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cent, eacli of the Mn and of the radioactivity was precipi
tated; the precipitate contained the appropriate amounts 
of pyridoxal and amino acid. 

To 4 ml. of ice-cold 0.020 M CuPyrYal, previously crys
tallized, was added 0.33 ml. of 0.060 M Cu«\"al2, both solu
tions at p~H. 7.2 and the solution concentrated quickly in the 

Introduction 

Proton equilibria of acid-base groups on pro
teins have been the subject of numerous investiga
tions for over 50 years. The early l i terature has 
been summarized by Cohn and Edsall1 and more 
recent work has been reviewed by Steinhardt.5 

In general, the maximum uptake or release of pro
tons corresponds well with the number of acidic 
and basic groups presumed to be on the protein 
from analyses of its content of specific amino acids. 
The course of the pH-t i t ra t ion curve, however, 
usually differs markedly from what one might cal
culate for the corresponding number of comparable 
proton-dissociating groups in an ordinary aqueous 
environment. 

The modified acidity of groups on a protein 
molecule has been ascribed in par t to electrostatic 
interactions between successively dissociating 
s i tes . 3 - 6 These interactions account reasonably 
well for the t i trat ion curves of some proteins4 '7 b u t 
more often there are large deviations, in both direc
tions, from electrostatic predictions. Such dis
crepancies have been a t t r ibuted to changes in 
molecular weight or shape, 8 - 1 0 to binding of small 
ions6 and to the influence of hydrogen bonding be
tween polar groups on the pK's of proton-dis
sociating groups.7 '11 

The interpretation of acid-base ionizations of 
protein molecules is complicated in par t by the fact 
tha t the measurements reflect the composite be-

(1) E . J . C o h n and J, T . Edsa l l . " P r o t e i n s , A m i n o Acids a n d P e p 
t i d e s , " C h a p . 20, Re inho ld P u b l . Corp , , N e w York , K . Y. , 1943. 

(2) J. S t e i n h a r d t , Advances in Protein Chem.. 10, 151 (1955). 
(3) K, L i n d e r s t r 0 m - L a n g , Compt. rend. trav. lab. Carlsberg, 15, N o . 7 

11924). 
(4) R. K. C a n n a n , A. C . K ib r i ck a n d A. H . P a l m e r , Ann. X. Y. 

Acad. Sci., 4 1 , 243 (1941). 
i'J) G. S c a t c h a r d , ibid., S l , 660 (1949). 
(6) C . T a n f o r d , T H I S J O U R N A L , 72 , 441 (1950). 

(7) C . T a n f o r d a n d J . D . H a u e n s t e i n , ibid., 78 , 5287 (1956). 
(R) G. S c a t c h a r d , Am. Scientist, 40, 61 (1952). 
(9) C. T a n f o r d and J. Eps te in , T H I S J O U R N A L , 76, 2163 C1954). 
HO) C. T a n f o r d , S. A. Svvanson and W. S. Shore , ibid., 77, 6411 

19."..",). 
i l l ! \ J . !.a'skiuvski, Ir., and If, A. Srlicni.uu. ibid.. 76, li.'ior, ;1(154). 

cold to about 0.5 nil. After holding 5 min. at 0° , the sus
pension was eentrifuged 4 min. at high speed, and the crys
tals washed twice with water. In a representative test, 
•32.2% of the copper and 33 .1% of the radioactivity had 
been precipitated. 

AN'N' A R B O R , M I C H I G A N 

havior of a large number of groups. Even in 
limited regions of pH, for example, 3-5, where only 
one type of equilibrium is involved, —COOH ;=± 
— C O O - , the number of participating carboxyl 
groups is very large. There are usually fewer 
imidazole or tyrosine groups in a protein, bu t even 
these are commonly present in appreciable number 
and their proton equilibria overlap those of amino 
groups, so t ha t a sharp separation cannot be made 
by electrometric methods. 

The proton-donor group usually present in small
est number in proteins is the sulfhydryl. A di
rect s tudy of its dissociation by electrometric 
methods is not feasible, however, since the equilib
ria of amino and tyrosine groups would obscure 
the contribution of - S H . In principle, it might be 
possible to adapt the optical method used, by 
Benesch and Benesch12 for the determination of 
pKsH of cysteine, a method which takes advantage 
of the appearance of an absorption peak at 240 
!rut when - S H is converted to - S - . In most pro
teins, however, absorption of light a t this wave 
length is very strong even in dilute solution and 
even when the mercaptan group is not ionized. 
I t would be difficult, therefore, to measure the 
small differences in absorption accompanying 
ionization of the - S H , against the strong back
ground absorption of the relatively concentrated 
protein solution which would be needed to supply 
an appreciable concentration of mercaptan groups. 

An alternative approach which could still take 
advantage of the small number of - S H groups on a 
protein would be to introduce a molecule which re
acts specifically with the mercaptan side-chain, 
and which contains a substi tuent whose proton up
take, or release, is accompanied by a marked 
change in visible absorption spectrum. A class of 
such molecules are the azomercurials, (I), in which 
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The ionization equilibria of the dimethylamino group of (CH3JzX—(^ y—X=X—<^ >—Hg— attached to bovine 

serum albumin have been studied in various aqueous solvents. In water the pK^ of this dye when attached to cysteine is 
3.3; when- linked to protein, 1.8. In 8 M urea, the pKa is approximately 3.3 for the dye on the protein or amino acid, 
near 5 in 0.03 M dodecyl sulfate in both cases. These results and the more detailed behavior of the ionization equilibria 
are not in concordance with electrostatic expectations. It is suggested that the pKa's reflect the structure of the water en
velope of the protein. A variety of observations can be described in terms of changes in the order in this aqueous frame
work. 



Aug. 5, 1957 HYDROGEN ION EQUILIBRIA OF A SINGLE GROUP ATTACHED TO SERUM ALBUMIN 4079 

X is the substituent with acidic or basic properties 
(e.g., (CH3)2N- or -OH). These substances com
bine specifically with the mercaptan groups of pro
teins13 and undergo marked alterations in absorp
tion over a characteristic pH range, depending on 
the nature of the substituent. From changes in 
the spectra one can follow the ionic state of these 
substituents in the protein environment without 
obscurant effects from other groups of the protein 
which are simultaneously involved in acid-base 
equilibria. 

The complex between one such mercurial, 4-
(/>-dimethylaminobenzeneazo)-phenylmercuric ace
tate [(I) with X = (CH3)2N-], and a protein 
with one -SH group, bovine serum albumin, has 
been previously prepared.13 Its proton equilibria, 
described in this paper, provide a basis for examin
ing the surface characteristics of this protein. 

Experimental 
The acidity constant for the ionization 

+TT 

(CH3) ax<^ y^=K<f^y-ng-s—R ^-*-

II 

was computed from changes in the visible absorption spec
trum with pH. The acidic species II has an absorption 
peak near 520 m/i, the conjugate base at about 460 van-
The fraction of the azomercurial in the acid form, a, was 
calculated by means of the equation 

OL = 

optical density soln. a — optical density basic soln. 
optical density very acid soln. — optical density basic soln. 

(2) 

the optical densities all being measured at the same wave 
length, usually 520 m/j. A graph was then made of a vs. pH. 
For most comparisons the value of the pYL at which a. — 
0.50 was taken as the pK, since for reaction 1 

PK = pH - l o g - ^ = £H« = o.5 (3) 

Where a — 0.5, (II) = ( I I I ) . For some purposes, pK's 
were calculated at several pH's by substitution of the ap
propriate values for I I and I I I in eq. 3. 

In eq. 1, R represents either the protein, bovine serum 
albumin, or a small-molecule mercaptan, such as cysteine. 
When the protein was studied, a 0.2% solution (3 X 10~5 

M) was prepared in the desired solvent and to this was 
added a few crystals of azomercurial. The solution was 
stirred gently for several hours, until an appreciable amount 
of dye had dissolved, as judged by the intensity of the color. 
The protein-linked dye was in the range (0.8-1.5) X 10~Uf. 
A similar procedure was used with cysteine, except that cys
teine hydrochloride was at a concentration of I X 10 ~4 M; 
the cysteine-azomercurial complex, nevertheless, was main
tained at about 1 X 10"» M. 

To the solution of bound azomercurial was added a small 
portion of hydrochloric acid (0.05-0.5 M) or sodium hy
droxide (0.01 M) and the optical density was measured. 
A second portion of acid or base was then added and the 
absorption measured again. This was repeated14 until some 
20 points were available for graphing. Suitable corrections 
were made for dilution of the solution by added acid or base. 
In most cases a full absorption spectrum was taken over the 
region 350-600 van- From a graph of optical density versus 

(13) M. G. Horowitz and I. M. Klotz, Arch. Biochem. Biophys., 63, 
77 (1956). 

(14) In some cases a separate fresh portion of solution was used for 
each pH measurement. This procedure was followed whenever there 
was an indication of fading in acid solutions. 

pH, a was computed, and then it was plotted as a function 
of pH, so that the pK's could be determined readily. 

Crystallized bovine serum albumin was purchased from 
Armour and Company. Previous experiments13 with the 
same samples have shown 0.66 mole SH per mole protein. 
Cysteine hydrochloride was obtained from Nutritional Bio
chemical Corp., and cysteine ethyl ester and glutathione 
from Schwarz Laboratories. Thioglycolic acid was given 
to us by the Toni Research Laboratories and thiomalic acid 
by Evans Chemetics. The sodium dodecyl sulfate was a 
specially purified sample supplied by the Fine Chemicals 
Division of E. I . du Pont de Nemours and Company. The 
urea and inorganic salts were reagent grade. Sorbitol 
monohydrate was purchased from Mann Research Labora
tories. 

The absorption of light was measured with the Beckmau 
spectrophotometer, model DL*, at about 25°; p\U was ob
tained with a Beckman model G pH meter. 

Results 
Choice of Reference Compound.—The pKn of 

dimethylaminoazobenzene (IV, Y = H) 

(CH3)2X—<^ ^ ) - N = X—<f >̂—Y 
IV 

in aqueous solution is 3.5 and is not very sensitive 
to the nature of the opposite substituent Y.15 

For example, with Y = OH or Y = SO3
- , the pK 

is 3.4. Nevertheless, if we wish to examine the 
effect of protein environment on the acidity of the 
(CH3)2N- group, it seemed desirable to have infor
mation on the behavior of the azomercurial at
tached to a small-molecule mercaptan, so that any 
effect of the - H g- S - linkages could be accounted for. 
Among the small molecules examined were thiogly
colic acid, thiomalic acid, glutathione, cysteinyl 
ethyl ester and cysteine. The last proved most 
convenient experimentally, for it combined with 
the azomercurial rapidly and the complex obtained 
was stable over long periods of time. S-(p-
Dimethylaminobenzeneazophenylmercuric) - cyste
ine (V) 

XH3 -
V 

was used, therefore, as a reference compound to as
certain the behavior of the (CHg)2N- group in a 
non-protein environment. 

Effect of Salts on pK„.—Titrations with the 
cysteine-azomercurial (V) were carried out in 
water and in 0.1 M NaCl. The optical titration 
curves (Fig. 1) were normal, that is, similar to those 

1 2 3 4 5 6 7 
pK. 

Fig . 1 ,—Relat ive opt ica l densi t ies versus pH for 

cond i t i ons : O a t t a c h e d t o bov ine se rum a l b u m i n in 0.1 M 
X a C l ; A, a t t a c h e d t o cys te ine , in a q u e o u s solut ion, w i th no 
s a l t ; C, a t t a c h e d t o cys te ine , in 0.1 M X a C l . 

(15) I. M. Klotz, H. A, Fiess. J. Y, Chen Ho and M. Mellody, THIS 
Ji)IiKNAi., 76, ."iiaii (1!|-,.|). 
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for related substi tuted azobenzenes in aqueous solu
tion, and the pK in solutions of constant ionic 
strength (3.39) was not appreciably different from 
tha t in water (3.26). For an ionization of the 
type represented by eq. 1, one would not expect 
much sensitivity to ionic strength. 

When the azomercurial is at tached to the pro
tein, the t i t rat ion curve of the (CH 3 ) 2 N- group is 
markedly different than in the cysteine complex. 
The course of a typical t i tration is shown in Fig. 1. 
Proceeding from pH 6' down, we find first a plateau, 
followed by a region between pK's 5 to 3.5 with a 
small hill and then a very steep rise in absorption 
between pH 3 to about 1, with every indication of 
a plateau below pK 1. I t was not feasible to de
termine the height of the acid plateau by adding 
further quantit ies of strong acid both because of 
the instability of the protein in such solutions and 
because the quantit ies of acid required would make 
a large contribution to the ionic strength. The 
acid plateau was estimated, therefore, from an 
extrapolation of the optical density readings versus 
1 / (H + ) . Having obtained the absorption of the 
fully acid form and taking the lowest readings of 
the optical density, near pH. 3, as the absorption of 
the basic form of the dye, wTe can read off the pK 
readily as the pH a t which the absorption is midway 
between the two extremes. For the azomercurial 
at tached to bovine serum albumin in water the pK 
is 1.9 (Table I ) , in 0.1 M N a C l , 1.72. 

One can also compute pK's from each of the op
tical density readings not too close to the com
pletely acid or basic forms. Such a calculation 
has been made for the experiments in 0.1 M and 
in 0.5 M NaCl, and the results have been assem
bled in Fig. 2. There is some indication of an in
crease in pK with decreasing pH. We are not cer
tain, however, t ha t this trend is significant, for the 
points at the lower end of the a codrdinate (higher 
end of pll scale) are sensitive to the choice of op
tical density for the conjugate base I I I . Yet it is 

3.0 

A. O n 

-o O G) o-

pH DECREASING 

1 0 

0.5 1.0 

Fig. 2.—Variation of pK with extent of formation (a) of 

(CH?)2XH-form of the azomercurial attached to protein: 
A, in water; E, in 0.1 M NaCl; O,in 0.5 M KaCl; V, in 8 M 
urea. 

in this range (^H 3) t ha t the protein undergoes 
some modification leading to changes in the spec
t rum of I I I , as is apparent from the small hill in 
Fig. 1. 

In any event, whether the trend m Fig. 2 is real 
or negligible, it is apparent t h a t the pK does not 
decrease with decrease in pH as one might expect 
from a consideration of electrostatic factors. As 
the pH is lowered, one would expect the protein to 
acquire an increasingly positive charge which 
ought to lower the pK of the ( C H s ) 2 N H + - group. 
In solutions of moderate ionic strength, bovine 
albumin becomes almost sa turated with hydrogen 
ions when the pH drops to near10'16 2; thus tha t 
portion of the ionization of the azomercurial on the 
protein which takes place below pH 2 occurs at 
essentially constant protein charge and the pK's in 
this region should not change appreciably with pll. 
In the range from pH 2 to 3, however, the pro
tein does change its charge appreciably. In the 
absence of salt, for example, bovine albumin ac
quires 25 more protons as the pK is lowered from16 

2.S to 2 .1; bu t simultaneously the binding of chlo
ride increases by nearly 17 ions,16 so the net in
crease in charge is eight units. For an ionic strength 
near 0.01, a change in charge of eight units on the 
protein ought to decrease the pK of the (CH3V2NH + -
group by about 0.4 unit . Actually an increase is 
observed (Fig. 2) over the pH range 3 to 2. I t 
would seem, therefore, t ha t the ionization of the 
( C H s ) 2 N H + - group is unaffected by changes in 
charge on the protein, a t least within the pU region 
open to examination. 

TABLE I 

ACIDITY CONSTANTS OF 

H + /? V 
( C H 3 ) 2 X - ^ > 

R 

- C H 2 - C H - C O C T 
i 

KH3
 + 

-X---X— 

Bovine serum albumin" 

Water 
0.1 2 / N a C l 
8 M urea 
0 . 0 3 % sodium dodecyl 

sulfate (~3) 
1.0% sodium dodecyl 

sulfate 5.18 

Water 1 • 0 

0.1 Jl/ XaCl 1 • 7 2 
0 .5 1 / N a C l 1-80 
1 Jl/ urea 2 .38 
6 M urea 3.25 
8 H urea 3.32 
0 . 0 3 % sodium dodecyl 

sulfate < l - 3 
1% sodium dodecyl 

sulfate 4 • " 
40% sorbitol 1-4 
60% sorbitol 1-3 

° I t should be emphasized that in the presence of protein, 
the pK* listed refers only to the midpoint of the titration 
curve, for titrations of the azomercurial linked to serum 
albumin cannot be fitted to the simple form of equation (3). 

(16) G. Scatehard, J. S. Coleman and A. L. Shen, THIS JOURNAL, 
79, 12 (1957). 
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Fig. 3.—Ultracentrifugation of azomercurial-cysteine complex V in presence of 1% sodium dodecyl sulfate in water. 
The boundary of the dye, shown by the edge of the yellow color (dark area), coincides with the boundary of the dodecyl 
sulfate micelles, given by the peak in the schlieren pattern. Spinco ultracentrifuge model E was used with synthetic boundary 
cell rotating at 59,780 r.p.m. Purple filter inserted to increase color contrast. Times (in minutes) after formation of bound
ary (reading from right to left): 0, 11, 27, 43, 59. In absence of dodecyl sulfate, the color of a corresponding dye (methyl 
orange) diffused throughout the entire field in about 20 minutes. 

A similar conclusion would be reached from the 
small effect of 0.5 M NaCl, as compared to water, 
on the pK of this group (Table I) . 

Effect of Urea.—The significance of pR, as 
measured with a glass electrode standardized in 
aqueous buffer, may be somewhat ambiguous in 
concentrated urea solutions. This ambiguity was 
minimized by obtaining first the pK of the (CH3)2-
N H + - group of the azomercurial complex of cys
teine. This pK in 8 M urea, 3.42 (Table I), is not 
significantly different from that in water, and 
hence the mercurial attached to the small molecule 
provides a stable reference point. 

Turning to the protein complex, we find a 
marked change in pK in 8 I f urea, 3.32 as compared 
to 1.9 in water. I t is particularly interesting that 
in aqueous urea the dye attached to protein be
haves in its ionization just like the dye in water 
free from the protein. The urea thus acts like an 
"unmasking" reagent just as it does in connection 
with other groups, such as mercaptan, on proteins. 
An important distinction must be made in the pres
ent instance, however, in that naturally masked 
groups (such as -SH) were built into the protein 
during its biosynthesis, whereas the (CH3) 2 N-
group was attached thereafter. 

A 6 M concentration of urea has about the same 
influence as the 8 M solution (Table I). Sub
stantially lower concentrations, such as 1 M, have 
much smaller effects, but nevertheless in the same 
direction, i.e., an increase in pK in the presence of 
urea. Our observations with (CH3) 2 N H + - thus 
parallel those of Foster and Sterman17 in their elec-
trometric titrations of the carboxyl groups of 
serum albumin in the presence of urea. 

Effect of Sodium Dodecyl Sulfate.—This re
agent, in a class with urea as a denaturant, has 
markedly different effects on the ionization of the 
(CH3)2NH+- group than does urea. In a 1% solu
tion (0.03 M), sodium dodecyl sulfate forms mi
celles18 which carry a large negative charge. In this 
solution the cysteine complex of the azomercurial 
has a pK of 5.18 (Table I), very substantially higher 
than in water alone. This elevation of the pK 
might be due to the preferential absorption of the 
cationic acid form of the dye by the anionic micelles, 
or to the existence of a higher concentration of 

(17) J. P . Poster and M. D. Sterman, T H I S JOURNAL, 78, 3050 
(1950). 

(18) M. L. Corrin and W. D. Harkins, ibid., 69, 083 (1947). 

protons within the micelles. The former explana
tion may be ruled out, however, from ultracentri
fugation experiments with the dye and 1% dodecyl 
sulfate (Fig. 3); the yellow basic form of the dye 
travels with the anionic micelle. Thus it seems 
clear that a mixed micelle is formed by the azo
mercurial and dodecyl sulfate and that the equilib
rium of eq. 1 is shifted to the left because of the 
higher H + concentration within the anionic mi
celle. 19 If the pH of the solution external to the mi
celle is used to compute pKa within the micelle, the 
resultant pK* comes out higher than that in the 
aqueous phase. 

The behavior of the azomercurial attached to the 
protein in the presence of 1% dodecyl sulfate is 
similar to the cysteine complex, the pK, 4.7, being 
almost three pK units above that in water alone. 
I t seems fair to conclude, therefore, that this de
tergent forms micelles on the protein surface, since 
the dye attached to the protein shows acid-base 
properties very similar to those of the cysteine-dye 
complex in the mixed micelle in water. The micelle 
on the protein surface must have a substantial 
amount of water built into its framework, since pro
tons have no difficulty reaching the (CH3)2N-
group buried within. The strong negative charge 
of the sulfate groups at the ends of the aliphatic 
chains produces an increase in the local concentra
tion of hydrogen ions, so that the concentration 

H+
 m 

of (CH3)2N- is greatly increased.20 

(19) I t is of interest to note in passing that these results give some 
insight into the constitution of detergent micelles. In a mixed micelle 
of 

(CH3)2N-<^ ^ - N = N - ^ V H g - S - C H 2 - C H - C O Q -

with dodecyl sulfate, the dipolar amino acid end would presumably 
be facing the aqueous phase, whereas the azobenzene framework 
would presumably be buried inside the aliphatic chains of the Cu 
sulfate. Hence the (CHj)sN- substituent must also be buried within 
the lipophilic phase. If this substituent has no trouble picking up an 
H + ion, as is evident from the high pK, the proton must have no dif
ficulty penetrating the cluster of aliphatic chains. I t seems likely, 
therefore, that within this cluster is a substantial amount of H2O acting 
as a vehicle for the transfer of protons. 

(20) Micelle formation on the surface of protein molecules would 
also shift the equilibrium 

O O 
Il H I! H + 

R—C—N—R' + U + ZZ^L R—C—N—R' 
II 
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The effect of sodium dodecyl sulfate is critically 
dependent on its concentration. In an 0.03% 
solution (0.001 JIf), below the critical micelle con
centration, the detergent does not appreciably af
fect the pA"21 of the cysteine-dye complex (see 
Table I ) . Some difficulty was encountered in the 
determination of the pK of the dye-protein com
pound because of its insolubility in the presence 
of 0 .03% dodecyl sulfate over the pH range 5.4-2.7 
and below pB. 0.8. Nevertheless the optical ob
servations showed tha t the acid form II did not 
even begin to form until the pll dropped to about 
2, and tha t the pK for the ionization of eq. 1 must 
be below 1.3. I t is immediately evident, therefore, 
t ha t at 0.001 JIf concentration the detergent does 
not form micelles on the surface of the protein; 
otherwise the pK ought to be much above 1.8-1.D. 
There can be little doubt, nevertheless, t ha t the de
tergent ions are bound to the protein since even at 
higher ^ H ' s where the protein carries a negative 
charge essentially all of the anionic detergent in 
solution is bound to the protein.22 In our solutions, 
acid to the isoelectric point, binding would be fur
ther strengthened by the positive charge of the 
protein. 

Despite the binding of some 30 anions by each 
albumin molecule23 and the consequent acquisition 
of some 30 negative charges by the protein, the pK 

H + 

of the (CH3)oN- group was not elevated, as one 
would expect from simple electrostatic considera
tions. Quite the contrary, its acidity was increased 
by at least 0.6 pK uni t over t ha t in water in the ab
sence of detergent (see Table I) . I t is of interest 
in this connection t h a t very concentrated sorbitol 
solutions have a similar effect on the pK of the pro
tein-linked dye (Table I) as does sodium dodecyl 
sulfate, the pK being lowTered to approximately 1.3. 

Discussion 

The fact t ha t the pK of the (CH3) 2 N H + - group 
is 1.8—1.9 when it is a t tached to the protein and 3.3 
when it is in a small molecule in water shows tha t 
the protein environment has a very profound effect 
on the ionizing abilities of this group. I t seems 
unlikely tha t electrostatic effects are directly re
sponsible. As has been mentioned above, ap
preciable changes in the charge of the protein, 
either by change in pH in the region of 2.7 to 2 or by 
addition of some 30 dodecyl sulfate anions, do not 
shift the pKa. in the expected direction. Fur ther
more a careful comparison of the optical t i tration 
curves of the dye in protein and in cysteine com
plex shows behavior not in accord with electro
static expectations. In the cysteine complex, a 
rise in absorption becomes detectable with in
creasing acidity as soon as one passes below ptl 5 

toward the right. Perhaps this effect is responsible for the catalysis 
of amide and peptide hydrolysis in the presence of dodecylsulfonate de
scribed by J. Steinhardt and C. H, Fugitt, J. Research Natl. Bur. 
Standards, 29, 315 (1942), The explanation offered by these authors is 
slightly different; they attributed the catalysis to the binding of anion 
directly to the amide or peptide group. 

(21) The pK could not be determined precisely in these solutions 
because of instability of the dye-cysteine complex in the presence of 
these low concentrations of dodecyl sulfate. 

(22) F. Karush and M. Sonenberg, T H I S JOURXAI.. 71, 1309 (1949). 
(23) The concentration of dodecyl sulfate was 1 X 10"" M, of 

vcriini albumin 3 X 10 •'• M 

(Fig. 1). The same initial rise is shown by the dye 
at tached to protein as one drops below pYL 5 
(Fig. 1). At this point, the net charge on the pro 
tein is near zero. As the pH is lowered further one 
would expect, from electrostatic considerations, 
t ha t the optical density of the dye-protein should 
continue to rise, bu t somewhat more slowly than 
tha t of the cysteine complex, due to the increasingly 
positive charge on the protein. The titration 
curve in the protein should s tar t to rise at about the 
same pH (near 5), should be less steep and spread 
out more over a wider pH range, bu t should be of 
the same general form as the cysteine complex. 

Actually the optical density of the azomercurial 
on the protein reaches a small maximum at about 
/>H 4.2 and then drops rapidly to a minimum at 
about pH 3.3. Clearly some profound change has 
occurred in the environment of the dye as the pH 
drops below about 4.2. This effect is shown even 
more strikingly if one examines the full spectra 
(Fig. 4). A marked shift in spectrum occurs at 
about pK 3, with the maximum of the dye (on the 
protein) shifting from about 455 to 420 m,u. 
(Only a t much lower ^ H ' s does the characteristic 
spectrum of the acid form of the dye appear with a 
peak at 520 nut.) 

I t is of course well known24 now from a variety 
of experiments tha t serum albumin undergoes 
marked changes in physical characteristics at 
pH's below 4, and these have usually been inter
preted in terms of swelling of the protein mole
cule.8'10'24 Such an expansion is not in itself ade
quate to explain our observations, however, for the 
net result should be merely a decrease in the elec
trostat ic broadening effect on the t i tration curve 
of the (CH 3 ) 2 NH+-group . 

The actual appearance of the optical ti tration 
curve of the dye-protein in the region below pH 3, 
where the absorption rises smoothly with decreas
ing pK (Fig. 1), is similar to tha t of the dye-cys
teine complex except tha t the whole curve is dis
placed by about 1.5 pK units. The steepness of 
rise, once it starts, is if anything greater with pro
tein than with cysteine. From electrostatic in
fluences plus molecular expansion, one would ex
pect the t i tration curve of dye-protein not to be dis
placed bu t to s tar t upwards a t about the same p~H 
as does the cysteine complex, to rise less steeply at 
first and to increase in steepness, without exceeding 
tha t of the cysteine complex, as the pH. is lowered 
further. The observed displacement of the ti tra
tion curve of the dye-protein suggests t ha t the pro
tein effect is rather one of "masking" or hindering 
access to the (CH3)2N~ group similar to the mask
ing of other, bu t naturally occurring, functional 
groups in protein molecules. 

I t seems inappropriate in the present case to at
t r ibute such masking to hydrogen-bonding between 
(CH3) sN- and a donor group (see formula Vl) 
because of our background of spectroscopic infor
mation. The dye-cysteine complex has a peak at 
458 mix. In the protein the absorption peak of the 
dye is much flatter, bu t the maximum is near 455 m/j 
at pH 5 and drops to 420 m,u below pK 4. If hy-

(24) For rather complete references see M. D. Sterman and ,T. F' 
Foster, THIS JOURNAL, 78, 3(152 (195G), 



Aug. 5, 1957 HYDROGEN ION EQUILIBRIA OF A SINGLE GROUP ATTACHED TO SERUM ALBUMIN 4083 

drogen bonding occurred in the protein one would 
expect the peak to shift to higher wave lengths 
(~ 500 m/i) instead of lower, and to higher ex
tinctions, as seems to occur in related dimethyl-
aminobenzeneazo dyes.25'26 The observed shifts 

VI 

with the azomercurial albumin to lower wave 
lengths and reduced extinctions argue against a 
hydrogen bond from protein to (CH3) 2N~ substit-
uent. 

In essence the phenomena observed show that the 
azo dye attached to serum albumin does not be
have as it would in a normal aqueous environment, 
that attachment to the protein hinders access from 
the water to the (CH3)2N- group. One is led to 
ask, therefore, whether the water in the vicinity of 
the protein is not different in structure from that 
in the bulk of the solution. 

The importance of "icebergs" around polar 
(and non-polar) species in an aqueous environ
ment was perhaps first emphasized by Frank and 
Evans,27 who also mentioned that these structures 
might be of significance biologically. We have 
previously obtained good indications that "frozen" 
water molecules play a role in determining the en
thalpy _ and entropy changes accompanying the 
formation of protein complexes.28 Likewise Jacob-
son29 has shown that dielectric behavior of aqueous 
protein solutions may be interpreted in terms of 
oriented water molecules. From a variety of very 
striking fluorescence experiments in ordinary ice, 
Szent-Gyorgyi30 has suggested that muscular con
traction and relaxation (as well as other biological 
phenomena) may be a response to a rearrangement 
in structure of the water envelope of proteins. 

In the context of the present experiments we 
would view the drop in pK& of the dimethylamino 
group in the environment of the protein as a conse
quence of the rigid iceberg structure in the neigh
borhood of the macromolecule. With serum al
bumin this freezing seems to become extensive as 
the pK drops below about 4.2. In the neighbor
hood of pK 5 to 4.2, the dye gives indications of 
normal ionization behavior and hence, at least in 

(25) I. M. Klotz, R. K. Burkhard and J. M. Urquhart, THIS 
JOURNAL, 74, 202 (1952). 

(26) W. L. Peticolas and I. M. Klotz, ibid., 78, 5257 (1950). 
(27) H. S. Frank and M. W. Evans, J. Chem. Phys., 13, 507 (1945). 
(28) I. M. Klotz and J. M. Urquhart, T H I S JOURNAL, 71, 847 (1949). 
(29) B. Jacobson, ibid., 77, 2919 (1955). 
(30) A. Szent-Gyorgyi, Science, 124, 873 (1956), 
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Fig. 4.—Spectra of 

bovine serum albumin: top, in water at pH's 5.45, 3.00 and 

0.65; bottom: in 8 M urea at pK 7.22; in 0.001 M sodium 

dodecyl sulfate at pB. 6.50; in 0.03 M sodium dodecyl sulfate 

at pH 5.45. 

the vicinity of the (CH3) 2N- group of the dye at
tached to the cysteinyl residue of the protein, 
there is no indication of "frozen" water. Below 
pYL 4.2, the accumulation of substantial net posi
tive charge may increase strongly the extent and 
rigidity of the hydration envelope of the protein so 
as to produce effects on ionization properties as well 
as perhaps to contribute to the marked changes in 
hydrodynamic properties and other optical charac
teristics described in the literature.24 

In line with this viewpoint, the effect of urea, 
bringing the pK*. back up to 3.3, is easy to under
stand. In essence in the presence of urea, the dye 
attached to protein behaves in its ionization just 
like the dye in water, free from the protein. An 
appropriate inference might be, therefore, that urea, 
because of its strong hydrogen-bonding character
istics, breaks down the "frozen" structure of the 
water envelope of the protein and transforms it into 
one more nearly like that of the bulk aqueous en
vironment.30" It is of interest in this connection that 
the absorption spectrum of the protein-linked dye 
in the presence of 8 M urea shows a peak only at 
about 455 m̂ u (Fig. 4) and fails to develop the ab
sorption peak at 420 m/*, characteristic of the 
masked (CH3)2N- group, as the pil is lowered. 
Only the usual acid spectrum of azo dye, with a 

(30a) In terms of the picture of masking as a steric effect, it is dim-
cult to see (1) how the protein can provide side chains to block the 
(CHb)2N- group at the extreme end of the azomercurial substituent 
attached to the surface of the protein; (2) why urea, a hydrogen-bond 
breaker, should be able to abolish completely any such lipophilic type 
of interaction even if it could be established de novo. 
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peak near 520 mix, is obtained with decreasing 
pH in aqueous 8 M urea. 

In contrast, 0.001 Jl/ sodium dodecyl sulfate 
lowers the pK of the protein-linked dye and hence 
must not interfere with the oriented water enve
lope, bu t instead must reinforce it somewhat. 
Such a reinforcement is quite possible since polariz-
able organic structures are believed to increase the 
order of water structures.2 7 One cannot be certain 
of cour?e tha t the dodecyl sulfate anions are spread 
uniformly around the serum albumin molecule, but 
at least in the neighborhood of the dye, which is 
attached to a cysteinyl residue of the protein, these 
anions show their influence. I t is of interest in 
this connection t ha t the spectrum of the d y e -
protein in the presence of 0.001 Jl/ dodecyl sulfate 
shows only the 420 m,u peak (Fig. 4) and not the 
455 m,ii one, even a t pWs as high as 0.5 (Fig. 4). 
Furthermore as the pK is lowered to pH 2.7, there 
is no change in position of the peak, although it 
becomes a little sharper. Evidently the environ
ment of the (CH 3 ) 2 N- group on the protein in the 
presence of dodecyl sulfate is established by these 
anions even a t pH 6.5, and there is no large change 
in its character as the pYl is lowered, except when 
protons are finally accepted around pH 2. 

At a higher concentration of dodecyl sulfate, 
0.03 Jl/, the nature of the water envelope is dom
inated by the surface micelles. I t is clear tha t 
these micelles must have water within their frame
work since protons have no difficulty reaching the 
(CH3)ON- group at tached to the protein. At the 
surface of the protein, the micellar water seems to be 
highly orderecl, nevertheless, for the spectrum of the 
protein-linked dye shows a peak at 420 mp even 
at ptl 7.5. As with more dilute detergent, this 
peak remains unchanged as the pK is lowered. 
With 0.03 Jl/ dodecyl sulfate, however, the micellar 
charge more than compensates for the rigidity of 
the water and protons are bound by the (CH3)2N-
groups at a much higher pH. 

I t is perhaps worthwhile to extend the scope of 
concepts of protein structure to include the organi
zation which the macromolecule imposes upon its 
aqueous envelope. One might speak perhaps of 
the wefo-structure of the protein, the framework 
which it imposes upon its environment beyond its 
own boundaries. The ordering of water molecules 
so produced may be limited to local regions of the 
surface or may be general around the whole protein 
molecule, and would probably depend on the distri
bution of polar groups within the protein. In the 
present studies with serum albumin and, as far as 
ionization of the specific dye of the class I is used 
as a probe (over the limited p~H range of about 5 and 
below), the freezing of the water seems to be gen
eral. For the region of "masking" of the ( C H 3 I Z N -
group parallels tha t in which hydrodynamic prop
erties indicate an increase in effective volume. 

"Mask ing" of other, naturally occurring, func
tional groups of proteins might also be due to a 
"freezing" of the water structure in the neighbor
hood of the group. Lack of reactivity of such 
hindered groups (e.g., mercaptan) is usually only 
relative and dependent on the reagent. The effec
tiveness of a reagent in combining with a masked 

group might very well be related to its ability to 
"dissolve" in the iceberg covering the group. 
Similarly, the effects of denaturing agents, such as 
urea, in "unmasking" blocked functional groups 
m a y be due to the rearrangements which they pro
duce in the structure of the water envelope charac
teristic of the native protein. In terms of the 
"melt ing" of water of the metastructure it is quite 
reasonable that urea denaturat ion of proteins 
should be accompanied by a substantial contraction 
in volume, as observed in the Carlsberg Labora
tory.305 Likewise the volume contractions accom
panying enzymatic breakdown of proteins,30b and 
particularly their large values at the onset of prote
olysis, may be a reflection of disarrangements in the 
water lattice at the surface of the macromolecule. 

The reversibility of some denaturat ion processes, 
for example after removal of urea, is also more 
readily understandable. I t is not necessary to 
postulate a highly specific refolding of the peptide 
chain into its original configuration but merely 
the refreezing of water when the disturbing, melting 
influence has been removed. Other denaturing 
factors, such as strong acid or alkali, or increased 
temperature can also be interpreted in terms of 
their influence on the structure of bound water. 
For example, the marked decrease in rate of ex
change of deuterium in ribonuclease300 as the 
temperature is lowered would seem most plausible 
since the extent of the rigid iceberg structure should 
surely increase as the solution is cooled. 

Likewise cooperative effects, such as the in
creased reactivity of the successively reacting sites 
after the first one on a protein has combined with a 
substrate,3 1 may be t ransmit ted through the water 
envelope. The original protein would have a 
weto-structure determined in par t by its prosthetic 
groups and in par t by its specific amino acid resi
dues. When a molecule, e.g., O2, combines with 
the prosthetic group or specific site, the structure of 
water at t ha t point could be changed significantly. 
Since the structure at this point is par t of a more ex
tensive water framework, it is evident t ha t the 
effects due to combination a t a specific site could 
be t ransmit ted some distance and result in a dis
ordering of the water s t ructure some distance away. 
In consequence, a prosthetic group or specific site 
at a distance from the initially reactive one could 
have its water mask loosened and hence access to 
the second site could be significantly eased. Sim
ilarly specific ions bound at one site or region of a 
protein molecule could modify the framework for 
some distance by changing the water structure at 
t ha t point and hence produce effects on a reactive 
site not in its immediate vicinity. 

As has been mentioned, the present experiments 
have been limited in range of pK and in protein 
used. However, it is readily evident that corre
sponding experiments can be carried out with the 
present class of dye (T) and other proteins with mer
captan groups.13 In addition analogous investiga
tions can be made over other pH ranges by sub-

(30b) K. Linderstrom-T,ang, Cold Spring Harbor Symposia on 
Quantitative Biology, 14, 117 (1950). 

(30c) A. Hvidt. Biochim. et Biophys. Acta, 18, 306 (19S.r,), 
(31) The increased affinity of hemoglobin for the second oxygen 

molecule is a prime example of this phenomenon. 
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st i tut ing groups in place of the (CH 3 ) 2 N- substitu-
ent on the azobenzene nucleus of I. A corre
sponding dye with a para O - H group, for example, 
would allow one to s tudy ionization behavior in the 
region near pH 7-8, an ortho O - H group, higher pH. 
ranges. One is also not limited to a t tachments 
a t mercaptan side chains of proteins. The use of a 
sulfonyl chloride subst i tuent in place of -HgAc in 
I, for example, would permit one to make adducts 
to lysine residues. There is thus a wide range of 
covalent complexes which can be prepared. These 

In a previous s tudy Thomas, MacAllister and 
Niemann 3 examined the kinetics of the a-chymo-
trypsin catalyzed hydrolysis of acetyl-L-tyrosinam-
ide in aqueous solutions a t 25° and pH 7.9 ± 0 . 1 
and 0.02 I f in the T H A M 4 component of a T H A M -
HCl buffer, or 0.02 M in the EDA 8 component of 
an E D A - H C l buffer, by determining the rate of 
formation of acetyl-L-tyrosinate ion. The results 
obtained by these investigators were re-evaluated 
by Foster and Niemann6 and by Foster, Shine and 
Niemann7 and it was concluded t h a t the above re
action systems could be represented throughout 
their course by equations 1 and 2, where Pif is ace
tyl-L-tyrosinate ion and P2f either ammonia or am-

E, + Si ^ ± 1 ES —V E, + P l t + P2t (1) 

E t + Plf ^ ± EP1 (2) 
h 

monium ion, and t ha t their rates could be described, 
within the limits of experimental error, by eq. 3, 
where Ks = (k, + k3)/h = 32 ± 4 X 10~3 Af8, 
k,[E]t = K3 (1 + [S]0/&) In ([SW[S],) + 

( 1 - - 8 V J T P X [ S ] O - [ S ] . ) (3) 
KP = ks/ki = 110 ± 30 X 1 0 - 3 M 7 and ks = 2.4 ± 
0.3 X 10~3 Af/min. /mg. protein nitrogen per ml.6. 

(1) Supported in part by a grant from the National Institutes of 
Health, Public Health Service. 

(2) To whom inquiries regarding this article should be sent. 
(3) D. W. Thomas, R. V. MacAllister and C. Niemann, T H I S 

JOURNAL, 73, 1548 (1951). 
(4) Tris-(hydroxymethyl)-aminomethane. 
(5) Ethylenediamine. 
(6) R. J. Foster and C. Niemann, THIS JOURNAL, 77, 1886 (1955). 
(7) R. J. Foster, H. J. Shine and C. Niemann, ibid., 77, 2378 (1955). 

should offer suitable examples for establishing how 
much emphasis should be put on the role of 
"frozen" water in determining the chemical and 
physical behavior of dissolved protein molecules. 
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EVANSTON, I I I . 

When the above values of Ks and k3 are compared 
with those reported earlier,8 - 1 1 and which were 
obtained by determining the rate of formation of 
ammonia and ammonium ion in aqueous solutions 
a t 25° and pK 7.8 and 0.1 M in an unspecified phos
phate buffer containing sufficient lithium chloride 
to bring the initial ionic strength to 0.292, it is seen, 
cf. Table I, t ha t such a comparison leaves unan-

TABLB I 

KINETIC CONSTANTS FOR THE O-CHYMOTRYPSIN CATALYZED 

HYDROLYSIS OF ACETYL-L-TYROSINAMIDE IN AQUEOUS SOLU-

Ref. 

3,6,7 
8 
9 

10 
11 

TIONS AT 2 5 c 

K&" 

32 ± Ac-d 

23e'' 
32.68^ 
27".A» 
29'-' 

' AND pH. 7.9 ± 0. 
k,i 

2.44 ± 0 . 3 ^ 
2.r-' 
2.T-f 

3. O^'" 
3. !••' 

" I n units of 10 _ s M. 6 I n units of 10~3 JW/min./mg. 
protein-nitrogen per ml. "Reaction system 0.02 M in 
the THAM component of a THAM-HCl buffer or 0.02 M 
in the EDA component of an EDA-HCl buffer. d Based 
upon the determination of the rate of formation of acetyl-L-
tyrosinate ion. e Reaction system 0.1 M in an unspecified 
phosphate buffer containing sufficient lithium chloride to 
bring the initial ionic strength to 0.292. I Based upon the 
determination of the rate of formation of ammonia and 
ammonium ion. "Said to be preferred to the two sets of 
values immediately above. 

swered a number of questions whose answers are 
required for a more complete understanding of the 
reaction under consideration. I t is the purpose of 

(8) S. Kaufman and H. Neurath, Arch. Biochem., 21, 245 (1949). 
(9) S. Kaufman and H. Neurath, J. Biol. Chem., 180, 181 (1949). 
(10) G. W. Schwert and S. Kaufman, ibid., 180, 517 (1949). 
(11) S. Kaufman and H. Neurath, ibid., 181, 623 (1949). 
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I t has been found that the values of Ka, h and K? for the system a-chymotrypsin-acetyl-L-tyrosinamide, in aqueous 
solutions at 25° and pK 7.9 ± 0 . 1 , obtained by observing the rate of formation of either one of the two reaction products, 
are identical within the limits of experimental error, that the values of Ka and K? are independent of the nature and con
centration of the buffer components of the four buffer systems investigated and that the values of k3 are dependent upon 
the concentration of the buffer components and indirectly upon the nature of the buffer species. More limited observations 
with the system a-chymotrypsin-acetyl-L-tryptophanamide suggest that the behavior of this system is identical with that 
observed for the system a-chymotrypsin-acetyl-L-tyrosinamide. An experimental criterion for the recognition of bi- and tri-
functionality in anionic competitive inhibitors of the type RCH 2CO 2" and R 'CONHCHRC0 2 ~ has been noted. 


