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Abstract

This investigation re-examines theoretical aspects of the allowance for effects of thermodynamic non-ideality on
the characterization of protein self-association by frontal exclusion chromatography, and thereby provides methods of
analysis with greater thermodynamic rigor than those used previously. Their application is illustrated by reappraisal
of published exclusion chromatography data for hemoglobin on the controlled-pore-glass matrix CPG-120. The
equilibrium constant of 100yM that is obtained for dimerization of thea b species by this means is also deduced2 2

from re-examination of published studies of concentrated hemoglobin solutions by osmotic pressure and sedimentation
equilibrium methods.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

There are many examples of experimental stud-
ies in which protein self-association has been
characterized by frontal gel chromatographyw1–
14x. Most of those systems exhibited sufficiently
strong self-association to allow their characteriza-
tion on the basis of thermodynamically ideal
behavior. For systems exhibiting weaker extents
of self-association the protein concentration
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required for quantitative characterization extends
to a range where effects of thermodynamic non-
ideality must be taken into account. In that regard
the analyses employed under those conditionsw5,6x
have been shown to lack rigor because of deficien-
cies in the empirical allowances made for effects
of thermodynamic non-idealityw15x. An approxi-
mately linear concentration dependence of elution
volume for a non-associating protein emanates
from osmotic shrinkage of the beads comprising
the gel phase of the chromatography columnw15–
18x—a phenomenon that stems from buffer efflux
in response to the lower solvent chemical potential
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in an outer phase with higher protein concentration
than that within the stationary phase. Osmotic
shrinkage of the gel beads may thus be regarded
as thermodynamic non-ideality arising from phys-
ical interaction between protein and gel matrix.
Although procedures are in place to make better

allowance for the effects of osmotic shrinkage in
the characterization of two-state protein self-asso-
ciation by frontal gel chromatographyw15,18x, the
analysis is still open to criticism on two grounds.
No account is taken of possible variation in the
partition coefficients of monomeric and polymeric
species as the result of changes in gel porosity due
to bead shrinkage, nor is any allowance made for
thermodynamic non-ideality as the consequence of
protein–protein interactions. Fortunately, a change
of chromatographic matrix to porous glass beads
for studies of concentrated protein solutions obvi-
ates the complications stemming from changes in
the void and stationary-phase volumes of the
column; and thereby affords a simpler means of
allowing for the effects of thermodynamic non-
ideality arising from protein–protein and protein–
matrix interactions.
Considerable progress has been made in the use

of exclusion chromatography for the characteriza-
tion of thermodynamically non-ideal protein
self-associationw19–22x. However, those determi-
nations of self-association constants entail simpli-
fying assumptionsyapproximations about activity
coefficient relationships that require closer scruti-
ny. This communication presents a more critical
appraisal of the steps involved in the characteri-
zation of relatively weak protein self-association
by exclusion chromatography on incompressible
molecular-sieve matrices such as porous glass
beads. Results from a published study of hemoglo-
bin self-associationw20x are then used to illustrate
a more rigorous thermodynamic analysis of frontal
exclusion chromatography data.

2. Basic theoretical expressions

Allowance for the effects of thermodynamic
non-ideality is to be made on the statistical–
mechanical basis of excluded volumew23,24x, a
concept which allows quantitative expressions to
be written for the activity coefficients of partici-

pating species in an equilibrium reaction. In order
to pinpoint the weaknesses inherent in current
applications of this approach to the characteriza-
tion of weak protein self-associationw19–22x, it is
appropriate to derive again from first principles
the statistical–mechanical treatment of thermody-
namic non-ideality in exclusion chromatography
w19x.

2.1. Partition behavior of a non-associating solute

Consider initially the distribution of a non-
associating solute, A, between the mobile phase
(a) and stationary phase(b) in the solute plateau
region of a frontal chromatography experiment.
Because the system is subject to the constraints of
constant temperature and chemical potential of
solvent(m ), the condition of partition equilibriums

in terms of solute chemical potential a b(m sm )A A

dictates that the molar activities of solute(z ) inA

the two phases are related by the expression

w z
a bb a 0 0x |w x w xz yz sexp m y m y(RT) (1)Ž . Ž .A A A A ∂µ T,m T,ms sy ~

whereR is the universal gas constant andT the
absolute temperature. The ratio of molar solute
activities is thus a constant defined by the expo-
nential of the difference between the standard
chemical potentials of solute in the two phases.
On the other hand, the experimentally determined
partition coefficient(s ) is the ratio of the corre-A

sponding molar concentrations of solute(C ),A

which varies because of the different concentration
dependencies of the molar activity coefficients
(g ) in the two phases. Specifically,A

b a b a a bs sC yC s z yz g yg (2)Ž .Ž .A A A A A A A

Description of the concentration dependence of
the experimental partition coefficient thus requires
a quantitative relationship for the concentration
dependence of the activity coefficient ratio

a b(g yg ).A A
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In the statistical–mechanical approachw19–22x
advantage is taken of the general expression

2w
xg sexp 2B Cq B Cq(3y2)B Ci ii i ij j iii iy 8

2 z
|q B C Cq (1y2)B C q« (3)iij i j ijj j ~8 8

whereB and B are the respective second virialii ij

coefficients reflecting excluded volume interac-
tions of speciesi with itself and other species:
B is the third virial coefficient for self-interactioniii

between three like molecules, whereasB andiij

B complete the set of third virial coefficients forijj

excluded-volume interactions involving speciesi
and j. In the present context only the former type
of interaction needs to be considered in the mobile
(a) phase, whereupon

2a a aw z
x |g sexp 2B C q(3y2)B C q« (4a)Ž .A AA A AAA Ay ~

However, the activity coefficient for solute in
the other phase needs to be written as

2b b bw
xg sexp 2B C q(3y2)B CŽ .A AA A AAA Ay

b b bqB C qB C CAM M AAM A M

2b z
|q(1y2)B C q« (4b)Ž .AMM M ~

where the terms in take into account thebCM

contributions of excluded-volume interactions
between solute and the stationary-phase matrix
(M), present at a concentration CombinationbC .M
of Eqs.(2), (4a) and(4b) yields the relationship

b a a bs s z yz exp 2B C yCŽ .Ž .A A A AA A Aµ
w z2 2a b b
x |q(3y2)B C y C yB CŽ . Ž .AAA A A AM My ~

b byB C CAAM A M
2by(1y2)B C q«Ž .AMM M ∂

b as z yz exp 2B 1ysŽ .µŽ .A A AA A
b aw xy B s C CAAM A M A

22 a bq(3y2)B 1ys C yB CŽ .Ž .AAA A A AM M
2by(1y2)B C q« (5)Ž . ∂AMM M

At very low solute concentration the terms
containing tend to zero, and hence the expres-aCA

sion for the partition coefficient in the limit of
zero solute concentration becomes0(s )A

0 b a bw
xs s z yz expyB CŽ .A A A AM My

2b z
|y(1y2)B C q« (6)Ž .AMM M ~

Substitution of this expression into Eq.(5) then
gives

0 aw
xs ss exp 2B C 1ysŽ .A A AA A Ay

2a 2q(3y2)B C 1ysŽ . Ž .AAA A A

b a z
|yB C s C q« (7)AAM M A A ~

as the relationship for the concentration depend-
ence of the partition coefficient for solute A. An
expression fors that is independent of anyA

matrix-term contribution can thus only be obtained
by considering situations in which thermodynamic
non-ideality is effectively restricted to nearest-
neighbor interactions. Under those circumstances
the truncated form of Eq.(7) becomes

0 aw z
x |s ss exp 2B C 1ys q« (8)Ž .A A AA A Ay ~

which is the expression derived previouslyw19x
without realization of the limits of its applicability.

2.2. Incorporation of solute self-association

In the extension of this logic to exclusion
chromatography of a self-associating solute, the
experimentally measured partition coefficient,s ,w
becomes a weight-average quantity defined as

b a a a¯ ¯s s iC yC ; C s iC (9)Ž . Ž .w i A A i8 8

where is1 denotes monomer,is2, dimer, etc.;
and where is the base-molar concentration ofaC̄A

solute(weight concentration divided by monomer
molecular mass) in the liquid phase. Considerable
simplification of the expression fors can bew

achieved by choosing a stationary phase that
excludes all polymers(s s0 for i02). Underi

those circumstances
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a a¯s ss C yC (10)w 1 1 A

wheres is the partition coefficient of monomer1

in a frontal experiment with total solute concentra-
tion Although the limiting value, may bea 0C̄ . s ,A 1

obtained by extrapolatings to zero solute con-w

centration, the parameter required for the determi-
nation of from Eq.(10) is s . An expressionaC1 1

analogous to Eq.(8) is thus required for advantage
to be taken of this approach to the evaluation of

and hence to the characterization of proteinaC1

self-association.
The presence of dimer(and possibly higher

oligomer) species in the mobile(a) phase requires
the molar activity coefficient of monomer for that
phase to be written as

a a aw xg sexp2B C qB C q« (11a)1 11 1 12 2

to allow for steric interaction of monomer with
dimer, etc. On the other hand, the selection of a
stationary phase which excludes all polymers
ensures that monomer is the sole solute species
present in the stationary(b) phase, whereupon

b b bw xg sexp2B C qB C q« (11b)1 11 1 1M M

when effects of thermodynamic non-ideality are
restricted to nearest-neighbor interactions. Incor-
poration of these expressions for the monomer
activity coefficients into the counterpart of Eq.(2)
then gives rise to the expression

b a 0 aw
xs sC yC ss exp 2B C 1ysŽ .1 1 1 1 11 1 1y

a z
|qB C q« (12)12 2 ~

for the partition coefficient of monomer in an
experiment with total base-molar solute concentra-
tion Despite its rigor, this is not a very usefulaC̄ .A
expression fors because its application requires1

knowledge of the self-association characteristics of
the solute—the information being sought from the
experiment.
The problem of evaluating the composition-

dependence of activity coefficients was therefore
side-steppedw19–22x by considering that allB sij

2B —an assumption akin to that introduced into11

sedimentation equilibrium theory by Adams and
Fujita w25x when they invoked the relationship
g sexp(iBM ) to describe the activity coefficienti 1

g of i-mer. With that approximation Eq.(12)i

simplified to the form

w z0 ax |¯s ss exp 2B C 1ys q« (13)Ž .y ~1 1 11 A 1

which allowed the direct specification ofs for1

any combination after assigning a mag-a¯w xC ,sA w

nitude toB ; and hence of from Eq.(12). AsaC11 1

noted previouslyw26–28x, a consequence of this
Adams–Fujita approximationw25x is the self-can-
cellation of effects of thermodynamic non-ideality
in the ratio of activity coefficients relating the
apparent dimerization constant to its ther-app(K )2

modynamic counterpart(K ). On the grounds that2

2 2app a a a aK sC y C sK g yg sK (14)Ž . Ž .2 2 1 2 1 2 2

the collected data set was then amenablea a¯w xC ,C1 A

to analysis in terms of the expression

2 3a a a aC̄ sC q2K C q3K C q« (15)Ž . Ž .A 1 2 1 3 1

to obtain the equilibrium constantsK , K , etc.,2 3

characterizing the protein self-association.
Although adoption of the Adams–Fujita approx-

imation w25x certainly afforded a tractable analysis
for the characterization of solute self-association
by exclusion chromatography, the approximations
inherent in its use are highly questionable for
isoelectric globular proteinsw26x. We therefore
seek a procedure that exhibits greater thermody-
namic rigor.

2.3. A revised approach for characterizing solute
self-association

The starting point for the revised approach to
the characterization of non-ideal self-association is
Eq. (10), which is combined with Eq.(2) to give
the expression

a b b aw z¯ x |s C sC sz expy2B s C q« (16)Ž .w A 1 1 11 w Ay ~
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which is valid provided that non-ideality consid-
erations can be restricted to effects of nearest-
neighbor interactions. By assigning a magnitude
to B it is thus possible to evaluate the thermo-11

dynamic activity of monomer and henceb(z )1
from each measurement ina b 0 a¯z sz ys (C ,s )1 1 1 A w

exclusion chromatography studies where partition
is restricted to the monomeric species. Character-
ization of the self-association, which is necessarily
confined to that of dimerization because of the
constraint imposed by restriction of non-ideality
considerations to effects of nearest-neighbor inter-
actions, now requires evaluation of and henceaC1

from the relationshipsaC2

a a a aC sz expy2B C yB C (17a)Ž .1 1 11 1 12 2

a a a¯C s C yC y2 (17b)Ž .2 A 1

which can be solved iteratively with as theaC̄A

initial estimate of in the exponential term ofaC1

Eq. (17a). The dimerization constant is then
obtained from the expression

2a a a aC sK z expy2B C yB C (18)Ž . Ž .2 2 1 22 2 12 1

as the slope of the linear dependence of
upona a a a 2C exp(2B C qB C ) (z ) .2 22 2 12 1 1

2.4. Other potential statistical–mechanical
approaches

Whereas resort to the above statistical–mechan-
ical approach leads to the expression of a species
activity coefficient as a virial expansion containing
the free concentration of every species present,
Hill and Chen w29x regard solute self-association
as merely another form of thermodynamic non-
ideality. For a monomer–dimer system the molar
activity of monomer may then be expressed as the
following polynomial expansion in w28x.aC̄A

a a a 2w¯ ¯ xz sC exp 2 B yK C y(3y2) 4KŽ .µ1 A 11 2 A 2y

z
|y2K 4B yB qB y2KŽ .2 11 12 111 3~

2a¯= C q« (19)Ž . ∂A

where the polynomial coefficients now comprise a
mixture of association constant(K ) and excludedi

volume(B ) terms. Alternatively, the same generali

concept can be used to express as a functionaC̄A

of w28,30–32x. Specificallyaz1

w 2a a a¯ xC sz exp 2 K yB zŽ .Ž .A 1 2 11 1y
2q3 K yK B q2B yB y2Ž .3 2 12 11 111

z3a |= z q« (20)Ž .1 ~

Although these approaches have the potential to
obviate the iterative process entailed in the above
analysis of their successful applicationa a¯w xz ,C ,1 A

requires rapid convergence of the power series,
which in the present context needs to be truncated
at the second virial coefficient term. In general,
the expression of as a multinomial in offersa a¯z C1 A

greater potential for systems with non-ideality as
the predominant phenomenon, whereas the reverse
expansion assumes this role in instances where
K 4B w26,33x. It is therefore of interest to2 11

determine the extent to which either of these more
direct approaches provides a viable alternative to
the iterative approach described in Section 2.3.

2.5. Assignment of magnitudes to virial coefficients

Magnitudes of osmotic second virial coefficients
B and B have been calculated by means of theii ij

expressions

3B s16pNR y3ii i

22 w z
x |qZ 1q2kR y 4I 1qkR (21a)Ž . Ž .i i iy ~

3B s4pN RqR y3qZ Z 1qkRŽ . Žij i j i j i

w z
x |qkR y 2I 1qkR 1qkR (21b). Ž .Ž .j i jy ~

which are based on the premise that the species
can be modelled as hard spheres with radiiR andi

R : for a monomer–dimer system(is1, monomer;j

js2, dimer) R s2 R . Avogadro’s number (N)1y3
2 1

converts the molecular covolume to a molar basis,
and the charge–charge terms are expressed in
classical Debye–Huckel nomenclature.Z and Zi j¨
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are the respective net charges on speciesi and j;
and at 208C the inverse screening length,k (1y
cm), may be calculated as 3.27=10 6I, whereI is7

the molar ionic strength of the solvent. Such
consideration of proteins as rigid impenetrable
spheres has been shown to be a reasonable approx-
imation for a range of globular proteinsw34x.
For hemoglobin, which is essentially uncharged

at neutral pHw35x, R has been taken as 3.13 nm,1

the Stokes radius of the 64.5 kDa(a b ) moiety2 2

obtained from measurements of the translational
diffusion coefficient w36–40x and the sedimenta-
tion coefficientw41,42x; and also the value deduced
as the effective covolume radiusw15x from the
osmotic data of Adairw43x. On this basis the three
virial coefficients required for the application of
Eqs. (16) and (17a) have been assigned the
following magnitudes:B s309 lymol; B s89211 12

lymol, B s1234 lymol. In the reappraisal of22

osmotic pressure data on isoelectric hemoglobin, a
value of 59 800 lymol has been ascribed to2 2

B on the basis that 2 2 6B s160p N R y9.111 111 1

For ovalbumin, a non-associating protein, the
second virial coefficient for self-interaction has
been taken as 810 lymol, the value calculated by
assigning the protein a radius of 2.92 nm and a
net charge ofy16 w19x under the conditions of
the experimental study(pH 7.4, 0.156I).

3. Reinterpretation of published exclusion chro-
matography and other data

There have only been four reported experimental
studies of protein self-association by exclusion
chromatography on porous glass beads. The pos-
sibility of allowing for effects of thermodynamic
non-ideality was first illustrated with an analysis
of results for bovine liver glutamate dehydrogenase
on CPG-170w19x. However, that application does
not provide a stringent test of the approach because
of the limited protein concentration range(0.05–
5 mgyml) examined. In subsequent exclusion chro-
matography studies of hemoglobinw20,22x and
lysozymew21x consideration certainly needs to be
accorded the consequences of thermodynamic non-
ideality in view of the protein concentrations(up
to 225 mgyml) employed. Here we focus on results
from the initial investigation of hemoglobin on

CPG-120, where concentration dependence of the
partition coefficient(Table 1 of Ref.w20x) seem-
ingly reflected a compromise between effects of
self-association and thermodynamic non-ideality.
This situation was confirmed in the subsequent
experimental study of hemoglobinw22x, which was
undertaken in response to concerns expressed
about the interpretation placed on the original
findings w44x. The present aim is to ascertain
whether the purported evidence of hemoglobin
self-association survives more rigorous scrutiny in
terms of allowance for the effects of thermodynam-
ic non-ideality.

3.1. Range of accessible solute concentration

As noted in Section 2.1, the validity of the
expression to be used in the allowance for effects
of thermodynamic non-ideality(Eq. (8)) is con-
ditional upon the adequacy of their description in
terms of nearest-neighbor interactions(i.e. of sec-
ond virial coefficients). It is therefore necessary to
ascertain the likely range of protein concentration
over which Eq.(4a) truncated at theB C termAA A

provides an adequate description of the molar
activity coefficient,g . For that purpose we takeA

advantage of the relationships between the second
(B ) and higher virial coefficients reported byAA

Ree and Hooverw45x to obtain a more precise
estimate of the concentration dependence ofg .A
The solid line in Fig. 1 summarizes the activity
coefficient calculated by extending the power
series in Eq.(4a) to the seventh virial coefficient
term for an uncharged solute spherical solute with
R s3.13 nm, the Stokes radius of hemoglobin.A

For solute concentrations up to 0.3 mM the activity
coefficients calculated on the basis of Eq.(4a)
truncated at the linear concentration term(---) is
within 1% of the more accurate estimate; and the
disparity is still only 5% atC s0.7 mM (45 mgyA

ml). We therefore regard this concentration as an
upper limit for the validity of Eq.(8) in view of
its inherent assumption that second virial terms
suffice to describe the effects of thermodynamic
non-ideality. In situations where the effects of non-
ideality may be extended to include contributions
from the third virial coefficient, the corresponding
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Fig. 1. Concentration dependence of the activity coefficient of an uncharged spherical solute with a radius of 3.13 nm. Dependence
calculated on the basis of Eq.(4a) with the series taken to the sixth power of concentration(——). Corresponding dependence
obtained by truncating the series at the linear concentration term(---). Dependence obtained by truncation after the term in2CA

(-Ø-Ø-).

upper limit of concentration is approximately 1.6
mM or 100 mgyml (-Ø-Ø-, Fig. 1).

3.2. Consideration of oxyhemoglobin as a non-
associating solute

Results of the first six experiments reported in
Table 1 of Ref.w20x for the exclusion chromatog-
raphy behavior of oxyhemoglobin on CPG-120 are
presented(d) in Fig. 2. Although these results
signify a positive value of the second virial coef-
ficient (B ), the extent of the dependence of theAA

partition coefficient upon protein concentration is
much smaller than that predicted by Eq.(8) for a
solute with the Stokes radius of hemoglobin(---).
Furthermore, the estimate of 2.0 nm forR thatA

can be deduced from the experimental dependence
is unrealistic in that it is smaller than the radius,

of an unsolvated hemoglobin1y3¯w x3M v y(4pN) ,A A

molecule. The previous inferencew20,22x that these
results must reflect a compromise between effects
of thermodynamic non-ideality and solute self-
association is seemingly thereby substantiated.
However, Mintonw46x has criticized the simplicity
of the present partition model, and devised a more
complicated version to account for the hemoglobin
data without invoking self-association. Fortunately,
the corollary that exclusion chromatography data
for all non-associating solutes should be at vari-
ance with the predictions of Eq.(8) is readily
discredited.
Partition results obtained in exclusion chroma-

tography of ovalbumin on a column of CPG-75
equilibrated with 0.156I phosphate–chloride buf-
fer, pH 7.4 w19x, are presented as the second set
of data(j) in Fig. 2. Also shown is the theoretical
dependence predicted by Eq.(8) for a spherical
solute with the radius(2.92 nm) and net charge
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Fig. 2. Concentration dependence of the partition coefficient for oxyhemoglobin(d) and ovalbumin(j) in frontal exclusion
chromatography of the proteins on columns of CPG-120 and CPG-75, respectively. For hemoglobin the broken line corresponds to
the behavior predicted by Eq.(8) for a non-associating protein with the Stokes radius(3.13 nm) of thea b moiety, whereas the2 2

solid line is the dependence predicted by Eqs.(16) and(22b) for a monomer–dimer system withK s102yM. The solid line through2

the ovalbumin data is based on Eq.(8) and the second virial coefficient(B ) calculated for a spherical solute with the StokesAA

radius and net charge of this protein under the conditions of the experiment(0.156I phosphate–chloride, pH 7.4). (Data for
hemoglobin and ovalbumin taken from Refs.w20,19x, respectively.)

(y16) of ovalbumin under these conditionsw19x.
For this non-associating protein there is excellent
conformity of the experimental data with the
behavior predicted by the simple partition model;
and hence, by inference, poor agreement with that
predicted by the more elaborate model invoked to
account for the hemoglobin resultsw46x. To cover
the possibility that the existence of a finite net
charge on the ovalbumin may account for the
difference in the partition behavior of the two
proteins, exclusion chromatographic data for oval-
bumin on Fractogel under isoelectric conditions
(pH 4.6) is examined in Fig. 3, together with
corresponding results for isoelectric ribonuclease
and bovine serum albuminw47x. For all three
proteins the close conformity of the results with

the behavior predicted by Eq.(8) and the values
of B obtained from the Stokes radii againAA

signifies the adequacy of the present partition
model for a non-associating protein. On the
grounds that these findings reinforce the conclu-
sion that the partition of behavior of hemoglobin
deviates from that of a non-associating protein, we
resume the attempt to account for the exclusion
chromatography behavior in terms of the compen-
sating effects of thermodynamic non-ideality and
solute self-association.

3.3. Consideration of the partition data in terms
of hemoglobin dimerization

As noted in Section 3.2, the starting point for
this analysis is estimation of the thermodynamic
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Fig. 3. Concentration dependence of the partition coefficients
of ovalbumin(d), ribonuclease(j) and bovine serum albu-
min (�) on Fractogel under isoelectric conditions. Lines
denote the behavior predicted on the basis of Eq.(8) and the
value of B calculated from Eq.(21a) with Z s0 and theii i

Stokes radius of the protein.(Data and Stokes radii taken from
Ref. w47x.)

activity of monomer from each measure-a¯w xC ,sA w

ment via Eq. (16) and the relationship az s1
The subsequent solution of Eqs.(17a) andb 0z ys .1 1

(17b) to obtain the molar concentrations of mon-
omer and dimer in the liquid phase proveda a(C ,C )1 2

to be relatively straightforward in that three itera-
tions sufficed. A dimerization constant("2 S.D.)
of 102 ("5)yM is obtained from Fig. 4a by
ascribing linearity to the dependence of

upon in accordancea a a a 2w xC exp 2B C qB C (z ) ,2 22 2 12 1 1

with the prediction of Eq.(18).
To obtain the consequent dependence of parti-

tion coefficient upon total protein concentration
we note thatC̄A

w z2 2a a a a ax |¯ µ ∂K sz y z s C yC y 2 C expŽ .Ž . Ž .2 2 1 A 1 1y ~

w ax ¯= B yB CŽ .22 12 Ay

za|q 2B y4B yB C (22a)Ž .12 11 22 1~

or, on making the approximation that exp(x)f1q
xq«,

w z2a a ax |¯ µ ∂K s C yC y 2 CŽ . Ž .2 A 1 1y ~

w ax ¯= 1q B yB CŽ .y 22 12 A

za|q 2B y4B yB C (22b)Ž . ~12 11 22 1

Solution of this quadratic in for any assignedaC1

magnitude of yields the value of and hence,a aC̄ CA 1

from Eqs. (17a) and (17b), the corresponding
estimate of Substitution of for in Eq.a 0 a bz . s z z1 1 1 1

(16) then allows establishment of the dependence
of s upon that is predicted for such aaC̄w A

dimerizing system(solid line in Fig. 2). The
experimental results clearly conform much better
with description in terms of non-ideal hemoglobin
self-association.
Although Eqs.(19) and(20) seemingly provide

a more direct means of characterizing the dimeri-
zation, they impose constraints on the relative
magnitudes of the opposing effects of thermody-
namic non-ideality and self-association on the
concentration dependence of the partition coeffi-
cient: convergence of the power series in Eq.(19)
is more rapid for systems with non-ideality as the
predominant effect w26x. An analysis of the

data set by this means is summarized ina a¯w xz ,C1 A

Fig. 4b, where the broken line signifies the depend-
ence predicted for hemoglobin as a non-associating
solute (K s0 in Eq. (19) truncated at the linear2

term of the exponent). A finite value of the
dimerization constant is clearly required to
describe the slope,(2B y2K ), of the experimen-11 2

tal dependence of upon An estimatea a a¯ ¯ln(z yC ) C .1 A A

("2 S.D.) of 116 ("7)yM is obtained forK (cf.2

102yM from Fig. 4a), which signifies that rela-
tively minor error is introduced by truncation of
the series in Eq.(19) at the linear term. On the
other hand, an apparent dimerization constant of
170 ("17)yM is obtained from the corresponding
dependence of upon (Eq. (20))—aa a a¯ln(z yC ) z1 A 1

finding that signifies a requirement for higher-
order terms in the power series to obtain a reason-
able estimate ofK by this approach. Such a2

conclusion is consistent with earlier observations
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Fig. 4. Interpretation of the exclusion chromatography data for hemoglobin(Fig. 2) in terms of dimerization of thea b species.2 2

(a) Analysis of the monomer activity data determined from Eq.(16) in terms of Eq.(18). (b) Analysis of the same data in terms
of the logarithmic form of Eq.(19).

that the expression of as a polynomial expan-aC̄A

sion in is more appropriate when self-associa-az1
tion is the predominant effectw26,33x.
On the basis of the more accurate description

of the experimental results in terms of Eq.(18),
we consider that the self-association of oxyhemo-
globin is governed by a dimerization constant of
100yM rather than that of 160yM deduced previ-
ously w20x on the basis of a questionable analytical
procedure. We also note that resort to a more direct
characterization by means of Eq.(19) also pro-
vides a reasonable estimate ofK for this example2

of weak, non-ideal protein self-association.

3.4. Characterization of hemoglobin self-associa-
tion by other means

In a previous studyw20x it was noted that the
results of osmometryw43x and sedimentation equi-
librium w48,49x studies may also be interpreted as
indicating hemoglobin self-association inasmuch
as the extent of the concentration dependence of
the measured parameter(osmotic pressure and
molecular mass) is less than that predicted for a
non-associatinga b species. We now attempt a2 2

quantitative rationalization of those results in terms
of non-ideal hemoglobin dimerization to ascertain
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Fig. 5. Reappraisal of the concentration dependence of the
osmotic pressure of sheep(d) and human(j) hemoglobins
at neutral pH. The broken line signifies the dependence pre-
dicted by Eq.(23a) for a non-associatinga b moiety, whereas2 2

the solid line is that predicted by Eq.(23b) for the monomer–
dimer model withK s102yM. (Data taken from Ref.w43x.)2

the degree of correspondence between equilibrium
constants deduced by the various procedures. For
both methods we shall employ the Hill–Chen
approachw29x wherein the virial coefficients reflect
a mixture of covolume and dimerization constant
terms—on the grounds that Eq.(19) provided a
reasonable estimate ofK from the partition coef-2

ficient data for hemoglobin(Fig. 4b). Because the
hemoglobin is confined to a single phase in either
experimental design, the above necessity for trun-
cation of the power series at the linear term ceases
to apply. However, the unavailability of Hill–Chen
expressions for the fourth and higher virial coef-
ficients describing the multinomial in dictatesaC̄A

that an upper limit of 1.6 mM(100 mgyml) be
used to retain accuracy of the calculated activity
coefficient for a non-associating solute within 5%
of the value obtained by extending the series to
the seventh virial coefficient term(–Ø–Ø–, Fig. 1).
On the grounds that the dependence of osmotic

pressure,P, upon concentration of a non-aCA

associating solute is given by

2a a aw z
x |PsRTC 1qB C qB C q« (23a)Ž .A AA A AAA Ay ~

the corresponding expression for a solute under-
going reversible dimerization is

wa a 2x¯ ¯ µPsRTC 1q B yK C q 4KŽ .yA 11 2 A 2

2 za |¯∂y2K 4B yB qB C q« (23b)Ž .Ž . ~2 11 12 111 A

where the substitutions for the second and third
virial coefficients are those in Eq.(19). From Fig.
5, which summarizes findings reported by Adair
w43x, it is evident that the behavior predicted by
Eq. (23a) with B sB s309 lymol andB sAA 11 AAA

B s59 800 l ymol (---) does not describe the2 2
111

results for sheep(d) and human(j) hemoglo-
bins—the disparity noted previouslyw20x. How-
ever, good agreement with the experimental data
is obtained by invoking Eq.(23b) with K s2
102yM for the theoretical description of the data
(——). The osmotic pressure measurements are
thus consistent with quantitative interpretation in
terms of the model of hemoglobin dimerization

deduced from the exclusion chromatography
results.
Of the two sedimentation equilibrium studies of

hemoglobinw48,49x, both of which yielded similar
resultsw20,50x, we shall focus attention on that by
Williams w49x, whose approach to analysis of the
data closely resembles that to be followed here.
Because the apparent molecular mass of a non-
associating solute, is related to the trueappM ,A

molecular mass,M , by the relationshipw51,52xA

w zapp x |M sM y 1qC ≠lng y≠C (24)Ž .A A A A A T,my ~s

incorporation of the relationship for the activity
coefficient Eq.(3) leads to the conclusion that

app 2w xM sM y 1q2B C q3B C q« (25)A A 2 A 3 A

whereB and B are the second and third virial2 3

coefficients(B andB , respectively). Dimer-AA AAA

ization of the solute is accommodated by making
the Hill–Chen substitutions for these parameters.
Specifically,
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wapp 2x ¯ µM sM y 1q2 B yK C q3 4KŽ .yA 1 11 2 A 2

z2 |¯∂y 4B yB qB C q« (26)Ž . ~11 12 111 A

Analysis of the dependence of upon thusapp ¯M CA A

has the potential to yieldK on the basis of the2

magnitudes of the experimentally determined virial
coefficients.
Williams w49x has analyzed sedimentation equi-

librium data for carbonmonoxyhemoglobin in
terms of the weight–concentration counterpart of
Eq. (25) to obtain estimates of parameters termed
the second, third and fourth virial coefficients. In
that regard no constraints were imposed on the
relative magnitudes of these parameters, which
should therefore be regarded as polynomial curve-
fitting coefficients. Nevertheless, the determination
of coefficients for the and terms should2 3C CA A

improve the reliability of that for the linear con-
centration term as an estimate of the second virial
coefficientB . However, interpretation of the find-2

ings is complicated by the use of an incorrect
expression for the determination of molecular mass
from a sedimentation equilibrium distribution
w51,52x. Apparent molecular masses were deter-
mined by means of the relationship

2 app 2¯dlnC ydr sM 1yv r v y(2RT) (27)Ž .A A A

in the mistaken belief that the product of density
and partial specific volume in the buoyancy¯(v )A
terms referred to the solution density(r) rather
than that of solvent(r ). Inasmuch ass

¯ ¯ ¯1yv r s 1yv r 1yM v C (28)Ž . Ž .Ž .A A s A A A

for an incompressible solution, the parameter
measured by Williamsw49x is actually the product

The counterpart of Eq.(25)app ¯M (1yM v C ).A A A A

is then

app ¯M 1yM v CŽ .A A A A

MAf 2¯1qM v C 1q2B C q3B C q«Ž .Ž .A A A 2 A 3 A

(29a)

which upon collection of terms as a power series
in concentration becomes

app ¯M 1yM v CŽ .A A A A

MAs

(29b)

2¯ ¯1q2 B qM v y2 C q3 B q2B M v y3 C q«Ž . Ž .2 A A A 3 2 A A A

The coefficient deduced asB by nonlinear2

curve-fitting of the incorrectly determined molec-
ular mass data to Eq.(25) should therefore be
interpreted as

¯B sB qM v y2 (30a)2 AA A A

for a non-associating solute, or as

¯B sB yK qM v y2 (30b)2 11 2 A A

for a monomer–dimer system.
Conversion of the reportedw49x second virial

coefficient of 5.9=10 ml molyg to the corre-y5 2

sponding molar counterpart entails its multiplica-
tion by whereupon B s245 lymol.2M ,A 2

Incorporation of a value of 48 lymol for the partial
molar volume(product of a molar mass of 64.5
kg and a partial specific volume of 0.746 mlyg)
into Eq. (30a)) signifies an apparent second virial
coefficient (B ) of 221 lymol, which markedlyAA

underestimates the calculated value of 309 lymol
(Section 2.5). On the other hand, its substitution
into Eq. (30b) with B taken as 309 lymol yields11

an estimate of 88yM for K . This dimerization2

constant, which cannot be assigned an uncertainty
in the absence of any indication of the standard
error in the estimate ofB , is considered to signify2

quantitative correlation of the sedimentation equi-
librium results w49x with the dimerization model
(K s100yM) inferred from osmotic pressurew43x2

as well as exclusion chromatographyw20x studies
of hemoglobin.

4. Concluding remarks

This investigation has served to illustrate pro-
cedures whereby rigorous allowance for the effects
of thermodynamic non-ideality may be incorporat-
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ed into the characterization of protein self-associ-
ation by exclusion chromatography on
incompressible matrices such as porous glass
beads. In that regard the method is confined to
studies over the concentration range for which
thermodynamic non-ideality in the stationary phase
is described adequately in terms of nearest-neigh-
bor interactions. This restrictive condition was not
appreciated in the earlier interpretationw20,22x of
exclusion chromatography results over a wider
range of hemoglobin concentration in terms of
isodesmic indefinite self-association as well as the
dimerization model employed here. Nevertheless,
the earlier conclusion that thea b hemoglobin2 2

species undergoes self-association remains unchan-
ged by subjecting the exclusion chromatography
data to an analysis with greater thermodynamic
rigor. Furthermore, the concept of reversible dimer-
ization of thea b moiety is reinforced by the2 2

deduction of essentially the same equilibrium con-
stant (order of 100yM) from studies of concen-
trated hemoglobin solutions by osmotic pressure
w43x and sedimentation equilibriumw49x as well
as by exclusion chromatography.
By demonstrating the existence of relatively

weak self-association of the tetramer(a b ) spe-2 2

cies, this investigation raises questions about the
molecular state of hemoglobin at its much higher
concentration(f300 mgyml) in the red blood
cell. As noted in relation to Eq.(8), the selection
of 50 mgyml as the upper concentration limit for
the present analysis of published exclusion chro-
matography dataw20x reflects an inability to make
quantitative allowance for thermodynamic non-
ideality beyond the effects of bi-molecular inter-
actions in the protein–matrix contribution(Eq.
(7)). This upper limit could be extended to 100
mgyml for the analyses of osmotic pressurew43x
and sedimentation equilibriumw49x data because
of the availability of rigorous expressions for the

base-molar concentration as a function ofaC̄A

monomer activity that encompass tri-molecularaz1
interactions requiring description in terms of third
virial coefficients. Although such analysis of those
osmotic pressure and sedimentation equilibrium
measurements thus offers potential for the evalua-
tion of a trimerization constant(K ) as well as3

K , the results presented in Fig. 5 are still described2

adequately by a model in which self-association
of thea b species is restricted to dimer formation2 2

(K s0). The situation pertaining at higher hemo-3

globin concentrations will require investigation by
analyses that are still to be developed.
The major outcome of this reappraisal of pub-

lished data for hemoglobin is thus consolidation
of the concept (20, 22) that self-association
extends beyond thea b species; and hence of the2 2

concept that the oligomeric state of hemoglobin in
its physiological role as a transporter of oxygen
remains to be established. May this investigation
provide the stimulus for extension of the statisti-
cal–mechanical treatment of non-ideality in asso-
ciating systems(28, 31) to allow the rigorous
interpretation of thermodynamic data at even high-
er protein concentrations; and thereby to render
feasible the prospect of quantifying hemoglobin
self-association under conditions more closely
resembling those in the red blood cell.
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