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Protein stability is enhanced by the addition of osmolytes, such as sugars and polyols and inert
crowders, such as polyethylene glycols. This stability enhancement has been quantified by the
preferential hydration parameter which can be determined by experiments. To understand the
mechanism of protein stability enhancement, we present a statistical mechanical analysis of the
preferential hydration parameter based upon Kirkwood–Buff theory. Previously, the preferential
hydration parameter was interpreted in terms of the number of hydration waters, as well as the
cosolvent exclusion volume. It was not clear how accurate these interpretations were, nor what the
relationship is between the two. By using the Kirkwood–Buff theory and experimental data, we
conclude that the contribution from the cosolvent exclusion dominantly determines the preferential
hydration parameters for crowders. For osmolytes, although the cosolvent exclusion largely
determines the preferential hydration parameters, the contribution from hydration may not be
negligible. © 2004 American Institute of Physics.@DOI: 10.1063/1.1759615#

I. INTRODUCTION

The stability of proteins is modulated by the addition of
cosolvents.1,2 Some cosolvents, such as sugars and polyols
act as protein stabilisers, whereas others, including urea and
guanidine hydrochloride denature proteins.1,2 Organisms liv-
ing under extreme conditions, in order to protect proteins
from denaturation, accumulate protein stabilizers in the
cell.2–5 Furthermore, it has been realised that the effect of
other biomolecules present in the cell affects the folding,
stability and function of the proteins~molecular crowding!.6,7

Inert cosolvents, such as polyethylene glycol~PEG!, have
been used to model such crowding effects.6,7

How do cosolvents stabilize proteins? Measurement of
the preferential hydration parameter is indispensable in pro-
viding an answer to this question. The addition of cosolvent
molecules to a protein solution is accompanied by a change
of water activity. The preferential hydration parameter,n21

m ,
expresses the influence of water’s chemical potentialm1

upon the chemical potential of the proteinm2 as:8,9

n21
m 52S ]m2

]m1
D

P,T,m2

, ~1!

wheremi is the molality of speciesi, and P and T are the
pressure and temperature of the system.10

The preferential hydration parameter can be measured
by densitometry, involving dialysis equilibrium,8 as well as
by analytical ultracentrifugation.11 This parameter, when re-
written using Wyman’s relationship12

n21
m 5S ]m1

]m2
D

P,T,m1

, ~2!

signifies the number of water molecules which accompany
the addition of a protein molecule under constantm1.8,9 This
suggests that the preferential hydration parameter is related
to the structure of the aqueous solution which surrounds the
protein.8,9,11 Indeed, assuming that water and cosolvent mol-
ecules bind competitively to the protein surface, Tanford,13

Timasheff,8 Eisenberg,11 and Schellman14 have shown that
the preferential hydration parameter is expressed as

n21
m 5N21

m 2
m1

m3
N23

m , ~3!

whereN21
m andN23

m are the numbers of water and cosolvent
molecules bound to the protein surface. Upon biochemical
reaction, the preferential hydration change

Dn21
m 5DN21

m 2
m1

m3
DN23

m , ~4!

is related to the change of solvent binding,DN21
m andDN23

m .
What is the dominant contribution to the preferential hy-

dration parameter? Timasheff and co-workers15,16 have
shown that the preferential hydration parameters of proteins
in aqueous polyethylene glycol~PEG! solutions can be ex-
plained from the steric exclusion of PEGs from protein sur-
faces. This analysis agrees with the molecular crowding
analysis which asserts that the large volume from which the
crowders are excluded was shown to be the dominant factor
of the modulation of biochemical equilibria by crowders,
such as PEGs.6,7 Furthermore, the exclusion of cosolvents
was demonstrated to account for the preferential hydration
behavior of osmolytes, such as sugars and polyols.17,18
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Others interpreted the preferential hydration parameters
via protein hydration.19–22Parsegian and co-workers, in their
‘‘osmotic stress’’ analysis,19–21argued that the dominant fac-
tor of the preferential hydration parameter change upon bio-
chemical reaction is the change in hydration.19–22The under-
lying assumption is: Osmolytes and crowders do not bind
proteins, because they are excluded from protein
surfaces.19–22 Therefore, it follows thatDN23

m 50 andDn21
m

5DN21
m .19–25 Record and co-workers22 developed a sophis-

ticated thermodynamic model called the local-bulk partition-
ing model ~LBPM! to clarify the condition upon which
Dn21

m 5DN21
m is accurate. They have shown thatn21

m 5N21
m ap-

plies for cosolvents which are completely excluded from the
hydration shell of proteins. However, only very strongly ex-
cluded osmolytes, such as betaine, are close to satisfying this
condition.22

Are preferential hydration parameters determined by co-
solvent exclusion or protein hydration? Steric exclusion15,16

and molecular crowding analyses6,7,17,18support the former,
whereas osmotic stress19–21 and LBPM22 support the latter.
Are these interpretations equivalent? Osmotic stress
analysis19–21 and LBPM22 suggest the equivalence of the
two, whereas molecular crowding analysis suggests that the
former interpretation is erroneous.6,7 It is imperative, there-
fore, to clarify the true origin of the preferential hydration
parameters.

Recent papers by one of us25,26 have developed a theo-
retical foundation of preferential hydration and cosolvent-
induced modulation of biochemical equilibria. This is based
upon a rigorous statistical thermodynamic theory developed
by Kirkwood and Buff ~KB!.27–31 It was clarified that the
exclusion of cosolvents is not equivalent to zero binding:
The zero binding approach to cosolvent exclusion was
shown to lead to an overestimation of hydration changes.25

Furthermore, it was also shown that excess solvation num-
bers can be calculated from experiments by the combination
of preferential hydration and volumetric measurements.25,26

However, the mechanism of preferential hydration is far
from being clarified. Can the preferential hydration param-
eter be interpreted by cosolvent exclusion or hydration? Are
they equivalent? Does LBPM give an accurate description of
preferential hydration? These questions remain unanswered.
In this paper, we will answer the above questions by apply-
ing KB theory to preferential hydration and volumetric data
taken from the literature.

II. THEORY AND METHODS

A. Kirkwood–Buff theory

Consider a solution consisting of water (i 51), protein
( i 52), and cosolvent (i 53) molecules, where the protein is
infinitely dilute. Kirkwood–Buff theory27–31 gives the fol-
lowing rigorous relationship on the preferential hydration pa-
rameter,n21:

n2152S ]m2

]m1
D

T,P,n2

5N212
n1

n3
N23, ~5!

and a rigorous relationship on partial molar volume of pro-
tein V2

V252V1N212V3N231kTkT , ~6!

wheren i andni are the chemical potential and density~mo-
larity! of the speciesi, andN2i are the excess solvation num-
ber of speciesi around the protein.N2i is defined in terms of
the correlation functiong2i(r ) between the components 2
and i as:

N2i5niNAE dr @g2i~r !21#, ~7!

whereNA is Avogadro’s number.
By solving Eqs.~5! and ~7!, N21 and N23 can be deter-

mined from experimental values. In so doing, experimental
values ofn21 andVi at a given set ofn1 andn3 are necessary,
as was shown previously by one of us.25,26 Prior to these
papers, there was no way to determineN21 andN23 directly
and unambiguously from experiments.25,26

N2i consists of two contributions. The first contribution
is due to the solvents’ inaccessibility to the protein core, and
the second is due to solvent reorganization.25,32–35To extract
the latter, the excluded volume,VE , i.e., the sum of intrinsic
~core! volumeVI and thermal volumeVT

32,33 should be cal-
culated from protein structure data. Therefore,

N2i8 5N2i1niVE , ~8!

gives the statistical mechanical generalisation of ‘‘the num-
ber of bound solvent molecules.’’25,26 N2i8 does not signify
the number of solvent molecules coordinating the protein.
N2i8 expresses the contribution of excess solvation number
from the solvation shell.25 In this theory, no assumption upon
the range of solvation shell is necessary.

B. Processing of the experimental data

As outlined in the previous subsection, the calculation of
N218 andN238 requires thermodynamic and structural data, in
particular, partial molar volumes (V1 , V2 , andV3) preferen-
tial hydration parametern21 in molarity scale, densitiesn1

and n3 , and excluded volumeVE . Here we explain how
these values were calculated from data available in literature.

The partial molar volumesV1 , V2 , and V3 were ob-
tained as follows. First,V2 is taken from the apparent molar
volume of proteins in the limit of infinite protein dilution
(V2

`,app). Although, at finite protein concentrations, partial
molar and apparent molar volumes are different, these two
volumes become identical at the limit of infinite protein
dilution.36 The restV1 andV3 were calculated from density
data measured as a function of the concentration of species 3,
by using a well-established method.28,37,38

n21s are usually found in the experimental literature in
the molality–molality unit. This is unsuitable for Eq.~5!
which requires a molarity–molarity unit. The conversion was
carried out by a well-known equation derived at infinite pro-
tein dilution:39

n215
n1

m1
n21

m 1n1V2 . ~9!

The estimation ofVE requires detailed information on
protein structure in the presence of cosolvents. We have used
crystallographic data for the calculation ofVE . Slight shrink-
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ing of native structures in the presence of protein stabilizing
cosolvents,40,41 have not been taking into account in this pa-
per, due to the unavailability of precise structural information
of such structures.

VE for Ribonuclease A was taken from Chalikianet al.32

VE for Bovine serum albumin~BSA! was calculated by the
method outlined by Chalikianet al.32 from the structure cal-
culated by homology modeling, due to the unavailability of
structural data.42

III. PREFERENTIAL HYDRATION IN THE PRESENCE
OF OSMOLYTES AND CROWDERS

A. Local-bulk partitioning model

Local-bulk partitioning model~LBPM! of Record and
co-workers22 is the most sophisticated thermodynamic model
proposed thus far for the interpretation of the effect of cosol-
vents on protein stability.

It employs Eq.~3! as its foundation, which is rewritten in
the following form:22

n21
m 5N21

m H 12
N23

m /N21
m

m3 /m1
J . ~10!

The local-bulk partitioning coefficientKm is defined as22

Km5
N23

m /N2
m

m3 /m1
, ~11!

which leads to

n21
m 5N21

m ~12Km!. ~12!

Record and co-workers assumed thatN21
m is not affected by

osmolytes excluded from protein surfaces. Assuming further
that N21

m is proportional to solvent-accessible surface area
~SASA! of the protein,Km was shown to be calculated from
experimentaln21

m .22 It is noteworthy thatKm>0, since all the
quantities on the right-hand side of Eq.~11! are positive.

Figure 1 shows the preferential hydration of bovine se-
rum albumin~BSA! in the presence of various osmolytes at 1
molal concentration. LBPM shows that the more excluded

(Km.0) the osmolyte is, the closer the preferential hydra-
tion parametern21

m becomes to the number of water mol-
ecules in the shell,N21

m .22 Can this model be applied to crow-
ders, such as PEGs, which are known also to be excluded
from protein surfaces? As shown in Fig. 2, the larger the
PEG’s molecular weight becomes, the more negative the
local-bulk partitioning coefficientKm becomes. However,
negativeKm is unphysical. This shows that the basic assump-
tions of LBPM are not realistic for crowders.

LBPM is based upon the assumption that the hydration
shell, i.e., the domain of the solution whose structure is dif-
ferent from the bulk, is confined within the first hydration
layer.22 However, mounting evidence suggests that the range
of this alteration is beyond the first hydration layer.28,34,35

Taken together, the unphysical interpretation of LBPM for
crowders suggests that the long-range nature of the hydration
shell must be taken into account.

B. Kirkwood–Buff approach to crowders

Here we apply KB theory to elucidate the origin of pref-
erential hydration in the presence of crowders.

Figure 3 shows the KB interpretation of the preferential

FIG. 1. Preferential hydration of bovine serum albumin~BSA! analyzed by
LBPM. n21

m ~filled circle!, N21
m ~square!, 2(m1 /m3)N23

m ~diamond!, andN23
m

~dashed line! are plotted in the presence of 6 cosolvents, which are, from the
left to right, betaine, proline, trimethylamine N-oxyde, trehalose, pottasium
glutamate, and glycerol. The experimental data are taken from Ref. 22, in
which Km andn21

m are tabulated.

FIG. 2. Preferential hydration of BSA in aqueous PEG solutions analyzed
by LBPM. n21

m ~filled circle!, N21
m ~square!, 2(m1 /m3)N23

m ~diamond!, and
N23

m ~dashed line! are plotted from the right to left for PEG 200, 400, 600,
1000, 2000, 4000, and 6000. PEG concentration was at 10% v/w for 200–
1000, and at 4% v/w for 2000–6000. Experimental data forn21

m ~20C, pH
57.0) were taken from Ref. 16.

FIG. 3. Preferential hydration of BSA in aqueous PEG solutions. The same
data as Fig. 2 were interpreted by KB theory.n21 ~filled circle!, N218 ~square!,
and2(n1 /n3)N238 ~diamond!. n21 andV2 were taken from Ref. 16,V1 and
V3 were calculated from Refs. 50 and 51.
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hydration of BSA in aqueous PEG solutions, which was in-
terpreted by LBPM in Fig. 2. It is observed that the majority
of the preferential hydration parameter,n21, comes from the
2(n1 /n3)N238 term. This suggests that~a! N238 is negative
and ~b! the contribution ofN218 is secondary inn21. These
features are observed also for other proteins, in particular for
ribonuclease A, as shown in Fig. 4.

A further investigation into the features~a! and ~b! ob-
served in Figs. 3 and 4 is necessary to further our under-
standing of the mechanism of crowder action. With regards
to ~a!, the negativeN238 indicates that PEGs are strongly ex-
cluded from protein surfaces. This is rationalized by combin-
ing Eqs. ~7! and ~8!, yielding N238 5n3(NA*dr @g23(r )21#
1VE). Therefore, the negativeN238 should arise from the
contributions of regions whereg23(r ),1. Since the exclu-
sion of PEGs from protein surfaces lowersg23 at the surface,
the cosolvent exclusion may cause the negativeN238 .

With regards to~b!, osmotic stress analysis assumed that
the preferential hydration parameter is determined by protein
hydration.19–21However, as shown in Figs. 3 and 4, the con-
tribution from hydration is secondary for preferential hydra-
tion in PEG. The contribution from hydration becomes in-
creasingly small as the molecular weight of PEG increases.
Therefore, Figs. 3 and 4 support the steric exclusion15,16 and
molecular crowding analyses:6,7,17,18 Preferential hydration
parameters for crowders are mainly determined by the exclu-
sion of crowders from protein surfaces. Figures 3 and 4 have
also demonstrated clearly that there is no correlation between
hydration and cosolvent exclusion.

Now we compare our KB approach to LBPM. Although
LBPM obtained unphysicalKs in Fig. 2, the observed domi-
nance of2(m1 /m3)N23

m in the preferential hydration param-
eter for high molecular weight PEGs is qualitatively consis-
tent with the KB analysis. In LBPM,N21

m and N23
m were

assumed to be coordination numbers of water and cosolvent
molecules in the hydration shell. However, prior to the ap-
plication of KB theory,25,26,28 the real physical meaning of
N21

m and N23
m was unknown, in fact, Timasheff8,23 suggested

they have no real physical meaning. At the time,N21
m andN23

m

were assumed to conform to a single equation@Eq. ~3!# and
were thus considered to be indeterminants.8,23 However,N21

m

and N23
m were replaced by well-defined physical quantities

N218 andN238 when KB theory was applied@see Eq.~5!#. N218

and N238 now signify excess solvation numbers in the shell,
which can be positive or negative. If one defines the ‘‘parti-
tion coefficient’’ K by,

K5
N238 /N218

n3 /n1
, ~13!

negative values forK will be allowed in this definition.~It is
noteworthy thatK is introduced here only to understand the
relationship betweenN218 andN238 and thatK does not relate
to the conventional concept of partitioning. By thus defining
K, Fig. 5 presents the redrawing of Fig. 2 based upon KB
theory. By comparison, LBPM captures the feature that for
large crowders, the exclusion of crowders is the dominant
contribution to the preferential hydration. In Fig. 5,N218 , an
excesshydration number in the shell, depends little on the
molecular weight of PEGs. This agrees with LBPM, which
assumed thatN21

m is constant over cosolvent concentrations.
However, there are fundamental difference between the two
theories: The former is the result of an analysis using a rig-
orous KB theory, whereas the latter involves heuristic as-
sumptions.N218 and N238 in the former are the excess solva-
tion numbers in the shell, whereasN21

m andN23
m in the latter

represents the coordination number of the solvents. Note that
the KB treatment is free from the arbitrariness of a boundary
between the hydration shell and the bulk, which is necessary
for the definition of the coordination numbers.

Osmotic stress analysis proposed thatDn21.DN218 .19–21

However, for crowders used often in this analysis, the
exclusion of crowders is dominant. In this case,n21

.2(n1 /n3)N238 . This suggests that by using strongly ex-
cluded cosolvents, osmotic stress analysis estimates the
change of crowder exclusion rather than the change of
hydration.25,48

C. Osmolytes

Here we turn to low molecular weight cosolvents known
commonly as osmolytes.

FIG. 4. Preferential hydration of ribonuclease A~pH 3.0, 20 C! in aqueous
PEG solutions interpreted by KB theory.n21 ~filled circle!, N218 ~square!, and
2(n1 /n3)N238 ~diamond!. n21 andV2 were taken from Ref. 16,V1 andV3

were calculated from Refs. 50 and 51.

FIG. 5. Preferential hydration of BSA in aqueous PEG solutions. The same
data as Figs. 2 and 3 were interpreted by KB theory and plotted against the
partition coefficientK as defined by Eq.~13!. n21 ~filled circle!, N218 ~square!,
and2(n1 /n3)N238 ~diamond!.
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Figure 6 shows the preferential hydration of ribonu-
clease A in the presence of trehalose, sucrose, glucose and
glycerol interpreted by LBPM. The preferential hydration pa-
rametern21

m ~in the molality scale! is the sum of a large
positive contribution fromN21

m and a large negative contribu-
tion from 2(m1 /m3)N23

m . In Fig. 7, the same set of systems
is analyzed by KB theory, where the preferential hydration
parameter~in the molarity scale! is shown to be a sum of
positive contributions fromN218 and 2(n1 /n3)N238 . The
positive sign of the latter, again, suggests that the osmolytes
are excluded from protein surfaces. However, in contrast to
the case of crowders~PEGs!, the contribution from osmolyte
exclusion is not dominant. The contribution from hydration
cannot be ignored in the preferential hydration parameter for
low molecular weight osmolytes as seen in Fig. 7. Therefore,
molecular crowding, steric exclusion, osmotic stress and
LBPM approaches do not give an accurate description of the
preferential hydration in the presence of osmolytes.

Previously, Timasheff and co-workers52–55attributed the
preferential hydration parameters in the presence of sugars
and polyols to the change in binding of these osmolytes to
proteins. This analysis assumed that protein hydration does
not change when the osmolytes are added. The validity of
this assumption is examined in Fig. 7 which suggests that
hydration has a minor dependence on the chemical nature of
the osmolytes. More importantly, Fig. 7 illustrates that the
correlation betweenK and the preferential hydration is no

longer straightforward, in contrast to the simple correlation
in Fig. 6. This suggests that there is no simple relationship
betweenN218 andN238 as was assumed in previous thermody-
namic models.

D. Interpretation via covolumes

The role of cosolvents on preferential hydration has been
analyzed by molecular crowding approaches.6,7,17,18 Here I
present a comparison between molecular crowding and the
KB approaches.

At low cosolvent concentrations56

S 2
n1

n3
N23D 0

5n1NAE dr @12g23
0 ~r !# ~14!

derived from Eq.~7!. This quantity is proportional to the
second virial cross coefficient

B235NAE dr @12g23
0 ~r !#. ~15!

B23 is determined mainly by protein-cosolvent covolume de-
fined in molecular crowding analysis.6,7,17,18,49 Protein-
cosolvent covolume is the volume around the protein in
which the cosolvents are not accessible. Molecular crowding
analysis shows that this covolume determinesB23

dominantly.6,7,17,18,49This B23 in molecular crowding analy-
sis is the dominant contribution to preferential hydration
parameter.6 This means

n21
0 .n1B23, ~16!

which, in the framework of KB theory, can be generalized
into finite cosolvent concentration as

n21.2n1G23, ~17!

where G235N23/n3 is called the KB parameter, which at
n3→0 satisfiesG23

0 52B23.
Figures 8 and 9 compare the preferential hydration pa-

rameter with the contribution from theG23 in the presence of
PEGs. These figures show that the larger the PEG is at a
given w/v concentration, the more dominant2n1G23 be-
comes in the preferential hydration parameter. It is not clear,
however, why this approximation@Eq. ~17!# works better for
ribonuclease A than BSA. Further studies involving simula-
tions will be necessary to address this question. For low mo-
lecular weight osmolytes, Fig. 10 shows that this approxima-
tion @Eq. ~17!# grossly overestimates the preferential

FIG. 6. Preferential hydration of ribonuclease A in aqueous osmolyte solu-
tions interpreted by LBPM.n21

m ~filled circle!, N21
m ~square!, 2(m1 /m3)N23

m

~diamond!, andN23
m ~dashed line! are plotted from the left to the right for

trehalose, glycerol, sucrose, glucose.n21
m at m351 molal were calculated

from experimental data~Refs. 52–55!.

FIG. 7. Preferential hydration of ribonuclease A~cf. Fig. 6! interpreted via
KB theory, plotted against the partition coefficientK defined by Eq.~13!. n21

~filled circle!, N218 ~square!, and 2(n1 /n3)N238 ~diamond!. VE were taken
from Ref. 32.

FIG. 8. Comparison between preferential hydration parametern21 ~filled
circle! and contribution from2n1G23 ~triangle! via KB theory, for the same
system as Figs. 2, 3, and 5.
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hydration parameter. This tendency becomes more prominent
for osmolytes whose preferential hydration parameter is
smaller.

The above observation applies for lower cosolvent con-
centrations~data not shown!. It therefore suggests that the
covolume~second virial! approximation@Eq. ~16!# used in
molecular crowding analysis is an excellent approximation
for large crowders. For the small osmolytes, although the
covolume is the dominant contribution, the consideration of
hydration may not be negligible for some osmolytes.

IV. CONCLUSION

In this paper, we demonstrated that the mechanism of
cosolvent-induced modulation of protein stability can be
clarified by employing KB theory. We have used KB theory
to extract the excess solvation numbers from the shell by the
combination of preferential hydration and volumetric data
available in the literature.

We have shown that for large crowders~such as PEGs!,
the steric exclusion is the dominant contribution to the pref-
erential hydration parameter, a result in line with the tradi-
tion from Kauzmann57 and Ogston.58 However, for low mo-
lecular weight osmolytes, both osmolyte exclusion and
hydration contribute to the preferential hydration parameter.

This analysis is compared to previous thermodynamic
and statistical mechanical models. Our analysis showed that
the molecular crowding6,7,17,18 and steric exclusion15,16

analyses for large crowders is accurate, whereas hydration
may contribute unnegligibly for small molecular weight os-
molytes. The observation is considered robust against the

reasonable reparameterization of the excluded volume, be-
cause its contribution to the preferential hydration parameter
is shown to be small for large crowders.59

The change of preferential hydration parameter has often
been attributed to the change of hydration,19–22in contrast to
molecular crowding and steric exclusion analyses. However,
our analysis does not support the dominance of protein hy-
dration in preferential hydration parameters, as was already
discussed previously by one of us.25

We believe that the analyses presented in this paper will
be useful in the interpretation of cosolvent-induced equilib-
rium shifts routinely exploited for protein stabilization both
in laboratories as well as in the cells surviving under~or
adapted to! extreme conditions.1–8

Note added in proof.
‘‘It should be pointed out that Eq.~16! is accurate if

un21
0 u@un1

0V2
0u. This can be derived from Eqs.~5! and ~6! at

n3→0. Further application and generalization of this rela-
tionship to the cosolvent-induced equilibrium shifts will be
reported elsewhere.

ACKNOWLEDGMENTS

We are grateful to Domenico Majolino for helpful cor-
respondence and to Chandra Boon and James Chaykowski
for many valuable suggestions which improved the manu-
script significantly.

1S. N. Timasheff, Adv. Protein Chem.51, 355 ~1998!.
2D. W. Bolen and I. V. Baskakov, J. Mol. Biol.310, 955 ~2001!.
3P. W. Hochachka and G. N. Somero,Biochemical Adaptation: Mechanism
and Process in Physiological Evolution~Oxford University Press, Oxford,
2002!.

4P. H. Yancey, M. E. Clark, S. C. Hand, R. D. Bowlus, and G. N. Somero,
Science217, 1214~1982!.

5P. H. Yancey, Am. Zool.41, 699 ~2001!.
6A. P. Minton, Methods Enzymol.295, 127 ~1998!.
7P. R. Davis-Searles, A. J. Saunders, D. A. Erie, D. J. Winzor, and G. J.
Pielak, Annu. Rev. Biophys. Biomol. Struct.30, 271 ~2001!.

8S. N. Timasheff, Adv. Protein Chem.51, 356 ~1998!.
9E. F. Casassa and H. Eisenberg, Adv. Protein Chem.19, 287 ~1964!.

10Throughout this paper, species 1, 2, and 3, respectively, represent water,
protein, and cosolvent molecules.

11H. Eisenberg, Biophys. Chem.53, 57 ~1994!.
12J. Wyman, Jr. Adv. Protein Chem.19, 223 ~1964!.
13C. Tanford, J. Mol. Biol.39, 539 ~1969!.
14J. A. Schellman, Biopolymers26, 549 ~1987!.
15T. Arakawa and S. N. Timasheff, Biochemistry24, 6756~1985!.
16R. Bhat, S. N. Timasheff, Protein Sci.1, 1133~1992!.
17P. R. Wills and D. J. Winzor, Biopolymers33, 1627~1993!.
18D. J. Winzor and P. R. Wills, Biophys. Chem.25, 243 ~1996!.
19M. F. Colombo, D. C. Rau, and V. A. Parsegian, Science256, 655~1992!.
20V. A. Parsegian, R. P. Rand, D. C. Rau, Methods Enzymol.259, 43 ~1995!.
21V. A. Parsegian, R. P. Rand, and D. C. Rau, Proc. Natl. Acad. Sci. U.S.A.

97, 3987~2000!.
22E. S. Courtenay, M. W. Capp, C. F. Anderson, and M. T. Record, Jr.,

Biochemistry39, 4455~2000!.
23S. N. Timasheff, Proc. Natl. Acad. Sci. U.S.A.95, 7363~1998!.
24S. N. Timasheff, Proc. Natl. Acad. Sci. U.S.A.99, 9721~2002!.
25S. Shimizu, Proc. Natl. Acad. Sci. U.S.A.101, 1195~2004!.
26S. Shimizu, J. Chem. Phys.120, 4989~2004!.
27J. G. Kirkwood and F. P. Buff, J. Chem. Phys.19, 774 ~1951!.
28R. Chitra and P. E. Smith, J. Phys. Chem. B105, 11513~2001!.
29A. Ben-Naim,Statistical Thermodynamics for Chemists and Biochemists

~Plenum, New York, 1992!, pp. 372–382, pp. 448–457.

FIG. 9. Comparison between preferential hydration parametern21 ~filled
circle! and contribution from2n1G23 ~triangle! via KB theory, for the same
system as Fig. 4.

FIG. 10. Comparison between preferential hydration parametern21 ~filled
circle! and contribution from2n1G23 ~triangle! via KB theory, plotted
against partition coefficientK for the same system as Figs. 6 and 7.

1153J. Chem. Phys., Vol. 121, No. 2, 8 July 2004 Preferential hydration of proteins

Downloaded 24 Jun 2004 to 144.32.128.73. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



30D. G. Hall, Trans. Faraday Soc.67, 2516~1971!.
31K. E. Newman, Chem. Soc. Rev.23, 31 ~1994!.
32T. V. Chalikian, M. Totrov, R. Abagyan, and K. J. Breslauer, J. Mol. Biol.

260, 588 ~1996!.
33T. V. Chalikian, Annu. Rev. Biophys. Biomol. Struct.32, 207 ~2003!.
34N. Matubayasi and R. M. Levy, J. Phys. Chem.100, 2681~1996!.
35T. V. Chalikian, J. Phys. Chem. B105, 12566~2001!.
36H. Durchschlag, inThermodynamic Data for Biochemistry and Biotech-

nology, edited by H.-J. Hinz~Springer, Berlin, 1986!, pp. 45–128.
37F. T. Gucker, Jr., J. Phys. Chem.38, 307 ~1934!.
38F. T. Gucker, Jr., J. Am. Chem. Soc.60, 2582~1938!.
39M. E. Noelken and S. N. Timasheff, J. Biol. Chem.242, 5080~1967!.
40Y. S. Kim, L. S. Jones, A. Dong, B. S. Kendrick, B. S. Chang, M. C.

Manning, T. Randolph, and J. F. Carpenter, Protein Sci.12, 1252~2003!.
41A. Priev, A. Almagor, S. Yedgar, and B. Gavish, Biochemistry35, 2061

~1996!.
42A homology model of bovine serum albumin~BSA! was generated on the

basis of 74% sequence identity to the known structure of human serum
albumin ~HSA, PDB code 1BM0! ~Ref. 43!. The sequences of BSA and
the HSA template structure were aligned usingCLUSTALX ~Ref. 44!, and
homology modeling was performed usingMODELLER6. ~Ref. 45!. After
manual checking of backbone and sidechain positions, energy minimiza-
tion was then performed usingCHARMM ~Ref. 46! to relax steric clashes
within the model. Stereochemical evaluation was then performed using
PROCHECK~Ref. 47!.

43S. Sugio, A. Kashima, S. Mochizuki, M. Noda, and K. Kobayashi, Protein
Eng.12, 439 ~1999!.

44J. D. Thompson, T. J. Gibson, F. Plewniak, F. Jeanmougin, and D. G.
Higgins, Nucleic Acids Res.24, 4876~1997!.

45A. Sali and T. L. Blundell, J. Mol. Biol.234, 779 ~1993!.
46B. R. Brooks, R. E. Bruccoleri, B. D. Olafson, D. J. States, S. Swami-

nathan, and M. Karplus, J. Comput. Chem.23, 187 ~1983!.
47R. A. Laskowski, M. W. MacArthur, D. S. Moss, and J. M. Thornton, J.

Appl. Crystallogr.26, 283 ~1993!.
48S. Shimizu~unpublished!.
49W. G. McMillan and J. E. Mayer, J. Chem. Phys.13, 276 ~1945!.
50I. D. Donato, S. Magazu, G. Maisano, D. Majolino, P. Migliardo, and A.

Pollicino, Mol. Phys.87, 1463~1996!.
51L.-H. Mei, D.-Q. Lin, Z.-Q. Zhu, and Z.-X. Han, J. Chem. Eng. Data40,

1168 ~1995!.
52G. Xie and S. N. Timasheff, Biophys. Chem.64, 25 ~1997!.
53J. C. Lee and S. N. Timasheff, J. Biol. Chem.256, 7193~1981!.
54T. Arakawa and S. N. Timasheff, Biochemistry21, 6536~1982!.
55K. Gekko and S. N. Timasheff, Biochemistry20, 4667~1981!.
56The superscript 0 signifies the limit of zero cosolvent concentration.
57H. K. Schachman and M. A. Lauffer, J. Am. Chem. Soc.71, 536 ~1949!.
58A. G. Ogston and C. F. Phelps, Biochem. J.78, 827 ~1960!.
59The difference between2n1N23 /n3 and2n1N238 /n3 yields n1VE , whose

contributions for large crowders are small, as seen by comparing Fig. 3
~right! to Fig. 8~right!, and Fig. 4 to Fig. 9. In these examples, the results
presented are considered robust also against the consideration of the effect
due to the shrinking of native structures, because of the smallness ofn1VE

itself.

1154 J. Chem. Phys., Vol. 121, No. 2, 8 July 2004 S. Shimizu and D. J. Smith

Downloaded 24 Jun 2004 to 144.32.128.73. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


