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where the ligand L is in direct contact with the 
metal M, and an ion-pair M-S-L, where a molecule 
of solvent is interposed between the metal and the 
ligand. These authors argue that in the latter case 
one cannot expect any change of the visible spec
trum but that the positions of the ultraviolet bands 
would be affected because of the "charge-transfer" 
nature of the ultraviolet spectra. I t seems to the 
present authors, however, that if a "charge-trans
fer" process occurs between the metal ion and the 
ligand, we have no longer a simple ion-pair forma
tion by purely coulombic interaction. 

I t also should be pointed out that in instances 
where ion-pair formations and the absorption 
spectra of resulting solutions were studied on non-
metallic systems,7"9 in all cases the data indicated 
that ion-pair formation has very little influence on 
the absorption spectra. In this connection a recent 
series of papers by Kolthoff and Bruckenstein26 

on acid-base dissociations in glacial acetic acid 
should be mentioned also. These authors postu
lated that any dissociation in solvents of low 
dielectric constant occurs in two steps, AX —»• 
A + X - -*• A + + X - , where the first step is ioniza-

(26) I. M. Kolthoff and S. Bruckenstein, T H I S JOURNAL, 78, 1 
10, 2974 (1950); 79, 1 (1937). 

In a previous paper,2 procedures have been given 
for the determination of the equilibrium concentra
tions of disulfide and sulfhydryl groups in bovine 
serum albumin (BSA) in its reaction with sulfite 
at pH 6 to 6.5. In the absence of mercuric chloride, 
no disulfide groups were found to react in the native 
state; but when denatured in 4 M guanidine 
hydrochloride (GHCl), the maximum value of the 
number of disulfide groups reacted was eleven. 
In the present paper, equilibrium values of reacted 
disulfide have been determined in BSA denatured 
in 4 M GHCl and 8 M urea in the p¥L range be
tween 2 and 9. The reactivity of disulfide was also 
determined in more dilute and more concentrated 
solutions of the denaturing agents. 

(1) On leave from S. A. Farmitalia, Milano, Italy. 
(2) I. M. Kolthoff, A. Anastasi and B. H. Tan, T H I S JOURNAL, 80, 

3235 (1958). 

tion into ion-pairs and the second, the dissociation 
of the ion-pairs. They found that the second step 
does not influence the absorption spectra of solu
tions and, on this basis, were able to calculate dis
sociation constants of acids from spectrophoto-
metric measurements which were in agreement with 
values obtained potentiometrically. 

In conclusion, it seems that ion-pair dissociation 
or association does not seem to influence the ab
sorption spectra of solutions to any significant de
gree, provided that the attraction is purely electro
static. Where such changes have been observed, 
either an alternate explanation of a complex forma
tion can be postulated, or, as Robinson and Stokes27 

suggest, we may have an interaction between 
the cation and an induced dipole in the anion. 
The argument may be rather semantic than factual 
and one may agree with the recent statement of 
Cohen28 that the definition of an ion-pair is largely 
determined by the experimental method used in 
such studies. 

(27) R. A. Robinson and R. H. Stokes, "Electrolyte Solutions," 
Butterworths Scientific Publications, London, 1955, p. 413. 

(28) S. R. Cohen, / . Phys. Chem., 61, 1670 (1957). 

IOWA CITY, IOWA 

Experimental 
Materials.—The same materials were used as in the pre

vious papers.* Urea was a Mallinckrodt product which was 
purified as previously described.3 

Methods.—Air-free solutions of known composition were 
allowed to react with sodium sulfite at the specified pH. 
For convenience the sulfite concentration is expressed as 
molarity of total sulfite, irrespective of whether it was 
present mainly as sulfite, bisulfite or sulfurous acid. After 
given periods of reaction time, the pK was adjusted to 2 and 
the sulfhydryl groups titrated with mercuric chloride using 
the rotated mercury pool (RMPE) as indicator electrode.2 

When the concentration of the albumin was 1% in the de-
naturation mixture, it was diluted to about 0 . 1 % with a 
solution of the denaturing agent of the same concentration 
as used in the reaction mixture. Quite generally the dilu
tion was made by running the reaction mixture into an acid 
solution of the denaturing agent, keeping the pH during the 
dilution equal to 2. When the original BSA concentration 
was 0 . 1 % in the reaction mixture, the dilution was kept at a 

(3) I. M. Kolthoff and A. Anastasi, Hid., 80, 4248 (1958). 
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Four molar guanidine hydrochloride and 8 M urea have approximately the same denaturing properties toward bovine 
serum albumin as far as reduced viscosity, optical rotation and reactivity toward sulfite are concerned. The equilibrium 
concentration of reacted disulfide in 0.05 M and some other concentrations of sodium sulfite has been determined in these 
two denaturing media in the pK range between 2 and 9. A flat maximum is found between pH 4 and 6; at larger and 
smaller pH, the reacted disulfide decreases. The general appearance of the reacted disulfide pK curves is the same in both 
denaturing media. In 4 i f GHCl 14 to 14.5 and in 8 M urea 16 to 16.5 react with 0.05 M sulfite at pH 5, the total number 
of disulfide groups in BSA being equal to 17. The value of 14.2 in 4 M GHCl does not change when the sulfite concentration 
is increased from 0.02 to 0.2 M. Experiments in solutions of denaturing agents over a wide range of concentrations revealed 
that the reactivity of disulfide groups does not increase when the GHCl concentration is made greater than 3 N or the urea 
concentration greater than 6 N. The reactivity of disulfide groups is already considerable at low concentrations of de-
naturant, where the extent of denaturation is small. 
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minimum during the adjustment of the pH to a value of 2. 
All experiments were carried out at 25° in the absence of 
oxygen. A concentration of (total) sulfite of 0.05 M at pVL 
2 did not interfere with the titration. In several experiments 
the concentration of total sulfite in the reaction mixture 
was 0.2 to 0.5 M. When the concentration of albumin in 
the reaction mixture was 1% and a ten fold dilution was 
made before titration, normal values for reacted disulfide 
were found when the reaction mixture had a pH between 4 
and 7. However, low values were found after reaction of 
0.1% BSA solutions with 0.2 to 0.5 M sulfite and subsequent 
adjustment of the pli. From several experiments it ap
peared that partially reduced BSA in the denaturation mix
ture at pH 2 reacts with sulfur dioxide when its concentra
tion is 0.2 M or higher. Also, the larger excess of sulfur 
dioxide makes the end-point considerably less distinct. 
Even after removal of sulfur dioxide, keeping the pH at 2 
during the removal, low values were found. No interfer
ence was observed when the sulfur dioxide concentration 
was 0.1 M or less. 

Results 
Experiments in 4 M GHCl and in 8 M Urea.— 

Equilibrium values of the number of disulfide 
bonds broken in the pH range between 2 and 9 a t a 
total sulfite concentration of 0.05 are plotted in 
Fig. 1. Both in 4 M GHCl and 8 M urea, a flat 
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Fig. 1.—Reacted disulfide (moles per mole of BSA) at 
equilibrium as a function of pK. Solutions 0.05 M in sul
fite: 1 and la in 4 M GHCl, 2 and 2a in 8 M urea; 1(«) 
and 2(O) in 1% BSA, Ia(O) and 2a(C) in 0.1% BSA. 

maximum is found between pH 4 and 6, the average 
maximum number of broken disulfide groups found 
in 20 determinations being between 14 and 14.5 
in 4 M GHCl and between 16 and 16.5 in 8 M 
urea. In S M urea, the maximum at ^ H 5 is not 
as flat as it is in 4 M GHCl. In 8 M urea the same 
values are found in 1 and 0 . 1 % BSA solutions 
(curves 2 and 2a in Fig. 1). Also, in 4 M GHCl, 
the BSA concentration does not affect the equi
librium value a t pH smaller than 7. However, at 
pH between 7 and 9 in 4 M GHCl, higher values 
are found in 0 . 1 % than in 1% BSA. Apparently 
cross-linking affects the reactivity of the disulfide 
groups with sulfite. Turbidi ty appeared a few 
minutes and gelation a few hours after preparation 
of a reaction mixture 1% in albumin, 4 M in GHCl 
and 0.05 M in sulfite. The rate of the cross-
linking reaction increases with protein concentration 
and is considerably smaller in 0.1 than in 1%, solu
tion. The number of reacted disulfide groups at 
pK 9 was 2 in 1% albumin and 5 in 0 . 1 % . Prob
ably the true equilibrium value would be greater if 
no cross-linking occurred. At a pH of 9 the final 

time of 5 minutes and remained the same after a 
reaction time of 24 hr. 

The following experiments show conclusively 
tha t the number of reacted disulfide groups de
creases after cross-linking has taken place. A 
solution of 1% albumin in 4 M GHCl a t pB. 9 
was allowed to stand for 12 hr. a t 25° and then 
diluted ten times in a 4 M GHCl solution of such a 
/>H as to yield a pH of 5 of the mixture after dilu
tion. The solution was made 0.05 M in sulfite 
and the reacted disulfide determined by the stand
ard procedure. After a reaction time of 1 hr. 
a t pH. 5, the ti tration value remained constant and 
the number of reacted disulfide groups was equal 
to 9.2, as compared to 14.2 in the absence of cross-
linking. In order to decide whether all of the 
disulfide was accessible to sulfite in the cross-
linked protein, an excess of mercuric chloride (20 
moles per mole of BSA) was added to the reaction 
mixture at pH 5 before t i t rat ing a t pH 2. After a 
reaction time of 1 hr., the number of reacted 
disulfide groups remained unchanged and was found 
equal to 16.7. 

Since the total number of disulfide groups in 
BSA is 17, it is evident tha t all these groups are 
accessible for reaction in the cross-linked protein. 
Thus it may be concluded tha t cross-linking de
creases the reactivity of disulfide groups with 
sulfite in the absence of excess of mercuric chloride. 
More excessive cross-linking a t />H 9 was ob
tained by repeating the above denaturation ex
periments for 12 hr. at pH 9 in the presence of 
0.001 M sulfite. The number of reacted disulfide 
groups found after dilution in 4 M GHCl at /;H 5 
was 7.6 as compared with 14.2 in the absence of 
cross-linking. 

In 8 M urea solutions, the rate of cross-linking 
a t pYi 9 is much smaller than in 4 M GHCl {vide 
infra). Therefore the values in 8 M urea represent 
equilibrium values even a t pH. 9. No turbidity, 
even after 24 hr., was observed in this medium 
containing 1% BSA and 0.05 M sulfite. 

The reduced viscosity as a function of the num
ber of disulfide groups broken is plotted in Fig. 
2. The da ta again show the similarity between 4 

U S U T 

>; 
g 0 4 0 * 
U 

> 
S 0 3 0 -
3 
o> 

CC 

0.20-

I + • 

O 

4 8 12 IS 
Reacted disulfide. 

Fig. 2.—Relation between reacted disulfide (moles per 
mole of BSA) and reduced viscosity at pll 5: (1) • in 4 M 
GHCl; (2) O in 8 M urea. 

M GHCl and S M urea solutions as media for the 
reaction. 

At a sulfite concentration of 0.5 M ( 1 % BSA), 
the equilibrium value in 4 .If GHCl is 14 to 14.5 
in the range of pH from 4 to 7; in 8 M urea it is 
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16 to 16.5 at pH from 4 to 5 and decreases to a value 
of 15 to 15.5 a t ^ H 7. 

In Fig. 3 is plotted the equilibrium number of 
reacted disulfide groups a t pil 5, as a function of 
the final (total) sulfite concentration. The same 
curves are obtained in 1 and 0 . 1 % BSA. I t is of 
interest to note t ha t the curves in 4 M GHCl 
(1) and 8 M urea (2) almost overlap until 13 disul
fide groups have reacted. 

I t is of particular interest t ha t the maximum 
number of reacted disulfide groups in 8 M urea a t 
pH 5 (16 to 16.5) is very close to the tota l number of 
disulfide groups in BSA (17). The lower maximum 
value of 14 to 14.5 in 4 M GHCl is not easily ac
counted for. As is evident from Fig. 3, the reacted 
disulfide in 4 M GHCl does not increase when the 
sulfite concentration is increased from 0.02 to 0.2 
M. I t is possible t ha t the high electrolyte con
centration has some effect on the sulfhydryl ti
tration in BSA at pH 2. In order to test for such 
an effect, we carried out an experiment in 8 M 
urea and made the solution 4 M in lithium chloride 
after adjusting the ^ H to 2. Under such a con
dition a precipitate occurred during ti tration, 
indicating the effect of the salt. Other experi
ments were carried out in 8 M urea a t pH 5 ( 1 % 
BSA) a t a sulfite concentration of 0.05 M, in the 
presence of 4 M l i thium chloride. After ten 
times dilution in 8 M urea a t ^ H 2, an average value 
of 14.8 reacted disulfide groups was found instead 
of 16.5. These results would tend to indicate tha t 
the equilibrium value of reacted disulfide is smaller 
in the presence of 4 M lithium chloride than in its 
absence. This effect was not found when the 
equilibrium value of reacted disulfide was less than 
12 (experiments a t sulfite concentrations of 0.01 
or less). In this connection it is of interest to note 
tha t at equilibrium disulfide values less than 12, 
the reacted disulfide is the same in 4 M GHCl and 
S M urea. 

All the t i trations were reproducible within 3 % 
when the number of reacted disulfide groups was 
14 or less. However, the number of reacted di
sulfide groups fluctuated between 15.8 and 16.8 
in some 15 experiments in 8 M urea with 0.05 M 
sulfite. When the experiments were carried out in 
4 M l i thium chloride, the values varied between 
14 and 16. 

I t is of interest to mention tha t a t a sulfite con
centration of 0.05 At, both in 4 M GHCl and 8 M 
urea, equilibrium is established within 2 hr. a t a 
pH of 5. At higher pH the equilibrium is estab
lished more rapidly; on the other hand, a t pH. 
smaller than 5 the rate decreases with decreasing 
pH. For example, in both denaturing media, 
equilibrium was established in 3 hr. a t pH. 4 and 
in 6 to 7 hours a t £H 3. At pH 2 the rate of 
establishment of the equilibrium is very slow. 
The values reported in Fig. 1 refer to results ob
tained after a reaction time of 24 hr. a t ^ H 2. 

In separate experiments it was found tha t the 
rate of establishment of equilibrium is not af
fected by the presence of 4 M lithium chloride in 
the 8 Al urea solution. All the rate curves ob
tained by plott ing reacted disulfide versus t ime 
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Fig. 3.—Relation between reacted disulfide (moles per 
mole of BSA) and equilibrium concentration of (total) sul
fite in solutions at ^ H 5: (1) in 4 I f GHCl 0.1 and 1% in 
BSA; (2) in 8 Murea, 0.1 to 1% in BSA. 

were very similar to those giving the changes cf 
reduced viscosity versus t ime. 

Reactivity in Varying Concentrations of GHCl 
and Urea.—Reactive disulfide was determined in 
solutions of varying concentrations of GHCl and 
urea a t a pTL of 5 a t 25° in the presence of 0.05 M 
sulfite. Viscosities were also determined. In 
the absence of sulfite the values of the viscosity in 
GHCl solutions increased slightly immediately after 
preparation of the solutions and continuously with 
standing. For example, in 4 M GHCl the re
duced viscosity of 1% BSA solution a t 25° was 
0.195 within 15 minutes after preparation of the 
mixture. Values of 0.21 and 0.22, respectively, 
were found after 24 and 48 hr. of standing a t 25°. 
This slight increase could be prevented by the 
addition of 2 moles of mercuric chloride per mole 
of albumin and thus must be due to a slow cross-
linking reaction between sulfhydryl and disulfide 
even a t a pK as low as 5. On the other hand, in 
8 M urea solutions a t pH 5 the viscosity increased 
slightly after preparation of the mixture until 
after 2 hr. it remained constant. For example, 
in 8 M urea ( 1 % BSA) the reduced viscosity was 
0.195 when measured within 15 minutes after 
preparation and 0.225 after 2 hr. Frensdorff, 
et al.,* found a similar appearance of time-viscosity 
curves in urea. Mercuric chloride does not affect 
the shape of the viscosity-time curve in urea, 
indicating t h a t the initial slow increase cannot be 
at t r ibuted to an interaction between sulfhydryl 
and disulfide. The slow increase of the viscosity 
and the a t ta inment of a constant value approxi
mately 2 hr. after preparation of the mixture 
was observed a t urea concentrations between 2 
and 9 M a t pH 5. In the first section of this paper 
evidence was given tha t the cross-linking reaction 
a t pB. 9 is much faster in 4 M GHCl than in 8 M 
urea. At pK 5 the cross-linking reaction is not 
noticeable in 8 M urea while it is observed in 4 Af 
GHCl. 

In Fig. 4 are plotted the initial reduced viscosity 
data of 1% BSA in GHCl solutions measured im
mediately after preparation and in urea solutions 

(4) H. K. Frensdorff. M. T. Watson and W. Kanzmann, T H I S JOUR
NAL, 76, 5107 (1953). 



2050 I. M. K O L T H O F F , ADA ANASTASI AND B. H. T A N Vol. 81 

Urea, GHCI molarity. 

Fig. 4.—Reduced viscosity and optical rotation of 1% BSA 
solutions at ^H 5 as a function of GHCl and urea concentra
tions: (1) reduced viscosity, GHCl; (2) reduced viscosity, 
urea; (3) optical rotation, GHCl; (4) optical rotation, urea. 

after a t ta inment of the constant value. I t is 
seen tha t the effect of a given concentration of GHCl 
on the viscosity is equal to t ha t of double the con
centration of urea. Neurath , et a/.,6 found tha t the 
amount of irreversibly denatured horse serum al
bumin is the same in 2 M GHCl as in 6 M urea. 
In a s tudy of the denaturat ion of ovalbumin, 
Schellman, et al.,e found t ha t the order of the 
reaction is about the same for GHCl (13.5) and 
urea (15) bu t t ha t GHCl has a threefold greater 
potency over urea as a denaturant . Curves 3 
and 4 (dotted) in Fig. 4 give the changes of the 
specific optical rotation [a], as a function of the 
GHCl and urea concentrations. The curves are 
similar to those representing the viscosity changes 
and both properties provide a measure of the ex
tent of denaturat ion. 

Figure 5 gives a plot of the number of reacted 
disulfide groups with 0.05 M sulfite a t pH 5 in 1% 
BSA solutions containing varying concentrations of 
GHCl or urea. Curves 1 and 2 represent equi
librium values. The equilibrium values a t con
centrations smaller than 3 M GHCl or 6 M urea 
could not be determined because precipitation of the 
reduced BSA occurs before equilibrium is estab
lished. The values in curves 3 (GHCl) and 4 (urea) 
were obtained after reaction times of 30 and 10 
minutes, respectively. These values are consider
ably smaller than the equilibrium values. For 
example, in 3 M GHCl the number of reacted di
sulfide groups was 8.4 after 30 minutes, as com
pared to the equilibrium value of 14.4. Compari
son of the curves in Figs. 4 and 5 reveals that , 
even though the extent of denaturat ion in 2 M 
GHCl or 4 M urea is very small, the reactivity of 
disulfide in these media is already quite pronounced. 

Discussion 
The largest number of disulfide bonds which can 

be broken in the opt imum pH range is about 14 in 
4 M GHCl and about IG in 8 M urea, the total 
number of disulfide groups present being 17. In 
all instances all 17 disulfide bonds are broken by 
addition of a slight excess of mercuric chloride to 
the reaction mixture. Even in native albumin, all 
disulfide bonds can be broken in this manner. 

(5) H. N e u r a t h , G. R. Cooper unci J . O. E r i c k s o n , J. Biol. Chem., 
142, 2-lfl (11)42). 

(t>) J. Sche l lman , R. B. S impson ancj W. K a u z m a n u , T H I S J O U R N A L , 
75 , 5l:>2 (19531 
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Fig. 5.—Reacted disulfide in 1% BSA solutions at pll 5 
as a function of GHCl and urea concentrations: (1) and 
(3) GHCl; (2) and (4) urea: (1) and (2) equilibrium values; 
(3) 30 minutes reaction; (4) 10 minutes reaction. 

Considering tha t in 4 M GHCl the maximum 
number of reacted disulfide (14) does not change 
when the sulfite concentration is increased from 
0.02 to 0.2 M, it may be concluded tha t it is much 
easier to break the first 14 than the last 3 disul
fide bonds (see Fig. 3). An equilibrium value of 
14 is also obtained at pll 7 in 4 M GHCl when the 
sulfite concentration is raised to 0.5 M, 

In a previous paper2 an effort was made to cal
culate an equilibrium constant a t pll G.5 for the 
reaction 

S/„ 
+ WSO3

1 s-
SSO3 

(D 

I t was assumed tha t a t this pll only 11 of the di
sulfide groups are reactive, tha t they have the same 
reactivity and t h a t the reactivity of an unreacted 
disulfide group is not affected by tha t of a reacted 
disulfide group. Thus in the expression for 
equilibrium conditions, m was taken equal to ] . 
At a given pH, the ratio of sulfhydryl to mercap-
tide ion is constant and the concentration of total 
sulfhydryl was expressed as [S-SH] in the equation 
for the equilibrium constant 

[Z-SHIr-SvSO3-] = _ J 2 - S H ] 2 

[P(S-S)]Ts-SO3-] ^' 

-SSO3-] denote the 

K = 
[P(S-S)]Is-SO3-; 

In this equation, [2-SH] and 
total molar concentrations of these groups in the 
protein molecule in the reaction mixture; [P-
(S-S)], tha t of the unreacted disulfide; and [2-
SC>3=], the equilibrium concentration of total 
sulfite. The value of K was found to increase with 
the concentration of protein. From experiments 
of the type described in the experimental part, we 
have calculated values of K at a pll of 5. At 
this pH the maximum number of reactive disulfide 
groups is 14 in GHCl and very close to the total 
number of 17 in urea. Using equation 2, values of 
K were calculated from experimental results in 
4 M GHCl, using a value of 14 for the maximum 
number of reactive disulfide groups. The results 
are given in Table I. Similar calculations for 
results in 8 M urea solutions are presented in 
Table I I . In this medium the maximum number 
of disulfide groups is taken equal to 17. From the 
data in the last columns in Tables I and 11 il is seen 
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TABLE I 

COS'CENTRATION E Q U I I I H R I U M CONSTANT IN 4 M GHCl AT 25° AND pH 5 (REACTIVE DlSULFIDE-14) 

% 
0.1 

.1 

.1 

1 
1 
1 

% 
0.1 

.1 

.1 

.1 

.5 

.5 

.5 

1.0 
1.0 
1.0 

- B S A concn. > 
Molarity 

1.43 X 10"5 

1.43 X 10-6 
1.43 X 10"5 

1.43 X 10"6 

0.715 X 10" ' 
.715 X 10" ' 
.715 X 10"< 

1.43 X 10-" 
1.43 X 1 0 - ' 
1.43 X 10-" 

CONCENTRATION EQUI 

— BSA concn. 
Mo 

1 
1 
1 

1. 
1. 
1 

.43 

.43 

.43 

.43 

.43 

.43 

ilarity 

X 10-fi 

x io-» 
X 10 ~« 

x io-4 

x io-4 

X 1 0 - ' 

M 
Init. 
0.2 

.2 

.2 
_2 

1.0 
1.0 
1.0 

2.0 
2 .0 
2.0 

XIBRIUM C o 

i 

0 

2 
2 
2 

nit. 

.244 

.244 

.244 

.44 

.44 

.44 

SS, 
-Af X 

[ 

I 
I 

[SS], 
X 10' 

Equil. 

0.175 
.08 
.06 
.03 

.4 

.3 

.15 

0 .8 
.6 
.3 

NSTANT IN 

10" 
Equil. 

0.13 
.114 
.074 

1.44 
1.08 
0.74 

Init. 

0.4 
3 
5 

10 

3 
5 

10 

3 
5 

10 

TABLE II 

8 M UREA 

Init. 

2 
5 

10 

2 
5 

10 

Sulfite 
M X 

AT 21 
Sulfiti 

-M X 

it)! . 
Iiquil. 

0.375 
2.88 
4.86 
9.83 

2.4 
4 .3 
9.15 

1.8 
3.6 
8.3 

[SH], K' 
U X 10! I 

0.025 
.12 
.14 
.17 

0.6 

. * 

.85 

1.2 
1.4 
1.7 

' x io-« 
(eq. ^) 

4.4 
5.2 
4 .8 
5.7 

6.2 
5.4 
6.2 

8.5 
6.5 
6.8 

i° AND pR 5 (REACTIVE DISULFIDE-
e, 

Equil. 

1.89 
4.87 
9.83 

1 
3.64 
8.3 

SH, 
M X 10" 

0.114 
.13 
.17 

1 
1.36 
1.7 

K' X 10 
(eq. 3) 

4 .5 
2.4 
3.2 

7 
3 5 
2 .7 

K 
(eq. 2) 

0.0095 
.063 
.067 
.098 

.375 

.38 

.52 

1.00 
0.91 
1.16 

17) 

- 2 

I 

K 
(eq. 2) 

0.053 
.032 
.039 

0.7 
.48 
.46 

tha t a t a given protein concentration, the value of 
K is reasonably constant when from 8 to 12 di
sulfide bonds are broken; bu t t ha t i t increases 
strongly with the protein concentration. From 
the fact t ha t the equilibrium is not affected by the 
protein concentration (Fig. 3) it is evident tha t 
equation 2 cannot be valid. A reasonably con
s tant value for K' covering all the experiments in 
Tables I and I I was found using the expression 

[2-SH] 
K' (3) 

[P(S-S)][S-SO3-] 
The physical significance of the constancy of K' 
is not clear; from a practical viewpoint, the value 
of K' in the empirical expression 3 may serve to 
indicate the extent of the reaction between BSA 
and sulfite at a given pK. The expression for K 
is quite different for BSA than for a low molecular 
weight compound like cystine (RSSR), where two 
i. olecules are formed as a result of the splitting of 
the disulfide bond 

RSSR + SO3 R S - + RSSO3- (4) 

As shown by Cecil and McPhee7 '8 and also in this 
Laboratory,9 the mass action law written in a form 
similar to equation 2 holds for the cystine reaction 
with sulfite. 

N o definite conclusion can be drawn whether 
SO3", H S O 3

- or both are the reacting species with 
denatured BSA. A maximum reactivity is found 
in a pH range close to the isoelectric point, where 
most of the sulfite is present in the form of H S O 3

- . 
The decrease in reactive disulfide in the pH range 
a t the alkaline side of the isoelectric point might be 
at t r ibuted to an increase of the number of nega
tively charged groups near the disulfide groups and 

(7) R. Cecil and J. R. McPhee, Biochem. J., S8, XIII (1954); 60, 
(1955). 

(8) T. R. McPhee, Birrh. J., 64, 22 (1958). 
(!!) W. Strides and I. M. Koltlioff, Tins JOURNAL, 73, 4509 (1951). 

an increase in ionization of the sulfhydryl groups. 
The combined effect of these two factors appears 
to be greater than tha t of the increase of the sulfite 
ion concentration a t the same total sodium sul
fite concentration. Even though positively charged 
groups a t the acid side of the isoelectric point may 
favor reaction with bisulfite or sulfite, the reactive 
disulfide is found to decrease when the pH becomes 
smaller than 4. Decrease of the concentration 
of the active species ( H S O 3

- and /o r S0 3
= ) can 

only part ly account for the decrease of the re
activity, because this effect is more or less compen
sated by decrease of dissociation of sulfhydryl 
groups. A detailed study of reaction 4 with several 
low molecular weight substances is planned in 
order to find a quanti tat ive relation between pH 
and disulfide reactivity for various types of com
pounds. Also, in order to account for the validity 
of equation 3 for denatured BSA, studies are 
planned with model low molecular weight disul
fide compounds which yield a sulfhydryl and 
- S S O 3

- group in the same molecule upon breaking 
the disulfide bond. 

For a discussion of the change of reactivity of 
disulfide with the concentrations of denaturing 
agents, it is desirable to make some statements 
concerning the extent of denaturation a t various 
concentrations of GHCl or urea in the absence of 
sulfite. The extent of denaturation changes from 
almost zero to virtually completion a t concentra
tions between 2 and 3 M GHCl or between 4 and 
6 M urea (Fig. 4). At concentrations greater 
than 3 M GHCl or 6 M urea, the number of 
reactive disulfide groups does not increase with 
further increase of concentration of denaturant 
(Fig. 5). At low concentration of denaturant the 
reactivity of disulfide groups is greater than would 
be expected from the value of the reduced viscosity. 
For example, the reduced viscosity of native al-
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bumin in 1% solution a t pll 5 is increased from 
0.045 to only 0.075 in 4 M urea, while the number 
of reacted disulfide groups increases from zero 
(reaction t ime of 24 hr.) to 5 in 4 M urea. This was 
after a reaction period of 10 minutes and the 
equilibrium value is undoubtedly considerably 
greater. I t seems reasonable to conclude tha t un
folding or swelling, even to a slight extent as re
vealed by the slight increase of the viscosity, makes 
disulfide groups between helices much more re

active toward sulfite than they are in the native 
s tate . 
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A derivation is given of an equation by which the distribution of diffusion coefficients can be evaluated in certain cases 
from concentration-position observations taken after a known time of diffusion of a polymer solute under "semi-infinite 
solid" geometry conditions. 

Introduction 
In the course of our studies of the distribution 

in molecular weights of lignin preparations,2 

it became desirable to be able to ascertain, a t least 
approximately, the distribution of molecular 
weights or of diffusion coefficients within a sepa
rated polymer fraction. This can be done by re
peated refractionations,2b '3 bu t such procedures 
are tedious to carry out and they leave unresolved 
the question of what is the distribution in a particu
lar fraction as finally obtained. 

In certain cases the desired distribution can be 
estimated directly from diffusion data as previously 
recognized by Gralen4 and by Daune and Freund.6 

In this Laboratory a solution-to-gel diffusion pro
cedure6 involving "semi-infinite solid" geometry7 

has been used to obtain estimates of mean dif
fusion coefficients. The da ta obtained in the course 
of carrying out this procedure, comprising measure
ments of solute concentrations a t several distances 
from the boundary after a known time of diffusion, 
also can be used to obtain estimates of distribution 
of diffusion coefficients. 

In Fig. IA, the concentration-position da ta ob
tained from our diffusion experiments with vanillin 
and with a lignin sulfonate preparation are repre
sented on a linear scale. In Fig. IB, the same data 
are shown bu t with a "probabil i ty scale" for the 

(1) Extracted from a Dissertation submitted by Jovan Moacanin in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy at the University of Washington in 1950. 

(2) (a) J. Moacanin, V. F. Felicetta, W. Haller and J. L. McCarthy, 
T H I S JOUKN/U., 77, 3470 (1955); (b) V, F. Felicetta, A. Ahola and J. L. 
McCarthy, ibid., 78, 1899 (1950); (c) R. Nokihara, M. Jean Tuttle, 
V. F. Felicetta and J. L. McCarthy, ibid., 79, 4495 (1957); and (d) 
V. F. Felicetta and J, I.. McCarthy, ibid., 79, 4499 (1957). 

(3) P. Florv, "Chemistry of High Polymers," Cornell University 
Press, Ithaca, N. Y., 1953 

(4) N. Gralen, Kalloid-Z., 95, 188 (1941). 
(5) M. Daune and L. Freund, J. Poly. Sci., 33, 115 (1957). 
(C) V. F. Felicetta, A. K. Markham, Q, P. Peniston and J. L. Mc

Carthy, Tins JOURNAL, 71, 2879 (1949). 
(7) II. S. Ciirsliiw and J. C. Jaeger, "Conduction of Heat in Solids," 

Clarendon Press, London, 1947. 

ordinate, and it can be seen tha t a straight line is 
now obtained with the pure substance, vanillin. 
However, a curved line still is produced with the 
lignin sulfonate preparat ion and this curvature re
flects the polydisperse na tu re of the preparation. 
The purpose of this paper is to set forth the deriva
tion of an equation by which the statistical moments 
of the distribution of diffusion coefficients in poly
mers can be evaluated from da ta such as are illus
trated in Fig. 1. 

Moment Relationships 
In general, the moment of integer order n, 

about a point b, for a continuous variable x, is 
defined8 

- / . 
"I-= 

O - b)"f{x) Ax ( la) 

w h e r e / {x) satisfies the condition 

/(*) dx = 1 
/ -

For a discrete variable, Xk, the moment is 

«n = X) Ok - b)nf(xk) 
k 

where/(.Tk) satisfies the condition 

(lb) 

k 
1 

When b is zero, equation 1 provides the "wth 
moment about the origin," n'n, and when b is the 
mean, there results the "nth moment about the 
mean," ^n . A particular curve can thus yield 
any number of moments and in general a curve can 
be described in terms of an appropriate number of 
moments.1 0 

(8) A. C. Aitken, "Statistical Mathematics," 7th Ed., Oliver and 
Boyd, London, 1952. 

(9) R. von Mises, "Mathematical Theory of Probability and 
Statistics," Special Pub. 1, Grad. School of Engineering, Harvard 
Univ., 19 IR. 

(10) M. G. Kendall, "Advanced Theory of Statistics," Vol. I1 3rd 
Fd., C. H. Griffin and Co., Ltd., London, 19 17. 

(11) W. Feller, "Introduction to Probability Theory and il-, Appli
cations," Vol. I, John Wiley and Sons, Inc., New York, N". V., 1950. 


