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unsuspected fundamental similarities in the
mechanism of reaction between many or all
natural protein antigens and their antibodies. In
both systems, we have demonstrated?d? that a sin-
gle ionized carboxyl group is essentially involved in
every Ag-Ab bond, and that a positively charged
group is presumably present on the complementary
site. The positive standard entropy change isattrib-
uted to the release of bound, or polarized, water
from the charged sites upon bond formation. The
near athermicity of these reactions'* indicates that

(14) A calorimetric value of AH = —40 kcal./mole fo1 the reaction
between hemocyanin and its antibodies has been reported.’® This
large enthalpy change, however, might be due in part to dissociative
equilibria exhibited by hemocyanin,!¢ and should be confirmed.

(15) W. C. Boyd, J. B. Conn, D. C. Gregg, G. B. Kistiakowsky and

R, M. Roberts, J. Biol. Chem., 189, 787 (1941).
(16) S. Brohult, Nova Acla Regiae Soc. Sci. Upsaliensis, 12, 1 (1940).

a fine balance exists among the many factors (in-
cluding the closeness of approach of oppositely
charged groups and of other complementary re-
gions of the two sites; therelease of water molecules
from these groups and their bonding to other water
molecules, etc.) all of which must make substantial
contributions to the over-all enthalpy change.”
It is necessary to examine other natural antigen—
antibody systems to determine whether gross Ag
variables, such as the degree of antigenicity, molec-
ular weight, shape, electrical properties, etc., have
any marked influence on the values of the thermo-
dynamic functions.

(17) L. Pauling, D. H. Campbell and D. Pressman, Physiol. Revs.,
23, 230 (1943).

New HaveN, CoNN.
PAsADENA, CALIFORNIA

[CoNTRIBUTION NO. 1289 FROM THE STERLING CHEMISTRY LABORATORY, YALE UNIVERSITY, AND CONTRIBUTION No. 1988
FROM THE GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY]

Physical Chemical Studies of Soluble Antigen-Antibody Complexes. VI.
Effect of pH on the Reaction between Ovalbumin and its Rabbit Antibodies!

The

By S. J. SINGER, LuTHER EGGMAN AND DaN H. CaAMPBELL
REecEIVED APRIL 4, 1955

Solutions of soluble complexes formed between ovalbumin (as antigen, Ag) and its rabbit antibodies (Ab) have been sub-
jected to ultracentrifugation over a range of pH. Between pH 4.5 and 3.0 very extensive dissociation of the complexes oc-
curs., Equilibrium constants, K, for the reaction Ag + Ab == AgAb can be calculated, and the variation of X with pH
provides strong evidence that a single ionized carboxyl group is involved in every Ag—Ab bond in this system. The behavior
of the rabbit anti-ovalbumin system is remarkably similar to that previously found for the rabbit anti-bovine serum albumin

system.

We have previously studied? the effect of acid pH
on the homogeneous equilibria in the system con-
taining bovine serum albumin (BSA) as antigen
(Ag) and its rabbit antibodies (Ab). It was con-
cluded that one ionized carboxyl group is involved
in every Ag-Ab bond. A similar investigation has
now been made in the system containing ovalbumin
(OA) as Ag, and its rabbit antibodies, and the same
conclusion has been reached. 1In fact, the effects
of pH on the two systems are quantitatively indis-
tinguishable, further emphasizing the remarkable
similarity between the two systems previously ob-
served for the thermodynamic parameters near
neutral pH.34

It has been observed by others’ that OA-Ab
bonds may be dissociated in sufficiently acid or al-
kaline solutions, and the involvement of oppositely
charged groups in the reactive sites has been sug-
gested to account for this. The present more quan-
titative studies, however, have permitted us not
only to eliminate the possibility of other causes for
the dissociation, but to define the number of op-
positely charged groups critically involved in the
Ag—-Ab bond.

(1) This work was supported in part by grants from the Rockefeller
Foundation and the United States Public Health Service.

(2) S. J. Singer and D. H. Campbell, TH1s JoUurnNaL, 77, 4851
(1955).

(3) S.J. Singer and D. H. Campbell, ¢bid., TT, 3499 (1955).

(4) S. J. Singer and D. H. Campbell, tb:id., T7, 3504 (1955).

(5) W. J. Kleinschmidt and P. D. Boyer, J. Immunology, 79, 247
(1952).

Materials and Methods

Solution of Ag—Ab Complexes.—In the preceding paper*
there is described the preparation of a series of solutions
(OA-I through OA-I-6) containing only OA and its anti-
bodies. Those portions of OA-I through OA-I-5 which
had been subjected to electrophoresis in veronal-NaCl
buffer, pH 8.51, I'/2 0.3, were recovered after the experi-
ments, pooled, and pervaporated at 4° to a concentration
of 14 mg. protein/ml. (This occurred about one week after
the initial preparation of QA-I.) This solution was then
dialyzed against phosphate buffer, pH 7.50, I'/2 0.1, and
designated OA-R. Aliquots of OA-R to be examined ul-
tracentrifugally were dialyzed 24 hours against buffers of
different pH and T'/2 0.1. Electrophoresis in glycine-
NaOH buffers, pH 11.70, T'/2 0.1 showed* that OA-R con-
tained 62.6%, OA and 37.49, Ab. .

Ultracentrifugation.—Experiments were carried out with
an electrically driven instrument, and area measurements
were performed, as previously described.3®

Protein Analyses.—Nesslerization was used for protein
analyses, the factor 6.25 being used to convert from mg. N
to mg. protein,

pH Measurements.—These were made at 25° on a Beck-
man Model G instrument.

Experimental Results

Ultracentrifuge experiments were performed with
solution OA-R at a protein concentration near 14
mg./ml. in a number of buffers of I'/2 0.1 and pH
more acid than 7.5. In acetic buffer, pH 4.98, the
ultracentrifuge patterns are very similar to those
at pH 7.5. However, below pH 4.5 (in lactic acid—
NaOH buffers, I'/2 0.1) profound changes occur.
As in the rabbit anti-BSA system,? progressively

(6) S.J. Singer and D. H. Campbell, ibid., T4, 1794 (1952).
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Fig. 1.—The effect of pH on the ultracentrifuge diagrams of solution OA-R. Sedimentation proceeds to the left in each
diagram. The slowest sedimenting peak is due to free Ag.

larger amounts of free Ab +y-globulin appear be-
tween the peaks due to the slowest-sedimenting
complex (the a-complex) and the free Ag (Fig. 1),
while the amounts of the complexes diminish. At
PH 2.4 (in glycine~HCl buffer, I'/2 0.1) the diagram
is essentially that of a corresponding mixture of OA
and normal rabbit y-globulin. A solution at pH 3.1
dialyzed back to pH 7.5 exhibits a diagram indis-
tinguishable from that of a solution kept at pH 7.5,
indicating that the acid dissociation of the com-
plexes was completely reversible under these con-
ditions.

The resolution of the various species, and hence
the precision of the relative area determinations of
the free Ag, free Ab and a complex (Table I, col-
umns 2—4) are poorer than in the rabbit anti-BSA
system.? Again, we infer from the absence of any
other peaks in the diagrams that the AgAb and
(Ag):Ab complexes are not resolved, and that their
sum makes up the a-complex area in acid solution.
The fraction of the a-complex area attributable to
the AgAb complex (Table I, column 35) is calcu-
lated from the relation?

2 A
C(Agab = Cagab/4Cap

TABLE I

ErrFecT OF pH oN OA-Ab EQUILIBRIA
Apparent relative areasb

Free Free a-com- Kad
pH® Ag Ab plex AgAbec X 103 log K
4.29 54 6 30 17 14 4.14
4.10 51 9 30 20 12 4.08
3.90 54 15 25 19 6 3.78
3.70 53 17 23 18 5.3 3.72
3.50 54 26 18 16 3.0 3.47
3.30 52 28 14 13 2.4 3.38
3.10 58 32 9 9 1.3 3.11

2.40 60° 40

¢ Lactic acid—-NaOH buffers, I'/2 0.1, except glycine-HCI
buffer, pH 2.4, T'/2 0.1. ® Given as per cent. of total area
expected for total protein concentrations as determined by
Nessler analyses. ¢ Calculated as described in text. ¢ For
Ag + Ab = AgAb, in liter mole™!. ¢62.6%, as determined
by electrophoresis? in glycine-NaOH, pH 11.70, T'/2 0.1.

where ¢ represents molar concentration. This per-
mits evaluation of almost entirely experimental
equilibrium constants, K, for the reaction Ag +
Ab &2 AgAb as a function of pH’ (Table I, column
6).

In order to explain the effect of acid pH on Ag-Ab

(7) No corrections have been made for Johnston—-Ogston area anom-
alies.28 Since the protein concentration was 14 mg./ml. compared to
21 mg./ml. in the anti-BSA study, and the sedimentation constant of
OA is smaller than that of BSA, these corrections are less than those
previously encountered, and are within experimental error.

(8) J. P. Johnston and A. G. Ogston, Trans. Faraday Soc., 43, 789
(19486).

equilibria, we have previously® proposed 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 (Inter-
changing positive and negative charges would have
no effect on the argument); (b) the acid dissocia-
tion of the positive groups occurs in the alkaline pH
range; (c) the acid dissociation of the negative
groups can be described by a single intrinsic equi-
librium constant; (d) the effect on the reaction of
the net charges on the entire Ag and Ab molecules is
negligible. From this model it follows that

L 1Y o B _
log (1—{ K—o> = log o pH (1)

where Ko and Ky are the equilibrium constants
for the reactions

Ag*t 4+ Ab—? > Agt (D Ap-1 )
AgTU-D A=l 4 HT => Ag+t-v HAb  (3)

respectively, and the apparent equilibrium con-
stant, K, is determined from the sedimentation pat-
terns.

[AgAthotaI

K = 222
[Ag T [ADb] otal

4)

If at pH ~ 8, the positively and negatively charged
groups in the reactive sites of the Ag and Ab mole-
cules are fully ionized, then K = Kg at that pH.
For the reaction Ag + Ab =2 AgAb at pH 8.5, K

was determined®® to be 1.2 X 10°. Using this
—3.0 1 l ’
—~ —34 }7\ I i ]
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Fig. 2.—The variation with pH of equilibrium constants for
the reaction Ag + Ab = AgAb.
(9) K for Ag + Ab = AgAb may be taken as 4 X K for the reaction

Ag + AgAb = (Ag)iAb.t¢
(10) R. J. Goldberg, THis JoUrNAL, T4, 5715 (1952).
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value for Ko, and the K values of Table I, we ob-
tain the data plotted in Fig. 2. The relation between
log (1/K = 1/Ko) and pH is indeed linear with
slope —1.0, within experimental error. Since log
(Ku/Ko) ~ 0 and Ku 22 Ko, the pK for the dis-
sociation of the acid group in the reactive site is
about 5, which is near that of an isolated carboxyl
group. Itis to be noted that the effects of acid pH
on the anti-OA and anti-BSA systems are quantita-
tively indistinguishable.?

Our results are therefore consistent with the pres-
ence of one carboxyl group in each Ag—Ab bond
which must be ionized in order for the bond to form.
Alternative causes of the acid bond dissociation may
be postulated, including (a) non-specific electro-
static repulsion between the positively charged Ag
and Ab molecules, and (b) reversible configura-
tional changes in either or both the Ag and Ab
molecules. The former of these, however, may be
eliminated for the anti-OA system by the same ar-
guments which were valid in the anti-BSA system.?
As for the latter possibility, while BSA does undergo
marked reversible configurational changes in acid

THE INTERACTIONS OF NEUTRAL AMINO ACIDS WITH HUMAN SERUM ALBUMIN

4857

solution,1%12 there is no evidence of similar behav-
ior with OA.U

We conclude, therefore, that a single ionized car-
boxyl group is an essential part of the Ag—-Ab bond
in the rabbit anti-OA, as well as the rabbit anti-BSA,
systems. The inference is made that a single posi-
tively charged group is present in each comple-
mentary site, which is consistent with (a) the dis-
sociation of OA-Ab bonds in sufficiently alkaline as
well as acid solutions®; and (b} the positive stand-
ard entropy change in the Ag—Ab reaction.®*

Although it has long been suspected that salt
linkages constitute a part of the mechanism of the
reactions between natural protein antigens and their
antibodies, quantitative and unambiguous evidence
has heretofore been lacking. Whether a single criti-
cal salt linkage per bond is a feature common to
most, or all, such systems requires further investi-
gation.

(11) C. Tanford, Proc. Jowa Acad. Sci., 59, 206 (1952).

(12) J.T. Yang and J. F. Foster, THIs JOURNAL, 76, 1588 (1954).
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Interactions of Neutral Amino Acids with Human Serum Albumin and »-Globulin!?

BY MARGARET J. HUNTER AND SPENCER L. COMMERFORD
RECEIVED MAY 13, 1955

In order to discover whether or not neutral amino acids were bound by proteins at neutral pH, human serum albumin and
human ~-globulin were dialyzed against a tenfold excess of Cl4-labeled glycine, leucine or phenylalanine, and radioactivity

measurements performed on the protein solution and the dialysate.

Under the above conditions no binding of the amino

acids by the proteins could be demonstrated. An improved technique has been developed whereby protein solutions con-
taining Cl!¢-labeled amino acids could be pipetted onto the planchets, dried and counted.

I. Introduction

In the course of studies on the free amino acids of
human plasma, it became of interest to determine
whether or not these compounds were bound by
the proteins of plasma at pH 7.5. In the equilib-
rium dialysis experiments described below, inves-
tigations were restricted to three neutral amino
acids: namely, glycine, leucine and phenylalanine,
in order to reduce charge effects to a minimum while
varying the hydrocarbon side chain. The plasma
proteins employed were human serum albumin and
human v-globulin, The amino acids were labeled
with C1* and the amount of binding was calculated
from a comparison of the counts inside and outside
the dialysis bag.

II. Materials and Methods

Human Serum Albumin.—The dried powder used as
starting material in these experiments had been prepared
by fractionation with alcohol and recrystallized three times.2
An 89, solution of the powder was passed through a mixed-
bed de-ionizing resin® and the resultant solution frozen at
—5° when not in use.

Human +-Globulin.—The v-globulins had been prepared

(1) This work has been supported by funds of Harvard University,
by grants from the National Institutes of Health, and by contributions
from industry.

(2) E.J. Cohn, W, L. Hughes, Jr., and J. H, Weare, THIS JOURNAL,
69, 1753 (1947).

(8) H. M. Dintzis, Dissertation for Ph,D, Thesis, Harvard Uni-
versity, 1953.

by fractionation with alcohol.* A 109, solution was twice
dialyzed against 10 volumes I'/2 = 0.1 NaCl, I'/2 = 0.05
phosphate buffer, pH 7.45. Concentrates of the final di-
alysate were ninhydrin negative. The resultant protein
solution was frozen at —5° when not in use.

The CM-labeled amino acids® were obtained as solutions
of the following molarity and activity:

glycine 0.005 M 2,310,000 c.p.m./ml.
leucine 025 M 500,000 c.p.m./ml.
phenylalanine 025 M 100,000 c.p.m./ml.

These were added to the unlabeled amino acid solutions such
that the final count was between 2,500 and 100,000 c.p.m./
ml. and the molarity of the solution was 10~2or 5 X 108,

Equilibrium Dialysis Procedure.—Two ml. of 10—3 M
albumin or 5 X 10™* M ~-globulin was dialyzed in Visking
cellulose tubing (!/,” diam.) against 10 ml. 10~2 or 5 X
1073 M amino acid. In the experiments at low salt concen-
trations, the amino acids and the protein were brought to
pH 7.5 by the addition of 0.1 N NaOH.® In the experi-
ments at a higher salt concentration, the ionic strength was
0.15(r/2 = 0.1 NaCl, I'/2 = 0.05 phosphate) and the final
pH 7.45. The dialysis was carried out in glass-stoppered
tubes at +1° for 24 hours with continuous rotation.

After this time the dialysis bags were removed from the
tubes, wiped dry and emptied into small test-tubes. Opti-

(4) J.L. Oncley, M, Melin, D. A. Richert, J. W, Cameron and P. M.
Gross, Jr., THIS JOURNAL, T1, 541 (1949).

(5) The authors are indebted to Dr. R. Loftfield of the Massachu-
setts General Hospital for the Clé-labeled amino acids.

(6) In the experiments with v-globulin at low ionic strength the
2-ml. aliquots of protein were dialyzed against 500 ml. water, the
bags wiped dry and transferred to the dialysis tubes. The final pH
of the protein solution in these experiments was always slightly low,
about 6.9-7.1,



