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Abstract

The occurrence of entropy convergence in hydrophobic hydration is verified from available experimental
thermodynamic data for both noble gases and hydrocarbons. The entropy convergence phenomenon can be reproduce
by means of the scaled particle theory, provided that a temperature-dependent hard sphere diameter is used for water
molecules. The calculated work of cavity creation shows a non-monotonic temperature dependence with a flat
maximum slightly above 100C, irrespective of the cavity size. The corresponding cavity entropy changes converge
approximately 100C, in qualitative agreement with the experimental finding.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction ing through zero ifAC, remains large[4]. The
entropy and the heat capacity changes at room
temperature are different for different solutes so
that one would initially expect that the temperature
at which the entropy becomes zero would be
different for each different solute. It was Sturtevant
[6], who first observed that the ratid,s/AC,, for
transfer from a non-polar liquid phase to water at
room temperature was nearly the same for all
solutes for which the experimental data were avail-
able. This meant that the transfer of a solute
species with a large negativeS had a largeAC,,
Trresponding author. Tel.:+1-301-496-6580; fax:+1- and that with a small nega}tlv@S a smaIIACp, SO.
301-402-1344. that the AS values for different solute species
E-mail addresses: bk@nih.gov(B. Lee), would tend to converge as the temperature is
graziano@unisannio.{G. Graziano. raised. Sturtevant noted that the value of %/

Two of the most striking features associated
with the hydrophobic phenomenon are the large
negative entropy changas, and the large positive
heat capacity changedC,, associated with the
transfer of nonpolar molecules into water at room
temperaturd1-5]. Since the heat capacity change
is large and positive, the negative entropy change
observed at room temperature will diminish in
maghnitude at higher temperatures, eventually pass-
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AC, ratio was such thaAS for all solutes would Several author$12,13 put forward a group addi-
nearly converge to zero at 10C [6]. tivity approach based on the assumption that the
In the mean time, Privalov and his colleagues hydrophobic contribution to the entropy change
found that the entropy and enthalpy changes uponvanishes at the convergence temperature. Other

denaturation of some globular proteins converged authors [14-16 questioned the validity of the
at approximately 100C, although the values of additivity assumption and tried to provide alter-
the enthalpy and entropy at this temperature were native approaches. One of 1] has shown that
not zero[7]. These two sets of observations, one the convergence phenomenon will be observed if
on the small molecule transfer process and the the entropy is a bilinear function of temperature
other on globular protein denaturation, remained and a property of the solute species.

curious but largely unnoticed features of thermo-  More recently, Garde et al20] here referred to
dynamics until Baldwin noticed the connection as GHGPP, provided a more statistical mechanical
between these observatiof]. Murphy et al.[9] explanation of the entropy convergence phenome-
then found that plots ofAS vs. AC,, at one non for the gas to water transfethydration
temperature, for a series of homologous solute process. This is based on the expression for the
species give straight lines with the same slope but free energy of cavity formation that they obtain by
different intercepts for transfer processes from means of the application of the information theory
solid to water, from nonpolar liquid to water, and [21]. According to this explanation, entropy con-
from gas phase to water as well as for the protein vergence in the hydrophobic hydration process
denaturation. The fact that these plots were linear directly follows from the small temperature
implied the existence of a convergence temperaturedependence of the isothermal compressibility of
at which the entropy changes converged to the liquid water. This conclusion was confirmed by
same value for all the compounds. The fact that the recent results of Nezbeda on a primitive water
the slopes were the same for all the processesmodel[22].

meant that the entropies converged at the same In this paper, we study the entropy convergence
temperature for each of these processes. The comphenomenon for hydration using the scaled particle
mon convergence temperature given by the value theory (SPT), which is an alternative, older statis-
of the observed slope was 112 [9]. tical mechanical theory23,24. We define hydra-

A strong debate arose on the physical meaning tion as the process of transferring a solute molecule
of the entropy convergence phenomenon, especial-from a fixed position in the ideal gas phase to a
ly for its potential usefulness to dissect the ther- fixed position in water{2]. The hydration process
modynamic contributions to globular protein can be considered to be made of two steps, the
stability [8-16. At the present, however, the cavity formation followed by turning on the attrac-
occurrence of entropy convergence for the thermal tive potential between the solute and the solvent
denaturation of globular proteins is not demonstrat- molecules [4,25. It has been argued that the
ed by the current, expanded set of experimental entropy change accompanying the second of these
thermodynamic dat417,1§. This is presumably two steps is small compared to that of the first
because denaturation is a complex process thatstep [4,24,23. Therefore we consider only the
involves many temperature-dependent factors othercavity formation step in this article, as did GHGPP
than the hydrophobic effect. There is also the [20]. We find that the SPT also gives an excellent
suggestion by Huang and Chandlg9] that the entropy convergence behavior, with the conver-
difference in behavior between the small molecule gence temperature and the common entropy value
transfer processes and globular protein denatura-at the convergence temperature in qualitative
tion processes arises from the length-scale depend-agreement with the experimentally observed val-
ent change in the mechanism of hydrophobic ues. Hong Qian(personal communication26])
effect. On the other hand, the entropy convergence also noted that the SPT formulation of entropy
phenomenon is real for the small molecule transfer change is consistent with the convergence behavior
processes.(See the Section 3 of this paper. near 100°C.
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Table 1

Estimates of the Gibbs energy cost of cavity creation as a function of temperature in water, for different cavity diameters, calculated
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by means of the SPT relationship, Ed), using the experimental density of liquid water at 1 atm from K28], and the reported

values of the hard sphere diameter

T vy oy £ AG[3 A] AG[4 A] AG[5 A] AG[6 A]
(°C) (cm® mol™%) (A) (kJ mol™1) (kJ mol~*) (kJ mol~1) (kJ mol™1)
0 18.023 2.758 0.367 14.1 22.3 325 44.6
25 18.073 2.748 0.362 15.0 23.8 34.7 47.6
50 18.238 2.736 0.354 15.7 24.8 36.1 49.6
75 18.485 2.721 0.344 16.1 254 37.0 50.7
100 18.803 2.704 0.332 16.3 25.7 37.3 51.1
125 19.191 2.684 0.318 16.2 25.6 371 50.9
150 19.655 2.662 0.303 16.0 25.2 36.5 50.0

The expressiodAG[3 /‘:\] means the work to create a cavity of 3 A diameter.

We search for the common features between

We used the ambient pressure of 1 atm Faas

these two rather different theoretical approaches suggested by other authdiz4,27,28. In addition,

(GHGPP and SPIrby means of a general expres-

we used(a) the experimental values of liquid

sion for the entropy convergence condition. We water density at 1 atm in the temperature range
suggest that the entropy convergence is observedg—150°C compiled by Kell[29], and listed in the

because of two condition$i) that the free energy
of cavity formation shows a maximum as a func-
tion of temperature ani) that the free energy is
dominated by a single factor, probably either the
surface area or the volume, of the cavity.

2. Methods

The cavity free energyAG.,, was calculated
using the following expression from the SPT
[23,24,

AG.=RT|Ko+K(0d0 )

+Ky(0d o) +K{odoy)’], (1)
where Ko=—In(1-§); K;=u=3¢/(1—-§); K,=
u(u+2)/2; and K;=£Pv,/RT. In these relations
R is the gas constant; is the absolute temperature;
¢ is the volume packing density of the pure solvent,
which is defined as the ratio of the physical volume
of a mole of solvent molecules over the molar
volume of the solventy . is the cavity size, defined
as the diameter of the spherical region from which
any part of any solvent molecules is excluded;
o, is the hard sphere diameter of the solvent
molecules;P is the pressure; and, is the molar
volume of the solvent.

second column of Table 1 in terms of molar
volume and(b) a temperature dependent hard
sphere diameter for water molecules. The temper-
ature dependence of, was obtained in the follow-
ing manner. Sodd30] determined thes, values

of the water molecule that will reproduce the
contact density function calculated by means of
computer simulations at different temperatures. As
expected[23], the o, values determined by Soda
slightly decrease on increasing the temperature
(e.g.0,=2.748 A at 25°C and 2.704°A at 100
°C), because the molecules are more effectively
able to penetrate one another’s repulsive fields on
raising the thermal energy. The, values over the
range 0-150°C was obtained by a polynomial
fitting of Soda’s estimates in the 25-100 range
and by extrapolation to lower and higher temper-
atures. These values are listed in the third column
of Table 1. They agree with those determined by
Pierotti [31] and Wilhelm [32] from the analysis

of gas solubility measurements over a smaller
temperature range. Moreover tlog value at 25
°C, 2.748 ‘A, is close to the location of the first
peak in the oxygen—oxygen radial distribution
function of liquid water determined by means of
both X-ray and neutron scattering measurements
[33-39.
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. . Fig. 2. Plot ofAS vs. temperature for etharfsquare$, propane
Fig. 1. Plot of AS vs. temperature for Hésquares, Ne (cir- (circles), butane(up triangle3, benzendgdown triangle$ and
cles), Ar (up triangles, Kr (down triangle$ and Xe (dia- toluene(diamond3. The data are from Ref37].

mond9. The data are from Ref{36], after correction for the

Ben-Naim standard.
to as the MPG entropy plot after the names of the

authors who first made such plofs1]. The con-
vergence temperature and the valueAdf at the
convergence temperature can be obtained from the
slope and intercept, respectively, of such a plot.
3. Results Murphy et al.[9] obtainedl™* =121°C andAS* =

—11 JK * mol?* (after correction for the differ-
ent standard state useftom such a plot using the
AS and AC, data for the hydration of noble gases

As a reference for comparison, we present here and alkanes at room temperature. Fig. 3 shows a
the experimental data on the entropy convergence

The AS. values were calculated by numerical
differentiation of theAG, values with respect to
temperature.

3.1. Experimental data

collected from the literature. The temperature a , , , , , , —
dependence of hydration entropy changé, for T .

noble gase$36] is shown in Fig. 1, and for ethane, sl " |
propane,n-butane, benzene and toluefi®7] in - .

Fig. 2. Excluding He and Ne&\S for the rare gases -~ s} . 1
appear to converge at approximately T&8while g ¢ »

those for the hydrocarbons converge in the tem- T -100 | * a4 1

perature range of 100-1FC. The entropy values 72 .a

at the convergence temperature are approximately « A5 1

—15 and—25 JK ' mol*, respectively. ol . ]
If the heat capacity changaC,, is assumed to ' ¢

be constant, the entropy change can be written as o I e e e e a e

AS=AC, In(T/T*)+AS*, (2) AC, (JK'mol’)

whereT* is the convergence temperature ahs* Fig. 3. Plot of AS vs. AC, at 25°C for noble gase$squares,

is AS at T*. Therefore. ifAS for a series of solute aliphatic hydrocarbonscircles), benzene, toluene andhex-
L " . ane(triangles. The data for noble gases and aliphatic hydro-

species is plotted agalnAIC at one experimental carbons are from Re{38], after correction for the Ben-Naim

temperature, a straight line will be obtained, as standard. The data for benzene and toluene are from[&af.

indicated in the Section 1. Such a plot was referred those forc-hexane are from Ref39].
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Fig. 4. Plot ofAG, vs. temperature in water for different cavity
diameters. TheAG, values are calculated by means of SPT
using the experimental density of liquid water and considering
o, temperature-dependetior more details, see text and Table
1). The cavity diameters are.=3, 4, 5 and 6 A, respectively,
from the bottom to top.

similar plot using a different dataset for the hydra-
tion of noble gases and aliphatic hydrocarbons
[38] and including the new data for the hydration
of benzene and tolueri87] and cyclohexang39].
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pled with molecular dynamics simulations, and by
GHGPP[20], using both the test particle insertion
method and an information theory model. A sec-
ond-degree polynomial fitting give§i,,,=109,
107, 104, and 103C for ¢.,=3, 4, 5 and 6 A,
respectively. The slight decrease @f,., on
increasing the cavity diameter was obtained also
by GHGPP from their computer simulatiofi20].
The shape of thAG, curves resembles that of the
experimentalAG for the hydration of noble gases
and small hydrocarbongt4], although the calcu-
lated curves are shifted upward due to the neglect
of the solute—solvent van der Waals interaction.

Above calculations were made using tlg
values that change with temperature as shown in
Table 1. Althougho, decreases by less than 0.1
A over the range 0-15CC, this decrease is
required in order to obtain thAG, maximum in
the given temperature range.df is fixed at 2.75
A independent of temperaturAG. proves to be a
monotonically increasing function over the entire
range 0—150C (data not showh

The calculated cavityAS values are given in
Table 2 and plotted in Fig. 5. In line with experi-
mental data, they are negative and large and

The 17 points are again well represented by a increase in magnitude with the cavity size at room

linear relationship (r=—0.9959, from which
one obtainsT*=132+3 °C and AS*=2.4+2.4
JK=*mol~t. Use of other datasetg36,40—42

temperature. All increase markedly with tempera-
ture, but at different rates so that they converge
tightly at approximately 100C, whereAS= —4

gives values that are intermediate between theseJ K- mol~*, nearly independent of the cavity

two sets of values. The difference between The
and AS* values determined from the MPG plot
and those that were determined directly from the
temperature-dependence AfS can be attributed

size. The convergence temperature is at the low
end of the range of experimentally observet
values. The fact thaAS* is negative is in quali-
tative agreement with the experimental findings,

mainly to the temperature dependence of the heatalthough its magnitude is somewhat smaller4

capacity change.
3.2. Results from the SPT calculation
The cavity free energie\G,, were calculated

for different cavity diametersg.=3, 4, 5 and 6
A, over the temperature range 0-18C. The

JK™1mol™t vs.—15 and—25 JK ! mol? from
Figs. 1 and 2 Part of the discrepancy can be
attributed to the neglect of the entropy contribution
from the solute—water interaction, which should be
small but a negative quantitj4]. The fact that
SPT gives too weak a temperature-dependence of
the heat capacity chandd] would also contribute

calculated values are given in Table 1 and plotted to the difference between the calculated and

in Fig. 4. They are positive and large at all

observed values of botAS* and 7*. One of us

temperatures and show a broad maximum at slight- [11] suggested thaAS* should be given approxi-

ly above 100°C for all cavity sizes. A qualitatively
similar result was obtained by Guillot and Guissani
[43], using the test particle insertion method cou-

mately by the temperature derivative of the free
energy for inserting a mathematical point in water,
which in Ben-Naim standard is given by
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AG{o.=0)=—RT In(1-¢). (3)

AS(o.=0) is —0.7 JK'* mol* at 110°C and 25t P
—0.3 JK* mof* at 132°C, using the¢ values
listed in the fourth column of Table 1. This*

value calculated from the temperature-dependence
of AS is similar to these values.

4, Discussion

We have shown that the application of SPT |-
using the experimental density of liquid water and ' . s . . s
considering the slight temperature dependence of 0 s so s 100 128 150
the hard sphere diameter of water molecules pro- temperature (°C)
duces cavityAS values that tightly converge near
the experimentally observed convergence temper- Fig- S. Plot ofAS.= — (9AG/a7) vs. temperature in water for
ature. TheAS value at the convergence tempera- ?lﬁerent_ caV|t_y dlgmeters. The arrow indicates entrqpy curves

. . . . or cavities with diameter of 3, 4, 5 and 6 A, respectively. The
ture, AS*, is negative, consistent with the

convergence temperature is close to 200(Table 2.

experimental data. Its magnitude is smaller than
the experimental value, but at least part of the Qjan (personal communicatior{26]) wrote AG,
difference was expected since the calculation of SPT in the form of
ignores the contribution from the solute—solvent
van der Waals interaction. It is near tA& values AG=ay(T)X +byT), (4)
for inserting a mathematical point, which also does
not have the van der Waals interaction with the where X=0¢2, ignoring the linear and the cubic
solvent. terms ino, and then showed that the temperature

One of us[11] has shown that entropy conver- derivative of a,(7) would become zero at the
gence will be observed iAS is a bilinear function  experimentally observeft. Our calculations show
of temperaturel’ and a characteristic property of that this is indeed the main mechanism of entropy
the solute X. However, the expression for the convergence by SPT, but that the linear term does
entropy change upon cavity formation as given by give a small effect(see below. GHGPP [20]
the SPT is not obviously linear i or X. Hong showed that their expression of the cavity free

Table 2

Estimates of the cavity entropy change as a function of temperature for different cavity diameters, calculated by means of the
second-degree polynomial fitting of the numbers from local numerical differentiation df@éunctions calculated using Eq1)

from SPT

T AS[3 A] AS[4 A] AS[5 A] AS,[6 A]
(°C) (UK 1mol™) (UK 1mol™) (UK Imol™) (JK 1mol™?)
0 —44.3 ~70.0 ~101.7 —-139.4
25 -32.3 ~50.4 —-72.7 -99.2
50 —21.4 -32.7 —46.5 -62.8
75 -115 -16.8 -23.0 -30.3
95 -43 -5.3 -6.2 -71
98 —-3.34 —3.66 -3.85 —3.80
100 -27 26 -23 —-17
125 5.1 9.8 15.7 23.1
150 11.80 20.3 31.0 44.1

The expressiol\S,[3 A] means the entropy change to create a cavity of 3 A diameter. According to these esTifma@&°C.
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energy from information theory produces entropy
convergence by writing their free energy essential-
ly in the form of Eq.(4) (see below.

Generally, the sufficient condition for observing
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and

AS=so(T)+s:(T)o+sLT)d? (8)

convergence can be stated as follows: If there is awhere go, g, and g, are RTK, RTK /o, and

temperature at which

(aAS/aX)Xexp= 0, (5)
where Xexp is the value ofX of a typical solute

in the series, theAsS will be maximally independ-
ent of X at this temperature. This is clearly also a
necessary condition for convergence sinceASf
converges at a temperatuf®, then AS is inde-
pendent ofX at that temperature by definition.
This condition applies also in the case where
convergence is accurately observed only for a few
solutes whos« is near Xexp, but defocuses when
X deviates from Xexp.

It can be easily shown that, &S is a bilinear
function of T andX, there is always a temperature
at which the condition of Eq(5) is satisfied. In
this case, the condition is satisfied for &l which
means that the convergence will be perfect, Ag.
will have the same value ar* for all solute
species. More generally, wheAS is a linear
function of X only,
AS=a(T)X+b{T), (6)
convergence will be observed if there is a temper-
ature at which(9AS/9X) =a(T)=0. This will be
the case if the free energy is in the form of Eq.
(4) anday(T) shows a maximungor a minimum
at someT, sinceas= —da,/dT=0 at thisT. This
is the basic mechanism of entropy convergence
proposed by GHGPH20], in which ay(T) is
proportional to7p? andX=v2/0?2 wherep, v and
o, are the number density of water, the cavity
volume, and the fluctuatior{standard deviation
from the meah of the number of water molecules
in volumev, respectively. Blurring of convergence
occurs becausky and bs mildly depend on cavity
volume ando, mildly depends on temperature.

In the case of SPT, ignoring the negligibly small
cubic term, we have

AG.=go(T)+g«(T)+ o +gLT)o% )

RTK,/ o3, respectively, and;= —dg;/dT for i=0,
1 and 2. The convergence condition is given by
0AS/do.=5(T)+25sT)o =0 9
This condition will obtain if s,(7) and s(7)
become simultaneously zero at some temperature.
For examples,(T) may be always small, as
assumed by Qian, in which case E@) is in the
form of Eq. (6) and convergence will obtain at
the temperature at whicky,(7) =0. However, cal-
culations show thas,(T) passes through zero at
approximately 134C and is small but not negli-
gible at 94°C at whichs,(T) is zero. Condition
(Eg. (9)) will also obtain if s,(7) and sx(T) are
nearly linear functions off, which ensures that
5:(T) +2s5,(T) o ¢ will go through zero at somé&.

In this case, the convergence temperature will
depend ono., which means that sharp focusing
occurs for a limited range of . values. Thes(T)
ands,(7) functions from the SPT are indeed nearly
linear functions ofT, as can be expected from the
fact thatAG, is a nearly quadratic function df.
The o. dependence of the convergence is weak
because, whew . is 5 A, the convergence occurs
at approximately 100C, which is near the tem-
perature at which,(T) is zero. The calculatedS
values are essentially the same for all cavity sizes
in the range of 3—7 ATable 2, which covers the
size range of most of the noble gas and small
hydrocarbon molecules for which the experimental
data are available.

Thus, according to SPT, the entropy conver-
gence is obtained becausg(7) and sx(T) are
nearly linear functions of7, or equivalently
becauseg,(T) and gx(7T) are nearly gquadratic
functions of7. The convergence is obtained despite
the fact that the free energy is a quadratic function
of X=0, although the sharpness of the conver-
gence depends on the linear term being small
compared to the quadratic term near the conver-
gence temperature. This contrasts with the expla-
nation offered by GHGPP, which depends on the
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free energy being a nearly linear function of/ perature for water. However, the temperature inde-
o2, which they show is nearly independent of pendence ofs, is also not needed for the entropy
temperature. convergence. For example, if2 were given by

Why do two seemingly very different theories f(T)v, convergence will still be observed even
produce a similar entropy convergence behavior? when f(T) is a strong function of temperature, as
One common feature between the two explanationslong as the combinationTp?/f(T) shows a
is the requirement that the temperature dependencemaximum.
of AG. will have a maximum. One can imagine An insight into the temperature dependence of
expressing theAG. function as a polynomial in  AG. can be obtained by examining the SPT expres-
o, Which is the only property of the solute when sion of AG,, Eq. (1). It consists of two factors.
it is a cavity, with coefficients that are mainly The RT factor, accounting for the kinetic energy
guadratic with respect to temperature. Such a of solvent molecules bombarding the cavity sur-
function will show an entropy convergence, the face[23], increases linearly with temperature. The
sharpness of which will depend on how much one factor in square brackets is equal to the logarithm
of the terms in the polynomial dominates over of the number of solvent molecules in contact with
others, in terms of the dependency @y near the  the cavity of given size and account for the
convergence temperature. In SPT, the term that partitioning of empty space in a liquid with given
dominates is clearly the2 term. It is likely that ¢ and o, values[23,25. This term decreases with
v?/a? in the GHGPP theory is related to2 temperature because both the density of a liquid
[45,46. Thus, although the dominant solute prop- and the size of its molecules decrease on increasing
erty X is area in the case of SPT but probably temperature. For nonpolar liquids this latter term
volume in the GHGPP theory, the mechanism by is dominant, leading to a monotonic decrease of
which convergence is produced is rather similar AG. with temperature[4,39,5Q. In the case of
for the two theories. It is possible that the free water, however, the density and the molecular size
energy of cavity formation depends both on the decrease only slightly over the range 0-18D
area and the volume for the cavity sizes of com- (Table 1), leading to a trade-off between the two
mon hydrocarbon solute molecul§$5]. Besides, terms in Eq(1), which produces the flat maximum
in the limited range of solute sizes that we are above 100°C. The fact that the balance is delicate
considering, the volume-dependence and surfaceis indicated by the fact that, even though
area-dependence are nearly indistinguishable. decreases by less than 0.1 A over the range 0-150

In any case, it is clear that the Gaussian behavior °C, this decrease is essential in order to obtain the
of the microscopic number density fluctuation, a AG. maximum in this temperature range.
central feature in the GHGPP theof20Q], is not In conclusion, it has been shown that a suitable
needed for entropy convergence. Recently, Gardeapplication of SPT is able to reproduce the occur-
and Ashbaugh47] constructed an isotropic model rence of entropy convergence in hydrophobic
of water, termed HGS after Head-Gordon and hydration. The only input data for the SPT calcu-
Stillinger [48], which is constrained to have the lations are the experimental water density at each
same density and oxygen—oxygen radial distribu- temperature and a temperature dependent hard
tion function of the SPC water moddK9] at sphere diameter for water molecules. In particular,
different temperatures, but without hydrogen the information on the compressibility of water,
bonds. Molecular-scale density fluctuations in this which was suggested to be important by GHGPP,
liquid are distinctly non-Gaussian, but the temper- was not needed. We have also presented a general
ature dependence &G, is hon-monotonic, lead-  condition for observing entropy convergence. It is
ing to the occurrence of a sharp entropy suggested that entropy convergence occurs because
convergencd47]. GHGPP also emphasize the fact the free energy of cavity formation in water goes
that o, is nearly independent of temperature, through a maximum at approximately 10G for
is related to the compressibility of the solvent, cavity sizes corresponding to common small solute
which is indeed only weakly dependent on tem- molecules.



G. Graziano, B. Lee / Biophysical Chemistry 105 (2003) 241-250 249

References

(1]

(2]
(3]
(4]

(5]

(6]

(7]
(8]

(9]

[10]

(11

(12

(13

[14]

[15]

[16]
[17]

(18

[19]

[20]

W. Kauzmann, Some factors in the interpretation of
protein denaturation, Adv. Protein Chem. 14959
1-63.

A. Ben-Naim, Solvation Thermodynamics, Plenum
Press, New York, 1987.

K.A. Dill, Dominant forces in protein folding, Biochem-
istry 29 (1990 7133-7155.

B. Lee, Solvent reorganization contribution to the trans-
fer thermodynamics of small nonpolar molecules, Bio-
polymers 31(1991) 993-1008.

W. Blokzijl, J.B.F.N. Engberts, Hydrophobic effects.
Opinions and facts, Angew. Chem., Int. Ed. Engl. 32
(1993 1545-1579.

J.M. Sturtevant, Heat capacity and entropy changes in
processes involving proteins, Proc. Natl. Acad. Sci.
USA 74 (1977 2236-2240.

P.L. Privalov, Stability of proteins: small globular pro-
teins, Adv. Protein Chem. 3@L979 167-241.

R.L. Baldwin, Temperature dependence of the hydro-
phobic interactions in protein folding, Proc. Natl. Acad.
Sci. USA 83(1986) 8069-8072.

K.P. Murphy, P.L. Privalov, S.J. Gill, Common features
of protein unfolding and dissolution of hydrophobic
compounds, Science 2471990 559-561.

W. Kauzmann, Thermodynamics of unfolding, Nature
325(1987) 763-764.

B. Lee, Isoenthalpic and isoentropic temperatures and
the thermodynamics of protein denaturation, Proc. Natl.
Acad. Sci. USA 88(1991) 5154-5158.

K.P. Murphy, S.J. Gill, Solid model compounds and the
thermodynamics of protein unfolding, J. Mol. Biol. 222
(1991 699-709.

R.S. Spolar, M.T. Record, Coupling of local folding to
site-specific binding of proteins to DNA, Science 263
(1994 777-784.

R.L. Baldwin, N. Muller, Relation between the conver-
gence temperatureg,* and 75~ in protein unfolding,
Proc. Natl. Acad. Sci. USA 891992 7110-7113.

A. Yang, K. Sharp, B. Honig, Analysis of the heat
capacity dependence of protein folding, J. Mol. Biol.
227 (1992 889-900.

K.A. Dill, Additivity principles in biochemistry, J. Biol.
Chem. 272(1997) 701-704.

G.l. Makhatadze, P.L. Privalov, Energetics of protein
structure, Adv. Protein Chem. 42995 307-425.

A.D. Robertson, K.P. Murphy, Protein structure and the
energetics of protein stability, Chem. Rev. 87997
1251-1268.

D.M. Huang, D. Chandler, Temperature and length scale
dependence of hydrophobic effects and their possible
implications for protein folding, Proc. Natl. Acad. Sci.
USA 97 (2000 8324-8327.

S. Garde, G. Hummer, A.E. Garcia, M.E. Paulaitis, L.R.
Pratt, Origin of entropy convergence in hydrophobic

[21]

[22]

(23]

[24]

[25]

(28]

[27)

(28]

[29]

(30]

(31]

(32

(33

(34]

(35]

(36]

hydration and protein folding, Phys. Rev. Lett. 77
(1996) 4966-4968.

G. Hummer, S. Garde, A.E. Garcia, A. Pohorille, L.R.
Pratt, An information theory model of hydrophobic
interactions, Proc. Natl. Acad. Sci. USA 93996
8951-8955.

I. Nezbeda, Solubility of apolar fluids in water: a simple
molecular model and theory, Fluid Phase Equil. 170
(2000 13-22.

H. Reiss, Scaled particle methods in the statistical
thermodynamics of fluids, Adv. Chem. Phys.(9966)
1-84.

R.A. Pierotti, A scaled particle theory of agqueous and
nonaqueous solutions, Chem. Rev. (2876) 717-726.

B. Lee, The physical origin of the low solubility of
nonpolar solutes in water, Biopolymers 28985
813-823.

H. Qian, An analysis of the thermodynamics of hydro-
phobic solvation based on scaled particle theory. Avail-
able from: http//xxx.lanl.govy/abs/physicg 0104085

F.H. Stillinger, Structure in aqueous solutions of non-
polar solutes from the standpoint of scaled-particle
theory, J. Solution Chem. €1973 141-158.

S. Shimizu, M. Ikeguchi, S. Nakamura, K. Shimizu,
Size dependence of transfer free energies: a hard-sphere-
chain-based formalism, J. Chem. Phys. 141999
2971-2982.

G.S. Kell, Density, thermal expansivity, and compressi-
bility of liquid water from 0 to 15C°C: correlations and
tables for atmospheric pressure and saturation reviewed
and expressed on 1968 temperature scale, J. Chem. Eng.
Data 20(1975 97-105.

K. Soda, Hydrophobic hydration of nonpolar solutes. I.
Comparison of the solvation structure between water
and hard-sphere solvents, J. Phys. Soc. Jpr(1989
4643-4649.

R.A. Pierotti, Aqueous solutions of nonpolar gases, J.
Phys. Chem. 691965 281-288.

E. Wilhelm, On the temperature dependence of the
effective hard sphere diameter, J. Chem. Phys. 58
(1973 3558-3560.

A.H. Narten, H.A. Levy, Observed diffraction pattern
and proposed models of liquid water, Science 165
(1969 447-454.

A.K. Soper, F. Bruni, M.A. Ricci, Site-site pair corre-
lation functions of water from 25 to 400C: revised
analysis of new and old diffraction data, J. Chem. Phys.
106 (1997 247-254.

J.M. Sorenson, G. Hura, R.M. Glaser, T. Head-Gordon,
What can X-ray scattering tell us about the radial
distribution functions of water?, J. Chem. Phys. 113
(2000 9149-9161.

D. Krause, B.B. Benson, The solubility and isotopic
fractionation of gases in dilute aqueous solution. lla.
Solubilities of the noble gases, J. Solution Chem. 18
(1989 823-873.



250

(37)

(38

(39

(40]

[41]

(42]

(43

[44]

G. Graziano, B. Lee / Biophysical Chemistry 105 (2003) 241-250

G.l. Makhatadze, P.L. Privalov, Energetics of interac-
tions of aromatic hydrocarbons with water, Biophys.
Chem. 50(1994) 285-291.

M.H. Abraham, E. Matteoli, The temperature variation

of the hydrophobic effect, J. Chem. Soc. Faraday Trans.

84 (1988 1985-2000.

G. Graziano, Solvation thermodynamics of cyclohexane,
Can. J. Chem. 782000 1233-1241.

H. Naghibi, S.F. Dec, S.J. Gill, Heat of solution of
methane in water from 0 to 50C, J. Phys. Chem. 90
(1986) 4621-4623.

H. Naghibi, S.F. Dec, S.J. Gill, Heats of solution of
ethane and propane in water from 0 to 5C,
J.Phys.Chem. 911987) 245-248.

H. Naghibi, D.W. Ownby, S.J. Gill, Enthalpies of solu-
tion of butanes in water from 5 to 4%, J. Chem. Eng.
Data 32(1987) 422-425.

B. Guillot, Y. Guissani, A computer simulation study
of the temperature dependence of the hydrophobic
hydration, J. Chem. Phys. 99993 8075-8094.

R. Fernandez-Prini, R. Crovetto, Evaluation of data on
solubility of simple apolar gases in light and heavy

(45]

[46]

(47]

(48]

[49]

(50l

water at high temperature, J. Phys. Chem. Ref. Data 18
(1989 1231-1243.

D.M. Huang, P.L. Geissler, D. Chandler, Scaling of
hydrophobic solvation free energies, J. Phys. Chem. B
105 (2001 6704-6709.

P.R.T. Wolde, D. Chandler, Drying-induced hydrophobic
polymer collapse, Proc. Natl. Acad. Sci. USA @02
6539-6543.

S. Garde, H.S. Ashbaugh, Temperature dependence of
hydrophobic hydration and entropy convergence in an
isotropic model of water, J. Chem. Phys. 1(%001)
977-982.

T. Head-Gordon, FH. Stillinger, An orientational per-
turbation theory for pure liquid water, J. Chem. Phys.
98 (1993 3313-3327.

H.J.C. Berendsen, W.F. van Gunsteren, J.P.M. Postma,
J. Hermans, Interaction models for water in relation to
protein hydration, in: B. PullmagEd.), Intermolecular
Forces, Reidel, Dordrecht, 1981, p. 331.

G. Graziano, Hydrophobicity of benzene, Biophys.
Chem. 82(1999 69-79.



	Entropy convergence in hydrophobic hydration: a scaled particle theory analysis
	Introduction
	Methods
	Results
	Experimental data
	Results from the SPT calculation

	Discussion
	References


