 the presence of F, f or fibrin in a solution of thrombin does 
not affect its activity as determined by the TAMe method, 
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inhibitor could be added to the reaction mixture and the 
concentrations of F and f determined directly. While F 
and f cannot be distinguished by hydrodynamic measure­
ments,16 '18 they can be by electrophoresis.ss However, at­
tempts to determine the relative areas of the peaks corre­
sponding to F and f in electrophoretic patterns have thus far 
been unsuccessful; (2) F and f can be precipitated by tri­
chloroacetic acid and the supernatant solution analyzed for 
P . Spectrophotometry analysis cannot be used because 
of the extremely low ultraviolet absorption34 of P; although 
nitrogen analyses of the supernatant have been carried out19 

and do give information on the rate of production of P , the 
data cannot be converted to a molar basis because of difficul­
ties in the determination of the stoichiometric value of P; 
(3) step 1 has been followed by observing the rate of appear­
ance of the new N-terminal group of fibrin monomer35; 
however, until the exact rates of production of peptides A 
and B are determined,36 it will be difficult to interpret ki­
netic data obtained by this method; (4) finally, if a reagent 
were available which could function as an instantaneous 
inhibitor of thrombin and if an aliquot of the reaction mix­
ture consisting of F , f and T in the bromide solvent were 
added to a clotting buffer containing this inhibitor, then only 
f but not F would clot, since the clotting of f does not re­
quire thrombin (see eq. 1, 2 and 3). Thus, the weight of 
fibrin obtained would be a direct measure of the concentra­
tion of f. For the reasons discussed above, method 4 has 
been selected for following the kinetics of step 1. 

The amount of thrombin which must be inhibited can be 
estimated as follows. In most of the experiments to be de­
scribed a 1-ml. aliquot of a reaction mixture of T + F con­
tains 100 units/ml. of thrombin. Since this aliquot is 
added to 20 ml. of clotting buffer,29'37 the concentration of 
thrombin which must be inhibited is about 5 units/ml.38 

It has been shown elsewhere17 that formaldehyde is un­
suitable for following step 1 in the absence of steps 2 and 3 , 
since it does not inhibit thrombin completely and it also 
prevents f from clotting. However, the synthetic sub­
strate TAMe has been found to be satisfactory as a thrombin 
inhibitor. I t has been shown by Sherry and Troll10 that , at 
high concentrations of this ester, thrombin hydrolyzes 
TAMe in a zero-order reaction (complete coverage of the 
enzyme) and that no clotting takes place until most of the 
TAMe is hydrolyzed. Thrombin then becomes available 
to act on fibrinogen. Making use of this observation, we 
have found, for example, that 0.04 M TAMe in clotting 
buffer28 will prevent 5 units/ml. of thrombin from clotting 
F (1 mg./ml.) for about 4.5-5 hr. This inhibition applies 
only to step 1; i.e., it will be shown below that TAMe does 
not interfere appreciably with steps 2 and 3 . If TAMe were 
absent, the clotting reaction would start immediately under 
the same conditions. Therefore, the concentration of f in 
the presence of F and T can be determined with the use of 
TAMe. 

To follow step 1, the concentration of f is determined by 
adding an aliquot of the reaction mixture to clotting buffer29 

containing TAMe. The addition of a similar aliquot to 
clotting buffer containing no TAMe gives the total clottable 
protein concentration, F + f; since thrombin is fully active 
in the absence of TAMe, all of F , as well as f, is converted 
to fibrin.37 All clotting assays were performed at room 
temperature even though the kinetic runs were carried out 
at other temperatures. I t is thus possible to measure the 
degree of reaction, a, of step 1 at an}' time, where a is de­
fined as 

the parentheses indicating molar concentrations. For this 
purpose, we have neglected the 3% difference in molecular 

(33) E. Mihalyi, Acta Chem. Scand., 4, 331 (I960). 
(34) F. R. Bettelheim, T H I S JOUKNAL, 76, 2838 (1954). 
(35) B1 Blomback and I. Yamashina, Acta Chem. Scand., 11, 194 

(1957). 
(3fi) F. R. Bettelheim, Biochim. Biophys. Acta, 19, 121 (1956). 
(37) The 1 M NaBr must be diluted to a very low concentration in 

order that it should not interfere with the clotting assay. In the 
procedure used here it is diluted to 0.045 M. 

(3S) In a few kinetic runs to determine the order in thrombin the 
enzyme concentration was as high as 135 units/ml. in the reaction 
mixture, corresponding to a concentration of about 6.5 units/ml. in 
the clotting buffer. 

weight between F and f. The kinetic data are expressed 
in terms of the variation of a with time. 

While simple in principle, the TAMe method has certain 
difficulties. First, and perhaps most important, is the 
fact that TAMe functions only as a temporary thrombin 
inhibitor. Hence, the analysis for f must be completed 
before the major fraction of the TAMe is hydrolyzed in 
order to prevent the thrombin from attacking the fibrinogen. 
A convenient concentration of TAMe considered satisfac­
tory from this point of view was 0.04 M. From the data 
quoted above, it can be seen that the inhibitory properties 
of TAMe can be maintained for 5 hr. Hence all analyses 
for f have been carried out by clotting for 4 hours.39 

A second factor is that hydrolysis of TAMe leads to the 
production of protons; therefore, the solution must be 
sufficiently buffered to prevent large pH changes but still 
not affect the clotting of f. Standard clotting buffer29 

was used for this purpose. When the solution is made 0.04 
M in TAMe by adding the solid ester, the pK falls slightly 
to 6.7. If thrombin (5 units/ml.) is added to such a solution, 
the pB. falls to about 6 in 4 hr. despite the presence of the 
buffer. However, the clotting of f proceeds satisfactorily40 

(see below) in the />H range 6.7 to about 6. The same 
buffer,29 adjusted to ^H 6.3 and containing no TAMe, was 
used to determine the concentration of total clottable pro­
tein, F + f. 

The effect of a variation in thrombin concentration on 
the clot yield from f in the presence of TAMe is shown in 
Table I . Since these data were all obtained in 4 hr., they 
actually indicate the effect of a change in pH on the 4 hr. 
clot yield.42 

TABLE I 

EFFECT OF VARIATION IN THROMBIN CONCENTRATION ON 4 

HOUR CLOT YIELD FROM f 

(Solvent is clotting buffer29 plus 0.04 M TAMe) 
Thrombin concn. (units/ml.) Clot yield (mg.) 

0 15.8 
1.1 15.6 
2.2 14.8 
4.4 14.8 

In addition to the pH effect indicated in Table I, there 
is a slight effect of TAMe on the rates of steps 2 and 3 but 
not on the ultimate clot yield. While the clotting of f is 
complete within 4 hr. in clotting buffer,20 the presence of 
TAMe in the absence of thrombin reduces the 4 hr. clot yield 
as indicated by the data for solution A in Table I I . Since 
no thrombin was added to solution A, the clotting reaction 
could be carried beyond the usual 4 hr. period. Whereas 
the 4 hr. clot yield in 0.04 M TAMe (23.4 mg.) was less than 
the 4 hr. yield in the absence of TAMe (25.2 mg.), the two 
24 hr. values were nevertheless identical (25.2 mg.); this 
shows that although TAMe affects the clotting rate slightly 
{i.e., the 4 hr. clot yield), it does not interfere with the 24 
hr. clot yield, i.e., with steps 2 and 3 . In the presence of 
thrombin and TAMe, both effects are present {i.e., the pH 
effect and the reduced clotting rate). The magnitude of 
the combined effect is shown by the data for solution B in 
Table I I . 

(39) It was observed that, if the fibrinogen were dialyzed against 
the bromide solvent immediately after being fractionated, addition 
to TAMe resulted in marked precipitation. Dialysis of the F first 
against 1 M NaBr (i.e., without acetate buffer) and then against the 
bromide solvent almost completely eliminated the precipitate. No 
explanation for this effect of acetate can be offered. 

(40) If the concentration of the phosphate were increased to achieve 
greater buffer capacity, poor clots would have been obtained.*1 If 
the TAMe concentration were increased to extend the period of throm­
bin inhibition from 5 to 24 hr., the ^H would have dropped con­
siderably below 6 in the standard clotting buffer29 in 24 hr. Therefore, 
the concentrations of TAMe and buffer chosen represent a compromise. 

(41) J. D. Ferry and P. R. Morrison, THIS JOURNAL, 69, 388 (1947). 
(42) Most of the kinetic runs to be described were carried out at a 

single thrombin concentration (100 units/ml.). However, in a few 
experiments (designed to determine the order in thrombin and also the 
rate at temperatures other than 0°) the thrombin concentration was 
varied. Despite the pH effect shown in Table I, no significant error 
was introduced because the thrombin concentration in the dotting 
buffer was always in the range of 2 to ti units/ml. where the clot yield 
is not very ^H dependent. 
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TABLE II 

CLOT YIELD FROM f IN CLOTTING BUFFER IN THE PRESENCE 

AND ABSENCE OP TAMe 
Thrombin 

concn. 
(units/ml.) 

0 

S<,lri. TAMe 
of f concn., M 
A 0 

0.04 

0.04 

4 .5 

4 .5 

Reaction 
time, 
(hr.) 

4 
24 

1 
2 
3 
4 

24 

3 
4 

1 
2 
3 
4 

Clot yield 
(mg.) 

25.2 
25.2 

22.1 
22.4 
23.0 
23.4 
25.2 

19.5 
19.5 

16.5 
16.8 
17.3 
17.4 

A third problem in the TAMe method is that F may be 
occluded or copolymerized18 in the fibrin clot. The magni­
tude of this effect is demonstrated in Fig. 1. These data 
were obtained from the calibration curves to be described 

2.0 

l.o 

i a = 0.3 

Da=OJ 

0 — >a = 0.l 

J_ 
0 IO 20 30 

Mg. of f added. 

Fig. 1.—Adsorption of F by clot formed from f in clotting 
buffer in the presence of 4.5 units/ml. thrombin and 0.04 M 
TAMe (final volume = 22 ml.). The quantity a is defined 
in eq. 4. 

in the next section. In the absence of occlusion or copoly-
merization of F , no F would have been removed by the clot. 
It is seen that the amount of occluded F increases with in­
creasing concentration of f for each value of a. At low 
values of a, occlusion is large and becomes maximal around 
a — 0.3 because F is in excess over f. As a increases, the 
relative amount of F decreases; hence the amount oc­
cluded decreases. I t is apparent from Fig. 1 that the 
amount of F occluded when f is converted to a fibrin clot in 
the presence of F can be significant. The data of Fig. 1 
fit a Langmuir adsorption isotherm over about 8A of the 
range of concentrations of adsorbate F . 

In summary, when f is converted to a fibrin clot in the 
presence of F , T and TAMe, errors can arise from: (1) pK 
changes, (2) retardation of clotting, making the 4 hr. clot 
yield lower than the true concentration of f and (3) adsorp­
tion of F by the clot. While these all appear to be small 
effects, they may give rise to erroneous conclusions, as 
shown below. Therefore, they have been taken into ac­
count by an appropriate calibration procedure described in 
the next section.43 

(43) There is a fourth potential source of error which is independent 
of the presence of TAMe, namely, that the clotting rate of f, as well as 

Calibration Procedure for TAMe Method.—In essence, 
the calibration data were obtained by clotting mixtures of 
F and f under conditions identical with those used in an­
alyzing aliquots from the reacting solutions in the kinetic 
runs. Thus, by determining the clot weight as a function 
of the known concentrations of F and f, correction was 
made for the potential sources of error mentioned in the last 
section. The calibration curves required for this correction 
were obtained aa follows. Stock solutions of F and f (in the 
bromide solvent), corresponding to a-values of 0 (pure F) 
to 1 (pure f), were prepared at fixed total clottable protein 
concentrations (i.e., F + f) of 30, 20 and 10 mg./ml . , re­
spectively. These particular concentrations were chosen 
to correspond with those used in most of the kinetic runs. 
Thus , a series of solutions of varying a-values, at each of the 
three total protein concentrations, was obtained. These 
various solutions simulate the conditions existing during the 
course of a kinetic run, i.e., a increases progressively from 
zero at the start of the reaction to its final value when 
equilibrium is attained. AU solutions were stored at 0° 
and the F-f mixtures were used immediately after their 
preparation because of the presence of the trace of thrombin 
contamination in solutions of f, as already mentioned. 
One ml. of citrate thrombin (100 units/ml.) in clotting buf­
fer29 was added to 20 ml. of 0.04 M TAMe in clotting buffer29; 
to this was added a 1-ral. aliquot of the particular F-f mix­
ture. Triplicate analyses were carried out. Similar 1-ml. 
aliquots were clotted in clotting buffer29 which contained 
no TAMe but sufficient thrombin to clot all of the F. 
After 4 hours all clots were removed44 and washed for 15 
minutes, first in 0.15 M KCl and then in distilled water. 
After drying overnight at 110°, the clots were weighed to 
± 0 . 1 nig, 

In order to obtain the calibration curves in a form which 
would be useful for treating the data from a kinetic run, the 
calibration data were first plotted as clot weight in the pres­
ence of TAMe vs. clot weight in the absence of TAMe. 
The latter quantity represents, of course, the total clottable 
protein F -f- f. These plots are shown in Fig. 2, the several 
curves corresponding to various values of a. The curves of 
Fig. 3 were obtained from the curves of Fig. 2 by interpola­
tion. The dashed curves represent the expected behavior 
if none of the effects, for which these calibrations correct, 
were present. It may be noted that the solid curves move 
upward across the dashed ones as the total clottable protein 
concentration increases. This behavior is a consequence 
of a balance between the adsorption of F and retardation of 
clotting of f. Since the kinetic runs were carried out at con­
centrations of approximately (but not exactly) 10, 20 and 
30 mg. /ml . of F , curves similar to those of Fig. 3 were con­
structed for each run. 

With the aid of Fig. 3, it is possible to convert the TAMe 
clot weights from, say, a 1% protein solution to values of a 
(in reality concentration of f) in the original solution, 
thereby correcting for the sources of error mentioned in the 
previous section. 

Kinetic Runs on Step 1 in the Bromide Solvent.—All the 
kinetic runs on step 1 in the bromide solvent were made at 
initial fibrinogen concentrations (F0) of approximately 10, 
20 or 30 mg. /ml . Analyses were carried out under condi­
tions identical with those described for the calibration 
curve.45 The thrombin concentration, except in those runs 

the extent of clotting (and, therefore, the 4 hour clot yield), are de­
pendent on the concentration of f. However, the calibration proce­
dure automatically compensates for this source of error. Further 
elaboration of this point has been given elsewhere.17 

(44) The clots formed in the presence of TAMe were generally very 
friable and difficult to remove without loss when they were set up in 
butter dishes as suggested by Morrison.28 An alternative procedure 
was therefore adopted: The clot was formed directly in 40-ml. cen­
trifuge tubes cut down to a length of 7 cm. 

After 4 hours the clot was first reamed with a spatula and then cen-
trifuged for 5 minutes at about 1500 X S. Since these clots retained 
almost no fluid, they did not have to be synerized and could be placed 
directly into the wash water. The clots formed in the absence of 
TAMe were handled in a similar way, except that these clots required 
synerizing before washing. 

(45) These conditions were not strictly identical with those of the 
calibration experiments in that most of the calibration data were ob­
tained with purified f and thus in the absence of fibrinopeptide, carbo­
hydrate, etc. In order to ascertain what effect, if any, these minor 
constituents might have on the clot weight, the following experiment 
was performed: 5% F and citrate T (150 units/ml.) were adjusted 
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IO 20 30 
Total Clottable Protein (Mg.). 

Fig. 2.—Calibration data plotted as TAMe clot weight 
vs. total clottable protein concentration in the original stock 
solution. The several curves correspond to various values 
of a. The curves were not extended below 1% total protein 
concentration because of the errors in clot weight deter­
mination below 1% and because no kinetic runs were per­
formed at fibrinogen concentrations less than 1%. These 
curves would not be expected to extrapolate to the origin 
in view of the incomplete clotting of f under these conditions. 
The volume of original stock solution was 1 ml. 

temperature, and the resulting clots were treated as de­
scribed in the previous section. With the aid of the ap­
propriate calibration curve of Fig. 3, the value of a in the 
reaction mixture at the time of sampling was determined. 

The thrombin concentration was determined by the pK-
stat , TAMe method20 at the beginning and end of each run. 
Loss of enzyme activity generally amounted to about 10% 
in 2 weeks at 0° , while complete activity was retained dur­
ing the shorter duration runs at 15 and 25°. Similar tests 
of the ability of aged reaction mixtures to clot fresh fibrino­
gen solutions confirmed the conclusions from the TAMe 
assay that there was no significant loss of enzyme activity. 

Seegers citrate thrombin was used in most of the runs, ex­
cept those in which the order in thrombin was determined at 
0° . The latter data were obtained with Parke, Davis 
thrombin which, at this temperature, caused no side reac­
tions during the time of the runs (6 days) and retained full 
activity throughout the experiment, as reported previously.20 

In addition to previous criteria18'19 for the absence of steps 
2 and 3 in the bromide solvent at room temperature, the 
viscosity of a mixture of 3 % F and 100 units/ml. T was 
checked to demonstrate that f is monomeric at 0°. Ko 
change in flow time was observed over a period of several 
days, indicating the absence of step 2. This finding was 
confirmed by ultracentrifugal observations on the same 
system at about 10°. 

Results 
R e p r e s e n t a t i v e k i n e t i c d a t a for s t e p 1 in t h e 

b r o m i d e s o l v e n t a t 0° a r e s h o w n in F ig . 4, w h e r e 
t h e y a r e p l o t t e d a s a vs. t. T h e t o t a l c l o t t a b l e 

1.0 

Fig. 3.—Calibration curves to convert clot weights (in 
the presence of TAMe) to values of a at three different total 
protein concentrations. The solid curves were obtained 
by interpolation from the curves of Fig. 2. 

designed to determine the order in T, and also the rates at 
15 and 25°, was always 100 units/ml. in the reaction mixture, 
corresponding to approximately 5 units/ml. in the clotting 
buffer.29'38 In any run F and T were mixed at a given tem­
perature. At various times during the run, 1-ml. aliquots 
of the reaction mixture were removed and added to 20 ml. of 
clotting buffer29 containing 0.04 M TAMe; similar 1-ml. 
aliquots were added to 20 ml. of clotting buffer29 containing 
no TAMe. Analyses were carried out in triplicate. The 
clotting reaction was allowed to proceed for 4 hours a t room 

to />H 5,9 (where steps 2 and 3 proceed) and allowed to remain at room 
temperature until all the F was converted to f. The solution was 
adjusted to />H 5.3 with 0.5 M acetate, PH 4.8 in 1 M NaBr and all con­
ditions adjusted to give a-values of 0.8, 0.6 and 0,4, total clottable 
protein concentrations 3 and 1.5%, T concentration 100 units/ml. 
The curves thus obtained were almost identical with those of Fig. 2. 

3 0 ' 
5 

c 
35 

a . 

2 0 o 

£ 
- 1 0 

4 8 
Time (days! 

Fig. 4.—Variation of a with time for 3 typical runs on step 
1 at 0° (1 M NaBr, pB. 5.3) at a citrate thrombin (Seegers) 
concentration of 100 units/ml. Curves A, B, C correspond 
to approximately 30, 20 and 10 mg./ml., respectively (see 
Table I I I ) . Curves D, E, F are the corresponding plots 
for total clottable protein concentration (F + f), showing 
essentially no loss in clottability of F or f during the 11 
day reaction period. I t should be noted that the stated 
thrombin concentration is that determined in 0.15 M KCl 
a t pK 8 a t 25°; the actual activity in the reaction mixture 
is considerably lower (see text). 

p r o t e i n c o n c e n t r a t i o n ( F + f) r e m a i n e d c o n s t a n t 
o v e r t h e 11 d a y r e a c t i o n pe r iod , i n d i c a t i n g n o loss 
in c l o t t a b i l i t y of F or f d u r i n g t h e cou r se of t h e r u n . 
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Thrombin stability over this period has been dis­
cussed above. The long reaction t ime for step 1 in 
the bromide solvent a t 0° is a consequence of the 
low thrombin activity under these conditions. 
The observation tha t the values of a became con­
s tant (even up to IS days a t 0°) at a value less than 
unity is a t t r ibuted to a reversible equilibrium in 
step 1; as indicated above, the low final values of 
a cannot be a t t r ibuted to the destruction of F, f or 
T. Moreover, a t pH 5.9 and 0C, step 2 proceeds 
and the final value of a becomes equal to unit}' since 
the equilibrium position of step 1 is affected by 
step 2. A discussion of the thermodynamics of the 
equilibrium of step 1 will be presented in a forth­
coming paper.21 

The da ta of Fig. -± are re-plotted for the first half 
of the reaction period in Fig. 5 as —log (1 — a) 
vs. t and indicate tha t the reaction is initially first 

0 2 
Time (days), 

Fig. o.---Re-plot of data of Fig. 4- to indicate that the 
initial part of the reaction is first order in F (curves A, B, 
C). Curves P and F are those that would have been 
obtained instead of curve's A and C, respectively, if the cor­
rections based on the calibration curve of Fig. 3 had not 
heen introduced. 

order in F at constant thrombin concentration 
(curves A. H1 C). Jt may be noted t ha t there is a 
slight positive dependence of the rate on the initial 
concentration F0. If the corrections based on the 
calibration curves of Fig. 'A had not been introduced, 
the variation of the. rate with Fn would have ap­
peared to be much greater. In such a case, curves 
D and E of Fig. 5 would have been obtained instead 
of curves A and C1 respectively.46 Hence, had we 
not used the calibration curves, we would have er­
roneously concluded t ha t the rate is greatly depend­
ent on F0. Such a conclusion is, in fact, inherent 
in the da ta of Lein,22 in which the dependence of the 
rate on Fo resembles curves D and E, ra ther than 
A and C. Waugh and Livingstone,23 on the other 
hand, also found a large dependence on Fo bu t in the 

(46) When the total protein concentration is 3%, the amount of F 
occluded by the clot can compensate to a great extent for the lack of 
complete clottability under these conditions. Hence, curve D does 
not differ from curve A as much as curve E differs from curve C. 

opposite direction. This point has been considered 
in detail in another paper.17 

The maintenance of a first-order character for a 
long period of time in curves A, B and C of Fig. 5, 
for a reaction which is presumably reversible, will 
be discussed in the next paper2 1 on the equilibrium 
in step 1. 

The dependence of the reaction rate on thrombin 
concentration is shown in Fig. 6 where the first-
order rate constant at 0°, in hou r s - 1 , is plotted 
against the concentration of thrombin (Parke, 
Davis) at the constant value of Fo of 29 mg./'ml. 
From Fig. 6 it appears tha t step 1 is also first order 
in T. Waugh and Livingstone23 found a similar 
first-order dependence on T for step 1 under con­
ditions where steps 2 and 3 proceeded simul­
taneously . 

2 0.010-

100 150 
Thrombin Concentration (TAMe units/mJO, 

Fig. 6.---Dependence of the first-order rate cunstaut for 
step 1 on thrombin (Parke, Davis) concentration at 0° (1 M 
XaBr, pH 5.3) at a fibrinogen concentration of 2S) tng./ml. 
As in Fig. 4, the stated thrombin concentration is that 
determined in 0.15 .U KCl at pH 8 at 25°, rather than 
under the conditions of the kinetics experiments. 

,Similar experiments were carried out a t 15 and 
2,3°. A summary of all of the kinetic data is given 
in Table III where k^ = [—In (1 — a)]/t. Since 
the observed rate constant &Qbs is equal to the 
product of the first-order rate constant k and the 
thrombin concentration, the values of kab* were 
divided by the thrombin concentration to obtain 
the values of k given in the last column of Table 
III . In obtaining the average values of k. the 
small dependence of k on Fn has been neglected. 
However, the small variation in k a t any tempera 
ture is apparent from an inspection of the table. 

The values of log k have been plotted against 
the reciprocal of the absolute temperature in Fig. 7. 
The heat of activation, obtained from the slope of 
the line in Fig. 7, is 21 kcal./mole. 

Discussion 
Mechanism.—From the kinetic da ta the initial 

par t of step 1 (forward reaction) in the bromide 
solvent appears to be first order in F and T. This 
conclusion applies to a range of thrombin concen­
trations of 25 to 135 units, 'ml. and a range of 
fibrinogen concentrations of 10 to 30 mg. /ml . The 
range of thrombin concentrations was limited by 
the necessity of avoiding the complications e,_ 
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TABLE II I 

SUMMARY OF INITIAL FIRST-ORDER RATE CONSTANTS IN 1 M 

XaBr, pB. 5.3 
k = kob, ' 

Thrombin (thrombin Temp., Fa, 
0C. mg./ml. 

0 29.3 
29.0 
29.2 
29.2 

29.7 
30.2 

19.7 
19.5 
19.5 

23.7 
20.0 
19.8 
19.4 
16.3 

9.9 
9.3 

15 31.6 
22.0 

9.0 
19.6 

25 19.1 
19.6 

concn.,a 

units/ml. 

25 (PD) 
50 (PD) 

100 (PD) 
135 (PD) 

104 (C) 
100 (C) 

100 (C) 
100 (C) 
98 (C) 

100 (PD) 
100 (PD) 
100 (PD) 
100 (PD) 
100 (PD) 

100 (C) 
95 (C) 

74(C) 
84 (C) 
88 (C) 
80 (C) 

55 (PD) 
76 (C) 

£ob, X 10', 
hi-."' 

3.2 
6.0 

11.4 
15.0 

10.5 
10.1 

9.0 
8.7 
9.5 

10.8 
9 .5 
9.0 
9 .8 
9.8 

7.4 
7.6 

Av. 
42 
44 
52 
65 

Av. 
184 
205 

Av. 

concn.) 
X 10< 

1.28 
1.20 
1.14 
1.11 

1.01* 
1.01 

0.90 
.87 
.97" 

1.08 
0.95 

.90 

.98 

.98 

.74 

.79* 

0.99 X 10~4 

5.7C 

5.2C 

5.9C 

8.1 

8.1 X 10-" 
33 
27 

30 X 1 0 - ' 
a PD = Parke, Davis thrombin; C = Citrate (Seegers) 

thrombin. b Data for these three runs, which were per­
formed concurrently, are plotted in Figs. 4 and 5. ° These 
data are each based only on one point, obtained rather late 
in the run. They were obtained primarily for use in con­
nection with equilibrium,21 rather than kinetic studies and 
are therefore not included in the average. Even if they 
were included, the 15° point of the Arrhenius plot of Fig. 7 
would be shifted only from —3.1 to —3.2. 

bodied in Table I. The range of fibrinogen concen­
trations was limited by two factors. At low values 
of F0 the clot weights in the initial part of the run 
were too small to obtain good precision. At con­
centrations above 30 mg./ml., complete inhibition 
of step 2 could not be achieved in the bromide sol­
vent. 

The small dependence of the rate on initial F con­
centration, indicated in Fig. 5, is negligible com­
pared to the large effect found by Waugh and 
Livingstone,23 who carried out kinetic studies on the 
fibrinogen-thrombin interaction in dilute phosphate 
buffer at pH 6.8. Also, our small dependence of 
the initial rate on F0 is in a direction opposite to 
that found by Waugh and Livingstone. The 
Waugh-Livingstone results were interpreted in 
terms of additional reactions involving the inacti-
vation of thrombin by fibrinogen and fibrin. Since 
the bromide solvent differs from the pK 6.8 buffer 
used by these workers, it may not be valid to 
compare the two sets of results, especially since the 
inactivation interactions considered by Waugh and 
Livingstone might well be suppressed at the low 
pH and very high ionic strength of the bromide 
solvent. Further, it is possible that the mecha­
nism for the reaction of F and T in the bromide 

Fig. 7.—Plot of log k vs. 1/T for step 1. 

solvent (i.e., in the absence of steps 2 and 3) might 
differ from that at pH 6.8 where steps 2 and 3 
occur. However, in a separate publication,17 we 
have carried out kinetic studies of step 1 at pH 6.8 
(in the presence of steps 2 and 3) and have shown 
that the rate law is the same at pH 6.8 as in the 
bromide solvent, contrary to the results of Waugh 
and Livingstone.23 Further, some question has 
been raised17 about the validity of the method used 
by Waugh and Livingstone to treat their data. 
It thus appears that the kinetics of the forward re­
action of step 1 are compatible with a Michaelis-
Menten bimolecular reaction to form the enzyme-
substrate complex under conditions where the 
enzyme is not saturated. The kinetic data give 
no evidence for the presence of previously postu­
lated23 thrombin-inactivating reactions. 

No attempt will be made here to interpret the 
activation energy. However, certain aspects of the 
reaction which conceivably could affect the acti­
vation energy will be discussed in the forthcoming 
paper21 on the equilibrium in step 1. 

Magnitude of k.—The kinetic data indicate that 
step 1 proceeds very slowly in the bromide solvent 
at 100 TAMe units/ml. (see Table IV). These 
results are in agreement with previous data on 
step 1, obtained by following the rate of production 
of fibrinopeptide19 {i.e., non-protein nitrogen). 
However, at pH 6.8 in dilute sodium chloride the 
reaction is much faster17 at 25° at a much lower 
thrombin activity (0.045 unit/ml.). There is then 
an extremely large pH and/or solvent dependence 
of the rate constant of the fibrinogen-thrombin 
reaction. This, of course, implies a large pH 
and/or solvent dependence of k3/Km, where the 
Michaelis constant Km is (k2 + ksj/ki and k% is the 
reaction rate constant for the formation of products 
from the enzyme-substrate complex. 

The low rate in sodium bromide at ^H 5.3 cannot 
be attributed to the reverse of step 1 since the 
initial rate of the forward reaction would not be 
affected by the reverse reaction. At pK 6.8, the 
reverse reaction is negligible since step 2 occurs. 
As shown here, and elsewhere,17 the thrombin-
inactivation by F or f is insignificant. Hence, the 
low rate of step 1 in sodium bromide at pYL 5.3 can­
not be attributed to such side reactions; also, the 
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TABLE IV 

COMPARISON OF KINETIC CONSTANTS" 

Temp., 
0C. 

0 
25 
25 
25 

Solvent 

Sodium bromide 
Sodium bromide 
Sodium chloride6 

Potassium chloride 

PH 

5.3 
5 .3 
6.8 
5.3 

Thrombin 
concn. 

(units/ml.) 

100 
100 

0.045 
0.045 

* o b . 

0.01 hr . - 1 

.30 1Ir."1 

.07 min . - 1 

.007 m m . - 1 

d's 

3 days 
3 .3 hr. 

10 min. 
100 min. 

k (per 
thrombin 

unit/ml.), min. 

0.0000017 
0.00005 
1.55 
0.155 

° The data at pti 6.8 were obtained from ref. 17. Those in potassium chloride at pll 5.3 were computed by assuming 
the rate constant to be 0.1 of that at pH 6.8. The factor 0.1 was estimated from a published curve of Mihalyi47 on the pH 
dependence of the rate constant of step 1 in 0.3 M KCl. We are indebted to Dr. Mihalyi for sending us the data on which 
this curve is based. i 0.1 ionic strength NaCl, 0.05 ionic strength phosphate. 

low rate in this solvent cannot be attributed to the 
destruction of F or T. 

Having eliminated these other possibilities we 
may examine the pH and solvent dependence of 
&3 and Km- While it is at present not known how 
solvent and pH affect k% for step 1, we may assume 
these values to be the same as those for the throm-
bin-TAMe reaction, which can be studied under 
zero-order conditions. From the data of reference 
20 at 25°, h in 0.15 M NaCl is twice that in 1 M 
NaBr at all £H's in the range 5 to 9. Further, 
kz at pH 6.8 is 15 times that at pYL 5.3 in either 
solvent. Hence, we may take k% for step 1 at pH 
6.8 in 0.1 M NaCl as being 30 times greater than 
that at pll 5.3 in 1 M NaBr. The ratio of the 
values of k for step 1 under these two conditions is 
(1.55)/0.00005 or 30 X 103. Since only a factor of 
30 is accountable for by &3, the remaining factor of 
1000 must be attributed to l/Km. According to 
Mihalyi, a factor of 10 (see footnote in Table IV) is 
attributable to the pH variation of kz/Km between 
pK 5.3 and 6.8. Within the crude estimate made 
here, the pH variation of kz/Km arises essentially 
from the 15-fold dependence of kz on pH. Thus 
l/Km is not very dependent on pK. The 1000-fold 
variation of \/Km may then be attributed to a 
solvent effect; in other words a change in solvent 
from 1 M NaBr to 0.1 M NaCl decreases Km by a 
factor of 1000. This implies that the association 
of F and T (at comparable concentrations) is much 
greater in 0.1 M NaCl than in 1 M NaBr at pH 5.3. 
The large effect of 1 M NaBr is probably due to its 
ability to break hydrogen bonds. The hydrogen 
bond breaking properties of 1 M NaBr already have 
been demonstrated in previous papers on step 2.18'24 

Hence, the reaction between F and T to form the 
enzyme-substrate complex seems to involve the 
formation of hydrogen bonds between specific polar 
side chain groups of fibrinogen and thrombin. 
From the fact that diisopropyl fluorophosphate 
inhibits thrombin,48'49 one of these groups may be 
a seryl residue.11 Further evidence for the mecha­
nism of thrombin action may be forthcoming from 
studies on the pH and ionic strength dependence of 
the T-TAMe and T-F reaction with purified throm­
bin. For the present, the above discussion serves to 
reconcile the magnitudes of the rate constant k 
under conditions of varying pH and solvent. 

(47) E. Mihalyi. quoted by J. A. Gladner and K. Laki, Arch. 
Bicchcm. Biofihys., 62, 501 (1956). 

(4S) J. A. Gladner and K. Laki, ibid., 62, 301 (19.56). 
(49) K. D. Miller and H. Van Vunakis, / . Biol. Chen:., 223, 227 

(1950). 

Intermediates in the F-f Conversion.—It is 
known that P represents more than one species 
(i.e., two peptides60 and carbohydrate12 material). 
It is thus conceivable that intermediate species are 
formed during the conversion of F to f. These 
intermediates might be devoid of only one instead 
of two peptides. Considering only the peptide 
liberation, step 1 conceivably could involve the 
following parallel reactions. 

F ^r 
F ^ r 

f . ^ 
f » ^ 

t fx + I \ 

t fB + P B 

Zt f + P B 

Zt f + PA 

(S) 

(6) 

(7) 

(S) 

If reaction 6 is very slow compared to reaction o 
we could have, instead, a set of consecutive re­
actions. 

F : : fx + P, 

f + PB 

(5) 

(7) 

Preliminary experiments of Bettelheim36 indi­
cate that equal amounts of PA and PB are released 
in the over-all reaction but that initially PA is 
released about four times faster than PB . The ques­
tion may be raised as to whether f A and fB are poly-
merizabie species, or whether both peptides must be 
released in order for step 2 to take place. Since we 
have analyzed for the clottable species, we cannot 
distinguish between the species TA, fB or f. Con­
ceivably, other methods for following the kinetics 
might distinguish between the rates of production 
of PA and PB-

Other complications are also possible if the pep­
tides are hydrogen bonded to the protein core 
after the peptide bond is hydrolyzed. This point 
will be explored in more detail in the next paper in 
this series.21 For the present, it is worth pointing 
out that such a complication does not affect our 
definition of a. If f and P were associated to form 
an f-P complex, then we would have 

T 
F ZZZt f-F 

f -P ZZZt f + V 

(!') 
( 1 0 ) 

Assuming only f clots, then a could be defined as 

_ (y )_+_f f )_ (11) 
a - (F)"+ (f-P) +(f) 

since f-P complexes would dissociate so that the 

(.50) F. R. Bettelheim and K. Bailey, Biochim. Biophys. Acta, 9, 
578 (1952). 
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free f, as well as the f originally bound in the f-P 
complex, would appear in the clot. The definition 
of a in eq. 11 is thus equivalent to that of eq. 4 and 
independent of the equilibrium constant of reaction 
10. 

Introduction 
A new effect of acetate buffer (NaAc-HAc) 

on the electrophoretic patterns of bovine serum 
albumin (BSA) and other proteins in acidic media 
has been described previously.2-4 The patterns 
of 1% BSA at pK 4.7-4.0 show multiple moving 
boundaries, whose proportions and velocities de­
pend upon the concentration of NaAc-HAc in the 
supporting medium and are very non-enantio-
graphic even at ionic strengths as high as 0.3. 
These observations were interpreted in terms of 
reversible complexing of the protein with un-
dissodated buffer acid. 

Aoki and Foster6-9 also have reported a new 
electrophoretic behavior of BSA. Their patterns 
of 0.2% BSA in NaCl-HCl solutions of ionic 
strength as low as 0.02, are fairly enantiographic 
and show two moving boundaries whose propor­
tions depend upon pH. These observations have 
been interpreted in terms of a reversible, pH 
dependent protein transformation. These workers6 

also found that the proportions of the two boun­
daries are shifted by substitution of NaAc-HAc 
for NaCl-HCl. Unfortunately, this observation 
has led to some confusion since it would seem to 
suggest that the effect of NaAc-HAc on the pat­
terns of BSA at high protein concentration is 
simply an effect of acetate on the same transforma­
tion postulated by Aoki and Foster to explain the 
electrophoretic behavior at low protein concen­
tration. That this is not the case is demonstrated 
by the present experiments, which show that BSA 

(1) Supported in part by research grant No. E-1482(C6) from the 
National Institute of Allergy and Infectious Diseases of the National 
Institutes of Health, Public Health Service; and in part by the Damon 
Runyon Memorial Fund for Cancer Research and the American Cancer 
Society. 

(2) R. A. Phelps and J. R. Cann, T H I S JOURNAL, 78, 3539 (1956). 
(3) J. R. Cann and R. A. Phelps, ibid., 79, 4672 (1957). 
(4) R. A. Phelps and J. R. Cann, ibid., 79, 4677 (1957). 
(5) K. Aoki and J. F. Foster, ibid., 3538 (1956). 
(6) K. Aoki and J. F. Foster, ibid., 3385 (1957). 
(7) K. Aoki and J. F. Foster, ibid., 3393 (1957). 
(8) J. F. Foster and K. Aoki, J. Phys. Chcm., 61, 1369 (1957). 
(9) J. F. Foster and K. Aoki, T H I S JOURNAL, 80, 1117 (1958). 
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actually undergoes two distinct processes in acid 
solution, one of which is observed only in NaAc-
HAc at high protein concentration and has been 
described by us previously.2-4 The other process 
is the one studied by Aoki and Foster6-9 at low 
protein concentration. 

Experimental 
Electrophoretic analyses were carried out in the usual 

manner, using the Perkin-Elmer Tiselius apparatus, fitted 
with a current-regulating power supply and a potentiometer 
to measure the voltage drop across a standard resistance 
placed in series with the cell. Glass hypodermic needles 
were used to fill the electrophoresis cell in order to avoid 
contaminating the solution with the corrosion products of 
metal needles. Boundary velocities (10s x.v.) are shown 
above or beside the corresponding peaks in the electro­
phoretic patterns presented in Figs. 1 and 2. 

The bovine serum albumin was Armour crystallized 
bovine plasma albumin. 

Results and Discussion 
Two kinds of electrophoretic experiments have 

been carried out on BSA. The results of the first 
kind of experiment are presented in Fig. 1. Elec­
trophoretic analyses were carried out at different 
protein concentrations in an acetate-chloride 
buffer, ionic strength 0.02 and pH 4.0. (Essen­
tially the same results were obtained in 0.01 and 0.02 
M acetate buffers.) At 1% protein the rising 
pattern shows two moving boundaries: a diffuse, 
slow moving boundary and a sharp fast one which 
is actually composed of two poorly resolved peaks. 
As the protein concentration is decreased, the 
proportion of the slow boundary decreases until it 
disappears (or nearly so) at 0.2% protein. At this 
concentration the patterns are essentially the same 
as those described by Aoki and Foster, and the two 
rising boundaries are closely related to the two 
peaks constituting the fast boundary at 1% protein. 

In the second kind of experiment, all electro­
phoretic analyses were carried out on 1% BSA but 
the composition of the supporting medium was 
varied. The results of this experiment are shown 
in Fig. 2. The patterns obtained in 0.01 M NaCl-
HCl are very similar to those of Aoki and Foster 
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Bovine serum albumin undergoes two electrophoretically distinguishable types of interaction with acidic media. The 
first type of interaction is observed only in acetate-containing media at relatively high protein concentration, and is in-
terpretable in terms of reversible complexing of the protein with undissociated buffer acid. The other type of interaction 
is best studied at low protein concentration, although with proper choice of electrolyte composition it can also be observed 
at high concentration. This type of interaction has been interpreted by Aoki and Foster in terms of a pH dependent 
protein transformation. 


