
3504 S. J . SiNGKK A N D JJ. 11. C A M P B E L L Vol. 77 

centrifugation and it is therefore desirable to study 
antigens which are readily resolvable from anti
body 7-globulin by electrophoresis. It is necessary 
for antigens to be well-defined homogeneous species 
of definite molecular weight in solution. On the 
other hand, since a specific Ag-Ab precipitate is 
dissolved in Ag excess, it is not necessary to isolate 
pure antibodies, which is a considerable advan
tage. (The enthalpy changes accompanying the 
reaction might be determined with greater precision 
by calorimetry, but the isolation of purified anti
bodies would be required.; Finally, it might be 

Little is known about the molecular details of the 
bonding between natural protein antigens (Ag) and 
their antibodies (Ab). The sizes of the reactive 
sites involved are thought to be considerably smaller 
than the entire Ag or Ab molecules but their struc
ture has not yet been elucidated. If a small 
number of ionizable groups were present in the re
active sites and were intimately involved in the re
action, then the strength of the Ag-Ab bonds should 
depend on the state of ionization of these groups, 
and hence upon the pYL of the solution containing 
the Ag and Ab. With appropriate methods for 
measuring the Ag-Ab bond strength, and with a 
careful appraisal of auxiliary effects which changes 
in pH might have upon such a system, the presence 
of such ionizable groups might thus be detected, 
and their number determined. 

In previous papers of this series,2^4 electropho-
retic and ultracentrifugal studies have been carried 
out near neutral pH with the soluble Ag-Ab com
plexes formed by dissolving an Ag-Ab precipitate 
in an excess of Ag, in the system containing bovine 
serum albumin (BSA) as Ag and rabbit antibodies 
to BSA. These methods are well-suited to the de
termination of the influence of pK on Ag-Ab equilib
ria, and this application to the rabbit anti-BSA 
system is the major subject of this paper. Strong 
evidence has been obtained in this manner that one 

(1) T h i s work was s u p p o r t e d in p a r t by g r a n t s from the Rockefeller 
F o u n d a t i o n a n d t h e U n i t e d S t a t e s Publ ic H e a l t h Service. Th i s pape r 
was p resen ted before t h e M e e t i n g of t h e Amer ican Chemica l Society 
a t N e w York Ci ty , Sep tember , 1954. A pre l imina ry a c c o u n t of some 
of t h e resul ts of th is inves t iga t ion has appea red in S. T. Singer and 
D. IT Campbe l l , T H I S J O U R N A L , 76, 4052 (I1J")!) 

Cl) S. J. Singer and D. IT. Campbe l l , Hn,! , 74 , 17!Il i, I!i52j. 
Ci) S. J. Singer and i) 11. Campbe l l , iliiil., 76, ."),",77 !1!1.V',). 
(-1) S. J, Singer anil I>, II. Campbe l l , Hn,!., 77, IM'tll (]'.1,5,5), 

noted that although the precision attainable by 
these methods leaves much to be desired when com
pared with that attainable for small molecule reac
tions, the state of purity of most natural antigens is 
probably a limiting factor at the present time. 

The authors have profited greatly from discus
sions with Dr. Verner Schomaker. Grateful ac
knowledgment is made to Mrs. Marta Shapiro for 
her excellent technical assistance in the course of 
this investigation. 
Xisw HAVEN, CONN. 
PASADENA, CAI.. 

ionized carboxyl group is involved in every Ag-Ab 
bond in this system. 

Other matters of interest also have been investi
gated and are reported. Additional evidence has 
been obtained confirming our earlier conclusions2 

concerning the rates of re-equilibration reactions, 
and the identities of the components appearing in 
the ultracentrifuge and electrophoresis diagrams 
of solutions of Ag-Ab complexes. In addition, we 
have developed an electrophoretic method for the 
determination of total BSA and total Ab in a solu
tion, based on the observations that at pK 2.4 the 
Ag-Ab bonds are essentially completely dissociated, 
and that BSA and Ab 7-globulin are electropho-
retically resolvable under these conditions. (That 
the Ag and Ab in this system can be dissociated in 
sufficiently acid solution has been observed previ
ously.6) This now enables us to use unaltered BvSA 
whereas previously it was found desirable to label 
the BSA by iodination.2 

It also has been possible in this study to make a 
direct test of that part of the Goldberg theory for 
Ag-Ab reactions6 which deals with systems in homo
geneous equilibrium. This theory has been used4 

in the evaluation of thermodynamic parameters for 
the reactions in the rabbit anti-BSA system, and its 
validity has not previously been confirmed. 

Materials and Methods 
The Ag-Ab preparations, I I I , IV, V and VI, and the 

methods employed to study them have been described in 
detail in a previous paper.4 Solutions to be examined in 
different buffers were clialyzed 48 hours at 4° against several 

(Ti) 1). I I . Campbe l l , Ii. I.iicsHicr anil I.. S l . m n a i i , I'mc. Nat. 
A, ,1,1. .Sn'., 37 , 575 (1',15I). 

(Ii) K. J. C.iildben;, T H I S J U I . K N A I . , 74, 5715 (l!l.52). 
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Physical Chemical Studies of Soluble Antigen-Antibody Complexes. IV. The Effect 
of pH on the Reaction between Bovine Serum Albumin and its Rabbit Antibodies1 

BY S. J. SINGER AND D. H. CAMPBELL 

RECEIVED FEBRUARY 14, 1955 

Solutions of soluble complexes formed between bovine serum albumin (as antigen, Ag) and its rabbit antibodies (Ab) 
have been subjected to electrophoresis and ultracentrifugation over a range of pH. While the distribution of species in 
these solutions is apparently not grossly altered between pH 7.5 and 4.5, between pH 4.5 and 3.0 very extensive dissociation 
of the complexes occurs. Equilibrium constants, K, for the reaction Ag + Ab «=* AgAb can be calculated as a function of 
pH. The variation of K with pH provides strong evidence that a single carboxyl group is involved in every Ag-Ab bond in 
this system. 
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changes of buffer, with magnetic stirring. In reporting 
clectrophoretic mobilities, the conductivity of the buffer at 
0° has been used throughout. Measurements of pH were 
made with a Beckmann model G instrument, at tempera
tures near 25°. 

Experimental Results and Discussion 

Ultracentrifugal Studies in the pK Range 7.5 to 
5.0.—A series of ultracentrifuge experiments were 
performed in buffers of ionic strength T/2, 0.1 in 
the pB. range 7.5 to 5.0. This is a particularly in
teresting pH range since a t pH 7.5 the BSA and an
tibody 7-globulin molecules both bear a net nega
tive charge, while a t pH 5.0, the former molecule 
is negatively, the latter positively, charged. If the 
net charges on Ag and Ab play a significant role in 
the reaction, the equilibrium distribution of species 
in these solutions should change noticeably in this 
/>H range. Da ta obtained with solutions made 
from preparation I I I are given in Table I, from 
which it is apparent tha t no marked change in the 
distribution of species occurs. Some representative 

TABLE I 

SOLUTION III FROM pH 7.5 TO 5.0 

PU 

Apparent % Apparent % 
free Ag a-complex 

Elee- Ultra- Elec- Ultra-
troph. cent. troph. cent. 

7.50 
6.54 

6.29 
6.13 
5.80 

5.43 

5.00 

Phosphate 

Cac -NaCr 
Phosphate 

Cac-NaCl0 

Cac-NaCl" 
Acetate 
Acetate 

67 

66 
66 
66 

69 
67 

74 
75 

79 

78 
75 
74 

17 

20 

19 

18 

20 

15 
13 

16 
15 

16 
16 

° 0.02 M Na cacodylate and 0.08 M NaCl. 

sedimentation pat terns in this pH range are repro
duced in Fig. 1. 

J][JU 
PH 7.5 6.0 5.0 

Fig. 1.—Ultracentrifuge diagrams of solution III (BSA-
rabbit-anti-BSA) in the pH range 7.5 to 5.0. Sedimenta
tion proceeds to the left. 

With preparations I I I and V1 but not with IV, a 
small amount of precipitation occurred in the pH 
range from about 6.0 to 4.5, with maximal precipi
tation (no more than 6% of the total protein) oc
curring a t a pH about 5.4. 

Electrophoresis in the pR Range 7.5 to 5.0.— 
Electrophoresis in buffers of ionic strength 0.1 was 
carried out with solution I I I (Fig. 2) and the ap
parent per cent, free Ag was determined4 from the 
ascending pat tern in each experiment (Table I ) . 
The area determinations were made somewhat dif
ficult in the pH range from about 5.0 to 5.5 because 
some of the components are near their isoelectric 
points, and it was not possible to subtract the area 
of the stationary anomaly from that of the com

plexes. While the mobilities of the various species 
change with pK, of course, there seems to be no pro
found change in the distribution of species as a func
tion of pH in this range,7 which is in agreement with 
the ultracentrifugal results just discussed. 

pH 6 0 

Fig. 2.—Electrophoresis diagrams of solution III (BSA-
rabbit-anti-BSA) in the pH range 7.5 to 5.0. Starting 
positions are indicated by the arrows. 

Between pH 7.5 and 5.0, both ascending and des
cending electrophoresis pat terns (Fig. 2), for these 
solutions in fairly large Ag excess, showed three 
maxima.7 According to our interpretation,2 which 
is substantiated by the present results, the peak 
with the largest negative mobility is due to free 
Ag; the peak of intermediate mobility is due to the 
(Ag)2Ab complex; and the last peak is due to all 
the other complexes, which are poorer in Ag than 

(7) In cacodylate-NaCl buffers in the pH range 6.5 to 5.5, the free 
BSA peak in the ascending limb, but not in the descending limb, was 
always sharply split into two parts. We have ascertained, in un
published experiments, that this is an effect which has nothing to do 
with the interaction of BSA with its Ab, but occurs with BSA itself. 
The effect is completely reproducible, and is eliminated by substitu
tion of I foi Ci b!it its cxacl naliirf- is not known. 
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the (Ag)2Ab complex, and are not much resolved 
from one another. The descending mobilities8 are 
plotted in Fig. 3. If the Ag-Ab complexes were in 
very rapidly adjusted equilibrium, the fast peak in 
the descending limb would have a constituent mobil
ity smaller than tha t of BSA.10 The descending 
mobility of the free Ag peak in Ag-Ab solutions is 
the same as tha t of BSA itself, in accord with our 
conclusion tha t the rates of re-equilibration are rela
tively slow under the conditions of these experi
ments. 

\ 

BSA RABBIT-ANTI-RSa 

\Ss. 
O 

\ 
C 

\ o 

r-

ft 

^L 

• 8 -

2 3 4 5 6 7 
pH. 

Fig. 3.—Electrophoretic mobility as a function of pli for: 
X, BSA itself; O, free BSA in Ag-Ab solutions; • , a-com-
plex; C, other complexes; + , normal rabbit 7-globulin. All 
buffers are at 0.1 ionic strength. 

The intermediate peak could be precisely identi
fied from its isoelectric point and from its mobility 
as a function of pK, if enough other information for 
the Ag and Ab were available, and if the theory of 
electrophoretic mobility were more nearly complete. 
At present, knowing that the mobility of a complex 
is likely to be determined more by its constitution 
than by its shape, we can make the rough assump
tion tha t it is given by n = 2wy*i, where «i is the 
weight fraction and m the mobility of the constitu
ent i. Now, if the intermediate peak is due to 
(Ag)2Ab, the other complex peak is due to species 
poorer in Ag, whose average composition might be 
represented as (Ag)n(Ab)n .2 The sum 2 « ^ has 

(S) The errors involved in the determination of the mean ordinate* 
of the peaks due to the complexes are large enough so that we have 
neglected the fact that the conductivities of the solutions in the region 
of these boundaries are not the same as for the original solution.9 

(9) V. P. Dole. T H I S JOURNAL, 67, 1119 (1945). 

(10) L. G Lon„-s,vorth and D. A. Maclnnes, J. Gen. Physiol., 25, 
507 [Ii)Ui. 

therefore been calculated (Table II) for (Ag)2Ab 
and (Ag)n(Ab) „ at pH 7.0, 6.0 and 5.0; the agree
ment with the observed mobilities is such as to lend 
at least qualitative support to these species as
signments, and to confirm the conclusion tha t the 
antibody in these solutions is bivalent.2 '4 

TABLE II 

MOBILITIES OF Ag-Ab COMPLEXES 
Obsd. mobilities0 Calcd. mobilities'7 

pbl a-Complex Other complexes (Ag):Ab (\g) fi(.\h) n 

7.0 - 3 . 3 - 2 . 3 - 2 . 0 - 2 . 3 
6.0 - 2 . 2 - 1 . 3 - 1 . 9 - 1 . 2 
5.0 0 +0.85 +0.4 +1.0 
" X 106 cm./sec./volt/cm. 

For these and other purposes, electrophoresis ex
periments were performed in the same buffers with 
L SA itself and with a normal rabbit 7-globulin prep
aration, RGG-I . 4 The descending mobilities so 
obtained are included in Fig. 3. 

Electrophoresis at pH. 2.4.—In the pll range 4.(S 
to 3.0, the ^H-mobi l i ty curves of BSA and rabbit 7-
globulin cross (Fig. 3) and electrophoretic resolu
tion of the species in these solutions is poor. The 
ultracentrifuge has therefore been used in this criti
cal ^ H range. At ^ H 2.4, however, the electro
phoretic mobilities are again quite different. Fur
thermore, the Ag-Ab bonds are completely disso
ciated, so tha t electrophoresis a t this pH affords an 
analytical method for the determination of total Ag 
and total Ab in a given solution. 

HH 
asc <—J [—> desc 

Fig. 4.—Electrophoresis diagrams in glycine-HCl buffer, 
• />H 2.35, r /2 0.1 after 5700 sec. at 0.0080 amp.: (a) mixture 
• of BSA and normal rabbit 7-globulin preparation RGG-II 

containing 49.127c BSA; (b) solution V-I. 
) 
; In Fig. 4 are reproduced electrophoresis dia

grams obtained in glycine-HCl buffer, pH 2.35, 
j r / 2 0.1, for (a) a mixture of BSA and normal rabbit 

7-globulin, and (b) ESA and rabbit ant i -ESA. 
e The ascending and descending pat terns are far from 
3 being mirror images of one another but the two des

cending pat terns are practically indistinguishable. 
In these latter pat terns there are three well-re
solved peaks. The nature of the fastest peak is not 
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clear,11 but is not of importance for our purposes. 
The second and third peaks, however, are primar
ily due to ESA and 7-globulin, respectively. In 
order to eliminate uncertainties due to electrophor-
etic anomalies, the relative areas under these peaks 
were calibrated by experiments with accurately 
prepared mixtures of BSA and normal rabbit 7-
globulin.12 The rabbit 7-globulin preparation, 
RGG-II, was prepared by electrophoresis-convec-
tion and was 98% 7-globulin.4 Differential refrac-
tometry was used to measure relative protein con
centrations of the BSA and RGG-II solutions in 
phosphate buffer, pYL 7.50, T/2 0.1, and mixtures 
of the two were prepared by weight.4 The mix
tures were then thoroughly dialyzed against the 
glycine-HCl buffer, and remained perfectly clear. 
At a total protein concentration of 17 mg./ml., elec
trophoresis experiments were performed in the gly
cine-HCl buffer, and the apparent relative areas 
under the second and third peaks in the descending 
patterns were determined as a function of the known 
composition of the solutions (Table III). As a check 
on the reliability of these results as applied to the 
Ag-Ab solutions, independent electrophoresis ex
periments under identical conditions were per
formed with all the solutions made from preparation 
V, at protein concentrations near 17 mg./ml. The 
per cent, total BSA in each solution was then ob
tained with the aid of the calibration data (Table 
III). On the other hand, if the master solution V 
is assigned the composition so determined the com
position of each of the other solutions is known from 
the amounts of solution V and the standard LSA 

TABLE III 

ELECTROPHORETIC ANALYSES WITH MIXTURES OF BSA AND 
NORMAL 7-GLOBULIN IN GLYCINE-HCI, pH 2.4 

% BSA, Apparent % % BSA, Apparent % 
analyt." " ' ' ' 
19.83 
29.56 
39.13 

49.1 
57.8 

" From preparation of known mixtures, see text. 6 Ratio 
of area under second peak/sum of areas under second and 
third peaks, in decending electrophoresis patterns, see text. 
c Mixture with bovine (instead of rabbit) -y-globulin. 

TABLE IV 

ELECTROPHORETIC ANALYSIS IN GLYCINE-HCI, pH 2.4 

BSA 6 

15.5 
24.1 
32.9 
42.0 
51.3 

analyt." 

67.8 
78.5 
87.8 
51.0° 
59.7

C 

BSA i 

62.4 
73.8 
84.0 
44.8° 
53.8° 

SoIn. 

V 
V-I 
V-2 
V-3 

BSA, 
Electroph. 

39.3 
48.1 
56.9 
66.8 

% 
Analyt. 

47.8 
56.9 
66.5 

SoIn. 

V-4 
V-5 
V-6 

BSA, 
Electroph. 

71.8 
78.7 
89.4 

% 
Analyt, 
72.7 
78.6 
88.9 

(11) We have found a peak of the same mobility and similar area 
present in the descending patterns in experiments with the individual 
proteins BSA, y-globulin, 0-lactoglobulin and ovalbumin. Its uni
versal presence suggests that it may be due to the buffer rather than the 
protein; perhaps the hydrogen ion constituent attains an electro-
phoretically significant concentration in this buffer. 

(12) The glycine-HCl buffer, pH 2.35, T/2 0.1 was prepared from 
12.70 g. of Mallinckrodt NF VIII glycine and 8.25 cc. of C p . coned. 
HCl per liter of solution. The experiments were run for 5700 sec, 
at 8.0 ma. current. The second and third peaks in the descending pat
terns are practically completely resolved under these conditions, and 
were partitioned by dropping a perpendicular from the minimum be
tween the peaks to the baseline. 

solution mixed in its preparation. The per cent, 
total BSA as determined by these two methods 
(Table IV) agree to within ±0.5 unit. 

Independent experiments showed that /3-globulin 
migrates under the 7-globulin peak under these 
conditions, so that any residue of /3-globulin pres
ent in the 7-globulin preparation used to obtain the 
calibration data, does not interfere. Furthermore, 
experiments with mixtures of BSA and bovine 7-
globulin have given the same results, within ex
perimental error, as mixtures with rabbit 7-globulin 
(Table III). 

This electrophoretic analysis has been employed 
to determine the composition of preparations IV, 
V and VI used in this and an earlier study,4 and has 
obviated the labeling of BSA which was previously 
used.2 

In the ultraceiitrifuge, BSA-anti BSA solutions 
also exhibit behavior identical with mixtures of BSA 
and normal rabbit 7-globulin in this glycine-HCl 
buffer. For various reasons, however, including 
the Johnston-Ogston anomaly to be discussed be
low and the relatively less accurate area deter
minations obtained from sedimentation patterns, 
the electrophoretic method is much more suited to 
accurate analyses. It should also be remarked here 
that there has never been observed at pH 2.4 any 
evidence, either in electrophoresis or sedimentation, 
of any components other than BSA and Ab in these 
Ag-Ab solutions. 

Similar electrophoretic techniques should be ap
plicable to the analysis of total Ag and Ab in other 
systems as well. 

Ultracentrifugation in the pR Range 5.0 to 2.4.— 
As the pH is made more acid than about 4.5, the 
ultracentrifuge diagrams of solutions of Ag-Ab 
complexes change profoundly. From pH 7.5 to 
4.6, there is an almost imperceptible amount of a 
component with the sedimentation rate of 7-globu
lin, between the peaks due to the free Ag and the 
slowest-sedimenting complex (the a-complex).2 

With further decrease in pH, however, such a 7-
globulin peak becomes progressively larger while 
the amounts of the complexes diminish. It is 
clear that this 7-globulin component is free Ab, and 
that extensive dissociation of the complexes has 
occurred.13 

These conclusions are evident from the results ob
tained with solution IV (containing 63.0% total Ag 
and 37.0% total Ab) at a concentration of 21 mg. 
total protein/ml. in buffers of 0.1 ionic strength 
(Fig. 5). At pK 2.4, the sedimentation diagram 
was that of a corresponding mixture of BSA and 
normal 7-globulin. A solution at pH 3.1 dialyzed 
back to pH 7.5 exhibited a diagram indistinguish
able from that of a solution kept at pH. 7.5, indi
cating that the acid dissociation of the complexes 
was completely reversible under these conditions. 
The apparent relative areas under the free Ag, 
free Ab and a-complex peaks only, for solution IV 

(13) The sedimentation constants of all the species in these Ag-Ab 
solutions decrease as the pH becomes more acid than 4.0, in buffers 
of l ' /2 0.1. From #H 4.0 to 3.0, in solution IV, the S values for 
the free BSA peak decreased from 4.1 to 2.7 5," for the free Ab peak, 
from 6.2 to 4.4 S; and for the a-complex peak, from 8.3 to 5.7 5. 
Independent experiments with mixtures of ESA and normal 7 globulin 
confirmed these trends. 
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fflPlH 
Fig. .">. I'ltraccntrifuge diagrams of solution IV in buffers 

of different pit and r / 2 0.1. Three patterns at different 
times in each experiment are illustrated, from right to left 
chronologically. Sedimentation proceeds to the left. The 
7-pciik represents free Ab, a and b, the a- and ft-complcxes. 

in this series of buffers are given in Table V. I t is to 
be noted that the dissociation appears to be quanti
tatively independent of the chemical nature of the 
buffer. 

*H 

4 .22 
3 . 9 0 
3 . 8 8 
3 . 0 0 
3 . 4 2 
3 .31 
3 .12 

2 IO 

IC 

Ruffer 

L a c t a t c 
L a c t a t e 
Ace ta t e 
L a c t a t e 
L a c t a t e 
L a c t a t e 
Glycine 

HCI 
Glycine 

HCl 

PKIiCT OF 

Free AL, 
A p p . Cor 

50 
57 
.57 
60 
68 
71 

6S 

73 

42 
49 
49 
57 
59 
62 

59 

6 3 r 

TABLE Y 

ftll ON Ag-Ab HQUILIBRIA 
R e l a t i v e a reas 

Free Ah 
. App . Cor . 

5 , 3 
9 
9 

13 
19 
23 

29 

27 

5 . 3 
10 
10 
10 
22 
27 

31 

37" 

a-com
plex !> 

App . Cor . 

26 
31 
25 
17 
12 
10 

5 

30 
35 
30 
22 
17 
14 

10 

Ag-
Ab c 

17 
23 
20 
18 
15 
13 

10 

X 
10 -a 

18 
11 

9 . 4 
4 , 6 
2 . 8 
1.9 

1 .2 

log 
K 

4 . 2 5 
4 . 0 4 
3 .97 
3 . 6 6 
3 . 4 5 
3 . 2 8 

3 . 0 8 

" Given as per cent, of total area expected for total pro
tein content of solution, 21 mg./ml. h Taken as constituted 
of AgAb and (Ag)2Ab. c Calculated as described in text. 
d For Ag + Ab <=• AgAb, in liter mole - 1 . ' As determined 
by electrophoresis in glycine-HCl buffer, pll 2.35, V/2 0.1. 

Other than the free Ab peak, however, no new 
peak appears in the sedimentation diagrams in this 
pK range. On the other hand, in solutions con
taining appreciable amounts of free Ab, signifi
cant amounts of the AgAb complex should also be 
present. We infer that the AgAb complex sedi
ments at a rate similar enough to that of the (Ag)2-

Ab complex in these solutions, that the two species 
are not resolved. Therefore, while a t pH. 7.5, the 
a-complex peak was shown2 to be due largely to the 
(Ag)2Ab species, we conclude tha t at a pH more acid 
than 4.o the area under the a-complex peak is at
tributable to the sum of the concentrations of the 
AgAb and (Ag)2Ab complexes. 

At pYL 7.5, one cannot determine the equilibrium 
concentration of enough species for a direct evalua
tion of equilibrium constants .1 1 Instead, recourse 
is had to the Goldberg theory for Ag Ab reactions," 
the model for which assumes tha t all Ag Ab bonds 
are intrinsically equivalent. In the pH. range 4.5 
to 3.0, however, almost entirely direct equilibrium 
constants may be obtained, as follows.1 First, the 
apparent relative areas under the free Ag, free Ab, 
and a-complex peaks listed in Table V are corrected 
for the Johnston Ogston anomaly ." The equilib
rium concentrations of the free Ag and Ab at a 
given />H are thus directly determined from Un
corrected areas under their respective peaks. In 
addition, the corrected relative area under the a-
complex peak is taken as the sum of the relative 
concentrations of the AgAb and (Ag)2Ab species. 
The fraction of the a-complex area attr ibutable to 
the AgAb is evaluated, as a first approximation, on 
the assumption of the intrinsic equivalence of the 
bonds in the AgAb and (Ag)2Ab complexes. This 
assumption requires6'15 tha t the concentrations of 
the two complexes in a given solution be related as 

GAchAh = C2A11M, 4 ( \ \ t , 

where C represents molar concentration. This 
permits evaluation of quasi-experimental AgAb 
concentrations, and equilibrium constants, K, for 
the reaction Ag + Ab <=̂  AgAb, as a function of pH 
(Table V). In view of the approximations made in 
the calculations of the concentrations of the various 
components, the K values are uncertain to ± 2 5 % , 
but this introduces an uncertainty of only ± 0.1 
unit in log K. 

The data obtained with solution IV also permit a 
direct test of the applicability of the Goldberg the
ory6-'1 to these Ag-Ab solutions. Two independ-

(M) J. P. J o h n s t o n and A. G. Ogston , Trans. Faraday Snc. 42, 789 
(1946). An a n o m a l y occurs wi th mix tu re s in t he u l t racent r i fuge , 
such t h a t t he a p p a r e n t areas of slower c o m p o n e n t s are increased some
w h a t a t t h e expense of t h e a p p a r e n t a reas of faster ones . E x a c t 
ca lcula t ion of t he anomal ies in our sys tem is a t present impossible . 
I n s t ead , empirical correct ions h a y e been appl ied , anchored by t he fol
lowing observed correct ions a t ^ H 7,5 and / ' I t 2.4. At t he former 
pll. due to th is a n o m a l y , t he a p p a r e n t per cent , free Ag de te rmined 
u l t raeent r i fugal ly is abou t 8 un i t s higher t h a n the t r u e value,4 a t a 
to ta l protein concen t r a t ion of t he order of 20 m g . ' m l . At t he l a t t e r 
pll, the d a t a in T a b l e V indica te t h a t the appa ren t per cent , free Ai; 
is a b o u t 10 un i t s higher t h a n the t rue value. T h e correct ions to t he 
a p p a r e n t per cent free Ap a t / d l va lues be tween these two have 
therefore been in te rpola ted be tween 8 and 10 un i t s . T h e correct ions 
t o t he a p p a r e n t per cent , free Ab have been m a d e as follows, At 
pll 2.4, t he observed correct ion is 4- 10 uni ts (Tab le V). It is as
sumed t h a t t h a t a t pll 4.0, t he correct ion is negligible, because of the 
presence of faster as well as slower componen t s in t he solut ion, and at 
pll values in be tween , t he correct ion is ob ta ined by in te rpo la t ion 
T h e cor rec t ions to the a p p a r e n t per cent, of t he a-complex are made 
similar ly, w-ith t he res t r ic t ion t h a t in a given solution t h e algebraic 
s u m of t he correct ions for t he free Ag, free Ab, a-complex, and b-
complex ( the last , not included in T a b l e V) be zero. T h e ave rage 
correct ion to any a p p a r e n t re la t ive area is less t h a n 2 0 % of t h a t a rea , 
and any residual uncer ta in t i es are not sufficient to al ter t he conclusions 
der ived from these d a t a 

(15] I.. Paul in-: I) . Hn-ssniun I). Il Campbel l and C I U-da 'I HIS 
J u l K-.Al , 6 4 , .'X)II.'. I 19 1:!: 
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ent theoretical K values (Table VI) may be calcu
lated for each solution, using either the free Ag 
concentration, or the free Ab, to evaluate the par
ameter p and hence if.4,216 In view of the experi
mental uncertainties and the marked sensitivity of 
the theoretical K values to the free Ag or free Ab 
concentrations,4 the agreement among the three 
sets of K values is satisfactory. 

pn 
4 .22 
3.90 
3.88 
3.60 
3.42 
3.31 
3.12 

T EST OF 

A'Ccxpt.) X 

18 
11 
9.4 
4 . ( S 

2.8 
1.9 
1.2 

T A B L E V I 

G o i 

10 » 

DBERo E Q U A T I O N S 

K(ca 
!'"rum % free 

34 
10 
11 
2.4 
1.4 
0.5 
1.5 

led.) X 
Ag Kn 

10-3 
Jin % free A 

18 
K) 
10 

(i 

3 
1.9 
0.5 

In order to explain the effect of acid pK on Ag-Ab 
equilibria, let us consider a model system with the 
following properties: (a) in each of the two reactive 
sites of the Ab molecule there is one negatively 
charged group, and in a l l / sites of the Ag molecule 
one positively charged group, which must be ionized 
for reaction to occur. (Interchanging positive and 
negative charges would have no effect on the argu
ment.); (b) the acid dissociation of the positive 
group occurs in the alkaline pH range; (c) the 
acid dissociation of the negative groups can be de
scribed by a single intrinsic equilibrium constant; 
(d) the effect on the reaction of the net charges on 
the entire Ag and Ab molecules is negligible. The 
equations governing the key equilibria in acid and 
neutral solutions may then be written 

Ag + / + Ab" 2 ^ 

Ab" 2 + H + 

HAb" 1 + H-

Ag+(/ - DAb"1 4- H + 

Ag+W - D Ab" 1 ; K0 (1) 

: ± HAb" 1 ; 2KB (2) 

£ ± H2Ab; Ka/2 (3) 

= t A g + ^ - "HAb; Kn (4) 

The symbol for the equilibrium constant charac
terizing each reaction is written at the right. The 
apparent equilibrium constant, K, determined ex
perimentally from the sedimentation patterns is 
given by 

JAgAb U, d _ 
[Ag+ZJ [Ab ] t o t a l 

K = (fi) 

where [S] represents the molar concentration of spe
cies S, [Abjtotai = [Ab"2] + [HAb-1] + [H2Ab], 
and [AgAb]tot.i = [Ag + (^ )Ab- 1 ] + [Ag+(/ - ») 
HAb ]. From these relations it follows that 

» < * ( * - * . ) - " * & - * * (6) 

If two negative and two positive charges are involved 
in each bond, a similar but more complicated rela
tion is obtained which, for pK < pK, reduces to the 
form of equation 6 with, however, a coefficient of 
two for the pH term. 

To test the applicability of this relationship to 
the data of Table V, let us first note that where ap
preciable dissociation of the complexes exists, l/K 

(10) K for t he reac t ion Ag + AgAb S (Ag)8Ab is 7 , of K for t h e re
ac t ion Ag -f- Ab , ) AgAb.^ ' ' 6 

> > 1/JST0, and log (l/K - 1/K0) £* - l og K. In 
such circumstances, log K is a linear function of pH 
with slope unity. It is evident that the data of 
the first and last columns of Table V conform to this 
behavior. For a more quantitative test, the value 
of Ko must be determined. If at pH ~ 8, the posi
tively and negatively charged groups in the reactive 
sites of the Ag and Ab molecules are fully ionized, 
then K = K0 at that pK. In a previous paper,418 

for the reaction Ag + Ab <=± AgAb at />H 8.6, K was 
determined to be 1.0 X 10°. Using this value for 
K6, and the K values of Table V, we obtain the 
data plotted in Fig. 0. The relation between log 
(l/K — I/Ko) and pH is indeed linear with slope 
— 1.2. The difference from the theoretical slope 
— 1.0 may be due to systematic errors in K, or to 
other effects discussed below. Furthermore, these 
data indicate that log (Ku/Ko) ~ 0, and Kn ^ 
Ko, from which it follows that the pK for the disso
ciation of the group in the reactive site is about 5. 
This value is, within experimental error, equal to the 
pK of an isolated carboxyl group. 
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Fig. 6 .- The variation of the apparent equilibrium constant 

with pH for solution IV. 

Our results are therefore consistent with the 
presence of one carboxyl group in each Ag-Ab bond 
which must be ionized in order for the bond to form. 
Whether this carboxyl group is exactly the same 
from one site to the next, and whether it occurs in 
every Ag site or every Ab site, it is not possible to 
judge from the present results. 

Several alternative explanations of the influence 
of pH. on this system might be advanced. The two 
most important ones are: (a) as the Ag-Ab solu
tions become more acid and the Ag and Ab mole
cules acquire large net positive charges, non-specific 
intermolecular electrostatic repulsion of the Ag and 
Ab molecules might cause dissociation of the bonds 
between the two17; and (b) as the molecules be-

(17) An a p p r o x i m a t e theore t ica l ca lcula t ion of t h e m a g n i t u d e of th i s 
effect m a y be m a d e by m e a n s of t he theory of Verwey and Overbeek, 1 8 

b u t t h e va l id i ty of t h e ca lcu la t ion is unce r t a in . T h e Ag a n d Ab 
molecules a re t a k e n as spheres wi th a uni form surface cha rge d e n s i t y 
s u r r o u n d e d by ion a t m o s p h e r e s , t he spheres being in con t ac t with each 
o the r . Wi th th is model , a pos i t ive e lec t ros ta t ic free energy is p i e -
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come highly positively charged, intramolecular re
pulsive forces may cause reversible configurational 
changes in either or both the Ag and Ab molecules, 
such t ha t the complementariness of the reactive 
sites is diminished and dissociation occurs.19 

T h a t non-specific intermolecular electrostatic 
forces are not of primary significance under the con
ditions of our experiments is indicated by several 
facts, (a) There is no gross effect on the Ag-Ab 
reaction as the pH is lowered from 8.6 to values be
tween the isoelectric points of Ag and Ab, where the 
molecules are now oppositely charged (Table I) . 
(b) We expect the electrostatic forces to be propor
tional to the product of the surface charge densities 
of the Ag and Ab molecules, and in turn to the prod
uct of their electrophoretic mobilities under given 
conditions. Yet this mobility product has about 
the same value in this system at pH 4.0 or pH 8.0 
(Fig. 3). Therefore if the extensive dissociation at 

* * \ H 

b d f 
Fig. 7 . — T h e effect of ionic s t r e n g t h on the u l t r acen t r i fuge 

p a t t e r n s of A g - A b so lu t ions ; so lu t ion V in p h o s p h a t e buf
fers, (a) p H 7.50, r / 2 0.10; (b) pH 7.50, r / 2 0 .001 ; solu
t ion IV in a c e t a t e buffers, (c) pH 5.38, r / 2 1.0 ( con ta in ing 
0.9 M N a C l ) ; (d) pH 5.46, r / 2 0 .01 ; solut ion V in l ac t a t e 
buffers; (e) pB. 4.02, r / 2 0.10; (f) pH 4 .03 ; r / 2 0.001. 
S e d i m e n t a t i o n proceeds to the left in al l p a t t e r n s . 

dieted which is large enough to cause dissociation of the Ag-Ab bonds 
in the acid pll range. This cannot be correct, however, since the 
theory would likewise predict dissociation at pH 8.0 comparable to 
that at ^H 4.0 in this system, which is not observed experimentally. 

(18) E. J. W. Verwey and J. T. G. Overbeek, "Theory of the Sta 
bility of Lyophobic Colloids," Hlsevier Publishing Co., New York, 
N. Y., 1948, p. 152. 

(19) If either one or both of these factors is significant, then the 
ionization of a specific group in the reactive site is probably not in
volved at all. For, if all of these factors were important, subtracting 
the effects of either intermolecular or intramolecular electrostatic 
repulsion, or both, would decrease the slope of the experimental plot 
in Fig. 6. A slope of much less than unity would imply that only some 
fraction of reactive sites contained an ionizable group. Such large 
differences among the sites seem improbable. 

pH 4.0 were due to non-specific intermolecular elec
trostatic forces, similar dissociation should exist 
at pH 8.0, which is contradicted by our results. 

This view is further substantiated by some ul
tracentrifuge experiments which were performed 
with Ag-Ab solutions a t various ionic strengths. 
Electrophoresis and ultracentrifuge experiments 
over a wide range of ionic strengths are not easily 
interpreted quantitatively. In the former case, 
area anomalies greatly increase as the ionic strength 
is decreased, while in the latter, marked changes in 
the resolution of the species in a mixture may be ob
served with variations in ionic strength. The re
sults of our experiments in this connection are 
therefore only semi-quantitative. In Fig. 7 are 
illustrated some pairs of ultracentrifuge pat terns 
obtained with a given Ag-Ab solution at a particu
lar pH and two ionic strengths differing by a factor 
of 100. There is no pronounced effect of ionic 
strength on the amounts of free Ag or free Ab in 
these solutions. 

Evidence has accumulated tha t some kind of 
structural change occurs in the BSA molecule in 
acid solution, presumably due to intramolecular 
electrostatic repulsive forces.20'21 Par t of the re
duction in sedimentation constants of the compo
nents of these Ag-Ab solutions13 may be due to this 
effect. However, it is not likely tha t this is a ma
jor factor in the acid dissociation of BSA-ant i BSA 
bonds since the pH regions in which the two phe
nomena occur do not coincide. At pYL 4.0, the A' 
value (Table V) for the Ag-Ab reaction is only 1Zi0 

its value at ^ H 8.6, while the effects of acid on the 
structure of the BSA molecule only begin to be no
ticeable at pH 4.O.21 

We conclude, therefore, t ha t a single ionized 
carboxyl group is an essential part of the Ag-Ab 
bond in this system. The inference is made that a 
positively charged group is present in each comple
mentary site. This is consistent with the observa
tion tha t similar antigen-antibody precipitates may 
be dissociated in sufficiently alkaline as well as acid 
solutions.22 I t is interesting tha t the involvement 
of a pair of oppositely charged groups in the bond 
provides a reasonable explanation of the positive 
standard entropy change accompanying the reac
tion.4 Furthermore, tha t only one charged group 
is specifically involved is a reflection of the rela
tively small size of a reactive site on these large 
molecules. 

The authors have profited greatly from discus
sions with Dr. Verner Schomaker. Grateful ac
knowledgment is made to Mrs. Mar t a Shapiro for 
her excellent technical assistance in the course of 
this investigation. 

(20) C. Tanford, Proc. Iowa Acad. Set., 59, 206 (1952). 
(21) J. T. Yang and J. F. Foster, T H I S JOURNAL, 76, 1588 (1954). 
(22) B. A, Kabat and M. M. Mayer, "Experimental Immuno-

chemistry," C. C Thomas, Springfield, 111., 1948, p. 480. 


