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centrifugation and it is therefore desirable to study
antigens which are readily resolvable from anti-
body vy-globulin by electrophoresis. It is necessary
for antigens to be well-defincd 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 ight be
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noted that although the precision attainable by
these methods leaves much to be desired when comn-
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 tine.

The authors have profited greatly from discus-
sions with Dr. Verner Schomaker. Grateful ac-
knowledgment is made to Mrs. Marta Shapiro for
her excellent tcchnical assistance in the course of
this investigation.
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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 Antibodies!

By S. J. SINGER aND D, H, CAMPBELL
RECEIVED FEBRUARY 14, 1955

Solutions of soluble complexes formed betwvcen bovine serum albumin (as antigen, Ag) and its rabbit antibodies (Ab

ltave 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 4+ 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.

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 pH 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~¢ elcctropho-
rctic and ultracentrifugal studies have been carried
out near neutral pH with the soluble Ag—Ab com-
plexes formed by dissolving an Ag-Ab precipitatc
in an excess of Ag, in the system containing bovine
scrum albumin (BSA) as Ag and rabbit antibodies
to BSA. These methods are well-suited to the de-
termination of the influence of pH on Ag—Ab equilib-
ria, and this application to the rabbit anti-BSA
svstem is the major subject of this paper. Strong
evidence has been obtained in this manner that one

(1) This work was supported in part by grants from tlie Rockefeller
Foundation and the United States Public Health Service. This paper
was presented before the Meeting of the American Chemical Society
at New York City, September, 1354. A preliminary account of some

of the results of this investigation lias appeared in S. J. Singer and
D, IT. Campbell, THIS JunrNAL, T6, 4052 (1954),

2) S} Singer and 10 1T Cawmpbell, thid., T4, 1701 (1052,
(3) S, J. Singer apil Do 1V Cawmpbell, thid., T8, 5577 ¢11131),
(4) 8. J. Simger utd Do 1L Camphell, dbad, TT, 3400 (1455).

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

Other matters of interest also have been investi-
gatced and are reported. Additional evidence has
been obtained confirming our earlier conclusions®
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 pH 2.4 the
Ag-Ab bonds are essentially completely dissociated,
and that BSA and Ab +v-globulin are electropho-
retically resolvable under these conditions. (That
the Ag and Ab in this systemn can be dissociated in
sufficiently acid solution has been observed previ-
ously.?) This now enables 11s to use unaltered BSA
whereas previously it was found desirable to label
the BSA by iodination.?

It also has been possible in this study to makc a
direct test of that part of the Goldberg theory for
Ag-Ab reactions® which deals with systems in homo-
geneous equilibrium, This theory has becn used?
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, III, IV, V aud VI, and tle
methods emploved to study them have been described in
detail in a previous paper.? Solutions to be examined in
different buffers were dialyzed 48 hours at 4° against several

15y D1t Cawpbhell, 150 Lieseler amd 1,8 Lermtan, Proc. No?
Aeod Sei, 37, 5TH (1Ub1).

(1) R. J. Coldbers, 'Tuis Joursat, T4, 5715 (11h2).
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changes of buffer, with maguetic 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 pH Range 7.5 to
5.0.—A series of ultracentrifuge experiments were
performed in buffers of ionic strength I'/2, 0.1 in
the pH range 7.5 to 5. 0. This is a particularly in-
teresting pH range since at pH 7.5 the BSA and an-
tibody v-globulin molecules both bear a net nega-
tive charge, while at pH 5.0, the former molecule
is negatively, the latter p051t1ve1y, charged. If the
net charges on Ag and Ab play a significant role in
the reaction, the equilibrium distribution of species
in these solut1ons should change noticeably in this
pH range. Data obtained with solutions made
from preparation III are given in Table I, from
which it 1s apparent that no marked change in the
distribution of species occurs. Some representative

TABLE I

SorvTioN I1I FroM pH 7.5 T0 5.0
Apparent %, Apparent %

free Ag a-complex

Elec Ultra- Elec- Tltra-

tH Buffer troph cent, troph. cent,
7.30 Phosphate 67 74 .. 15
6.54 Cac-Na(C1* 66 75 17 13
6.29 Phosphate 66 . 20 ..
6.13 Cac-Na(C1* 66 79 19 16
5.80 Cac-NaCl* . 78 . 15
5.43 Acctate 69 75 18 16
5.00 Acetate 67 74 20 16

a 0,02 M Na cacodylate and 0.08 M NaCl.

sedimentation patterns in this pH range arc repro-

duced in Fig, 1.
pH 6.0
Fig. 1.—Ultracentrifuge diagrams of solution III (BSA-

7.5
rabbit-anti-BSA) in the pH range 7.5 to 5.0. Sedimenta-
tion proceeds to the left,

With preparations IIT and V, but not with IV, a
siall 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 at a pH about 5.4,

Electrophoresis in the pH Range 7.5 to 5.0.—
Electrophoresis in buffers of ionic strength 0.1 was
carried out with solution IIT (Fig. 2) and the ap-
parent per cent. free Ag was determined* from the
ascending pattern in each experiment (Table I).
The area determinations were made somewhat dif-
ficult in the pH range from about 5.0 to 5.5 hecause
some of the compouents are near their isoelectric
points, and it was not possible to subtract the area
of the stationary anomaly from thuat of the com-
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plexes, While the mobilities of the various species
change with pH, of course, there seems to be no pro-
found change in the distribution of species as a func-
tion of pH in this range,” which is in agreement with
the ultracentrifugal results just discussed.

pH €0

pit 75

Hy

"y

Fig. 2.—Electrophoresis diagrams of solution 111 (BSA-
rabbit-anti-BSA) in the pH range 7.5 to 5.0. Startiug
positions are indicated by the arrows.

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

(7) 1n 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 experiients, that this is an effect which has nothing to do
with tlie interaction of BSA with its Ab, but occurs with BSA itself.

The effect is comwpletely reprotducible, and is eliminated hy substitn-
tion nof I (o CI

Dt its exaet patare isx not kpown,
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the (Ag),Ab complex, and are not much resolved
from one another. The descending mobilities® 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 that of BSA.1® The descending
mobility of the free Ag peak in Ag—Ab solutions is
the same as that of BSA itself, in accord with our
conclusion that the rates of re-equilibration are rela-
tively slow under the conditions of these experi-
ments.
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Fig. 3.—Electrophoretic mobility as a function of pH for:
X, BSAitself; O, free BSA in Ag-Ab solutions; @, a-com-
plex; ©, other complexes; +, normal rabbit y-globulin. All
buffers are at 0.1 ionic strength.

The intermediate peak could be precisely identi-
fied from its iscelectric point and from its mobility
as a function of pH, 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 that it is given by p = Zw;, where w; is the
weight fraction and p; the mobility of the constitu-
ent i. Now, if the intermediate peak is due to
(Ag):ADb, the other complex peak is due to species
poorer in Ag, whose average composition might be
represented as (Ag),(Ab)..?2 The sum Zwyy; has

(8) The errors involved in the determination of the mean ordinates
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) V. P. Dole, Tuis JournaL, 67, 1119 (1945).

(10) 1.. G. l,ongsworth and D. A. Maclanes, J. Gen. Physivl., 25,
507 (10225,
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therefore been calculated (Table II) for (Ag).Ab
and (Ag).(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 that the
antibody in these solutions is bivalent.?*

TABLE 11
MosgiritiES OF Ag-Ab CoMPLEXES

Obsd. mobilities® Caled. mobilities?

prH a-Complex Otlier complexcs (Ag):Ab (Ag)a(Ab)a
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

o X 10% cm./sec. /volt,/cn1.

For these and other purposes, electrophoresis ex-
peritnents were performed in the same buffers with
L SA itself and with a normal rabbit v-globulin prep-
aration, RGG-1.¢ The descending mobilities so
obtained are included in Fig. 3.

Electrophoresis at pH 2.4.—In the pH range 4.6
to 3.0, the pH—mobility curves of BSA and rabbit v-
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 pH range. At pH 2.4, however, the electro-
phoretic mobilities are again quite different. Fur-
thermore, the Ag—Ab bonds are completely disso-
ciated, so that elcctrophoresis at this pH affords an
analytical mmethod for the determination of total Ag
and total Ab in a given solution.

asc <—’ }-—) desc

Fig. 4 —DLlectrophoresis diugrams in glycine-11Cl buffer,
pH 2.35, T/2 0.1 after 5700 sec. at 0.0080 amp.: (a) mixture
of BSA and normal rabbit vy-globulin preparation RGG-I1
containing 49.12¢¢ BSA; (b) solution V-1.

In Fig. 4 are reproduced electrophoresis dia-
grams obtained in glycine-HCI buffer, pH 2.33,
1'/20.1, for (a) a mixture of BSA and normal rabbit
v-globulin, and (b) BSA and rabbit anti-ESA.
The ascending and descending patterns are far from
being inirror images of one another but the two des-
cending patterns are practically indistinguishable.
In these latter patterns there are three well-re-
solved peaks. The nature of the fastest peak is not
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clear,!! but is not of importance for our purposes.
The second and third peaks, however, are primar-
ily due to BSA and y-globulin, respectively. In
order to eliminate uncertainties due to electrophos-
etic anomalies, the relative areas under these peaks
were calibrated by experiments with accurately
prepared mixtures of BSA and normal rabbit y-
globulin.’?  The rabbit vy-globulin preparation,
RGG-II, was prepared by electrophoresis-convec-
tion and was 989, y-globulin.* Differential refrac-
tometry was used to measure relative protein con-
centrations of the BSA and RGG-II solutions in
phosphate buffer, pH 7.50, I'/2 0.1, and mixtures
of the two were prepared by weight.* The mix-
tures were then thoroughly dialyzed against the
glycine—HCI buffer, and remained perfectly clear.
At a total protein concentration of 17 mg./ml., elec-
trophoresis experiments were performed in the gly-
cine-HCI 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 ITI). Asa 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 ESA

TaBLE 111

ELECTROPHORETIC ANALYSES WITH MI1XTURES OF BSA AND
NoRMAL ¥-GLOBULIN IN GLYCINE-HC], pH 2.4

% BSA, Apparent 9 % BSA, Apparent ¥
analyt.% BSA?b analyt.@ BSA?®
19.83 15.5 67.8 62.4
29 .56 24.1 78.5 73.8
39.15 32.9 87.8 84.0
49.1 42.0 51.0° 44 .8°
37.8 51.3 59.7° 53.8°

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

TABLE IV
ELECTROPHORETIC ANALYSIS IN GLYCINE-HCI, pH 2.4
BSA, % BSA, %

Soln. Electroph, Analyt, Soln. Electroph.  Analyt,
\Y% 39.3 V-4 71.8 72.7
V-1 48.1 47.8 V-5 78.7 78.6
V-2 56.9 36.9 V-6 89.4 88.9
V-3 66.8 66.5

(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, v-globulin, 8-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-HCI buffer, pH 2.35, I'/2 0.1 was prepared from
12,70 g. of Mallinckrodt NF VIII glycine and 8.25 cc. of C.p. coned.
HCI 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 tlie peaks to tlie baseline,
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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 8-globulin
migrates under the ~-globulin peak under these
conditions, so that any residue of $-globulin pres-
ent in the y-globulin preparation used to obtain the
calibration data, does not interfere, Furthermore,
experiments with mixtures of BSA and bovine v-
globulin have given the same results, within ex-
perimental error, as mixtures with rabbit v-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,* and has
obviated the labeling of BSA which was previousty
used.?

In the ultracentrifuge, BSA-anti BSA solutions
also exhibit behavior identical with mixtures of BSA
and normal rabbit y-globulin in this glycine-HCI
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 pH 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 y-globu-
lin, between the peaks due to the free Ag and the
slowest-sedimenting complex (the a-complex).?
With further decrease in pH, however, such a vy-
globulin peak becomes progressively larger while
the amounts of the complexes diminish. It is
clear that this y-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 63.09 total Ag
and 37.09% total Ab) at a concentration of 21 mg.
total protein/ml. in buffers of 0.1 ionic strength
(Fig. 5). At pH 2.4, the sedimentation diagram
was that of a corresponding mixture of BSA and
normal y-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 ’/2 0.1. From pH 4.0 to 3.0, in solution IV, the S values for
the free BSA peak decreased from 4.1 to 2.7 S; for the free Ab peak,
from 6.2 to 4.4 S; and for the a-complex peak, from 8.3 to 5.7 S.

Independent experiments with mixtures of BSA and noral v-globulin
confirnied these trends.
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Fig. 5. - Ultraceatrifuge diagraims of solwtion 1V i buffers
of different pH and I'/2 0.1. Three patterus at different
times in each experiment are illustrated, fromn right to left
chrotiologically.  Sedimentation proceeds to thie left. The
y-peak represents free Ab, a and b, the a- and b-coriplexes.

111 this series of buflers are given in Table V. Itis to
be noted that the dissociation appears to be quanti-
tativelv independent of the chemical nature of the
buffer.

TABLE V

L'rrect or pIT on Ag-Ab liguiLisrIA
Relative arcas”?
a-com- KA
plex® Ag- X log
App. Cor. Abc 103 K

Free Ab
App. Cor.

Free Ag

rH RBufier  App. Cor.

4,22 lactate 50 42 53 5.3 26 30 17 18 4.25
3.90 Lactate 57 49 9 10 3t 35 23 11 4.04
3.88 Acetate 57 49 9 10 25 30 20 9.4 3.97
3.60 Lactatce 66 57 13 16 17 22 18 4.6 3.66
3.42 TLactate 68 59 19 22 12 17 15 2.8 3.45
3.31 Lactate 71 62 23 27 10 14 13 1.9 3.28
3.12  Glycine -

et 88 59 20 34 h 10 10 1.2 3.08
2.4 Glycine -

1nel 78 63 2% 37

¢ Givert as per cettt. of total arca expeeted for total pro-
tein cottteitt of solution, 21 mg./ml.  * Takert as constituted
of AgAb aud (Ag),Ab. ¢ Calculated as described in text.
@ For Ag + Ah = AgAb, in liter mole™!. ¢ As determined
by clectrophoresis in glyciue~-1HC1 buffer, pH 2.35, 1/2 0.1,

Other than the frec Ab peak, llowever, 1o new
peak appears in the sedimentation diagrams in this
pH range. On the other hand, in solutions con-
taining appreciable amounts of free Ab, signifi-
cant amounts of the AgAb complex should also bhe
present.  We infer that the AgAb complex sedi-
ments at a rate sinnilar enough to that of the (Ag)s-
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Ab complex 111 these solutions, that the two specics
are not resolved, Therefore, while at pH 7.5, the
a-complex peak was shown? to be due largely to the
(Ag)eAb species, we conclude that at a pH more acid
than 4.5 the arca under the a-complex peak is at-
tributable to the sum of the concentrations of the
AgAb and (Ag)»Ab complexes.

At pH 7.5, one cannot deterinine the equilibriumn
concentration of enough species for a direct evalua-
tion of equilibrium constants.?* Instead, recourse
is had to the Goldberg theory for Ag-Ab reactions,’
the model for which assuines that all Ag-Ab honds
are intrinsically equivalent. In the pH range 4.3
to 3.0, however, almost entirely dircct equilibriuin
constants may be obtained, as follows.! First, the
apparent relative areas under the free Ag, frec Ab,
and a-complex peaks listed in Table V are corrected
for the Jobuston-Ogston anomaly.!' The equilib-
rium concentrations of the free Ag and Ab at a
givenn pH arc thus directly determined from the
corrected arcas 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).Ab spccies.
The fraction of the a-complex area attributable to
the AgAb is evaluated, as a first approximation, on
the assumption of the intrinsic equivalence of the
bonds in the AgAb and (Ag),Ab complescs. This
assumption requires®? that the concentrations of
the two complexes in a giveu solution be related as

Ciamean = Clhean 4

wlhere ¢ represents molar  concentration,  This
permits evaluation of quasi-experiimental AgAh
concentrations, and equilibrinm constants, A, for
the reaction Ag + Ab & AgAb, as a function of pH
(Table V). I view of the approximations made in
the calculations of the concentrations of the various
componcnts, the X valites arc wncertain to 250,
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 tlic Goldberg the-
orv®t to these Ag-Ab solutious. Two independ-

(14) J. P. Juhnston and A. G. Ogston, Trans. Faradoe Soz., 42, 789
(1946}, An anomaly occurs with mixtures in the ultracentrifuge,
such that the apparent areas of slower components are increased some-
wliit at the expense of the apparent arcas of faster ones. Exact
calculation of tlie anomalies in our system is at present impossible.
lnsteod, empirical eorrectinns have been applied, anchored by the fol-
lowing observed correctivns at pll 7.5 and pll 2.4. At the former
pIl. due to thiz anomaly, the apparent per cent. (ree Ag determined
ultracentrifugally is about 8 units higher than the trne valie,t at a
total protein conceutration vf the order of 20 mg./ml. At the latter
1L, the data in Table V imlicate that tlie apparent per cent. free Ag
is about 10 nnits higlier than tlie true value. The corrections to the
apparent per cent. free Ag at pll values hetween these twn have
therefore been interpolated hetween 8 and 10 units. The corrections
to the apparent per cent. frece Ab have been made as follows, At
pH 2.4, the observed correction is + 10 units {(Table V). 1t is as-
sumed that that at p11 4.0, the correction is negligible, hecavse of the
presence nf faster as well as slower components in the solutinn, and at
pH values in between, the eorrection is obtained by interpolation
The corrections to the apparent per cent. of the a-complex are made
similarly, with tlie restriction that in a given solution the algebraic
sum of the corrections for the free Ag, free Ab, a-complex, and b-
complex (the last, not included in Table V) be zero. The average
correction to any apparent relative area is less than 209 of that area,
and any resiinal uncertainties are not sufiicient to alter the conclusions
derived from tliese 1lats

(17 1, Paalar:. 10 Pressmuan. D, 11
Jorreoan, 64, S Tl

Coantplell and O Theda, Tis
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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 K. %21 In view of the experi-
mental uncertainties and the marked sensitivity of
the theoretical K values to the free Ag or free Ab
concentrations,* the agreement among the three
sets of K values is satisfactory.

TABLE VI

Test oF GoLDBERG EQUATIONS
K(caled.) X 10-3

pH Kexpt.) > 10 % Prowm 9 free Ag  Froor 9 free Ab
4.22 1R 34 18

3.90 11 10 10

3.88 9.4 11 10

3.60 4.6 2.4 6

3.42 2.8 1.4 3

3.31 1.9 0.5 1.9
3.12 1.2 1.5 0.5

In order to explain the effect of acid pH 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 all f 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* 4+ Ab™2 > Ag*¢ - D Ab-1; K, (1)
Ab~? 4 H* T HAb™!; 2Ky (@)

HAb-! + H* > H,Ab; Ku/2 (3)

Ag* ~ DAL~ 4 H* > Ag*V - DHAb; K (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

- __(égAbhum_I__

{Ag™ | {Ab] o

where [S] represents the molar concentration of spe-

cies S, [Abliotar = [Ab™?] 4+ [HAb—1] 4+ [H,Ab],
and [AgAbliotar = [AgH(/=D)Ab~!] 4 [Ag™(F — 1)

(3)

HAb]. From these relations it follows that
1 1 K
log(K - K0> = log K? — pH (6)

If #200 negative and fwo positive charges are involved
in each bond, a similar but more complicated rela-
tion is obtained which, for pH < 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 coinplexes exists, 1/K

(16) K for the reaction Ay + AgAb 2 (Ay),Ab is 1/, of K for the re-
action Ay + AL . Ag&b.“'“’
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>> 1/K,, and log (1/K — 1/K,) = —log 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 Ky 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 = K, at that pH, In a previous paper,*1*
for the reaction Ag 4+ Ab =2 AgAb at pH 8.6, K was
determined to be 1.0 X 10° Using this value for
Ky, and the K values of Table V, we obtain the
data plotted in Fig. 6, The relation between log
(1/K — 1/K,) 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. Furthermiore, these
data indicate that log (Ku/Ko) ~ 0, and Ku =
Ky, 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 1V,

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 sanie
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 twol”; and (b) as the molecules be-

(17) Anapproximate theoretical calculation of the magnitude of this
effect may be made by means of the theory of Verwey and Overbeek,!8
but the validity of the calculation is uncertain, The Ag and Ab
molecules are taken as spheres with a uniform surface charge density

surrounded by ion atmospheres, the spheres being in contact with each
other, With this moudel, a pusitive electrostatic free encrgy is pre-
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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 that the complementariness of the reactive
sites is diminished and dissociation occurs.??

That 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

». r"d
a c e
.z v Av

Fig. 7.—Thle effect of ionic strength on tite ultracentrifuge
patterns of Ag-Ab solutions; solution V in phosplate buf-
fers, (a) pH 7.539, T'/2 0.10; (b) pH 7.50, I'/2 0.001; solu-
tionn IV in acetate buffers, (¢) pH 5.38, T/2 1.0 (coutaining
0.9 M NaQl); (d) pH 5.46, T/2 0.01; solution V in lactate
buffers; (e) pH 4.02, T/2 0.10; (f) pH 4.03; T/2 0.001.
Sedimentation proceeds to the left in all patterns.
dicted which is large enough to cause dissociation of the Ag—Ab bonds
in the acid pli range. This cannot be correct, however, since the
theory would likewise predict dissociation at pH 8.0 comparable to
that at pH 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,”” Elsevier Publishing Co., New York,
N. V., 1948, p. 152,

(18) 1f either one or both of these factors is significant, then the
ionization of a specific group in the reactive site is probably not iu-
volved at all. For, if all of these factors were important, subtracting
the effects of either interinolecular or intramolecular electrostatic
repulsion, o1 both, would decrease the slope of the experimental plot
in Fig. 6. A slope of much less than unity would imply that only soue
fraction of reactive sites contained an iomizable group. Such large
differences among tlie sites scem improbable.
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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 at 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 arc
illustrated some pairs of ultracentrifuge patterns
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
these solutions.

Evidence has accumulated that some kind of
structural change occurs in the BSA molecule in
acid solution, presumably due to intramolecular
electrostatic repulsive forces.?*?! Part of the re-
duction in sedimentation constants of the compo-
nents of these Ag—Ab solutions!® may be due to this
effect. However, it is not likely that this is a ma-
jor factor in the acid dissociation of BSA-anti BSA
bonds since the pH regions in which the two phe-
nontena occur do not coincide. At pH 4.0, the K
value (Table V) for the Ag—Ab reaction is only !/
its value at pH 8.6, while the effects of acid on the
structure of the BSA molecule only begin to be no-
ticeable at pH 4.0.21

We conclude, therefore, that a single ionized
carboxyl group is an essential part of the Ag-AD
bond in this system. The inference is made thata
positively charged group is present in each comple-
mentary site. This is consistent with the observa-
tion that similar antigen—antibody precipitates may
be dissociated in sufficiently alkaline as well as acid
solutions.?? Tt is interesting that 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.! Furthermore, that 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. Marta Shapiro for
her excellent technical assistance in the course of

(20) C. Tanford, Proc. Jowa Acad. Sci., 89, 206 (1952).

(21) J. T. Yang and J. F. Foster, TH1s JoURNAL, T6, 1588 (1954).

(22) E. A, Kabat and M. M. Mayer, "'Experimental lmmuuo-
chemistry,” C. C Thomas, Springfield, T11., 1448, p. 480.




