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The changes in excess thermodynamic quantities upon the contact of two solutes immersed in a
solvent are analyzed using the radial-symmetric and three-dimensional versions of the integral
equation theory. A simple model mimicking a solute in water is employed. The solute-solute
interaction energy is not included in the calculations. Under the isochoric condition, the solute
contact always leads to a positive entropy change irrespective of the solute solvophobicity or
solvophilicity. The energy change is negative for solvophobic solutes while it is positive for
solvophilic ones. Under the isobaric condition, the contact of solvophobic solutes results in
system-volume compression but that of solvophilic ones gives rise to expansion. Effects of the
compression and expansion on the changes in enthalpy and entropy are enlarged with rising
temperature. When the solute solvophobicity is sufficiently high, the entropy change (multiplied by
the absolute temperature) can become negative due to the compression, except at low temperatures
with the result of an even larger, negative enthalpy change. The expansion in the case of solvophilic
solutes leads to a large, positive entropy change accompanied by an even larger, positive enthalpy
change. The changes in enthalpy and entropy are strongly dependent on the temperature. However,
the changes in enthalpy and entropy are largely cancelled out and the temperature dependency of the
free-energy change is much weaker. The authors also discuss possible relevance to the
enthalpy-entropy compensation experimentally known for a variety of physicochemical processes in

aqueous solution such as protein folding. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2403873]

I. INTRODUCTION

The changes in thermodynamic quantities upon solute
insertion into a solvent have been of considerable interest for
decades, and a number of theoretical studies are found in
literature.'” As a notable example, the changes in energy,
entropy, and free energy under the isochoric (constant vol-
ume) condition and those in energy, volume, enthalpy, en-
tropy, and free energy under the isobaric (constant pressure)
condition were extensively analyzed by Cann and Patey3 us-
ing the integral equation theory for molecular fluids. They
considered solvophobic solutes simplified as hard spheres
with a variety of sizes, which were inserted into three differ-
ent model solvents. Their results provided us with a consid-
erable amount of new information.

The changes in thermodynamic quantities upon contact
of two solutes which have already been inserted into a sol-
vent are also crucially important. Both the solute insertion
into a solvent and the solute contact serve as fundamental
subjects to be investigated as the first step. Nevertheless,
relatively less is known about the latter. We note that a vari-
ety of processes such as protein folding and self-assembly by
biomolecules correspond to the solute contact rather than to
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the solute insertion. In this article, we theoretically study
statistical thermodynamics of the solute contact. It should be
more successful to start with a much simpler process like the
solute contact and to extend the study to the complex ones
like protein folding step by step.

Suppose that large particles are immersed in small par-
ticles and the number density of the small particles is much
higher than that of the large particles. The small and large
particles are hard spheres with diameter dg and those with
diameter dy;, respectively, and there are no soft (repulsive
and attractive) interactions among the particles at all. In such
a system, all allowed configurations share the same energy
and the system behavior is purely entropic in origin. The
presence of a large particle generates the volume from which
the centers of the small particles are excluded. The excluded
volume is spherical and its diameter is dy+ds. When two
large particles contact each other, the excluded volumes
overlap, and the total volume available to the translational
motion of the small particles increases by this amount. We
note that the resultant free-energy change is the same regard-
less of the condition (isochoric or isobaric). If the micro-
structure of the small particles formed near the large ones is
neglected, the free-energy change is approximately ex-
pressed as —pgAVkpT==3(dy/dg) nskgT/2 (ps and 7 are
the number density and the packing fraction of the small
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particles, respectively, AV the increase in the total volume
available to the small particles defined above, and kg7 the
Boltzmann constant times the absolute temperature). This
represents the same formulation as the Asakura-Oosawa
(AO) theory.‘l’5 Under the isochoric condition, the entropy
gain equals the free-energy change divided by —7. The fol-
lowing question arises: What if the contact occurs under the
isobaric condition and/or the particle-particle potentials in-
clude attractive tails?

On the basis of the view that the large particles corre-
spond to subunits of a protein immersed in solvent of the
small particles, we suggested that the translational motion of
water molecules is a major driving force in protein folding
and aggregation, molecular recognition, and related
processes.(’_l(’ On the other hand, a large number of thermo-
dynamic data have been collected by experiments for the
folding or unfolding of various proteins. The experiments are
usually performed under the isobaric condition. One of the
notable features is the enthalpy-entropy compe:nsation,”’18
which means that the changes in enthalpy and entropy upon
the folding or unfolding are strongly dependent on the tem-
perature, whereas the temperature dependency of the free-
energy change is much weaker due to the cancellation of the
enthalpy and entropy changes. (In this article, when an en-
tropy change is compared to an enthalpy change in terms of
their magnitudes, the former is multiplied by the absolute
temperature.) The entropy change upon the folding is posi-
tive at sufficiently low temperatures but negative at higher
temperatures.lg_21 Qualitatively the same characteristics were
observed for aggregation of proteins22 as well. Moreover, the
enthalpy-entropy compensation is known for a variety of
physicochemical processes in aqueous solution.”® The physi-
cal origins of these observations have not been clarified yet.
It is interesting to ask the following question: How is the
effect of the translational motion of water molecules related
to these thermodynamic data?

Here, we analyze the changes in excess thermodynamic
quantities upon solute contact in a solvent using the radial-
symmetric and three-dimensional (3D) versions® %% of the
integral equation theory. Our concern is to extract the physi-
cal basis or to draw qualitatively correct conclusions rather
than to give quantitatively reliable results. To this end, we
employ simple models for the solvent and the solute. A wide
range of the solute-solvent affinity is examined to cover
highly solvophobic and highly solvophilic solutes. The solute
contact is considered under the isochoric and isobaric condi-
tions. Possible relevance to the experimental data mentioned
above, which should further be examined in future studies, is
also briefly discussed.

II. MODEL AND THEORY
A. Model

We consider a single solute and a pair of solutes in con-
tact with each other immersed in solvent at infinite dilution.
Spheres with diameter dg interacting through strongly attrac-
tive pair potential form the solvent. The solvent-solvent po-
tential ugg(r) is given by

Mss(r)zoo fOl‘r<dS, (13)

J. Chem. Phys. 125, 244504 (2006)

Mss(r) =- Sss(ds/r)6 for r= dS' (lb)

The value of egg/(kgT) adopted is 1.5 for T=298 K. This
type of solvent roughly mimics water.”*™ Unless otherwise
specified, 7=298 K and the solvent density p;:psdg is set at
0.7.

The solute is a sphere with diameter dy;. The solute-
solvent potential is given by

MMs(r) = forr< dMS? (Za)

uns(r) = = Mus(dys/r)expl— kys{(r/dys) — 1}]
for r = dMS’ (2b)

where dys=(dy+ds)/2 and the solute size dy; is set to 3ds.
The values of \yg/(kgT) tested are in the range of 0.0-3.0
for T=298 K, and kys is set to 5.0. The larger the parameter
Mus 18, the higher the solute-solvent affinity is: The solute
with \yg/(kgT)=0.0 is highly solvophobic, while that with
3.0 is highly solvophilic.

B. Theory

We employ the Ornstein-Zernike integral equation
coupled with the hypernetted-chain closure.*** After the
solvent-solvent correlation functions are obtained, the solute-
solvent correlation functions are calculated. For a single sol-
ute, the solvation free energy w is calculated from>*

o 2
477Psf {hMS(r) —cys(r)

(ksT) 0 2
_ hys(r)ems(r) }rzdr. 3)
2
Here, we define AX as
AX = (X for the contact pair of solutes)
— (X for a single solute) X 2. (4)

The potential of mean force between solutes ®(r) is
calculated and Ay is obtained as ®(r=dy;). Equivalently,
u for the contact of solutes is obtained as P(r=dy)
+(u for a single solute) X 2. In the numerical treatment, the
grid width and the number of grid points are set to or
=0.01 dg and 8192, respectively.

The partial molar volume Vp (i.e., the change in system
volume under the isobaric condition) of the contact pair of
solutes cannot be calculated by the radial-symmetric version
of the integral equation theory. Hence, the 3D version® 54423
is employed. To make everything consistent, the 3D version
is used for Vp of a single solute as well. Vp is given by3 637

Vp=fff{l—ng(x,y,z)}dxdydz, (5)

where the ideal term is neglected and gyg(x,y,z) is the
reduced-density profile for the solvent. The grid spacing (Jx,
Sy, and o&7) is set to 0.05dg and the grid resolution
(N, XNyXN,) is 256X256X256 for a single solute and
512 X256 X256 for the contact pair of solutes. It has been
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verified that the spacing is sufficiently small and the box size
(N,Ax, N Ay, and N Az) is large enough.

C. Analysis under isochoric condition

The solvation free energy (excess chemical potential) is
the same irrespective of the solute insertion condition (iso-
choric or isobaric), but the changes in energy and entropy are
not.” The solvation entropy under the isochoric condition Sy,
is calculated through

Sy=—(duldT)y, (6)

where the temperature derivative is numerically evaluated
from

(Ol T)y ={p/(T + 6T) — u/(T — 6T)}/(26T),
8T=5 XK. (7)

The solvation energy under the isochoric condition Uy is
then obtained from

UV/(kBT) = /.L/(kBT) + SV/kB' (8)

In order to calculate the changes in energy and entropy upon
solute contact under the isochoric condition (AUy and ASy,
respectively), the above equations are applied both to a
single solute and to the contact pair of solutes. It is obvious
that the following equations hold: ASy=-(dAu/dT), and
AU/ (kgT)=Ap! (kgT)+AS\/ kyg.

D. Analysis under isobaric condition

The solvation energy under the isobaric condition Up is
calculated using the thermodynamic relation’

Upl(kgT) = Uyl (kg T) + (' — P*)Vplds, 9)

where Uy is calculated in the manner described in Sec. IT C.
(a'/ K*T— P") is calculated from the bulk-solvent properties:

*

a =aT, (10a)
Kky= krkpT/d3, (10b)
P" = Pdy/(kgT). (10c)

Here, « is the isobaric thermal expansion coefficient, «; the
isothermal compressibility, and P the pressure. The solvation
enthalpy H and the solvation entropy under the isobaric con-
dition Sp are then obtained from

HI(kgT) = P*Vpldy + Upl (kg T) (11)
and
Sp/kB=H/(kBT)—M/(kBT), (12)

respectively. By applying the above equations both to a
single solute and to the contact pair of solutes, we obtain AH
and ASp (the changes in enthalpy and entropy upon contact
of two solutes under the isobaric condition, respectively).
For example, the following equation holds: AUp/(kgT)
=AU/ (kgT)+(a"/ ky— P*)AVp/d3. The most important
equations are

J. Chem. Phys. 125, 244504 (2006)

A/.L/(kBT) = AUv/(kBT) - ASV/kB = AH/(kBT) - ASP/kB,

(13)
AH/(kgT) = AU/ (kgT) + (aIk) AV p/d3, (14)

and
ASplky = ASylkg + (1K) AV plds. (15)

The second terms in the right hand side of Egs. (14) and (15)
can be quite large but cancels out when the enthalpy and
entropy changes are summed up to obtain the free-energy
change.

a’l K; is positive regardless of the solvent species. The
problem is that it is difficult to evaluate a, k7, and P using
the integral equation theory. The values are rather inaccurate
and dependent on the routes via which they are calculated
due to the well-known thermodynamic inconsistency.3 The
objective of the present study is not to calculate quantita-
tively accurate values of the solvation-thermodynamic quan-
tities but to extract the essential physics and draw qualita-
tively reliable conclusions. Therefore, we wuse the
experimental values of « and «; for real water at P=1 atm.
This treatment allows us to account for the unique character-
istic of water that « is extremely small at low temperatures
(~278 K) while it is much larger at higher temperatures.*®
As a result, for example, a*/K;:O.048 at T=278 K, 0.84 at
298 K, and 1.8 at 338 K. a*/K; for water is strongly depen-
dent on the temperature and quite large except at low tem-
peratures. We note that '/ k> P* at P=1 atm.

lll. RESULTS AND DISCUSSION

A. Solvent-density profile near a solvophobic
or solvophilic solute

In this section, the discussion is limited to an insertion of
a single solute. The insertion generates the excluded volume
of Vex=33.51d§ for the solvent. The partial molar volume Vp
(T=298 K) of a highly solvophobic solute with A/ (kgT)
=0.0 is 38.66d§ and that of a highly solvophilic solute with
3.0 is 6.65ds. (For the hard-sphere solvent with no attractive
tails in the solvent-solvent and solute-solvent potentials,
ess/ (kgT)=0.0 and \ys/(kgT)=0.0, Vp=19.6943.) In the
solvophobic-solute case, the system volume expands by
more than the excluded volume, which is consistent with the
report by Cann and Patey.3 In the solvophilic-solute case, the
expansion is only ~20% of the excluded volume. The
solvent-density profile formed near each solute is shown in
Fig. 1. The average solvent density within the solute-induced
layer near a highly solvophilic solute is much higher than the
bulk solvent density, whereas that near a highly solvophobic
solute is significantly lower. The above results for Vp are
ascribed to the formation of the solute-induced layer.

B. Change in system volume upon contact
of two solvophobic or solvophilic solutes

The contact of two solutes is illustrated in Fig. 2. When
the contact occurs under the isochoric condition, the ex-
cluded volume for the solvent decreases™ and the total vol-
ume available to the translational motion of solvent mol-
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Reduced Density Profile

o5 T TR 2 25
(-4, )/

FIG. 1. Solvent-density profile formed near a single solute. Case 1: Hard
spheres forming the solvent and a hard-sphere solute; egg/(kg7)=0.0 in Eq.
(1) and Ayg/(kgT)=0.0 in Eq. (2). Case 2: Spheres interacting through the
attractive potential, which form the solvent, and a highly solvophobic solute;
egs/ (kgT)=1.5 and N/ (kgT)=0.0. Case 3: Spheres interacting through the
attractive potential, which form the solvent, and a highly solvophilic solute;
egs/ (kgT)=1.5 and N\yg/ (kgT)=3.0.

ecules (i.e., the volume of the configurational phase space
which can be explored by solvent molecules) increases by
—AVex=2.88dg. We note that the solvent-density profiles are
formed near the solutes. The region shown in black in the
figure represents the solute-induced layer. When the solute is
highly solvophilic, the layer is much denser than the bulk
solvent. Under the isochoric condition, the decrease in vol-
ume of the denser layer gives rise to the increase in system
pressure because some of the solvent molecules that were
forming the layer are released to the bulk. In other words,
under the isobaric condition, the system volume expands
upon solute contact (AV,>0). For a highly solvophobic sol-
ute, on the other hand, the layer shown in black is signifi-
cantly more depleted than the bulk solvent, leading to the
volume compression upon solute contact under the isobaric
condition (AV,<0). The volume of the configurational
phase space which can be explored by solvent molecules
changes by —AV_,+AV, under the isobaric condition.
—AV, +AVp can be negative for solvophobic solutes. AVp is
revisited in Sec. III D.

C. Energy, entropy, and free-energy changes under
isochoric condition: Effects of solute-solvent affinity

AUy, ASy, and Au calculated as functions of \yg/ (kgT)
are collected in Table I. The solute-solute interaction energy,
which alters AUy and Apu, is not considered in the discus-

FIG. 2. Contact of two solutes immersed in solvent. The solvent molecules
are not shown here. The region shown in black represents the solute-induced
layer within which the solvent density is different from that in the bulk.

J. Chem. Phys. 125, 244504 (2006)

TABLE I. Energy, entropy, and free-energy changes upon solute contact
under the isochoric condition [~AV,,/d3=2.88 and (ASy/kp)s0=2.02].

Ms/ (kg T) AU/ (kT) ASy/ky Apl (kgT)
0.0 -6.94 0.60 ~7.54
0.5 -332 1.41 -4.73
1.0 0.03 211 -2.07
12 1.25 2.32 -1.06
L5 291 2.53 0.39
2.0 5.12 251 2.61
25 6.45 1.89 4.56
3.0 6.71 0.51 6.20

sion. For the hard-sphere solvent with no attractive tails in
the solvent-solvent and solute-solvent potentials, egg/(kgT)
=0.0 and Ayg/(kgT7)=0.0, ASy/kg=2.67. As shown in the
table, ASy is always positive, indicating that the solute con-
tact leads to a significant entropy gain. The entropy gain
estimated by the AO-type theory™ is (ASy/kg)ao
=—psAV,=2.02 (the subscript “AO” denotes the value esti-
mated using the AO-type theory), giving a good approxima-
tion except in the cases of \yg/(kgT)=0.0 and 3.0. In par-
ticular, the AO-type theory gives the best estimation when
AU/ (kgT) is almost zero [\yg/(kgT)=1.0]. These results
suggest that the entropy gain under the isochoric condition,
which is not strongly dependent on the solvent-solvent and
solute-solvent attractive interactions, can be discussed in
terms of the increase in the total volume available to the
translational motion of solvent molecules, unless the solute
solvophobicity or solvophilicity is extremely high.

When the solute is highly solvophobic, an energy gain
(i.e., a negative energy change) occurs. This arises from the
decrease in the solvent-accessible surface area upon solute
contact. In the case of solvophilic solutes, by contrast, the
energy change is positive.3g The solute contact results in a
free-energy gain (i.e., a negative free-energy change) only
for solvophobic solutes [N\yg/(kgT)<1.4]. For moderately
solvophobic solutes [1.0<A\yg/(kgT)<1.4], the contact is
unfavorable from the energetic viewpoint but driven by the
entropic effect.

D. Enthalpy and entropy changes under isobaric
condition: Effects of solute-solvent affinity

AVp, AH, ASp, and Apu calculated as functions of
Mus/ (kgT) are collected in Table II. The first term in the right

TABLE II. Volume, enthalpy, entropy, and free-energy changes upon solute
contact under the isobaric condition.

s/ (kgT)  AVp/d®  AH/(kgT) ASp/kB  Aul/(kgT)  (ASp/kp)ao
0.0 -4.53 -10.73 -3.19 -7.54 -1.16
0.5 274 -5.61 -0.88 473 0.10
1.0 -0.90 -0.72 1.35 -2.07 1.39
1.2 -0.14 1.13 2.19 -1.06 1.92
15 0.99 3.74 3.35 0.39 271
2.0 2.92 7.57 4.96 2.61 4.06
25 4.90 10.56 6.00 456 5.45
3.0 6.92 12.51 6.31 6.20 6.86
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244504-5 Contact of two solutes

TABLE III. Energy, entropy, and free-energy changes upon solute contact
under the isochoric conditions, and volume, enthalpy, and entropy changes
under the isobaric condition [\yg/(kgT)=0.5 at T=298 K].

T(K) AUy/(kgT) ASylky Awl(kgT) AVp/dy AH/(kgT) ASp/hky

278 -3.95 1.06 -5.01 -3.69 -3.97 1.04
298 -3.32 1.41 -4.73 -2.74 -5.61 —-0.88
338 -2.41 1.82 -4.23 -1.90 =591 -1.68

hand side of Eq. (11), the so-called PV work, can be ne-
glected (AH ~ AU)). Again, the solute-solute interaction en-
ergy is not considered in the discussion. Under the isobaric
condition, the system volume decreases upon solute contact
for solvophobic solutes (AV,<0), while it increases for sol-
vophilic solutes (AV,>0). The system volume remains un-
changed only when the solute is neither solvophobic nor sol-
vophilic [1.2<Aygs/(kgT)<1.3]. ASp is lower than
corresponding ASy, for solvophobic solutes [see Eq. (15)],
while the opposite is true for solvophilic solutes. When the
solute is highly solvophobic, ASp becomes negative. The to-
tal volume available to the translational motion of solvent
molecules decreases (—AV.,+AV,<0) upon solute contact
due to the volume compression, leading to a corresponding
entropy loss. It is interesting to apply the AO-type theory
to the isobaric case: (ASplkp)pao=ps(—AV+AVp).
(ASp/kg)ao is also given in Table II. Though there is signifi-
cant discrepancy between ASp/kg and (ASp/kg) A0, the gen-
eral trend of their dependence on the solute-solvent affinity is
the same. The AO-type theory gives a quantitatively good
estimation of the entropy gain when |AH/(kgT)| is suffi-
ciently small, which is similar to the behavior observed un-
der the isochoric condition. However, (ASp/kg)aq is consid-
erably different from ASp/kg when AH/(kgT) takes a large,
negative value.

In the case of solvophobic solutes (AV,<<0), AU, is
lower (more negative) than corresponding AU, because the
average volume occupied by a solvent molecule decreases,
which originates from the decrease in the volume of the con-
figurational phase space which can be explored by solvent
molecules. For a solvent interacting through strongly attrac-
tive potential, the reduction leads to a lower energy. This
result is consistent with the report by Cann and Patey.3 When
the solute is highly solvophilic (AV,>0), ASp and AU, are
higher (more positive) than corresponding ASy and AUy, re-
spectively.

E. Energy, entropy, enthalpy, and free-energy changes
under isochoric and isobaric conditions for
solvophobic solutes: Effects of temperature

Choosing \ys/(kgT)=0.5 (at T=298 K), we calculate
the changes in thermodynamic quantities for two more tem-
peratures, 278 and 338 K. The solvent densities pZ:psdg are
set to 0.7021 and 0.6884 (these values are determined in
analogy to the temperature dependency of water density),
respectively. The results are collected in Table III. Under the
isochoric condition, |AU\/(kgT)| decreases while AS\/kyg in-
creases as T becomes higher (they are somewhat compensat-
ing). These changes are reasonable because the increase in

J. Chem. Phys. 125, 244504 (2006)

TABLE IV. Enthalpy, entropy, and free-energy changes upon solute contact
under the isobaric condition [\ys/(kgT)=0.5 at T=298 K].

T (K) AH (kcal/mol) TASp (kcal/mol) Ap (kcal/mol)
278 -2.19 0.58 =2.77
298 -3.32 -2.52 -2.80
338 -3.97 -1.13 -2.84

thermal energy leads to a smaller effect of the interaction
potential but to a larger entropic effect. Under the isobaric
condition, |AH/(kgT)| increases but ASp/ky decreases with
increasing 7. In Table IV, AH, TASp, and Au are given in
units of kcal/mol. AH and TAS are strongly dependent on 7,
whereas the dependency of Ax on T is much weaker.

We consider the solute contact under the isobaric condi-
tion by decomposing it into two processes (see Fig. 3): the
solute contact under the isochoric condition (process 1) and
the system-volume change for returning the pressure to the
initial value (process 2). In process 2, the volume is com-
pressed for solvophobic solutes while it is expanded for sol-
vophilic solutes. Due to this volume change, the second term
in the right hand side of Eq. (15) is added to the entropy
change which already occurred in process 1. We note that the
same term appears in the right hand side of Eq. (14). When
the solute is solvophobic (AV,<0), we can take the view
that in process 2 part of or more than the entropy gain is
converted to a corresponding enthalpy gain. As a result, the
entropy change under the isobaric condition can be negative
except at low temperatures. The quantity converted becomes
considerably larger with rising temperature because a"/ K; is
an increasing function of 7, making the entropy and enthalpy
changes strongly dependent on T (the dependency is even
stronger than in the case of the entropy and energy changes
under the isochoric condition). The free-energy change, by
contrast, remains roughly constant. An important point is that
the conversion arises from the volume compression. The
translational motion of solvent molecules, whose effect is

State A State B
Vi, Py Vi, Pu
Isochoric
O Oo|— | &
Process 1
Process 2
Isobaric
Vi, Py
State C

FIG. 3. Contact of two solutes under the isobaric condition. It can be de-
composed into process 1, contact of two solutes under the isochoric condi-
tion, and process 2 where the pressure is returned to the initial value. V and
P denote the volume and the pressure, respectively. AV,=V;—V,. For sol-
vophobic solutes: Py;<P;and AV, <0. For solvophilic solutes: Py;> P; and
AVp>0. Let S; be the entropy in state J. It can be shown that ASy,=Sg
~Sx ASp=Sc—S,, and (Sc—Sp)/k=(ASp—ASy)/kp=(a"/ k) AVp/d3 [see
Eq. (15)]. In process 2, the entropy change scaled by kg is given by
("1 k) AVpl d3.
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entropic in origin, is a major driving force in the solute con-
tact even under the isobaric condition. It always drives the
free energy to decrease during the solute-contact process. A
negative entropy change in the higher-temperature region
never implies that the effect is unimportant for the contact. A
negative enthalpy change is not necessarily attributable to
the gain in solute-solute interaction energy.

For solvophilic solutes (AV,>0) process 2 is accompa-
nied by an entropy gain and a corresponding enthalpy loss.
ASp/kg and AH/kg take large, positive values and increase
with rising temperature. Like in the case of solvophobic sol-
utes, the changes in enthalpy and entropy are both strongly
dependent on 7, while the dependence of Ax on T is much
weaker. Thus, the enthalpy-entropy compensation occurs re-
gardless of the solute solvophobicity or solvophilicity.

F. Relevance to changes in thermodynamic quantities
observed for protein folding in experiments

The experiments are usually performed for protein un-
folding under the isobaric condition. When the numerical
data are simply multiplied by —1, the resultant value repre-
sents the data for protein folding discussed here. The data are
decomposed into hydration terms and protein intramolecular
terms in a conventional manner,lc)_21 and we are interested in
the hydration terms. A protein is heterogeneous in the sense
that it comprises both nonpolar and polar groups. In the fold-
ing process the intramolecular contacts occur not only for
nonpolar groups but also for polar groups and nonpolar-polar
groups. The folding is more complicated than the contact of
simple solutes analyzed in the present study. Nevertheless,
some qualitative aspects of the hydration-thermodynamic
data can be understood. Since the enthalpy-entropy compen-
sation occurs in the contacts of all groups, it is observed for
protein folding through the hydration terms. Makhatadze and
Privalov* showed for the folding that the contribution to the
entropy change from hydration of nonpolar groups decreases
with rising temperature, whereas that from hydration of polar
groups increases. Their results are also in qualitatively good
accord with our theoretical calculations.

In protein folding the intramolecular contacts of nonpo-
lar groups occur more than those of polar ones, leading to the
volume compression: AVP<O.14’16 However, the system-
volume decrease arising from the compression is much
smaller than the decrease in the excluded volume upon the
folding: |AVp| <|AV,|."*'® As a result, the change in hydra-
tion entropy certainly decreases with rising temperature but
remains positive. When the conformational-entropy loss is
added to the hydration-entropy gain, the resulting total en-
tropy is positive at sufficiently low temperatures but negative
at higher temperatures.lc‘)_21 As for the change in hydration
enthalpy, it is a decreasing function of the temperature.w_21
Thus, the experimental results are quite consistent with our
theoretical ones. We have recently suggested that the trans-
lational motion of water molecules, whose effect is entropic
in origin, is a major driving force in protein folding.“f13
However, this suggestion is never inconsistent with the nega-
tive total-entropy change at high temperatures upon the fold-
ing. Part of the entropy gain is simply converted to a corre-
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sponding enthalpy gain due to the compression which occurs
during the folding process, and the translational motion of
water molecules always drives the free energy of water to
decrease.

IV. SUMMARY AND CONCLUSIONS

The changes in excess thermodynamic quantities upon
contact of two solutes in a solvent are analyzed using the
radial-symmetric and three-dimensional integral equation
theories. A simple model mimicking a solute in water is em-
ployed. A wide range of the solute-solvent affinity is consid-
ered under the isochoric and isobaric conditions. The solute-
solute interaction energy is not included in the calculations.

When the solute is highly solvophobic, the solute contact
under the isochoric condition leads to large gains in energy,
entropy, and free energy. Under the isobaric condition, the
system volume is greatly compressed with the result of a
negative entropy change except at low temperature and a
larger, negative enthalpy change upon solute contact. As for
highly solvophilic solutes, the solute contact under the iso-
choric condition leads to an entropy gain but causes a larger
energy loss and a free-energy loss. Under the isobaric con-
dition, the system volume expands to a large extent with the
result of a large, positive entropy change and an even larger,
positive enthalpy change upon solute contact. The effects of
compression or expansion become greater with rising tem-
perature. If the solute is neither solvophobic nor solvophilic,
the entropy and energy changes under the isobaric condition
are not significantly different from those under the isochoric
condition (i.e., the solute contact occurs at almost constant
volume and pressure).

When the solvent molecules interact through strongly
attractive potential and the pressure is low (1 atm), the so-
called PV work in the solute contact under the isobaric con-
dition is quite small. However, the energy changes under the
isochoric and isobaric conditions can be large and remark-
ably different from each other. In the case of solvophobic
solutes, for example, the energy change under the isobaric
condition is much more negative. This important factor is not
taken into account in the recently reported argument41 that
the excluded volume effect is unimportant in protein folding
and aggregation, which clearly conflicts with our view.

The temperature effect for a solvophobic solute can be
summarized as follows. Under the isochoric condition, the
entropy gain upon solute contact increases but the energy
gain decreases with rising temperature. The entropy and en-
ergy changes are somewhat compensating. Under the iso-
baric condition, the enthalpy gain increases as the tempera-
ture becomes higher. The entropy change, which is a
decreasing function of the temperature, is positive at low
temperatures but can be negative at higher temperatures. The
dependence of the free-energy change on the temperature is
much weaker than that of the entropy, energy, and enthalpy
changes. This trend is stronger under the isobaric condition,
and a remarkable cancellation of the enthalpy and entropy
changes occur. This enthalpy-entropy compensation is also
true for a solvophilic solute though the entropy change is
positive and an increasing function of the temperature. It is
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no wonder that the compensation is experimentally known
for a variety of physicochemical processes in aqueous solu-
tion.

An important finding is that the change in the total vol-
ume available to the translational motion of water molecules
within the system (i.e., the volume of the configurational
phase space which can be explored by water molecules),
which is caused by the solute contact, makes a large contri-
bution to the changes in entropy and energy or enthalpy. In
particular, the volume change governs the entropy change
when the changes in energy or enthalpy are sufficiently
small.

One should be careful about interpreting the thermody-
namic data measured under the isobaric condition for the
solute contact and related processes. A negative enthalpy
change upon solute contact is not necessarily attributable to
the gain in solute-solute interaction energy. The decrease in
the amount of water exhibiting local ordering near the sol-
utes does not always lead to a positive entropy change.3’42’43
In the next stage, the effect of the solute size is to be exam-
ined. Further, the analysis should be extended to conforma-
tional changes of a protein by accounting for its complex
polyatomic structure. Works in these directions are in
progress.
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