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Abstract: Hydrophobic effects in aqueous urea were analyzed by molecular dynamics simulations. The
contribution of solvents to the potential of mean force between two methane molecules was calculated by
using molecular dynamics simulations and was compared with the solubility data of hydrocarbons in aqueous
urea. Both the simulation results and the solubility data indicated that urea stabilizes mettehane
association. The stabilization was due to increasing the solvation free energies of small hydrocarbons such as
methane by addition of urea. The solvation free energies of larger hydrocarbons, on the other hand, are decreased
by addition of urea. This effect of the solute size on hydrophobic free energies in aqueous urea was also
analyzed by using molecular dynamics simulations by means of division of the solvation process into two
parts: the cavity formation and the introduction of the schdelvent attractive interactions. In the cavity
formation, urea increased hydrophobic free energies, and in the introduction of the-solveent attractive
interactions, urea decreased hydrophobic free energies. The influence of urea on hydrophobic free energies
was determined by the balance of effects of the two parts of the solvation process.

Introduction the solvent-accessible surface area and the heat capacity

associated with protein unfoldifgSeparating the contributions

of nonpolar and polar surfaces tovalues, they showed that

urea favorably interacted with both nonpolar and polar surfaces.
akhatadze and Privalov used calorimetry to study the ther-

modynamics of protein interaction with ufeend observed that

the number of binding sites for urea on proteins correlated well

d/vith the number of exposed polar groups of those proteins.
The experimental results described above suggest that urea

weakens both hydrophobic interaction in proteins and intramo-

lecular hydrogen bonds. An efficient way to construct a

Urea is a well-known potent denaturant of proteins, but its
mechanism of action is not well understood. Two models of
urea denaturation are generally considered. One is that ure
weakens hydrophobic interaction, and the other is that urea
weakens the intramolecular hydrogen bonds of proteins by
binding directly to the proteins themselves.

These models of urea denaturation have been investigate
by evaluating the solvation of small molecule§ Roseman and
Jencks reported that urea increased the solubilities of both

hydrophilic molecules (uric acid) and hydrophobic molecules . . .
.~ molecular-level description of such effects is by using molecular
(naphthalenej Wetlaufer et al. reported that hydrocarbons with simulations®17 Kuharski and Rossky performed molecular

more than two carbon atoms were more soluble in an aqueous S . . .
dynamics simulations of a dilute aqueous urea sol@timl of

solution of urea than in pure watérNozaki and Tanford a_hydrophobic solute and a urea molecule in wétefhey

measured the squmees of amino acids in agueous urea andobserved that the watewater interactions in the solvation shell
noted that hydrophobic effects became weaker when urea was

. . _~around the urea molecule were not significantly perturbed from
added to the solvent and also that the free energy of interaction h in bulk. Th d that the i d solvati f
between peptide groups and solvent became more neéa’tivet 0s€ 1N DUk They noted that the improved solvation o
. : . - - "hydrophobic molecules in agueous urea was due largely to each
Experiments on dissolution of cyclic dipeptides also revealed - .
. . of the urea molecules displacing several water molecules from
that the solvation free energies per methyl or methylene group . . o
) o the nonpolar solvation shell. Muller applied the modified
and per peptide group were decreased by add|t_|on of ‘Urea. hydration shell hydrogen bond model to the hydrophobic
gggf{;irzgsu'ts suggest that both of the mechanisms may besolvation in a watercosolvent (such as urea) mixture on the

Other studies investigated the effects of urea on proteins ratherassumption thatthe cosolvent does not alter hydrogen bonds of
(7) Myers, J. K.; Pace, C. N.; Scholtz, J. Mrotein Sci.1995 4, 2138.

than on small molecules. Myers et al. observed thafalues (8) Makhatadze, G. I.; Privalov, P. L. Mol. Biol. 1992 226, 491.
(rate of change of the unfolding equilibrium with increasing (9) Kuharski, R. A.; Rossky, P. J. Am. Chem. Sod.984 106 5786.

denaturant concentration) correlated well with the changes of  (10) Kuharski, R. A.; Rossky, P. J. Am. Chem. S0d.984 106, 5794.
(11) Muller, N.J. Phys. Chem199Q 94, 3856.
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water. He succeeded in explaining the solvation free energy, Methods

enthalpy, af‘d entropy of hydrophobic solu_tes In aqueous U|fea We performed molecular dynamics simulations of hydrophobic
by introducing the displacement of water in the hydrophobic mqjecules in aqueous urea solutions and in pure water. The OPLS
solvation shell by urea and by introducing van der Waals potential parametet&were used for urea molecules, and the length of
interactions between urea molecules and solutes. The questiorbonds in urea molecules was fixed by RATTEEThe bond angles

of whether urea alters the hydrogen bonds of water has beenand dihedral angles were varied, and the AMBER parantéteese
addressed by using molecular simulations. Tsai Et@mpared use_d for the an_gles. To restrain urea mc_)lecules to a planar configuration,
an aqueous urea solution with aqueous solutions of more an improper dihedral angle term was introduced. The TIP3P rfodel
hydrophobic analogues with the same Y-shape. They observed"@s used for the water potential, and water molecules were treated as

L . . . rigid using RATTLE. The periodic boundary condition was applied,
that urea tended to distribute evenly in solution and did not and long-range electrostatic forces were calculated by the particle mesh

alter the water oxygeroxygen radial distribution function  Ewald method?In the particle mesh Ewald method, the FFTW package
significantly. Vanzi et al’} however, pointed out that neither  was used to calculate the fast Fourier transform. The Lennard-Jones
water pair interaction energies nor the distances between thepotential term was cut off at 9 A. All simulations were performed under
oxygen atoms of two water molecules were a sensitive indicator, the NPT ensemble condition. To control the temperature, we used the
but hydrogen bond angles were more sensitive for structural Nose-Hoover method?® To control the pressure, we used the Ryck-
perturbation of hydrogen bonds of water. They observed that aert-Ciccotti method®* For time integration, the velocity Verlet method
urea altered the distribution of hydrogen bond angles of adjacent S USed: and the time step was set to 2 fs.

A lecul dth ded i ducina th i The system of the aqueous urea solution consisted of 37 urea
water molecules, an €y succeeded In reproaucing the positivey,jacyles and 200 water molecules so that the concentration of urea

hydration heat capacity of urea by using the random network yas 7 M. We used a 7 Moncentration instead ofét6 M concentration
model in which the effects of hydrogen bond angles are taken that Wallgvist et al. used because the reported experimental solubility
into account. The connection, however, between the distribution data were obtained when the urea concentration was ¥ Rdr

of hydrogen bond angles and the hydrophobic free energy is equilibration, a molecular dynamics simulation was performed for 100
not clear. ps at 400 K and 0.6 g/chunder the constant volume and temperature

Wallqvist et allé fl ted th tentials of condition. The system was then cooled to 298.15 K. After that, a
allqvist et al.= recently reporte e potentials of mean i jation for sampling was performed under constant pressure and

force (PMF) between two methane molecules in pure water andtemperature. During the constant pressure simulation, the density was

in 6 M aqueous urea. Surprisingly, urea stabilized the contact equilibrated around 1.12 g/éniThe simulation was considered to be

pair of methane molecules relative to the case in pure water. valid because the experimental densify7oM ure&® is 1.10 g/cra.

This result may indicate that urea enhances hydrophobic For pure water, equilibration was performed by using a similar process.

interactions. In another recent simulation, it was found that urea  T0 compare the calculated PMF between two methane molecules

increased the degree of hydration on hydrophobic molecules, With the solubility data, we divided the PMRGym(r); 1 is the distance

while guanidinium chloride decreased'itThe author of that between two methane molecules) into the direct interaction between
. two methane molecule\E(r)), the indirect contribution of solvent

report Conc?luded that urea.may prevent the denaturatl(?n' °,f the(AGCpm,(r); this term is often called the cavity potential of mean force

hydrophobic core of protein molecules and that guanidinium (CPMF)), and thePAV term:

chloride may promote its denaturation. The experimental results

mentioned above, however, suggest that urea weakens hydro- AG,,(r) = AE(r) + AG

phobic effects.

In this study, we first addressed a question of whether the The PAV term is negligibly small at 1 atm. It is difficult to calculate
simulation result that urea stabilized the contact of two methane the indirect term AGcomd(r)) for smallr by simply subtractingAE(r)
molecules was consistent with the experimental data, especiallyfrom AGu, because both terms become extremely large whin
the solubility data. We performed the molecular dynamics Small. The solubility data must be compared whcm(r) for small
simulation and extracted the contribution of solvent from the ' Tolob_ta|anGC,F1m,(r) forsmallr,gyehpehrro;med the mole_culat: dynamics

. : - simulation for the system in which the direct interaction between two
PMF, which C.a.m b? compared with the solubility data: We found methane moleculesywas omitted, and then we calculated the free energy
that the §tab|llzat|o_n of the methanmethane association by_ profile between two methane molecules/cpm(r).2®
urea, indicated by simulations, was consistent with the solubility = For calculation of free energy profiles, the weighted histogram
data and was due to increasing the solvation free energy of smallanalysis method (WHAM) was used. The method is a kind of umbrella
molecules such as methane by addition of urea. The previoussampling. From multiple simulations in which various restraint
hypothesis that urea weakens hydrophobic effects was basedotentials are applied, the free energy profile along arbitrary reaction
on decreasing the solvation free energy of larger hydrophobic coordlnates can be estlmat_ed with minimized statistical error. In the
molecules with increasing urea concentration. Thus, for complete Sa/culation ofAGem(r), the distance between two methane molecules
understanding of the influence of urea on hydrophobic effects, was assigned as a reaction coordinate. The restraint potential for the
elucidating the solute-size effect on the hydrophobic free energy ~ (18) Duffy, E. M.; Severance, D. L.; Jorgensen, W.l&t. J. Chem.
in aqueous urea is important. We therefore performed another195(’i°*9)3‘°'g\|I?é%]&'vI P.: Tildesley, D. JComputer Simulation of Liquids
molecular dynamics simulation and evaluated the solute-size cjarendon Press: Oxford, U)}Q 1987. P a
dependence of the hydrophobic solvation free energy in aqueous (20) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.

; ; M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;
urea. We found that urea had different influences on the Kollman. P. A.J. Am. Chem. S0d.995 117, 5179.

hydrophobic fre? energy.between t‘{VO parts_ of the solvation " (21) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.:
process: the cavity formation and the introduction of the selute  Klein, M. L. J. Chem. Phys1983 79, 926.

v i ; ; ; (22) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H;
solvent attractive interactions. In the cavity formation, urea made Pedorsen. L. G). Chem. Physi695 103 8577,

the hydrophobic free energy larger, and in the introduction of (23) Martyna, G. J.; Klein, M. L.; Tuckerman, M. Chem. Phys1992
the solute-solvent attractive interactions, urea made the hy- 97, 2635.

rophobic fr ner maller. n ntlv. th lute-siz (24) Ryckaert, J. P.; Ciccotti, G. Chem. Phys1983 78, 7368.
drophobic free energy smaller. Consequently, the solute-size 5 53 Vo = " i, Q. Biol. Chem 1966 241 3228,

effect on the hydrophobic free energy in aqueous urea was (26) Lidemann, S.; Schreiber, H.; Abseher, R.; Steinhausel, Chem.
determined by the balance of the effects of the two processes.Phys.1996 104, 285.

{r) + PAV 1)
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Figure 1. Potential of mean force between two methane molecules in Figure 2. Contribution of solvent to the potential of mean force
7 M aqueous urea (solid line) and in pure water (dashed line). The beétween two methane molecules? M aqueous urea (solid line) and
error bars indicate minimum and maximum values obtained from N pure water (dashed line). The error bars indicate minimum and

divided runs. maximum values obtained from divided runs. The long-dashed line
shows the direct interaction between two methane molecules. At 1.52

distanceE; was A, the calculated difference in the solvent contributions-@&71 kcal/
mol, while the value estimated from solubility data-i$.298 kcal/

E.=K{r —ro? @  mok
w

whereK; was 2.5 kcal/mol/A andr. was set from 1to 4 A at 0.5 A A G cpms

intervals and from 4 to 9.5 A at 0.1 A. After equilibration for more

than 40 ps, the sampling run for each restraint potential was performed Methane Ethane Methane

for 600 ps. The total simulation time needed to obtain A, line @ O

was about 40 ns. To estimate the statistical error of the CPMF, the Water

sampling runs were divided into two parts, and the CPMF of each part
was calculated. The association consténtvas obtained by integra-
tion?” of the PMF to a separation distan&,: which defines the

1 i
geometric limit for complex formation such as O \GD/‘ O

WU
ethane

| w->Uu
‘A G methane

7M urea

Ko=dr 12 e Cm(OKT g @3) 5 G gom

Figure 3. Schematic diagram showing how the association free energy

wherek is the Boltzmann constant affdis the absolute temperature. ~ ¢an be estimated from experimental data. See the text for detail.
To investigate the solute-size effect of urea on hydrophobic

hydration, we also calculated solvation free energies as the size of aassociation constar€, was 0.61 M in 7 M urea and 0.53
hydrophobic solute was varied. In this calculation, thedynamics M~1in pure water Ry, = 5.1 A). These results are similar to
method® was used4 is a coupling parameter of potential functions.  those reported by Wallgvist et al., although we used a different
As 1 is changed from 0 to 1, the parameters such as the volume of water potential from the potential they used. (They used the

solute and_the solutesolvent |nterac_t|on are changed._ln thelynamics SPC model, and we used the TIP3P model.) These results seem
method,1 is also treated as a variable like a coordinate, and the free

energy profile alongl can be obtained. The WHAM was used in the _to contr_adict the hypothesis_the_lt urea weakens the hydropho_bic
estimation of the free energy profile. Thelynamics method provides ~ INteractions. The hypothesis is largely based on increasing

robust estimation of free energi&sThe restraint potentiak, for 1 solubilities of many kinds of hydrophobic molecules by addition
was set as follows: of urea. To understand the discrepancy between the previous
hypothesis and the results of our simulations, a detailed
E. =K — 1) (4) comparison between the solubility data and simulation results
was made below.
whereK. was 200 kcal/mol, and; was set from O to 1.2 at 0.1 intervals. As described in the Method section, to compare the calculated

Twelve independent simulations were performed, and one free energyPMF with the solubility data, we divided the PMF into the direct
profile was obtain(_-zd by _combining the re_s_ults _obtained by using the jnteraction between two methane molecules and the cavity
WHAM. In each simulation, a 20 ps equilibration run and a 100 ps qential of mean force (CPMF, the indirect contribution of
productive run were performed. The total simulation needed to obtain solvent). The CPMF indicates that the closer two methane
one free energy profile alongwas 1.2 ns. . . ; .

molecules get, the more urea stabilizes the pair configuration
Results and Discussion (Figure 2).

The CPMF value can be estimated from the solubility data
in the following way (Figure 3). This method is an application
of the method proposed by Ben-N&%i°to aqueous urea. The
association state of two methane molecules is approximated as
an ethane molecule, and the difference between the CPMF
values at 1.52 A (the distance between two carbon atoms of an
ethane molecule) in aqueous urea and in pure water is estimated

Potential of Mean Force between Two Methane Molecules
in Aqueous Urea.The potentials of mean force between two
methane molecules in pure waterdan M urea are shown in
Figure 1. The error bars in the figure indicate minimum and
maximum values obtained from divided runs. The PMF indicates
that urea stabilizes the metharmmmethane contact pair. The

(27) Prue, J. EJ. Chem. Educ1969 46, 12. as the difference between the transfer free energy of ethane from
(28) (a) Kong, X.; Brooks, C. L., lllJ. Chem. Phys1996 105, 2414.
(b) Ikeguchi, M.; Shimizu, S.; Tazaki, K.; Nakamura, S.; ShimizuCKem. (29) Ben-Naim, AJ. Chem. Phys1971, 54, 1387.

Phys. Lett.1998 288 333. (30) Ben-Naim, AJ. Chem. Phys1971, 54, 3696.
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Figure 4. Transfer free energies of alkanes from pure water to aqueous
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Figure 5. Solute-size dependence of the solvation free energy of a
hydrophobic sphere in aqueous urea (solid line) and in pure water
(dashed line)A is a coupling parameter. Whéris 0, a solute molecule
is absent. The state 4t= 1 corresponds to a methane molecule. From
1 to 2, o increases from the value for methane to the value for
neopentane, keeping constant. The state &t = 3 approximately

Ikeguchi et al.

molecules. Therefore, it is clarified that there is no contradiction
between the simulation results and the solubility data. The value
of our simulation result€0.71 kcal/mol) is almost twice the
experimental value. However, taking into account that a methane
molecule and a methyl group were approximated as the same
Lennard-Jones sphere, we consider that the qualitative agreement
is important.

Solute-Size Effect on Hydrophobic Solvation in Aqueous
Urea. The stabilization of the contact of two methane molecules
by urea seems to be inconsistent with the previous hypothesis,
in which urea weakens hydrophobic effects. This is because
small hydrocarbons such as methane and ethane have larger
solvation free energies in aqueous urea than in pure water
(Figure 4). Hydrocarbons with more than two carbon atoms,
however, have smaller solvation free energies in aqueous urea
than in pure water. The previous hypothesis is largely based on
decreasing solvation free energies of comparatively large
hydrophobic molecules by addition of urea. Therefore, it is
important to elucidate the solute-size dependence on solvation
free energies in aqueous urea.

We therefore performed another molecular dynamics simula-
tion to calculate the free energy profiles corresponding to the
change of the solute size ¥ M aqueous urea and in pure water.
The solute-solvent interaction is represented as the Lennard

Jones potential
12 6
wo =4 (7}

where the parameter denotes the amount of the attractive
interaction and the parameter denotes the radius of the
excluded volume. Both parametersand o were changed in
our simulation.

We first increased the parameters from 0 (solvent only) to
their values for methane & 0.294 kcal/mol and = 3.73 A).

()

corresponds to a neopentane molecule. The differences between fred NiS is shown in Figure 5 as the changeidfom 0 to 1. The

energies in aqueous urea and in water are presentee-dt andi =
3. The unit of the free energies is kilocalories per mole. The numbers
in parentheses are experimental values of the free energies.

water to aqueous urea\Gg.n) and twice the transfer free
h—~u

energy of methane from water to aqueous ureeGZ. ). If

difference between free energies in aqueous urea and in pure
water atA = 1 corresponds the difference in the solvation free
energies of methane. Both the simulation result and the
experimental value are positive, and this indicates that methane
is more soluble in pure water than in aqueous urea. Our
simulation result agrees with the experimental result.

we designate the difference between these CPMF values as Keeping the parameterat the methane value, we increased

AAGepm(1.52 A), we can write

AAG,,,{1.52 A)= AGy,(1.52 A) — AG{,, (1.52 A)

w—u
ethane

= A 2A m;ﬁane (5)

whereAG;,,(1.52 A) andAGy,

epm(1.52 A) are respectively the

the parameter from the value for methane (3.73 A) to the
value for neopentane (6.15 A). In this process, only the excluded
volume increased, while the soluteolvent attractive interaction
was unchanged. The neopentane parameters published by
Kuharski and Roskky were used. According to solubility data,
neopentane is more soluble in aqueous urea than in pure water,
and the solvation free energy difference for neopentar®i20

CPMF values at 1.52 A in aqueous urea and in pure water. Thekcal/mol. The simulation result, however, shows that the larger

W—u

transfer free energy of each soluteG, ;. is estimated from
the solubility data in agueous urea and in pure water by using
the following equation:

W
Psolute

=KTIn——
u

Psolute

wW—u
solute

A (6)

Where peoue @Nd peoie @re the number densities of solute in
aqueous urea and in pure water. By substituting the solubility
data published by Wetlaufer el dinto egs 5 and 6, we estimate
AAGepm(1.52 A) to be—0.298 kcal/mol. The negative value

the excluded volume is made, the less soluble in agueous urea
the solute is. This simulation result disagrees with the experi-
mental result even qualitatively. Therefore, the excluded volume
does not cause the stabilization of solvation of large hydrocar-
bons in aqueous urea. Our result does not support the hypothesis
that urea lowers the free energy of cavity formatién.

We also performed a series of simulations in which the
parameter was increased. This is shown in Figure 5 as the
change ofl from 2 to 3. Although Kuharski and Roskky used
€ = 0.8351 kcal/mol for neopentane, we increasexer their
value to 1 kcal/mol for qualitative analysis. Asncreases, the
difference between free energies in aqueous urea and in pure

indicates that urea stabilizes the association of two methanewater becomes smaller, and eventually the solute becomes more
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Figure 6. Solute-water potential functionsy,(r) atA = 2 andl = 3.

soluble in aqueous urea than in pure water. This tendency agrees

with the solubility data.
The solute-solvent Lennard Jones potentials(r) for A =
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7
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6 perturbation: case 1

perturbation: case 2

2 andA = 3 are displayed in Figure 6. The change of the
negative part ofuy(r) corresponds to the increase in the
attractive interaction between solute and solvent. The positive
part of u y(r) is also altered, and the change may have some
influence on the effective size of the solute. To investigate the

relationship between the changewf(r) and the free energy
change, we analyzed the free energy change ftom2 to 3
using perturbation theor.%2

In the perturbation theory, the pair potential functian) is
separated into a reference pag{r) containing the repulsive
interactions and a perturbation peyfr) containing the attractive
interactions:

u(r) = Up(r) + uy(r) (8)

Consider a coupling parametearfrom uo(r) to u(r). The pair
potential functionuy(r) for the stateo. is

Uy (r) = Up(r) + aty(r) 9)
The difference between the free enef@yfor the stateo = 1
and the free energy for the reference state = 0 is

G- Gy=p; da [ druy(r)g,(r)

wheregq(r) is the pair correlation function for the system
and p is the number density of molecules. If the repulsive
interaction mainly determines the structure of fluids, toefn)

= go(r), and the integration of eq 10 with respecitds easily
performed:

(10)

G-Gy= Pf druy(r)gy(r)

Extension of this derivation to the system of multiatomic
molecules is straightforward.

(11)

The above perturbation theory was applied to the change of

A from 2 to 3. One can assign a reference pg(t) and a
perturbation parti(r) such as

uy(r) =u,r;A=2) (12)
u(r) = U A =3) —uy,(r; A =2) (13)

whereuyy(r; 4 = 2) anduy(r; 4 = 3) are the solutesolvent
Lennard-Jones potentials far= 2 and1 = 3, respectively.

(31) Barker, J. A.; Henderson, D. Chem. Phys1967, 47, 4714.
(32) Andersen, H. C.; Chandler, D.; Weeks, JAdv. Chem. Physl976
34, 105.
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Figure 7. Solvation free energies from the perturbation theory in three

cases compared with the full simulation usifglynamics. (a) The

solvation free energiesi7 M urea. (b) The solvation free energies in

pure water. (c) The difference between the solvation free energies in 7

M urea and in pure water. See text for details.

We denote this assignment as “case 1". However, in this
assignment, the approximatiap(r) = go(r) cannot possibly
apply in the positive region ofiLy(r). Barker and Henderson
assigned the negative part of the Lennard-Jones potential to
uy(r).3% In “case 2", we used the perturbation paﬁ*(r),

BH(r) = uy(A=3)-uyi=2)rzo
0 r <o

(14)

Andersen et al. assigned the positive region of derivative of
uLy(r) to uy(r) in terms of attractive “force®? In “case 3", we
used the perturbation pauf“"(r),

usrA=3)—uyi=2) r > 2%

=3 {—ei=2) r<o;

uMrn) = [

wheree(d = 2) ande(A = 3) are the Lennard-Jones potential
parameters for the systemd = 2 andA = 3, respectively.
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results showed that urea increased the free energy of cavity
formation. Thus, our results do not indicate that removing such
water molecules in the hydrophobic state by urea would stabilize
hydrophobic solvation. The stabilization of hydrophobic sol-
vation by urea is due to the solutsolvent attractive interaction.

For small molecules such as methane and ethane, the free energy
change in process | is larger than that in process Il. For large
molecules which have more interaction sites, the free energy

pure solvent

\ Process | cavity formation
AG>0 ACp>0

ggg;ggfggﬂcesfgm change in process Il decreases, and the net free energy change
) becomes negative. Thus, the enhanced solvation of compara-
Urea increases . . .
hydrophobic free energy tively large hydrophobic molecules is due to the sotkgelvent
attractive interactions. These effects are also supported by the
fact that, while the surface tension, which is the interfacial free
\ Process Il attractive interaction energy between the aqueous urea and the gas phase, increases
AG<0O AH<O as the urea concentration increa%ese interfacial tension
U between aqueous urea and hydrocarbon liquids decreases as the
rea decreases i .
hydrophobic free energy urea concentration increas®s.
Muller succeeded in explaining urea effects on the solvation
free energy, entropy, and enthalpy of hydrophobic solutes by

_ — _ _ applying his modified hydration shell hydrogen bond model to
Figure 8. Decomposition of the solvation process into two parts. an aqueous cosolvent such as ufgBhis model introduces the
Process | is the cavity formation, and process Il is the introduction of Zractive van der Waals interaction between solutes and urea
the solute-solvent attractive interactions. molecules in addition to replacing water molecules in the

For the three cases, the perturbation theory was applied, andﬁydrophoelﬁist;te t;y umrle ?1'[ \t/lvetﬁor;i?e(; thtailt :]hef rtiasot?r fo;it/he
its results were compared with the full simulation using success ot nis theory might be the introduction ot the attractive

A-dynamics. The pair correlation functigg(r) was calculated van der Waals interaction. . .
from 1 ns molecular dynamics simulations for= 2 in 7 M How does urea denature protein? Because groups of proteins

urea and in pure water. The free energies from the perturbationare conr_lected by covalent bonds even in the denatu_red state,
theory n 7 M urea and in pure water are shown in Figure 7a we conglder that th? quel of two methane moleculeg IS notan
and 7b, respectively. Figure 7c shows the difference between"j"ppr()pr.'ate approximation of the exposed hydrpphoblc groups
the free energiesni7 M urea and in pure water. For all three of proteins. The exposed hydrophobic groups might correspond

cases, the difference decreased asreased. The result from to large hydrophobic molecules. Therefore, in aqueous urea,

the perturbation theory generally agrees with the full simulation. ;[/C(Sa%?]:;jphﬁ?iiscpig;esrigﬁitti;rr‘nﬂrsi}[/igg iﬁ;céizg;?elgi:gir:gi%h:ngzel
Because the free energy change in the perturbation theory ISof the hydrophobic core that is more realistic than methane

due to attractive interactions between solute and solvent, our | |
result indicates that the solutsolvent attractive interaction ~ MO'€CUES. . . .
In this paper, we studied only aliphatic hydrocarbons,

causes the stabilization of hydrophobic solvation by urea. ; )
Figure 8 shows how the solvation process can be divided although the aromatic hydrocarbons are more soluble in aqueous
urea. Possible reasons for this are the dispersion force,

into two parts: process | of cavity formation and process Il of . .
the introduction of the solutesolvent attractive interaction. electrons, and electrostatic effe_cts. The eﬁec_t of urea on aromatic
Characteristics of hydrophobic effects such as the large positivehydrocarbons should also be investigated in the future.
heat capacity change and the entropy decrease at room tem- Acknowledgment. We thank the authors of the FFTW
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