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Solutions of soluble complexes formed between bovine serum albumin (as antigen) and its rabbit antibodies have been

subjected to electrophoresis and ultracentrifugation.

From these experiments it has been possible to obtain the equilibrium

concentration of uncombined antigen (Ag) in a given solution of known total antigen and total antibody (Ab) content.
With the aid of the Goldberg theory, this information has been interpreted to give equilibrium constants for the reaction:
Ag + AgAb = (AghAb; K = (2.5 == 0.5) X 104 AF® = —5.5 & 0.2 keal,, AH® = 0 & 2 kcal,, and AS® = 420 &= 8e.u,

for this reaction in this system in veronal buffer, pH 8.5, at 0°,

cussed.

Much of our information concerning the funda-
mental nature of the antigen—antibody reaction has
been acquired through the study of artificial anti-
gens, prepared by coupling simple chemical groups
(haptens) to proteins.? The detailed molecular
basis of the reactions between natural protein an-
tigens and their antibodies, however, is still largely
conjectural. This is because knowledge of the de-
tailed structure of proteins as well as appropriate
techniques of investigation have been lacking.
Even the fundamental thermodynamic data for
these reactions are not available, and suitable
methods, other than calorimetry, for obtaining
them have not been described. In our earlier stud-
ies®* on the physical chemistry of soluble antigen-
antibody complexes, we reported on a new method
for obtaining such data. In this paper, the
method is critically examined, and has been applied
to the system containing bovine serum albumin
(BSA) as the antigen and rabbit antibodies to BSA.

It is well known that a specific precipitate formed
between an antigen (Ag) and its antibody (Ab) can
generally be completely dissolved by adding to it a
sufficient excess of the antigen in solution. In this
process, the precipitate is converted into an equilib-
rium distribution of various soluble molecular ag-
gregates, or complexes, of Ag and Ab. Our method
relies on the fact that it is generallv possible to ef-
fect at least a partial resolution of the various com-
ponents in these solutions either by ultracentrifu-
gation or electrophoresis, or by both independ-
ently, and, from these experiments, to determine the
equilibrium concentrations of one or more species.

In the rabbit anti-BSA system,® at a pH near 7,
it is not possible by these means to determine accu-
rately enough the concentrations of more than two
components and so equilibrium constants cannot be
evaluated directly. (However, in the pH range
from 4.5 to 3.0, in which the coinplexes are exten-
sivelv dissociated, such direct constants can be ob-
tained.’) If we assume that every antigen—anti-
body bond is intrinsically equivalent, regardless of
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The significance of these thermodynatnic parameters is dis-

the size of the complex in which the bond occurs,
then a knowledge of the equilibrium concentration
of any ome species is sufficient to determine the
equilibrium constants, The adequacy of this as-
sumption, in view of current experimental errors, is
explicitly demonstrated in the following paper.® At
a pH near 7, the equilibrium concentration of un-
combitied, or free, Ag can be accurately determined
by electrophoresis. This fixes the equilibrium con-
stants and standard free energy changes. In ad-
dition, the temperature dependence of the ultracen-
trifugal behavior of these solutions can be studied
to determine the variation of equilibrium constants
withtemperature, and enthalpy and entropy changes
for the reactions.

Materials and Methods

Solutions of Soluble Complexes.—Four independent
solutions of complexes were studied in the period July, 1952,
to July, 1954, These are labeled 111 to VI, in chronological
order, solutions I and II having been used in our previously
reported work.? In III-VI, in contrast to I and II, the Ag
was the unaltered crystalline BSA. In the earlier work, the
BSA had been iodinated in order to facilitate analyses of
total Ag and total Ab. Since then, we have developed an
electrophoretic method for such analyses,® which makes
the labelling unnecessary.

The preparation of solutions III-VI was in part similar
to that previously described.? High titer hyper-immune
rabbit sera, containing an average of about 3 mg./ml.
of anti-BSA protein, were pooled, rapidly frozen, and stored
at —40° for various periods of time. Immediately before
use, the sera were carefully thawed, and the y-globulin
fraction was largely freed of other serum proteins by pre-
cipitation in '/; saturated (NH,),SO, solution adjusted to
pH 7.8. The precipitate was washed, and dissolved in
saline at pH 7.5. BSA dissolved in saline at pH 7.5 was
added to this y-globulin solution in equivalent amount, as
determined by preliminary titration under identical condi-
tions. The mixture was kept at room temperature for 2
hours, then stored at 4° for 24 hours. The specific precipi-
tate was then centrifuged and washed several times with
cold saline, An amount of BSA in saline solution about
twice the weight of Ab precipitated was then added, and the
mixture rotated at 4° for about 24 hours. Solutions III,
IV and V, at this stage, were then packed cold in insulated
containers and shipped air-mail from Pasadena to New
Haven. They were two days in transport, and were used
immediately after arrival. Solution VI was investigated
directly at Pasadena.

The solutions were centrifuged to remove small amounts
of undissolved protein. V and VI were brought to !/,
saturation with respect to (NH4):SO4 adjusted to pH 7.8.3
The resultant precipitates were centrifuged, and completely
redissolved in saline at pH 7.5. (This procedure results in
a preparation in lower antigen excess than would otherwise
be possible). Preparations III to VI were then dialyzed
against appropriate buffers, and solutions in greater antigen
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excess were accurately made from aliquots of tlie master
solutions by the addition of known amounts of standardized
BSA solutions (see section on Proteinn Analyses).

_ Normal Rabbit y-Globulin Preparations.—Two prepara-
tions, RGG-I and RGG-II, were employed for various
purposes in these studies. RGG-I was a crude preparation
precipitated from pooled normal rabbit serum with /s
saturated (NH4)SOs at pH 7.8. In electrophoresis, it
analyzed for about 859 y-globulin and 159, B-globulin.
RGG-II was a refined preparation made as follows. Pooled
normal rabbit serum was treated with !/y saturated (NH,)s-
SO, at pH 7.0. The precipitate was washed several times
with cold !/; saturated (NH;)SO4, then redissolved in
pliosphate buffer, ionic strength 0.2 pH 6.02 (the mean iso-
electric point of normal rabbit y-globulin®), The solution
was dialyzed against the same buffer, and fractionated by
electrophoresis-cottvection b7 at a field strength of 1.34
volts/em. at 2°, After 72 hours, the top fraction was
removed and used as RGG-II. It analyzed electropho-
retically for 989, y-globulinn aud 29, 8-globulin,

Bovine Serum Albumin,—Several different batches of
Armour’s crystalline BSA were used, both for immunization
and for the preparation of Ag-Ab solutions.

The normal bovine v-globulin was an Armour Fraction
II preparation.

Protein Analyses.—Nessler analyses were performed,
using the factor 6.25 to convert from N to protein content,
For the more quantitative experiments with solutions V
and VI, refractive increments determined with a Brice-
Phoenix differential refractometer were employed as follows.
It was desired to make up a series of accurately known solu-
tions from a master solution of complexes and a master
solution of BSA. The two master solutions were thoroughly
dialyzed against the same buffer, refractive increments
against that buffer were measured, and aliquots of the two
solutionns were then weighed together. The relative com-
positions of the secoudary solutions compared to the master
solutions were thus known with a precision better than
+0.3%.

Ultracentifugation and Electrophoresis.—Ultracentrifuge
experiments were performed in a Spinco Model E instru-
ment, employing a Philpot-Svensson cylindrical lens-di-
agonal bar optical system. The temperature was near 25°
unless otherwise indicated. Electrophoresis was carried
out in a Perkin—-Elmer Model 38 Tiselius apparatus, with a
Longsworth scanning optical system. Area measurements
were made as described previously,? on enlarged tracings
made independently in triplicate and measured with a
planimeter. The reproducibility of the apparent per cent.
free Agisabout &2 units for the ultracentrifuge experiments
and 0.5 unit in electrophoresis.

Results

Effects of Re-equilibration during Electrophore-
sis.—The various species in these Ag-Ab solutions
are initially in equilibrium, but as the boundaries
resolve, the distribution of species readjusts toward
new equilibrium conditions. It is necessary,
therefore, to justify the quantitative use of the
schlieren diagrams obtained. In a previous paper,?
it was demonstrated that for the BSA system at a
pH near 7, the effects of re-equilibration are mini-
mized in the ascending limb in electrophoresis.
If the schlieren diagram returns to the baseline in
the region between the peaks due to free Ag and to
the complexes, then, unambiguously, the area
under the free Ag peak is proportional to the equilib-
rium concentration of free Ag in the original solu-
tion (subject to corrections for anomalies occurring
in conventional clectrophoresis, see below), There
may be systems, however, for which the schlieren
diagram is elevated from the baseline in the region
between the two peaks, due solely to the limited

(6) J. R, Cann, J. G. Kirkwood, R. A, Brown and O. J. Plescia,
‘I'u1s JOURNAL, T1, 1603 (1949).
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electrophioretic resolution of the various species,
and not necessarily to the effects of re-equilibra-
tion. An independent experimental test of the
importance of the latter effects has therefore been
developed. Several experiments with aliquots of
the same Ag-Ab solution in the same buffer are
performed, in which the number of coulombs
passed through the cell, and hence the distances
moved by the various boundaries, are the sanie, but
the current and duration of the experiment are var-
ied inversely. If the apparent area under the frec
Ag peak does not vary with the duration of the ex-
periment, then the effects of re-equilibration are
negligible. (If the apparent area does vary, an cx-
trapolation to zero time may be possible.)

A number of such series of experintents have beern
carried out with the raubbit anti BSA systenm. Allof
them have shown no variation of the area, within
experimental errors, under the free Ag peak over an
eightfold variation in the duration of an experi-
ment. A typical example is given in Fig. 1, with
solution V-2 it phosphate buffer, pH 7.50, I'/2 0.1.
We conclude that, it this system, the mterpreta-
tion of the area under the free Ag peak as propor-
tional to the eguilibrium concentration of frec Ag
in the original solution, is justified.

Electrophoresis Results.—A series of solutions of
soluble complexes derived from preparation V
were examined electrophoretically at a total protein
coucentration of 17 mg./ml in phosphate buffer,
pH 7.50, I'/2 0.1. All experiments were run for
10,400 sec. at a field strength of 4.16 volts,/cm. The
apparent relative concentration of free Ag was de-
termined from the ascending pattern in an experi-
ment (Table I). The per cent. total Ag was obtained
by electrophoresis at pH 2.4* (Table I}, Solutions
derived from preparation VI were studied electro-

TABLE [
SOLUTIONS OF PREPARATION V IN PHOSPHATE BUVFER, pIT
7.50, I'/2 0.1
Apparent relative areas

Total Ag,@ Free Ag Free Ag a-complex

Solution G (electroph.) (ultracent.) (ultracent.)
v 39.3 20.6 19 8
V-1 48.1 31.4 2¢ 13
V-2 H6.9 43.4 41 15
V-3 66.8 56.0 52 14
V-4 71.8 63.5 61 13
V-5 78.7 72.¢4 69 11
V-6 8G. 4 86.4 84 i)

a As determined by electroplioresis in glycine-HC1 buffer
pH 248
TaBLE II
ELECTROPHORESIS OF PREPARATION VI SOLUTIONS IN
VeEroONAL—-NaCl BUrrer, pH 8.43, I'/2 0.3
Apparent ¢

Solution Total Ag,?® ¢, free Ag K X 10-4b
VI 48.0 17.2 140°
VI-1 55.7 30.2 2.4
VI-2 62.4 37.8 4.2
VI-3 69.1 48.0 3.3
VI-4 76.3 596 2.6
VI-5 83.3 70.7 3.0

¢ As determined by clectrophoresis in glyciue-XC1 buffer
pH 2,45, 5 For the reaction Ag -+ AgAb = (AghAb, see
text. < Large value caused by too stall valne for the 9
friee Ag, reason for which is not knowi.
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Fig. 1.—Electrophoresis patterns of solution V-2 in
phospliate buffer, pH 7.50, T'/2 0.1: (a) 2950 sec. at 0.0120
amp.; (b) 10,400 sec. at 0.0034 amp.; (c) 20,800 sec. at
0.0017 amp. Starting positions are indicated by the
ATTOWS.

phoretically at a total protein concentration of 15
mg./ml. in a veronal-NaCl buffer, pH 8.43, T'/2
0.3, containing 0.2 M NaCl. The experiments were
run for 13,500 sec. at a field strength of 4.16 volts/
cm. The results of analyses of apparent free Ag
and of total Ag are given in Table II.

In all our electrophoretic and ultracentrifugal
studies, there was no indication of the presence in
these solutions of any components other than Ag,
Ab, and aggregates of the two.

Ultracentrifuge Results.—The solutions derived
from preparation V were examined in the ultra-
centrifuge as well as in electrophoresis in the same
phosphate buffer. The sedimentation patterns
were in all respects similar to those of Fig. 2 of ref-
erence 3. The apparent relative areas under the
free Ag peak and the a-complex peak (the a-complex
peak at this pH being due to the (Ag).Ab aggre-
gate®®) were measured (Table I). These relative
areas as a function of the ratio of total Ag to total
Ab are, within experimental error, the same as pre-
viously reported,® indicating that the results ob-
tained are entirely reproducible.

Ultracentrifuge experiments with some of these
solutions were also perforined at different tempera-
tures. The ultracentrifuge rotor and the cell filled
with the solution to be studied were incubated at
the appropriate temperature for about 2 hours be-
fore the experiment, and were then imnediately
accelerated. Solutions in low Ag excess were less
stable at higher temperatures than those in greater
excess. Thus solution V at 47° for 2 hours had
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Tig. 2—The effect of temperature on ultracentrifuge
patterns of solution V  (BSA-rabbit-anti-BSA). Sedi-
uicntation proceeds to the left.

lLicavily precipitated, but was perfectly clear at 37°
after 2 hours. Solution V-3, however, remained
clear at 47° for 2 hours, and was examined at that
temperature, The low temperature runs were per-
formed at a mean temperature of about 4°, with re-
frigeration of the ultracentrifuge rotor chamber.
The mean temperature in a given run was taken as
the average of the rotor temperatures immediately
before and after the experiment.

In Fig. 2 are reproduced examples of the effect
of temperature upon the sedimentation patterns.
The sedimentation rates of the various species, of
course, increase with increasing temperature, due
primarily to a decrease in the solvent viscosity, so
that patterns at two temperatures are compared in
which a given peak has moved comparable distances
from the meniscus. The patterns of Fig. 2 are very
similar, but closer inspection of the region of the di-
agrams between the a- and b-complex peaks reveals
an interesting difference. At the lower tempera-
ture, in spite of a longer time of sedimentation, the
two peaks are better resolved than at the higher
temperature. This is not due to diffusion, but is
most likely due to slower rates of re-equilibration at
the lower temperature.

In other respects, however, the diagrams are in-
distinguishable. In order to assess the effect of
temperature accurate measurements of the free
Ag area were made. Comparable pairs of patterns
from runs at two different temperatures werc en-
larged and traced superimposed. This minimized
uncertainties in the baselines, particularly. Within
experimental error (about =3%) no change in the
free Ag area was observed in the temperature range
3-36° with solutions V and V-2, or in the range 3-
47° with V-3.

Discussion

The Free Ag Concentration.—In a systemn of
non-reacting components in electrophoresis, the
relative areas under the peaks in a given diagramn
are subject to correction because of anomalies.
These anomalies decrease with decreasing total
protein concentration and with increasing ionic
strength of the buffer; they make too large the ap-
parent relative areas of the free Ag peak in our ex-
periments; and they are larger in the ascending
than in the descending patterns. Ifor the purposes
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of our earlier experiments,? these corrections were
negligible in the veronal buffer, pH 8.50, I'/2 0.1.
For calculations of equilibrium constants, however,
these small corrections are significant. Their inagni-
tude for strong electrolyte systems is given by the
Dole theory?® as has been experimentally confirmed.?
Since proteins are weak electrolytes, 1t is not sur-
prising that the Dole theory accounts only qualita-
tively for the anomalies that occur!® in protein
mixtures. The observed anomalies are about twice
the calculated ones. The apparent relative free Ag
concentrations iroin the ascending patterns in our
carlier paper have therefore been corrected by dou-
bling the calculated Dole corrections in the veronal
buffer!! (Table III). These corrections are sinall
enough to have no effect on the conclusions reached
in reference 3.

TaBLe 111
LEQUiLiBRIUM CONSTANTS FOR SOLUTIONs | AND [][#1
‘Total Ag, Free Ag, 4 K X 10 *
Solution % App. Cor. App. Car,
-1 34.7 8.6 6.6 2.0 3.7
E-11 33.8 12.4 10 1.0 1.8
-1-1 50.0 28.1 25 0.81 1.5
1-1-2 62 .2 12.6 39 .63 1.4
1i-11-2 68.1 30.9 47 1.3 2.1

* Tor tlic reaction Ag + AgAb = (Ag):Ab, sce text,

[u phosphate buffers, electrophoretic anomaties
are much larger than those in veronal buffers of the
same ionic strength.'*!? This is evident in our own
stucdies with the solutions from preparation V in
phosphate buffer. The apparent per cent. free Ag

”~
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Fig. 3.—The biuding of BSA by autibody: open circles
for data of preparation VI, filled circles for preparations I
and II (reference 3).
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(9) L. G. Longsworth, ¢bid., 67, 1109 (1945).

(10) 8. H. Armstrong, M. J. E. Budka and K. C. Morrison, ibid.,
69, 416 (1947).

(11) For these calculations, it is assumed that the Ag-Ab solution
is a two-protein system composed of free Ag and a complex species,
The latter is assigned a relative mobility of —3.5, and the relative
mobilities assigned to the other ions are: Na, +22.7; veronal ion,
—10.3; and BSA, —6.0. The average protein concentration is
taken as 17 mg./ml.

(12) L. G. Lougswardl, J. Phys. Colloid Cheoe., 81, 171 (1047),
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determined by electrophoresis in a given solution is
always larger than that obtained by ultracentrifu-
gation (Table I). On the other hand, the latter val-
ues are themselves too large because of an arca
anomaly occurring in ultracentrifugation.!®!* Fur-
therinore, we have performed a few mixture experi-
ments with BSA and a normal rabbit 3-globulin
fraction'® prepared by electrophoresis—convection
(8-globulin having a relative mobility comparable
to that of the complexes), These experiments con-
firm the magnitudes of the electrophoresis uarca
anomalies in phosphate buffer which are required
for the data in Table I to conform with those ob-
tained with preparation VI. Rather than make
such fairly large corrections, however, we can turn
to the independent data obtained with preparation
VI. Solutions made from the latter were examined
electrophoretically in a veronal-NaCl buffer at ionic
strength 0.3'° in order to reduce the magnitude of
the anomalies below the experimental errors in area
imeasurements. That the resultant anomalies are
so reduced in this buffer has been confirmed.
The apparent relative free Ag concentrations deter-
mined with solutions of preparation VI are there-
fore taken as the true values without further cor-
rection.

The Valence of Antibody.—In a previous paper?
we have demonstrated that precipitating rabbit
antibodies to BSA are largely, if not all, bivalent.
In the present studies, this has been confirned with
additional data. As discussed in the last section,
the amount of free Ag in solutions of known total Ag
and total Ab has been determined. The amount of
Ag bound in all the complexes in a solution is then
given by the difference between the total Ag and
the frec Ag. 1f all the Ab in these solutions in Ag
excess 1s considered bound in complexes, then the
ratio (bound Agj/(bound Ab) multiplied by the
molecular weight factor 160,000/70,000 gives

(Ag/Abigp N, the average number of Ag molecules
bound per Ab molecule in all the complexes in a solu-
tion. The limit approached by this number as the
antigen excess becomes large should be the anti-
body valence, the limiting number of Ag molecules
that can be attached to an Ab molecule, In Fig. 3
is plotted such data for the solutions I, II and VI.
Extrapolation leads to a value of two for the anti-
body wvalence. It has been reported!® that such a
plot obtained froin electrophoretic data for the same
systeun in very large antigen excess suggests an Ab
valence larger than two. However, in very large
antigen excess, the relative area under the free Ag
peak 1s so large that the usual uncertainties in area
measurement can now result in very large errors in

{13) J. P. Johnston and A. G. Ogston, Traus, Paraday Soc., 42, 78
(19465,

(14) In relcrence 3, it was observed that the apparent per cent. frce
Ag obtained in phosphate buffer in the ultracentrifuge was consistently
larger than that evaluated by electrophoresis in veronal buffer. We
now recognize that this is due to the Johnston-Ogston anomaly.:?
Our previous inability to find the anomialy directly by performing ex-
periments with the same solution at several total protein concentra-
tions, and looking for a decrease in the apparent per cent. free Ag with
decreasing concentration, was due to the large errors in area deter-
minations at low concentrations as well as to the small magnitude of the
anomnalies.

(13 S J. Siuger aud S. N, Timasheff, rnupublished experiments.

(1) O. J. Plescia, E. .. Becler and J. W, Willtums, Tis JuoRNAL,
74, 1302 (1usH2),
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the ordinate of such a plot. In all the results ob-
tained in this and the following paper,® there has
been no observation inconsistent with the bivalence
of antibody.

Equilibrium Constants and Thermodynamic
Parameters.—With the assumptions (a) that all
antigen valences have equal affinity for antibody
valences, and vice versa, regardless of the size or
shape of the complex in which these valences occur,
and (b) that no cyclic complexes can form, Gold-
berg! has developed a theory which gives the com-
plete distribution of complexes in a solution in ho-
niogeneous equilibrium in terms of two parameters:
/, the antigen valence, and p, the fraction of antigen
sites in the solution which have reacted. In the
case that all the antibody is bivalent, simple equa-
tions for the concentrations of any species in homo-
geneous equilibrium can be derived, and hence
equilibrium constants for any Ag—Ab reactions, in
terms of f and p. For example, for the reaction
Ag 4+ AgAb = (Ag),Ab, the equilibrium constant
K, in terms of concentrations in moles/liter, is
given by*

4Ca(1 - p)1 — pLEE)

in which Ca and Cg are the concentrations of total
Ab and Ag, respectively, and M4 and Mg are the
molecular weights of Ab and Ag, taken for the BSA
system as 160,000 and 70,000, respectively., The
parameter p for a given solution may be determined
from the relation

Co = Ca(1 — pY (2)

for which Co, the concentration of free Ag, and Cg
are experimentally known, and the value f = 6 is
chosen for BSA (for f > 4, the K values are essen-
tially independent of f).

This theory was previously used with apparent
free Ag concentrations without correction for the
electrophoretic anomalies. The use of corrected
free Ag concentrations (Table III) eliminates the
previously noted trend in K values.

K values similarly obtained from the data for
preparation VI are listed in Table II. These con-
stants appear to be somewhat higher than those ob-
tained with solutions I and II, but the difference is
actually within experimental error. If we assign
precision measures of =0.7 unit to the values of per
cent. total and free Ag, the uncertainty in K is
about £5000. The average value of K obtained
from the corrected data with preparations I, II and
V1 is therefore (2.5 = 0.5) X 10¢ From this the
standard free energy change, AF® = —RT In K, is
~— (5.5 = 0.2) kecal. per mole for the reaction Ag -+
AgAb = (Ag):Ab at 0° in veronal buffer at pH 8.5.

Within experimental errors, there is no effect of
temperature on the equilibria in this system. Work-
ing back from the relation d In K/dT = AH/RT?,
one can calculate that an uncertainty of 39, in
detecting a change in the free Ag area corresponds
to an uncertainty of +2 kcal. in the enthalpy
change in our experiments. Therefore, AH for this
reaction is (0 = 2) kcal. per mole. If the heats of
dilution in this system are negligible, this may be

(17) R.J. Goldberg, THIS JoURNAL, T4, 5715 (1952).
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taken as the standard enthalpy change per mole.
These results lead, from the relation AF® = AH® —
TAS®, to a standard entropy change of 4 (20 £ 8)
e.u.

The reliability of these thermodynamic parame-
ters depends on the adequacy of the assumptions
made in the development of the Goldberg theory.
In the following paper,® the theory is subjected to
direct test, and is found to apply in this system
within current experimental uncertainties. How-
ever, with regard to the assumption of equivalent
sites, there is evidence of antibody heterogeneity®
in some systems. When more accurate measure-
ments become possible, therefore, the equilibrium
constants may prove to depend somewhat on the
ratio of total Ag to total Ab. At present, the re-
sults for K, AF° and AS® should be considered as ef-
fective average values.

There are few dependable thermodynamic data
with which the results herein reported may be
compared. For the reaction between red blood
cells and their iso-agglutinins,’ the magnitudes of
the thermodynamic parameters are not very differ-
ent from those reported here. A light scattering in-
vestigation® of the reaction between simple com-
pounds containing two benzene-arsonic acid hap-
tenic sites and purified antibodies to benzene-ar-
sonicacid hasbeenreported. Forthereaction Ag +
AgAb 2 (Ag),Ab, the resultsare AF® = —7.5 keal,,
AH® = —2.4 keal,, and AS® = 17 e.u. in borate
buffer, pH 8.0, I'/2 0.15 at 25°. The striking simi-
larity of these values, for systems as disparate as
these, is strongly suggestive of a general pattern of
behavior for all Ag—Ab reactions. The weakness
of the binding, in view of the high order of specific-
ity involved, is remarkable. The positive entropy
change is also interesting, and is presumably attrib-
utable to the release of bound, or polarized, water
from reactive sites upon reaction. In the benzene-
arsonic acid system, the antigenic site involves a
single negative charge, and there is probably a sin-
gle positive charge in the antibody site, both of
which can polarize a small number of water mole-
cules. When the two sites combine, this water is
released. In the BSA system, we have shown that
a similar salt linkage is involved in the Ag-Ab
bond.® Therefore, the above explanation of the
positive entropy change is consistent for the two
systems. On the other hand, since the benzene-
arsonic acid antigen is so much smaller than the
BSA molecule, it is not likely that the sizes of the
reacting molecules are primary determinants in this
positive entropy change. It is also significant in
this connection that in the binding of small anions
to bovine serum albumin, positive entropy changes
of the same magnitude are encountered.?!

The methods outlined in this paper should he ap-
plicable to a variety of other Ag—Ab systems, With
present techniques, it is possible to obtain more ac-
curate information from electrophoresis than ultra-

(18) E. A. Kabat and M, M. Mayer, "Experimental Immuno-
chemistry,” C. C Thomas, Springfield, I1l., 1948, p. 27.

(19) S. Filitti-Wurmser, Y. Jacquot-Armand and R. Wurmser, J.
chim. phys., 49, 550 (1952).

(20) P. Doty and S. 1. Epstein, Nature, 174, 89 (1934).

(21) 1. M. Klotz, Cold Spring Harbor Symp. Quant. Biol., 14, 97
(1950).
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centrifugation and it is thercfore desirable to study
antigens which are readily resolvable from anti-
body vy-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 purificd auti-
bodies would be required.) Fially, it might be

S. J. SINGER AND D, H. CAMPBELL
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noted that although the precision attainable by
these methods leaves inuch to be desired when coin-
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,

New Haven, Conn,
PasapeNa, Cal.
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Solutions of soluble complexes formed between bovine serum albumin (as antigen, Ag) and its rabbit antibodies (Ab)

liave been subjected to electrophoresis and ultracentrlfuga.tlon 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,

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,?~¢ clectropho-
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
i 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 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 the Rockefeller
VYoundation and the United States Public Health Service. This paper
was presented before the Meeting of the American Chemical Society
at New York City, September, 1954. A preliminary account of some

of the results of this investigation lias appeared in S. J. Singer and
D. 1T, Cumpbell, THIS JoUurNAL, T6, 4052 (1954).

i2) S0 ). Siager and DI Campbell, shid T4, 1701 (1052,
3 S, 1. Singer uod DL Campbell, ibid. T8, 5577 (1433),
(4) S. 1. Singer wad Dol Caaiphbell, ibnl, TT, 3499 (1057).

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

Other matters of interest also have beeun investi-
gated 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 systein can be dissociated in
sufficiently acid solution has been observed previ-
ously.?) This now enables us 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-
geneols equilibrium. This theory has been used?
in the evaluation of thermodynamic paramecters for
the reactions in the rabbit anti-BSA system, and its
validity has not previously been confirmed.

Materials and Methods

The Ag-Ab preparations, I1I, IV, V and VI, aud the
methods emploved to study them have been described in
detail in a previous paper.?! Solutions to be examined in
diﬂ"erellt bufftl\ were dialyzed 48 hours at 4° against several

O 1. I Campbell, 150 Laeselier wal 1S Lernw, Proce Nae

Arad. Sci., 8T, HTH (1YL,

() R.J. Caldbery, THis Jouraat, T4, J010 (1452).



