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and one finds that

KAB = ffdXAdXBPA(XA)pA(XB)exp[ -AG(xA,XB)/kT]
= ((exp(-AG/kl)))o. [8]

Thus, the equilibrium constant is an average of exp(-AG/kT)
taken over the uncomplexed equilibrium distributions. By as-
sumption ii above, the interaction free energy AG(XA,XB) be-
tween subunits depends only on their respective internal states.
By detailed balance, PA and pA are independent of the degree
of complex formation.

Equivalently, one could derive the effective binding con-
stant from the chemical potentials. For a free A molecule in
substate XA, the chemical potential is

/.A(XA) = GA(XA) + kT ln[cApA(xA)], [9]

where CA is the total concentration of free A such that
CAPA(XA) is the concentration of free A in state XA. Thus, the
average chemical potential is

AA fdXAPpA(XA)A(XA) = -kT ln(ZA/cA). [10]
The effective binding constant [8] follows from this and the cor-
responding expressions for B and AB.
To get a concentration-dependent binding constant, one can

introduce a concentration dependent shift in the free-energy

levels of the internal states. Molecularly, such a shift could oc-
cur due to the fact that at higher concentrations a protein would
be more likely to find itself close to another-perhaps even as-
sociated through dispersion forces or such-although not bound
in the sense that is registered by the experimental procedure.
Thus, there is ample room in a traditional equilibrium descrip-
tion to allow for a binding constant that depends on concen-
tration or on the degree of complex formation.

DISCUSSION
To explain their dissociation data for enolase, Xu and Weber
require a concentration-dependent equilibrium binding con-
stant. As discussed above, this could be achieved by introduc-
ing nonideal solutions or by considering higher-order aggre-
gates; i.e., one should go beyond the simple two-body interaction
scheme. No new principle need be invoked at the expense of
fundamental physical theory.
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The experimental observations of Xu and Weber (1) on yeast
enolase and similar earlier data of Shore and Chakrabarthy (2)
on the dissociation of malate dehydrogenase cannot be ex-
plained without assuming that the apparent standard free-en-
ergy change in the association of each of these two protein di-
mers varies with the extent of the association reaction. That
much is clear, though opinions may differ as to the origin of the
variation. Xu and Weber believe that it follows from actual
changes in the chemical potentials of monomer and dimer: At
intermediate degrees of association, the conformations of
monomer and dimer are assumed to differ from those char-
acterizing these species when either is greatly predominant in
the mixture.

Berg (see above) thinks that this point of view contradicts the
principle of detailed balance. We can examine the implications
of this principle for our case by reference to Fig. 1. This figure
depicts the free-energy relations between the protein forms
present at extreme degrees of association (a = 0) and disso-
ciation (a = 1). A gross violation of detailed balance will be in-
curred if every dissociation is followed by the full change in
conformation M(a = 0) -- M(a = 1) and, in every association,
the change in conformation of the monomer within the dimer
is of equal magnitude. In this case, circulation along the path
ABCD occurs at equilibrium. However, if, at intermediate de-
grees of dissociation a', the protein forms present are not those
characterized by the free energies of M(a = 1) and D(a = 0)
but instead have intermediate chemical potentials, the circu-
lation will be confined to the course A'B'C'D' in the figure.
The directional free-energy change SG occurring within the

lifetime of a monomer or dimer corresponds in that case to the
projection of B'C' or D'A' on the free-energy axis. We expect
SG to be a fraction of AG(O) - AG(1) of the order of: time of
one binding-association cycle divided by time for attainment of
equilibrium after dilution. In yeast enolase, equilibration after
dilution takes many minutes (1) while a cycle of binding and
dissociation may take only a small fraction of a second, if one
is to judge by the typical times for such cycles in the binding
of small ligands by proteins. The experimental figure for AG(O)
- AG(1) is 1.5 kcal/mol (1 cal = 4.18 J) so that in absolute value
SG will be much smaller than the thermal energy kT. I do not
believe that it has much meaning-except as an intellectual ex-
ercise unrelated to experimental reality-to debate about the
application of detailed balance to the interconversion of mo-
lecular forms that differ by free energies significantly smaller
than the thermal energy (3).
One has to recognize that the analysis presented above pro-

vides no substitute for the detailed knowledge of the micro-
scopic states of the protein particles at intermediate degrees of
dissociation, a knowledge indispensable to decide on the va-
lidity of our hypothesis: the variation of the chemical potential
with the extent of reaction. Lacking this knowledge, we must
for the present remain content with considering possible models
that are intuitively satisfying and that suggest significant ex-
periments to test the properties of oligomeric proteins. The
proposal of Xu and Weber should be viewed in this light: the
variation of the chemical potential with degree of association
explains not only the specifically observed effects but also the
difficulty-often amounting to unfeasibility-of finding a con-
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FIG. 1. Schematic of Gibbs energy levels of monomerM and dimer
D at various degrees of dissociation a. AG(O), AG(1) are the free energy
changes on dimerization at a -O 0 and a -- 1.

centration range in which an easily displaceable equilibrium
exists between a protein aggregate and its constitutive oligo-
mers. It indicates why intermediate situations between these

cases and those of invariant chemical potentials are to be found
in the simplest aggregates (dimers). It also predicts that dis-
sociating perturbations that are rapidly reversible [e.g., pres-
sure (4, 5)] can result in authentic initial aggregates with altered
conformational properties.

Berg offers alternative explanations for the experimental
findings: protein activity coefficients that differ from unity and
higher states of aggregation beyond those considered in the for-
mulation of the equilibrium by Xu and Weber. Both of these
suggestions can be dismissed: the first by noticing that at the
experimental concentrations (0.1-1 ,uM) used, the average dis-
tance between neighbor protein centers is 650-1,400 A; the
second because one of the methods employed (fluorescence
polarization of labeled enolase or malate dehydrogenase) de-
termines the degree of reaction through measurement of the
average volume of the protein particles.
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