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Theory is developed for the characterization of protein interactions by spectral techniques, where the constraints
of constant temperature and pressure demand that thermodynamic activity be defined on the molal
concentration scale. The customary practice of defining the equilibrium constant (K) on a molar basis is
accommodated by developing expressions to convert those experimental values (Kmolar) to their thermody-
namically more rigorous counterparts (Kmolal). Such procedures are illustrated by reanalysis of published results
for the effects of molecular crowding agents on the isomerisation of α-chymotrypsin and reversible complex
formation between catalase and superoxide dismutase. Although those reanalyses have led to only minor
refinements of the quantitative interpretation, it is clearly preferable to adopt thermodynamic rigor throughout
future spectral studies by employing the molal concentration scale from the outset.
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1. Introduction

Techniques such as difference spectroscopy and fluorescence
quenching are extremely useful for the quantitative characterization
of strong interactions because of their capacity to accommodate the
low concentration ranges under which the equilibrium coexistence of
complex(es) and reactants occurs. Because these interactions are
therefore being studied under conditions approaching thermody-
namic ideality, there is no restriction on the concentration scale that
can be used for the determination of an equilibrium constant. Strictly
speaking, chemical potentials vary with the logarithm of molal rather
than molar concentrations under normal laboratory constraints of
constant temperature and pressure, even in the ideal limit [1–3]; but
this is of little practical significance and the molar concentration scale
is invariably used regardless. However, problems arise in attempts to
characterize the same interaction in the presence of high concentra-
tions of molecular crowding agents (inert solutes), which give rise not
only to thermodynamic nonideality of the system (the reason for their
inclusion) but also to a significant difference between concentrations
defined on the molal and molar scales. In the absence of crowding
agents the magnitude of the molar equilibrium constant defined by
spectral studies can certainly be taken as its molal counterpart
because the molar and molal concentrations are identical except for
the vanishingly small difference between the volumes of equalmasses
of solution and solvent. On the other hand, the interaction in the
crowded environments should be characterized in terms of a molal
association constant before any statistical–mechanical interpretation
of the ratio of equilibrium constants is attempted.

This investigation develops the theoretical expressions required
for statistical-mechanical interpretation of thermodynamic nonide-
ality in spectral studies of protein isomerization and protein–protein
interactions, and also illustrates their application to (i) the crowding
effect of sucrose on the isomerization of α-chymotrypsin [4,5], and
(ii) the corresponding effects of dextran and polyethylene glycol on
the interaction between catalase and superoxide dismutase [6].

2. Theoretical considerations

The chemical potential of a solute in an ideal solution can be
expressed in terms of the logarithm of its concentration, but even
minor deviations from ideality require the replacement of the
concentration with a thermodynamic activity, and then the familiar
equation must be written in the form

μ ið ÞT ;P = μo
i

� �
T;P + RT lnai ð1Þ

Even in the case of an ideal solution, it is not enough to specify just the
concentration of the solute in order to calculate its chemical potential.
The values of some other thermodynamic parameters, such as
temperature T and pressure P, must also be taken into account.
However, it turns out that for a perfectly ideal solution under normal
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laboratory conditions of constant temperature and pressure, the
activity ai defined in Eq. (1) corresponds exactly to the molal
concentration mi [1,2]. Under these circumstances ai is most
appropriately and conveniently written as the product of molality
and a dimensionless activity coefficient yi which approaches unity in
the limit mi→0 [Eq. (2)].

ai = yimi ð2Þ

On the other hand, if the temperature T and chemical potential μS of
solvent S are kept constant while the solute concentration is varied, as
in an osmotic pressure experiment, then one must define a
thermodynamic activity zi in terms of these different constraints
and zi reduces to the molar concentration Ci in the case of a perfectly
ideal solution. The convenience of zi arises from its relationship to the
osmotic pressure, which, for a non-ideal solution, can be written
straightforwardly as a virial expansion in molar concentrations.

Under the constraints of constant T and P, the counterpart of the
osmotic virial expansion is, for a thermodynamically non-ideal system
comprising a solvent S and two solutes (i, j),

− μSð ÞT;P− μo
S

� �
T ;P

h i.
RTð Þ = mi + mj + Ciimi + Cijmimj + Cj jmj + …

ð3Þ

where μ S
o is the chemical potential of pure solvent. [Note that the

double subscripts on the coefficients in Eq. (3) obviate confusion with
molar concentrations that have only a single subscript.] The activity
coefficient yi for each of the solute species, as it is defined in Eq. (2),
can be related to the coefficients appearing in Eq. (3), (Cii, Cij, etc.)
through the equation [1,2]

yi = exp 2Ciimi + Cijmj + :::
� �

ð4Þ

Although there is generallynosimple specificationofCii,Cij, etc., in termsof
elementary molecular quantities, they are, for aqueous solutions, related
to theclassical secondosmoticvirial coefficients (Bii,Bij, etc.) becauseof the
essential incompressibility of such systems. Specifically,

Cii = Bii−Mivi
� �

ρS ð5aÞ

Cij = Bij−Mivi−Mjvj
� �

ρS ð5bÞ

in which Mi and vi are the molar mass and partial specific volume of
species i, and ρS the solvent density.

For incompressible ternary solutions the use of the relationship

miρS = Ci

.
1−MiviCi−MjvjCj

� �
ð6Þ

certainly allows expression of the molality mi in terms of molar
concentration Ci; but the product miρS (measured in units of moles of
solute per litre of pure solvent) remains a molal parameter even
though its physical dimensions (amount of solute per unit volume)
are the same as those of molarity (measured in units of moles of solute
per litre of solution). However, for near ideal systems the combined
contributions of the reactant and product species to the solution
volume is less than 0.1%; and hence we shall disregard the difference
between solvent and solution volumes in the absence of any cosolute
included as a crowding agent to impart nonideality to the systems.
Because the molar concentration scale is used routinely in spectral
studies of nonideality effects on protein interactions, we now derive
expressions to assess the consequences of such action on the
interpretation of results for two types of equilibria, namely protein
isomerization and protein–protein interaction.
2.1. Expressions for nonideal protein isomerization

The spectroscopically determined absorbance of a solution
measures the molar concentration of the solute that absorbs the
light of chosen wavelength. This is because, in the absence of
anomalous effects due to changes in the molecular site of photon
absorption, the Beer's Law diminution in the intensity of transmitted
light depends on the number of solute molecules in the volume of
solution defined by the transmission path of the light. Spectral studies
invariably employ protein solutions sufficiently dilute for Beer's Law
to be valid and, in the absence of other solutes, for thermodynamic
ideality to be a reasonable assumption; in which case the choice of
concentration scales (molar or molal) is academic. However, the need
for consideration of nonideality effects arises when a high concen-
tration of an inert cosolute is introduced as a molecular crowding
agent [7] to displace the equilibrium towards the smaller isomeric
state of the protein [3]. We therefore consider the effect of an inert
cosolute M on the apparent isomerization constant under conditions
wherein the protein concentration is sufficiently small in relation to
that of M for the activity coefficients of the two isomeric states to be
governed solely by the mj term in Eq. (4). Under those conditions the
equilibrium position of a protein isomerization reaction A ⇆ B is
governed by

Kapp
molal = mB =mA = Kmolal exp CAM−CBMð ÞmM½ � ð7Þ

in which Kmolal=aB/aA. After incorporation of Eq. (5a) and (5b),
Eq. (7) becomes

Kapp
molal = Kmolal exp BAM−MAvA−BBM + MBvB

� �
mMρS

� �

= Kmolal exp BAM−BBMð ÞmMρS½ �

ð8Þ

where the simplified version takes into account the fact that themolar
masses and partial specific volumes of the two isomeric states may
both reasonably be identified with those of the protein. For the same
reason it then follows from Eq. (6) that

Kapp
molal = mB =mA = CB = CA = Kapp

molar: ð9Þ

In other words, the isomerization constant that is deduced from
spectral studies on the basis of molar or the corresponding weight
concentrations are numerically equal to the corresponding molal
parameter. However, statistical-mechanical interpretation of the
molecular crowding effect by the application of Eq. (8) clearly
requires the inert solute concentration to be expressed on the molal
(mMρS) instead of the molar (CM) concentration scale.
2.2. Interaction involving two dissimilar macromolecular reactants

Because of the constraints of constant temperature and pressure
that prevail in spectral studies, the interaction of a univalent ligand
protein B with p sites on acceptor protein A is most appropriately
described in terms of a binding function r (mol B bound per mol A) on
the molal concentration scale as

r =
mAB + 2mAB2

+ 3mAB3
+ ::: + pmABp

mA + mAB + mAB2
+ mAB3

+ ::: + mABp

ð10Þ



Fig. 1. Effect of concentration scale used to estimate the molar covolume difference,
(BAM−BBM), from the effect of sucrose concentration on the isomerization constant for
the reversible unfolding ofα-chymotrypsin.○, Earlier interpretation [5] of results taken
from Fig. 4a of [4]; ●, current interpretation with molality recognized as the
appropriate concentration scale for defining thermodynamic activity in spectral studies.
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For an ideal system with equivalence and independence of acceptor
sites Eq. (10) becomes

r =
pKmolalmAmB + 2 p p−1ð Þ= 2!½ �K2

molalmAm
2
B + ::: + pKp

molalmAm
p
B

mA + p p−1ð Þ= 2!½ �K2
molalmAm

2
B + ::: + Kp

molalmAm
p
B

=
pKmolalmB

1 + KmolalmB

ð11Þ

where Kmolal is the intrinsic binding constant [8]. Although spectral
binding data are invariably interpreted in terms of molar ligand
concentration CB and the corresponding intrinsic binding constant
(Kmolar), the essential identity ofmBρS and CB in dilute protein solution
[Eq. (6)] renders Kmolar an acceptable approximation of Kmolal under
conditions approaching thermodynamic ideality.

The inclusionof ahighconcentrationmMof inert soluteMnecessitates
description of the various stepwise equilibria ABi–1+B⇆ ABi in terms of
thermodynamic activities in place of themolal concentrations employed
in the expanded form of Eq. (11). In particular, the specification of
equivalent and independent binding signifies conformity with the
following series of relationships between the intrinsic binding constant
and species involved in the successive equilibrium steps.

Kmolal =
aAB

aA aBð Þi =
mABΓi

mA mBð Þi ; 1 ≤ i ≤ p ð12aÞ

Γi = yABi

.
yA yBð Þi
h i

ð12bÞ

where simplification to the rectangular hyperbolic counterpart of
Eq. (11), namely

r =
pKmolalmBΓ

1 + KmolalmBΓ
ð13Þ

is conditional upon conformity of the various activity coefficient ratios
with the relationship

Γi = Γi ð14Þ

where Γ≡Γ1 is defined by Eq. (12b) with i=1. Before its adoption, the
validity of this assumption clearly needs to be examined closely for
the particular system under investigation (see later).

3. Applications

We commence this section by considering the effects of high
concentrations of inert cosolutes on the reversible unfolding of
proteins, where displacement of the isomeric equilibrium is moni-
tored readily by difference spectroscopy [4,5,9–13]. Results for the
temperature-induced unfolding ofα-chymotrypsin [4] are used as the
illustrative example.

3.1. Effect of sucrose concentration on the reversible unfolding of
α-chymotrypsin

Under acidic conditions (pH 2–3) α-chymotrypsin undergoes a
conformational change that is readily detected by difference spec-
troscopy [9,10]. The suppression of this temperature-induced revers-
ible unfolding by high concentrations of sucrose [4] was attributed to
preferential solvation of the more compact, folded state of the
enzyme; but those findings are also amenable to statistical-mechan-
ical interpretation as a consequence of thermodynamic nonideality
[5]. Both interpretations rely upon Van't Hoff plots for the thermal
denaturation of α-chymotrypsin having the same slopes in the
absence and presence of sucrose (Fig. 4a of [4]) — an observation
which signifies the absence of an enthalpic contribution to the change
in isomerization constant, and hence justifies consideration of its
dependence upon sucrose concentration to be entropy driven.

The effect of sucrose on the isomerization constant at 50 °C is
summarized inFig. 1,where the results (●) areplotted in accordancewith
the logarithmic form of Eq. (8). Also shown is the corresponding
dependence (○) with concentrations of sucrose erroneously expressed
on a molar rather than a molal basis. Whereas the slope of that
dependence was taken [5] to signify a magnitude of −4.2 L/mol for
(BAM−BBM), the correct value is now seen to be−3.4 L/mol (the slope of
the solid line in Fig. 1). The difference between the sizes of the compact
(native) and unfolded isomeric states of α-chymotrypsin is thus smaller
than previously envisaged [5].

The absence of net charge on sucrose (M) allows identification of
the second virial coefficient for excluded-volume interaction between
solute and enzyme states (BiM) with the covolume [14],

BiM = 4πL Ri + RMð Þ3 = 3; i = A or B ð15Þ

where Rj denotes a species radius; and where Avogadro's number (L)
has been included to convert covolumes from a molecular to a molar
basis. Substituting effective radii of 2.44 and 0.31 nm for native
chymotrypsin [15] and sucrose [3] respectively gives rise to an
estimate of 52.4 L/mol for BAM, whereupon BBM=55.8 L/mol. On the
basis of the value of 2.81 nm that is then calculated for (RB+RM), the
unfolded state is characterized by an effective radius that is 2.4% larger
than that of native enzyme (2.50 cf 2.44 nm). Similar calculations with
the slightly larger value of 56.6 L/mol for BBM that is inferred from the
incorrect estimate of (BAM−BBM) signify an effective radius of
2.51 nm for the unfolded enzyme state. Whether the isomeric
transition being characterized by difference spectroscopy should be
regarded as reflecting a 7.7% or 9.0% expansion of the enzyme is
clearly not a critical issue. However, the former represents the more
rigorous statistical-mechanical interpretation of the effect of sucrose
on the reversible unfolding of α-chymotrypsin.

3.2. Effect of inert polymers on the binding of superoxide dismutase to
catalase

A recent publication [6] has employed fluorescence quenching to
characterize the effect of polymeric cosolutes (Dextran 70 and PEG
2000) on the binding of superoxide dismutase to catalase. Those
results are now re-examined to illustrate application of the theoretical
expressions presented in Section 2.2.
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The first point to note is that in spectral studies the binding
function (or fractional site saturation) should be defined on the molal
scale because of the constant pressure constraint that applies to
measurements of fluorescence quenching [Eq. (11)]. Although the
intrinsic binding constant defined on a molar basis can be taken as the
corresponding molal parameter in the absence of cosolute, that
measured in the presence of a high cosolute concentration needs
correction to the molal scale. Inasmuch as

Kapp
molal = Kapp

molar 1−MMvMCM

� �
ρS ð16Þ

the molar intrinsic association constant determined in the presence of
a concentration CM of cosolute overestimates slightly themagnitude of
Kmolal
app , whereupon the experimental values of ln Γ= ln(Kmolar

app /Kmolar)
reported in Fig. 2 of [6] require modification to incorporate the
ln 1−MMvMCMð ÞρS½ � correction factor. Those corrections have been
based on respective partial specific volumes of 0.611 and 0.84 mL/g for
Dextran 70 [16] and PEG 2000 [17], together with an assumed buffer
density (ρS) of 1 kg/L.

Secondly, statistical–mechanical prediction of nonideality arising
from the presence of a high concentration of cosolute (presumed inert)
requires account to be taken of the consequences of Eq. (5a), which
signifies the need to includemolar volume terms MMvMCMð Þ in the ratio
of molal activity coefficients yABi

/yAyBi expressed in terms of the osmotic
second virial coefficients (BABi, etc.) that arise in statistical–mechanical
interpretation of thermodynamic nonideality. An additional factor to be
considered is the reliability of the approximation inherent in Eq. (14)
that each successive equilibrium step is described by a common activity
coefficient ratio Γ for the binding of superoxide dismutase to multiple
sites on catalase. Inasmuch as catalase is a tetramer of 60 kDa subunits it
is necessary to accommodate the possible attachment of fourmolecules
Fig. 2. Reinterpretation of results from a fluorescence quenching study [6] of the effects
of polymeric cosolutes on the interaction between catalase and superoxide dismutase.
A and B: Tests of the likely validity of assuming that the activity coefficient ratios (Γi) for
successive steps of the reaction are describable in terms of Eqs. (18) and (19) in studies
with Dextran 70 and PEG 2000 as the respective cosolutes (values of the various virial
coefficients given in Table 1). C and D: Consequent reassessments of the respective
results for the catalase–dismutase interaction:○, data reported in Fig. 2 of [6] based on
the assumption that molarity is the appropriate concentration scale; ●, revised
estimates of lnΓ based on Eq. (16). Solid lines depict the theoretical dependencies
predicted by Eq. (20) with S taken as the slopes from Fig. 2A and B for studies with
Dextran 70 and PEG 2000 as the respective cosolute (see text).
of superoxide dismutase (MB=33 kDa) in a series of successive
equilibria.

Because the expressions for the activity coefficients of the
interacting species are all dominated by the CiMmM term it follows that

Γi = exp CAM + iCBM−CABiM

� �
mM + :::

h i
ð17Þ

or, in terms of osmotic second virial coefficients [Eq. (5a)],

Γi = exp BAM + iBBM−BABiM
−iMMvM

� �
mMρS + :::

h i
ð18Þ

As noted in Section 2.2, simplification of the binding equation to a
rectangular hyperbolic dependence uponmBρS entails the assumption
that the activity coefficient ratio Γi conform with Eq. (14), whereupon
its logarithmic counterpart,

lnΓi = i lnΓ ð19Þ

predicts a linear dependence of lnΓi upon stoichiometry of the
complex. The slope of that dependence (S) then identifies the
coefficient of the exponent in the expression

Γ = exp SmMρS + …ð Þ ð20Þ

for the activity coefficient ratio relating the apparent and thermody-
namic intrinsic association constants (Kmolal

app /Kmolal).
The likely validity of that assumption is now examined by

calculating second virial coefficients for all reactant and product
species on the basis that the absence of charge on either cosolute
allows the identification of BiM with the corresponding covolume
[Eq. (15)]. An effective radius (RM) of 7.0 nm has been calculated for
Dextran 70 from the relationship RM = 0.0271MM

0.48 [18], the
corresponding value for PEG 2000 being 1.3 nm on the basis of the
relationship RM=0.0292√MM [19]. Parameters used and the results
obtained from those calculations are summarized in Table 1, about
which the following points require comment. The effective radii
reported for the two reactants are Stokes radii deduced from
sedimentation velocity studies of catalase [20] and superoxide
dismutase [21,22], whereas those for the four putative complexes
are based on assumed spherical geometry and conservation of molar
volume V: thus RABi

=[3(VA+ iVB)/(4πL)]1/3. Values of the resulting
second virial coefficients [Eq. (15)] are listed in the right-hand
columns of Table 1.

The validity of assuming conformity of the activity coefficient
ratios with Eq. (19) is supported by the essentially linear plots shown
in Fig. 2A and B, the slopes of which signify that the coefficients of the
exponent (S) in Eq. (20) are 2074 (±7) and 89 (±1) L/mol for
Dextran 70 and PEG 2000 respectively. In view of this substantiation
Table 1
Parameters used for the calculation of osmotic second virial coefficients (BiM) for
interactions of the various species (i) in the catalase–superoxide dismutase systemwith
inert cosolute M.

Species i Effective radius Ria (nm) Second virial coefficient
BiM (L/mol)b

Dextran 70 PEG 2000

Catalase (A) 5.30 [17] 4690 725
Dismutase (B) 2.80 [18. 19] 2370 174
AB 5.55 4980 811
AB2 5.78 5260 895
AB3 5.99 5530 977
AB4 6.18 5990 1055

a Values for the two reactants taken as the Stokes radii deduced from the indicated
sources, those for the four putative complexes being based on spherical geometry and
conservation of volume.

b Calculated from Eq. [15] on the basis of effective radii of 7.0 and 1.3 nm for Dextran
70 and PEG 2000 respectively.

image of Fig.�2
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of the interpretation the fluorescence quenching data [6] in terms of
Eq. (13), the evaluation of an intrinsic association constant from
fractional saturation data (r/p) becomes independent of the actual
number of catalase sites to which superoxide dismutase binds.
Comparison of the predicted dependencies of ln(Kmolal

app /Kmolal) upon
the concentrations of Dextran 70 and PEG 2000 (solid lines) with the
experimental results is shown in Fig. 2C and D respectively, where
open symbols denote the reported values (Fig. 2 of [6]) and solid
symbols their corrected counterparts [Eq. (16)]. Although the
correction is relatively small, the revised values provide the more
rigorous estimates of lnΓ, which conform reasonably well with
description of the thermodynamic nonideality on the statistical-
mechanical basis of excluded volume.

The above conformity should not be construed as unequivocal
evidence that the effect of cosolute addition is purely entropic. Indeed,
results obtained at a series of temperatures have signified the
superimposition of an enthalpic contribution to the energetics [6] —
a finding that questions the inertness of the two space-filling
cosolutes. In that regard the necessity to invoke chemical reactivity
of the molecular-crowding cosolute has also been proposed as the
source of the disparity between predicted and experimentally
observed dependences of the enhancement of complex formation
between dissimilar species (A+B ⇆ C) upon the molecular mass of
polyethylene glycol used to displace the equilibrium [23,24]. Indeed,
the findings for the catalase–superoxide dismutase system [6] again
draw attention to the fact that excluded volume is not the sole
determinant of the consequences of protein–polymer interaction
because of the potential for involvement of the polyethylene glycol
repeat unit (–CH2CH2–O–) in hydrogen bonding as well as hydro-
phobic interaction [17,25–27].

4. Concluding remarks

This investigation has drawn attention to the fact that thermodynamic
activity is properly defined on the molal concentration scale in
experiments conducted under the constraints of constant temperature
andpressure. Also illustrated is ameans of restoring thermodynamic rigor
to the characterization of protein interactions from results mistakenly
represented using the molar scale as the independent variable. Although
that reanalysis has led to only minor refinement of the quantitative
interpretation for the two systems used to illustrate the correction
process, it is clearly preferable to avoid the necessity for suchmolar–molal
interconversions by adopting themore appropriate concentration scale at
the outset in experimental studies requiring consideration of thermody-
namic nonideality when constancy of temperature and pressure are the
operative constraints in the monitoring of solute chemical potentials.
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