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The Kirkwood–Buff theory and the effect of cosolvents
on biochemical reactions
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Cosolvents added to aqueous solutions of biomolecules profoundly affect protein stability, as well
as biochemical equilibria. Some cosolvents, such as urea and guanidine hydrochloride, denature
proteins, whereas others, such as osmolytes and crowders, stabilize the native structures of proteins.
The way cosolvents interact with biomolecules is crucial information required to understand the
cosolvent effect at a molecular level. We present a statistical mechanical framework based upon
Kirkwood–Buff theory, which enables one to extract this picture from experimental data. The
combination of two experimental results, namely, the cosolvent-induced equilibrium shift and the
partial molar volume change upon the reaction, supplimented by the structural change, is shown to
yield the number of water and cosolvent molecules bound or released during a reaction. Previously,
denaturation experiments~e.g., m-value analysis! were analyzed by empirical and stoichiometric
solvent-binding models, while the effects of osmolytes and crowders were analyzed by the
approximate molecular crowding approach for low cosolvent concentration. Here we synthesize
these previous approaches in a rigorous statistical mechanical treatment, which is applicable at any
cosolvent concentration. The usefulness and accuracy of previous approaches was also evaluated.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1806402#
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I. INTRODUCTION

Proteins are surrounded by aqueous solution. Water m
ecules influence biochemical reactions, such as protein f
ing, protein-ligand interaction, and the allosteric effect.1–3 In
addition to water, various classes of cosolvent molecu
present in the aqueous solution affect these processes
foundly: ~a! denaturants, such as guanidine hydrochlor
~GuHCl! and urea, which are used routinely in today’s b
chemical laboratories~and have been known for a lon
time!;1,4–7 ~b! osmolytes, i.e., organic metabolites such
sugars, polyols, and amino acid derivatives, which
known to stabilize the native structure of proteins and ac
mulate in the cell to counteract protein denaturation in
harsh environment;8–13 ~c! crowders, which do not act di
rectly on the biomolecules, whose presence affects bioche
cal reactions mainly via the excluded volume effect
‘‘crowding’’ effect.10–15Thus, an understanding of the coso
vent effect would have a direct impact on many branches
biology, biophysics, and biochemistry.

The goal of this paper is to explain the effect of cos
vents on biochemical equilibria, from the way that water a
cosolvents interact with biomolecules involved in the re
tion. Insight into these interactions can be extracted fr
experimental data. The guideline of its procedure is laid
by Kirkwood–Buff ~KB! theory,16–20 a rigorous and funda
mental statistical mechanical theory, which has previou
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been applied to analyze the water release upon reaction21 and
the interactions between cosolvents and the native stat
proteins,22,23 in addition to a number of systems involvin
simpler solutes.24–31 This paper extends these previous a
proaches into the role of cosolvents on biochemical re
tions, including protein denaturation, protein-ligand bindin
and allosteric transitions.

Why is the new approach necessary? What is the adv
tage over the previous approaches developed to the s
end? The following brief review will clarify that the previou
approaches are based upon unrealistic assumptions or
simplified treatments of the protein-solvent interactions.

We focus first on the approaches to protein denaturat
Previous approaches aimed to elucidate the effectivenes
denaturants on proteins, based upon protein-denaturant i
actions. This effectiveness was first quantified by Pace
co-workers6,7,32via them value, which is the proportionality
constant relating the denaturant concentration to the cha
in free energy upon protein denaturation.~In short, the larger
the m value, the more susceptible the protein is
denaturation.32! The question now is how to interpret them
value from the interaction between the protein and the s
vent molecules. Myerset al.32 demonstrated that them val-
ues are proportional to the change of solvent-accessible
face area~DSASA!, when the protein denatures from i
native structure to the fully extended unfolded structur
This means that them value reflects the degrees of expansi
of proteins upon denaturation. TheDSASA proportionality
has been derived by earlier theoretical models,2,33 and has
7 © 2004 American Institute of Physics
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been a foundation of the most of theoretical models de
oped thus far.

However, recent experiments suggest that denatu
states take compact structures, even in the presence of h
concentrated denaturants.34 Therefore, the fully extended un
folded structures assumed in the previous models does
reflect reality. In addition, size-exclusion chromatograp
has cast doubts upon the correlation between them value and
the expansion in size of proteins upon denaturation.35,36This
suggests that theDSASA proportionality of them values may
not be an accurate assumption.

In addition to the unrealistic assumption imposed on
natured state structures, previous models have made sim
fying assumptions about protein-solvent interactio
Schellman37 developed a thermodynamic model in whic
water and denaturant molecules bind weakly and comp
tively to the binding sites assumed to exist on protein s
faces. This model attributed the cause of protein denatura
to the weak binding of denaturants to proteins. Record
co-workers38,39generalized this approach into a more soph
ticated model in which the weak binding of denaturants c
be described in terms of the difference in denaturant conc
tration between the ‘‘local’’ and the ‘‘bulk’’ domains. How
ever, Schellman’s model simplified the protein-solvent int
action into stoichiometric binding. The problem with regar
to this simplification is described elsewhere.10,21,37 Record
et al.38,39 assumed that the solution structure change by
presence of the protein is limited to the first hydration sh
which was shown by computer simulations to be too sh
ranged.24,40 These are the reasons why a rigorous statist
mechanical theory is required for the analysis of the cos
vent effects.

Recently, Schellman41 proposed a refreshing statistic
mechanical approach in which both stoichiometric solv
binding and the excluded volume effect are taken into
count, and concluded that the competitive contributions
these two effects makes up them value. This is in contrast to
the previous models in which the solvent binding is the s
determinant of them values.37–39 What is the source of the
difference in pictures? Schellman’s theory is based upon
McMillan–Mayer ~MM ! theory of solution,42 up to and in-
cluding the second virial coefficient. The second virial a
proximation~SVA! is applicable only at a low cosolvent con
centration limit, however, solvent denaturation takes plac
high denaturant concentrations~i.e., several molars!. This ne-
cessitates a theory which can be used at such concentr
region, and the KB theory can fulfill this requirement. T
question regarding the contribution from excluded volu
can be answered within this framework.

As will be shown, the KB theory, being a rigorou
theory, is able to evaluate whether the interpretation p
posed previously is accurate. The widely-popular molecu
crowding approach has attributed the effect of stabiliz
~i.e., osmolytes and crowders! on the biochemical equilibria
to the change upon reaction of the covolume, the volu
around the biomolecules from which the cosolvents
excluded.11,12,14,15The major factor which determines the c
volume change is the second virial coefficient; it describ
the distribution of cosolvents around the biomolecules an
Downloaded 02 Nov 2004 to 144.32.128.75. Redistribution subject to AIP
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makes the dominant contribution to changes of biochem
equilibria. We have shown that this interpretation, which n
glects the contribution from the distribution of water arou
the biomolecules, is an excellent approximation for cro
ders, but a poor approximation for osmolytes, when desc
ing the solvation of the native protein structures.23 Is this
approach accurate and useful for the interpretation of vari
biochemical equilibria? How can one know whether this a
proach is quantitatively accurate? These questions will
answered in this paper by using the KB theory.

Based upon the necessities pointed out above, we
describe in the subsequent sections an analysis of
cosolvent-induced modulation of biochemical reactio
based upon the KB theory. We will clarify the mechanism
solvent denaturation, as well as the cosolvents’ role
protein-ligand binding and allosteric effects, by using expe
mental data available in the literature.

II. A STATISTICAL MECHANICAL FOUNDATION

Here we briefly review the KB theory used to extra
information regarding protein-solvent interaction from e
perimental data.21–23

A. Biochemical reactions and preferential interaction

Consider a system that consists of water (i 51), biomol-
ecule (i 52), and cosolvent (i 53) molecules, at the densit
ni and the chemical potentialm i . The biomolecule at infinite
dilution ~i.e., n2→0) undergoes a reactiona→b, whose
equilibrium constant isK. The equilibrium change upon th
addition of cosolvents can be quantified by10,21

RTS ] ln K

]m3
D

T,P,n2

5Dn23, ~1!

whereni represents the molarity~density! of speciesi. Dn23

is the change of preferential interaction parameterDn23 upon
the reaction. The preferential interaction parameter for
states ~5a or b! is defined by

n23
s 52S ]m2

s

]m3
D

T,P,n2

, ~2!

which can, in principle, be measured by dialys
equilibrium,10 if, under the given conditions, the biomolecu
only takes the states.

The preferential interaction parametern23
s signifies the

excess of cosolvents~as compared to water! solvating the
protein.10 Similarly, it is convenient to introduce the prefe
ential hydration parameter defined as

RTS ] ln K

]m1
D

T,P,n2

5Dn21; ~3!

which signifies the excess of water~as compared to cosol
vent! solvating the protein.10 The cosolvent-induced equilib
rium shift can also be interpreted by the change of prefer
tial hydration parameter as
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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S ] ln K

]m1
D

T,P,n2

5Dn21; ~4!

the two parameters are related to each other according

n21
s 52

n1

n3
n23

s . ~5!

The m value can be related to the change of preferen
interaction parameter upon denaturation as10,33,37

m52S ]Dm2*

]n3
D

T,P,n2→0

5S ]m3

]n3
D

T,P,n2→0

Dn2352
n3

n1
S ]m3

]n3
D

T,P,n2→0

Dn21. ~6!

B. Kirkwood–Buff theory and the determination
of excess solvation numbers

The KB theory connectsDn23 to the changes in exces
number of componenti around the protein (DN2i) as17,20–23

Dn235DN232
n3

n1
DN21. ~7!

DN2i is defined by17,20

DN2i5niNADG2i5niNA~G2i
d 2G2i

n !,
~8!

G2i
s 5E drW@g2i

s ~rW !21#,

whereg2i
s (rW) is the correlation function at the separationrW

between the protein at states and the componenti, NA is
Avogadro’s number, andG2i

s is called the KB parameter
Although equations similar to Eq.~7! have been derived pre
viously from thermodynamic models,10,37 KB theory gave
clear physical meaning toDN2i as defined by Eq.~8!.20,21A
justification of Eq.~7! will be given in Sec. III A.

To determineDN21 and DN23 from experimental data
the following KB relationship betweenDN2i and the partial
molar volume change upon denaturationDV2

21–23 is useful:

DV252V1DN212V3DN23, ~9!

whereVi is the partial molar volume of the speciesi. It must
be emphasized here that theDV2 can be measured exper
mentally via high pressure experiments a
densitometry.43–48 Recent applications of pressur
perturbation calorimetry also enabled to calculate the volu
change upon denaturation in the presence of vari
cosolvents.49,50 DN21 and DN23, or DG21 and DG23, can
now be determined from experimental data by solving E
~7! and ~9!. In solving these equations, no assumption
necessary regarding the protein-solvent binding, nor
structure of the native and the denatured states. In this w
the KB theory has synthesized the preferential interac
and volumetric approaches in order to deduce the solva
changes on biochemical reactions.

To explain the mechanism of cosolvent-induced equi
rium shift, previous investigations have focused upon cos
Downloaded 02 Nov 2004 to 144.32.128.75. Redistribution subject to AIP
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vents’ accumulation on~or exclusion from! the protein
surfaces.32,37–39How can we connect our rigorous statistic
mechanical approach to these intuitive approaches? To d
we note thatDN21 andDN23 contain contributions from the
change of the excluded volume upon reactionDVE . The
excluded volume of the states is the volume of the region
into which solvent molecules cannot penetrate~i.e., g2i

s 50).
This volume gives a negative contribution toN2i , and the
rest of theN2i should represent theexcess number of mol
ecules i from the solvation shell. How can we extract such
excluded volume contribution? To do so, let us compare
density of the speciesi inside the inpenetrable region and
a point far from the protein surface. The density of the s
cies i is zero in the former, and isni at the latter. Therefore
the contribution to the excess number from the entire reg
of volume VE is 2niVE . Upon biochemical reaction, th
excluded volume contribution toDN2i becomes2niDVE .
Subtracting this quantity fromDN21 yields the change of
excess number of molecules i in the solvation shell u
biochemical reaction,21–23

DN2i8 5DN2i1niDVE , ~10!

in which DVE will later be estimated from protein structur
data~see Sec. IV A!. It will also be demonstrated that accu
rate knowledge ofDVE may not always be necessary. W
emphasize here that Eq.~10! is not a direct result of the KB
theory. We also emphasize that this phenomenolog
scheme has already been proposed and exploited
Chalikian and co-workers,44–48 by Schellman41 and by
us.21–23

III. PREFERENTIAL INTERACTION
AND CROWDING APPROACHES

A. Preferential interaction at low cosolvent
concentrations

Here we present a justification that Eq.~7! is indeed the
correct expression for the preferential interaction param
n23. This clarification is necessary, because different exp
sions have so far been derived forn23 in the literature.51

MM theory has been used to relate the preferential in
action parameter to the solution structure. This theory, w
employing the SVA~which applies only to the limitn3→0,
as denoted by the superscript 0!, gives the following expres-
sion for the preferential interaction parameter changes:12,41

Dn23
0 5n3DG23

0 5DN23
0 , ~11!

whereas KB theory, at the same limit, yields21

Dn23
0 5n3~DG23

0 2DG21
0 !5DN23

0 2S n3

n1
DN21D 0

, ~12!

which is different from Eq.~11!. Moreover, Wills and Win-
zor have derived Eq.~12! by using the MM theory,14,15 both
results@Eqs.~11! and~12!# have been derived from the sam
MM theory. Which is the correct form ofDn23

0 ? What is the
relationship and the difference between Eqs.~11! and ~12!?

These questions are important, because if Eq.~11! is
accurate, then the preferential interaction is determined o
by the distribution of cosolvents, but not water. In additio
as will be explained in Sec. IV B, these expressions h
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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different physical implications regarding the explicit cont
bution of the excluded volume change upon reaction
Dn23

0 .
To answer these questions in an intuitive manner,

adopt here a thermodynamic rederivation of KB theory ba
upon the Gibbs–Duhem equation.18,19,21Consider two parts
of a biomolecular solution at infinite dilution. The first pa
contains a biomolecule,

05S8dT1dP1dP2n2dm22n1* dm12n3* dm3 , ~13!

and the other part is infinitely far from the biomolecule,

05SdT1dP2n1dm12n3dm3 . ~14!

The above are the Gibbs–Duhem equations under con
temperature for each part, where* represents the averag
densities around the biomolecules,P denotes osmotic pres
sure, andS and S8 represent the entropy per volume of th
respective systems. The excess numbers can be calcu
from the densities, according to18,19

ni* 2ni5n2N2i . ~15!

In addition, since the biomolecule is in infinite dilution, th
first-order term of the osmotic virial expansion is sufficie
to express the osmotic pressureP asP5kTn2 .

Now we clarify the origins of Eqs.~11! and ~12!.
~Case I! Under constantT, P, andn2 , combining Eqs.

~13!–~15! yields

n2352S ]m2

]m3
D

T,P,n2

5N232
n3

n1
N21, ~16!

which leads to Eq.~12!.
~Case II! Under constantT, m1 , andn2 , combining Eqs.

~13!–~15! yield

2S ]m2

]m3
D

T,m1 ,n2

5N23. ~17!

If we assume that

S ]m2

]m3
D

T,P,n2

.S ]m2

]m3
D

T,m1 ,n2

, ~18!

then Eq.~11! follows. The key is to approximatedP50 by
dm150, reminiscent of the different possible ‘‘standa
states’’ in the solvation process.52–54

The above intuitive argument offers a useful insight in
the approximation involved in Eq.~11!, which is the founda-
tion of some of the SVA employed in the literature.12,41

B. The condition for the dominance of cosolvent
distribution in preferential interaction

Whether Eq.~11! holds is an important question whe
interpreting the cosolvent effect. If Eq.~11! is accurate, the
interpretation of cosolvent action can be significantly simp
fied. We only have to consider the distribution of cosolve
molecules in order to understandDn23

0 .
The molecular crowding picture belongs to this ca

because it considers the large exclusion of cosolvents f
proteins as a dominant contribution. Schellman’s interpre
Downloaded 02 Nov 2004 to 144.32.128.75. Redistribution subject to AIP
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tion of cosolvent effects also relies upon the dominance
the cosolvent distribution. The accuracy, however, could
be assessed previously. Here we show the condition u
which Eq.~11! is accurate.

For convenience, we start from the preferential hydrat
form of Eq. ~11!,

Dn21
0 .2n1

0DG23
0 , ~19!

where2DG23
0 is known as the second cross virial coefficie

in molecular crowding literature.11,12,14,15This equation is
compared to the result of the KB theory,

Dn21
0 5n1~DG21

0 2DG23
0 !, ~20!

which, as shown before, has an extraDG21
0 . By using Eq.~9!

at the limit n3→0, this term can be related to the parti
molar volume change as17,20,21

DV2
052V1

0DN21
0 52DG21

0 . ~21!

It follows from Eqs.~21! and ~20! that the accuracy of
the molecular crowding approximation can be examined
ing the following condition:

uDn21
0 u@un1

0DV2
0u. ~22!

This means that the accuracy of the molecular crowding
proximation can be examined solely from the experimen
data.

IV. PROTEIN DENATURATION AND STABILIZATION
BY COSOLVENTS

To clarify the molecular-based mechanism of cosolve
induced modulation of biochemical equilibria, now we app
the KB theory presented in Sec. III to experimental da
available in the literature.

A. Choice and analysis of experimental data

In order to solve Eqs.~7! and~21!, data from preferential
interaction and volumetric changes are necessary. In spit
a wealth of preferential interaction data10–13,43and volumet-
ric data44,55 for protein-ligand binding and allosteric effect
the combination of preferential interaction and volumet
data for the same biochemical reaction is available in stric
limited cases.43,55 We have used the data from experimen
involving allosteric transition of haemoglobin,56 the
hexokinase-glucose and cytochrome P450-camphor bin
reactions57–59 in order to calculateDN21 andDN23.

Although m values have been measured extensively
GuHCl and urea,32 the partial molar volume change accom
panying the denaturation has rarely been measured.55 GuHCl
denaturation of hen-egg lysozyme (m510.445 kJ/mol/M and
DV25255 ml/mol) ~Refs. 60 and 61! and tendamistat (m
54.62 kJ/mol/M andDV25241.2 ml/mol) ~Ref. 62! are the
only monomeric systems with two-state folding equilibri
which report DV2 over a wide denaturant concentratio
range. The concentration dependence ofDV2 in both cases
were reported to be negligible.60–62

In the treatment of GuHCl denaturation, one encount
a difficulty in treating dissociative salt solutions via K
theory.18,19,24,63We therefore adopt a conventional approx
mate treatment in which cations and anions are assume
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 02 No
TABLE I. The contribution of water and stabilizers upon the dissociation of protein-ligand complexes.

Reactions Cosolvents
Dn21

0

~mol/mol!
n1

0DV2
0

~mol/mol!
DG21

0

~ml/mol!
DG23

0

~ml/mol!
DVE

~ml/mol!

Hexokinase-glucose
dissociation

PEGs 326a 24.2b 232.4 217812 521a

Cytochrome P450-camphor
dissociation

Osmolytesc 19c 21.6c 88.6 2963 115d

HaemoglobinT→R PEGs and osmolytese 65e 0d 0 21178 n/af

Lysozyme denaturation GuHCl 2233g 23.0g 55 2123 396h

Tendamistat denaturation GuHCl 299.5i 22.27i 41.2 922 n/a

aFrom Ref. 57.
bFrom Ref. 58.
cFrom Ref. 59.
dFrom Ref. 21.
eFrom Ref. 56.
fSubject to the uncertainty of the structural data~Ref. 21!.
gFrom Refs. 60 and 61.
hEstimated by Ref. 46. See also footnote~Ref. 72!.
iFrom Ref. 62.
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be indistinguishable.63 Consequently,DN23 here refers to the
number of total ions andV3/2 was used to signify the volum
of each ion. The remaining parameters in Eqs.~5! and ~6!
were calculated from thermodynamic data for aque
GuHCl solutions:V1 and V3 were calculated from densit
data,64 and (]m3 /]n3)T,P,n2→0 were obtained from vapo
pressure data.64

DVE is estimated from the biomolecular structures f
lowing the method developed by Chalikian an
co-workers.44–46 In this method,DVE consists of intrinsic
volume, i.e., van der Waals volume, and the thermal volu
i.e., volume of inaccessibility due to thermal motion on
thin layer around the biomolecular surface.44–46Although it
is, in principle, difficult to define the excluded volume, w
adopt the method of Chalikian and co-workers, because o
success in explaining volumetric properties of proteins.44–48

We have previously reportedDVE for protein-ligand re-
actions calculated from structural data.21 In contrast,DVE for
protein denaturation faces a difficulty regarding the deter
nation of the denatured state structures with sufficient ac
racy. This is because the denatured state consists of an
mous number of possible configurations.34–36 Therefore, an
accurate evaluation of excluded volume for such an
semble is extremely difficult at this stage.41 Therefore we are
forced to make a bold approximation by using an empiri
model proposed by Chalikian and Filfil~CF! ~Ref. 46! for
this purpose. The CF model estimatesDVE from the molecu-
lar weight of the protein and the degree of unfoldings ~s50
corresponds to the native state, ands51 to the fully ex-
tended structure!. s for lysozyme has been estimated to
similar to acid denaturation,47,48 i.e., s50.7–0.8.60,61 There-
fore, we uses50.7560.05 for lysozyme.65

B. The dominance of cosolvent distribution
on the preferential interaction change
upon biochemical reactions

Here we focus on the cosolvent effects on biochem
equilibria at the limitn3→0. Applying the theory presente
v 2004 to 144.32.128.75. Redistribution subject to AIP
s

e,

its

i-
u-
or-

-

l

l

in Sec. III B, we can now determine the mechanism of
cosolvent-induced shifts of equilibria, including both prote
stabilizers and denaturants.

We first investigate the role of stabilizers. Table I sum
marizes the experimental data collected from the literat
for systems in whichDn21

0 and DV2
0 were available. It is

demonstrated clearly for all these cases that Eq.~22! is sat-
isfied. Therefore, cosolvent distribution, described by
change of second cross virial coefficient (2DG23

0 ), accounts
for the most of theDn21

0 .
Specifically, the osmolyte-induced modulation of the

losteric transition of haemoglobin, as well as crowd
induced modulation of glucose-hexokinase binding, w
first attributed to the change of hydration upon the react
~i.e., equivalent to DN218 ).56,57 This interpretation was
controversial,66–68 and it was shown previously that the hy
dration change is grossly overestimated by osmotic st
analysis.21 Table I shows clearly that the stabilizer-induce
modulation can be attributed almost entirely toDG23

0 . This
quantity was previously shown to be irrelevant toDN218 .23

Since stabilizers are excluded from protein surfaces,22,23

2DG23
0 reflects the change in the exclusion of osmoly

from protein surfaces, which is the dominant cause of
stabilizer-induced modulation of the allosteric effect. Th
conclusion supports the previous interpretation based u
the covolume changes.11,14,15,69

The above analysis is relevant to another important
unresolved question. How do osmotic and hydrostatic pr
sures modulate the biochemical equilibria?43,70,71 It was re-
ported that the effect of osmotic pressure is much larger t
the effect of hydrostatic pressure for protein-DNA intera
tions, and that the equilibrium shift caused by the two pr
sures may even take different signs.43,70,71Therefore, the two
pressures were considered to work differently to modul
the biochemical equilibria.43,70,71 The reason, however, a
well as its mechanism and implication, were unclear.43,70,71

Although it was recognized that these pressures affect dif
ent aspects of the equilibrium, the precise difference betw
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the two was not understood.43 It is noteworthy here that the
‘‘osmotic pressure’’ in this context refers simply to th
change of water activity due to the addition of cosolven
and does not involve any dialysis equilibrium from which t
osmotic stress actually emerges.66,67 This is the very reason
why Timasheff showed that the use of osmotic pressure
this context is a misnomer.66,67 Indeed, the osmotic pressur
effect is represented by21

RTS ] ln K

]m1
D

T,P,n2

[2
RT

V1
S ] ln K

]P D
T,P,n2

5Dn21
0 , ~23!

i.e., the modulation of the equilibrium via water activitym1 .
Therefore, the question of ‘‘osmotic’’ versus hydrosta
pressures is now reduced to the comparison in magni
betweenDn21

0 and DV2
0, the theory presented in Sec. III B

the water activity changes modulate the equilibrium via
preferential hydration changen3(DG23

0 2DG21
0 ), whereas the

hydrostatic pressure change estimates2DG21
0 . Therefore,

much larger equilibrium modulation observed by osmo
pressure than by hydrostatic pressure suggests that the
ond virial coefficient change is the major contribution to t
osmolyte-induced equilibrium shift for protein-DNA intera
tions.

Now we turn to the GuHCl denaturation of protein
Table I shows thatDn21

0 is again much larger in magnitud
than DV2

0. This suggests that the GuHCl-induced shift
denaturation equilibria can also be attributed toDG23

0 , the
same quantity which characterizes the stabilizer-indu
shift of binding and allosteric transition.

What can theDG23
0 for denaturation tell us about it

mechanism? Table I shows that theDG23 increases greatly
upon denaturation. Protein denaturation is accompanied
an expansion of protein conformation, and therefore by
increase of excluded volume~volume in which g2350).
Since the excluded volume contributesnegativelyto KB pa-
rameter @Eq. ~8!#, the contribution of excluded volum
change toDG23 should be negative. The observedpositive
DG23 suggests that, upon denaturation, the contribution fr
the region which satisfiesg23.1 increases. This means,
agreement with Schellman,41 that the accumulation o
GuHCl on protein surface drivesDG23, and that the accu
mulation of GuHCl is larger around the denatured state t
the native state.

As in protein denaturation,DVE increases when ligand
dissociate from proteins. As shown in Table I, this proces
accompanied by anegativeDG23, i.e., the opposite sign o
the protein denaturation. This suggests that an increase i
stabilizer-exclusion accompanies the protein-ligand disso
tion. This also implies that the SVA@Eq. ~11!# may not only
be accurate for osmolytes and crowders, but also for de
turants.

The above discussion indicates that an intuitive comp
son betweenDG23 andDVE may be used to judge how equ
libria are modulated by cosolvents. This extends the use
ness of molecular crowding approaches which have b
applied mostly to the study of stabilizers.
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C. Kirkwood-Buff interpretation of denaturation

The SVA approach in the preceding section enabled
to analyze the limitn3→0. This is useful for the osmolyte
modulation of biochemical equilibria, where osmolyte co
centration is usually not high. However, solvent denaturat
occurs at several molars of denaturants. Therefore, the e
dation of solvent denaturation requires the analysis at hig
denaturant concentrations. In contrast to the previous M
approaches, our KB approach can determineDG21 andDG23

at any cosolvent concentration.

1. GuHCl-induced denaturation

Figures 1 and 2 show the analysis of GuHC
denaturation of lysozyme. Atn350, DN21 is positive, sug-
gesting the positive contribution due to the increase of
dration overrides the negative contribution fromDVE upon
denaturation. At lower GuHCl concentration,Dn23 is deter-
mined dominantly byDN23, as seen in the preceding se
tion. This is shown more clearly in Fig. 1~b! where the con-
tribution from DN23 @i.e., 2n1 /n3DN23 ~Refs. 21–23!#
determines dominantly the preferential hydration parame
Dn21. As the GuHCl concentration increases,DN21 de-
creases, and the contribution fromDG21 andDN21 becomes
more prominent inDn23, whereinDG21 andDG23 have op-
posite signs. The negativeDG21 suggests that at highe
GuHCl concentration, theg21.1 region does not increas
significantly upon denaturation; the increase cannot comp
sate for the negative contribution toDG21 from the excluded

FIG. 1. The role of water and GuHCl upon the GuHCl denaturation
hen-egg lysozyme at 25 °C.~a! Dn23 ~solid line!, DN21 ~dotted line!, and
DN23 ~dashed line! against GuHCl concentration.~b! Dn21 ~solid line!,
DN21 ~dotted line!, and2n1 /n3DN23 ~dashed line! against GuHCl concen-
tration.

FIG. 2. The change of KB parameters upon the GuHCl denaturation
hen-egg lysozyme.DG21 ~thick dotted line! and DG23 ~thick dashed line!
are plotted against GuHCl concentration. Corresponding thin lines were
culated assumingDV250.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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volume changeDVE . This suggests that the GuHCl accum
lates more significantly than water upon denaturation,
therefore the hydration change upon protein denaturation
creases. This is qualitatively consistent with the previo
solvent-exchange viewpoint.33,37–39 In Figs. 1 and 2, this
contribution from hydration becomes more significant as
GuHCl concentration increases. Especially after about 4.5M ,
the decrease ofDG23 is more prominent than the increase
DG21, suggesting the significant dehydration due to the
cumulation of GuHCl in the hydration shell. The same s
nario applies for GuHCl-denaturation of tendamistat, who
results are shown in Figs. 3 and 4.

Figures 2 and 4 also show thatDG21 and DG23 by as-
suming DV250. The accuracy of this approximation su
gests the possibility thatDG21 andDG23 may be calculated
even without the volumetric dataDV2 , when them value is
sufficiently large. As it is clear from Figs. 2 and 4, this a
proximation yields accurateDN21 andDN23 at high GuHCl
concentrations. In this region, Eq.~9! yields

DN23

DN21
52

V1

V3
, ~24!

which shows that the excess number ratio is determined
partial molar volume ratio. This is reminescent of the cro
section ratio used to estimate the stoichiometry of wa
denaturant exchange in the thermodynamic models.38,39

FIG. 3. The role of water and GuHCl upon the GuHCl denaturation
tendamistat at 35 °C.~a! Dn23 ~solid line!, DN21 ~dotted line!, and DN23

~dashed line! against GuHCl concentration.~b! Dn21 ~solid line!, DN21 ~dot-
ted line!, and2n1 /n3DN23 ~dashed line! against GuHCl concentration.

FIG. 4. The change of KB parameters upon the GuHCl denaturation
tendamistat.DG21 ~thick dotted line! andDG23 ~thick dashed line! are plot-
ted against GuHCl concentration. Corresponding thin lines were calcul
assumingDV250.
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More experimental data are necessary to assess whethe
useful approximation can be applied to a wide range of p
teins and cosolvents.

The deviation ofDn23 from linearity is can be attributed
to (]m3 /]n3)T,P,n2→0 , when m is constant. Using KB ex-
pression for this term,16–20 Eq. ~6! is rewritten as

Dn235
m

2kT
n3@11n3~G332G31!#. ~25!

G33, calculated from experimental value by Chitra a
Smith,24 shows the self-association of GuHCl at low GuH
concentration, and the decrease thereof at higher conce
tion. G31, on the other hand, does not change significan
over the change ofn3 . Therefore,G332G31 becomes more
negative asn3 increases, and is responsible for the deviat
from linearity. This shows that the self-association of den
turant contributes to the preferential interaction paramete

2. The contribution of the excluded volume effect

Here we investigate how much the excluded volume
fect contributes to them value and toN218 andN238 .

Solvent exchange models,33,37 as well as local-bulk par-
titioning model38,39have shown that the binding~or accumu-
lation! of denaturant on protein surfaces determines them
value. The binding of denaturants is accompanied by
release of hydrating water via solvent exchange.33,37–39

SVA,41 on the other hand, suggested that them value is de-
termined not only by the solvent exchange, but also by
excluded volume effect: these two large contributions co
pensate for each other to makeup them value.

Which of the above explanation is correct? This quest
can be answered by the theoretical framework of this pa
Since the excess number contribution from the hydrat
shell was calculated as in Eq.~10!, Eq. ~7! can be trans-
formed into

Dn235DN238 2
n3

n1
DN218 , ~26!

which means that the contribution from the excluded volu
changesDVE in DN21 andDN23 cancel out. Therefore, KB
theory supports the solvent exchange and local-bulk pa
tioning models thatDVE does not contribute toDn23. The
contribution ofDVE to Dn23 concluded from the SVA is due
to an artifact of the approximation employed@Eq. ~18!#. Al-
though the contribution ofN21 terms is negligibly small for
GuHCl denaturation at lower concentrations, neglecting t
term leads to a contribution of excluded volume to them
values, inconsistent with KB theory and the thermodynam
models.

The basis of the above argument is Eq.~10!. Although
this equation is not strictly the result of the KB theory a
should be considered phenomenological, this dissection h
clear physical meaning as pointed out in Sec. II. Moreov
in spite of the difference regarding how to estimateDVE ~see
below!, SVA by Schellman employs the same theoretic
framework of dissecting the second virial coefficient2G23

0

into the contributions fromDVE and from the accumulation
~exchange! of solvent molecules around the protein. Ther

f

of
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fore, the analysis presented here suggests, at least withi
phenomenological dissection scheme employed by the v
metric analysis44–48 and by Schellman,41 that DVE does not
contribute explicitly toDn23.

Next we investigate the contribution ofDVE in DN238 .
Figure 5 suggests that the contribution ofDVE ~i.e., the dif-
ference betweenDN238 and DN23) is small in DN23. This
indicates that the accumulated GuHCl in the vicinity of pr
teins makes up the majority ofDN238 , and consequently o
the m value. This is consistent with the common view th
the accumulation of GuHCl is the cause
denaturation.5–7,10,33,37This also shows that the contributio
from the hydration change (2n3DN218 /n1) is small. How-
ever, the above contention is subject to the accuracy of
estimation ofDVE employed here. It is emphasized that, d
to the experimental and computational difficulty, the accur
estimation ofDVE is extremely difficult at this stage.72–74

Nevertheless, it is at least clear, from a discussion wh
does not involve numerical values ofDVE presented in Sec
IV, that the accumulation of GuHCl is the driving force o
denaturation and thatDVE is an opposing contribution
which is qualitatively in agreement with Schellman’s.41 We
believe that the CF model gives a better estimation ofDVE

than the steric polypeptide model based approach adopte
Schellman.72 However, a better estimation ofDVE is neces-
sary to examine this issue. To this end, a precise chara
ization of denatured state ensembles is indispensable.

V. CONCLUSION

In this paper, we demonstrated that the combination
preferential interaction and volumetric experiments can g
valuable information on how cosolvent molecules modul
the biochemical equilibria. The KB theory is used to form
late the theoretical foundation of this approach.

We have shown that solvent accumulation and excha
upon protein denaturation can be estimated directly by c

FIG. 5. The contributions of water and GuHCl from the hydration sh
upon the GuHCl-denaturation of hen-egg lysozyme at 25 °C.~a! DN218 ~thick
dotted line! andDN238 ~thick dashed line! against GuHCl concentration ar
compared withn23 ~thin solid line!, DN21 ~thin dotted line! andDN23 ~thin
dashed line!. ~b! DG211DVE ~thick dotted line! and DG231DVE ~thick
dashed line! are plotted against GuHCl concentration and compared toDG21

~thin dotted line! andDG23 ~thin dashed line!. The error bars are calculate
by the assumed variation in the degrees of unfoldings ~see text!, which is
not shown forDN238 where the error bar is very small.
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bining m value and volumetric data. The analysis presen
here supports the previously proposed thermodynamic m
els in which the accumulation of GuHCl~and the consequen
dehydration! determines them values is the driving force of
denaturation. The change of excluded volume is shown
make a small, opposing contribution. However, we real
that the estimation of the excluded volume used here lea
a room for improvement, and therefore an extensive co
puter simulation on the structures of denatured state
semble is necessary to refine the estimation of its contr
tion. In addition, KB integrals ~founded in statistical
mechanics! have been used to express excess solvation n
bers, and have served to generalize previous assump
about solvent binding at protein surfaces introduced phen
enologically to explain the roles of cosolvents.

Furthermore, KB theory was applied to analyze t
mechanism of osmolyte- and crowder-induced modulation
protein-ligand binding and allosteric effects. A simple com
parison of preferential interaction and volumetric data w
proposed to assess whether the distribution of cosolven
the dominant factor in the cosolvent-induced equilibriu
shift. The distribution of stabilizers was shown to account
the stabilizer-induced shifts of equilibria. This justifies th
molecular crowding approach, which assumes that the ex
sion of stabilizers from biomolecular surfaces enhances p
tein stabilization and protein-ligand binding.10–15 Moreover,
the KB theory, when applied to solvent denaturation, s
ports the classical view that the preferential accumulation
denaturant molecules on protein surfaces drive the pro
denaturation.32,37–39 We have shown that the difference o
action between these two classes of cosolvents can be c
fied from the comparison of the second osmotic virial co
ficient change with the excluded volume change.

The above analyses have demonstrated the value of
theory in analyzing the cosolvent effects on proteins, by g
eralizing the previous thermodynamic models for the cos
vent effects, as well as the molecular crowding analysis
addition, the KB theory is free from the assumption@Eq.
~18!# when applying the MM theory. Furthermore, the K
theory is applicable to any cosolvent concentration, wher
the MM theory can only be applicable to infinite dilution o
cosolvents.

A remaining issue, however, is to examine an alternat
explanation of protein denaturation and stabilization ba
upon the enhancement and breaking of ‘‘wa
structure.’’75–83 In addition, the understanding of the coso
vent effects from the solvent exposure of each residues
well as the contact between them, still remains to
addressed.84–91

The present paper established a guideline for exp
ments; the combination of preferential interaction, high pr
sure measurements, as well as the structural informatio
indispensable to elucidate the mechanism of chemical de
turantion of proteins. We hope further experiments will
undertaken, especially the high pressure experiments in
presence of denaturants, such as GuHCl and urea.

l
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