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ABSTRACT We consider whether the continuum model of hydration optimized to reproduce vacuum-to-water transfer free
energies simultaneously describes the hydration free energy contributions to conformational equilibria of the same solutes in
water. To this end, transfer and conformational free energies of idealized hydrophobic and amphiphilic solutes in water are
calculated from explicit water simulations and compared to continuum model predictions. As benchmark hydrophobic
solutes, we examine the hydration of linear alkanes from methane through hexane. Amphiphilic solutes were created by
adding a charge of *£1e to a terminal methyl group of butane. We find that phenomenological continuum parameters fit to
transfer free energies are significantly different from those fit to conformational free energies of our model solutes. This
difference is attributed to continuum model parameters that depend on solute conformation in water, and leads to effective
values for the free energy/surface area coefficient and Born radii that best describe conformational equilibrium. In light of
these results, we believe that continuum models of hydration optimized to fit transfer free energies do not accurately capture
the balance between hydrophobic and electrostatic contributions that determines the solute conformational state in aqueous
solution.

INTRODUCTION

The thermodynamics of self-assembly in aqueous solutioiKaminski et al., 1994; Rosenberg et al., 1982; Tobias and
is governed in large part by the microscopic structure andBrooks, 1990; Wallqvist and Covell, 1995, 1996) have
organization of water around solutes having distinct chemiikewise proven useful for examining the influence of hy-
ical architectures. Perhaps the simplest self-assembly pra@rophobic interactions in stabilizing certain molecular con-
cess driven by solvent-mediated forces is the pairwise aformations in aqueous solution.

sociation of methane in water. Explicit water simulations For applications involving macromolecular solutes, ex-
have been applied extensively to characterize the methangticit water simulations have only limited utility because of
methane potential of mean force in water (New and Bernethe large number of waters of hydration and the large
1995; Pangali et al., 1979; Smith and Haymet, 1993; vamumber of solute internal degrees of freedom that must be
Belle and Wodak, 1993; Young and Brooks, 1997), whichtaken into account. The statistical precision required for
in turn has been useful for inferring the influence of hydro-these simulations places inordinate demands on computa-
phobic interactions on the self-assembly of more complitional resources and limits the system sizes that can be
cated solutes. The effects of temperaturédg@mann et al., realized. An alternative approach is to use implicit water
1996, 1997; Skipper et al., 1996), pressure (Hummer et almodels, such as those embodied in continuum models of
1998; Payne et al., 1997), and the shape of simple, idealizegldration. Solvent-mediated driving forces are accounted
hydrophobic solutes (Garde et al., 1996; Wallqvist andtor within the context of the continuum model, but the
Berne, 1995a,b) on hydrophobic interactions have beefhnerent differences between water organization around hy-
studied with this approach to provide insights into theqrophobic and hydrophilic solutes lead to disconnected the-
molecular mechanisms of, for example, protein foldinggretical treatments of hydrophobic and hydrophilic hydra-
(Kauzmann, 1959) or surfactant self-assembly (Hunterjon For example, the hydrophobic contribution to the free
1987; Israelachvili, 1992) in aqueous solution. Explicit Wa-energy of hydration is usually taken to be proportional to
ter simulations of the hydration of simptealkanes (Garde ¢ te surface area (Chothia, 1974; Hermann, 1972; Reyn-
etal., 1996; Jorgensen, 1982; Jorgensen and Buckner, 198{jyq et al., 1974), although the definition of surface area is
not unique (Lee and Richards, 1971; Richards, 1977). Elec-
trostatic contributions, on the other hand, are calculated
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1995b), have been described successfully by using the cotlhe backbone dihedral angles,= (¢4, ¢», . .., ¢). The
tinuum model with parameters fit to the solubilities of small probability of observing a specific solute conformation in
nonpolar and polar solutes in water (Schmidt and Finewater is dictated bAA,, (¢$) and the intramolecular energy
1994, Sitkoff et al., 1994, 1996). However, the physicalof this solute conformation in the ideal gas; (¢):
significance of these parameters is not evident, and the
consequences of applying these parameters to the descrip- P(¢)oc expl—BlAA(d) + AEi ()] (1)
tion of complex self-assembly phenomena are uncertain.

Continuum model parameters can also be fit to explicitynere g~ = k,T. The normalized distribution of confor-
water simulations as a means of evaluating the intrinsignations depends only on relative energy differences and not
macroscopic approximations to “microscopic reality” in the ihe apsolute value of eitheXA () or AE,(¢). In this

continuum model. For example, a consequence of treating,r we neglect the intramolecular contributions and focus
water as a macroscopic dielectric medium is that the SOIany on the hydration contribution; i.eAA () as a
vent-induced electrostatic potential varies linearly with¢,~ion of o. Y

charge on the solute (Aqvist and Hansson, 1996; Figueirido e n ajkane hydration free energies were calculated as

et al.', 1994; Pratt et ?I" 1994). Thus.the electrostatic CONthe sum of hydration free energies for incrementally trans-
tribution to the hydration free energy is proportional to theforming C,_,into C,
Y ,

square of solute charge. Extensive simulations of both ionic
and polar solutes in explicit water have been carried out to )
test the validity of the continuum approximation, which for
ion hydration is found to hold over a wide range of ionic APy Co = Cp) = _E AAuo(Ciy — C) (2)
charge (Garde et al., 1998; Hummer et al., 1996b; Jayaram o
et al., 1989; Kalko et al., 1996; Straatsma and Berendsen, . .
1988). In contrast, electrostatic interactions between pola¢h€ren is the hydrocarbon chain length and, Genotes
solutes and water frequently do not exhibit a linear responsBU'e Water. ThedA,,(C;_, — C) values are determined
(Aquist and Hansson, 1996). In particular, when the polaffom the free energy perturbation (FEP) expression (Zwan-
solute is water itself, the solvent response is distinctly?'9: 1954),
nonlinear (Hummer et al., 1995; Rick and Berne, 1994).

The central question we address in this paper is: Can th@AndA — A + 3A)
continuum model describe simultaneously the vacuum-to- _
water transfer free energies of simple hydrophobic and = ~keT Er(exp(—B[EA + 84) — BV,

amphiphilic solutes, as well as their conformational equi- here A ref he ref Nd+ SA h
libria in agueous solution? To this end, we consider ideal-" ereb (rje ers tof the reterence Stﬁte anc+ | to the
ized hydrophobic and hydrophilic solutes at infinite dilution PErurbed state ot the systefA) Is the potential energy in

in water and calculate their free energies of transfer fronpt@t€, and the brackets . ), denote averaging over sol-
vacuum to water, as well as the change in free energy ofent configurations in statg. Fpr the tfansformatlon iC,
hydration for well-defined conformational transitions. The — Ci» the Lennard-Jones (LJ) interaction parameiermsnd
normal alkanes serve as benchmarks for hydrophobic hye: ©f the individual methyl groups are scaled linearly with
dration. We consider as weitbutane with a charge of 1e 1 1iS involves “growing in” theith methyl group at a chain
(eis the fundamental unit of charge) added to one terminafNd and simultaneously transforming the LJ parameters of
methyl group. These ionic tetramers were selected for twdhe existing groups as required by the OPLS parameteriza-
reasons. First, the effect of electrostatic interactions witHion described below, i.ee, = Aéfna + (1 — A€o @ando
water can be separated from the underlying hydrophobic= A¥finai T (1 = A)0iniay. Perturbations obA = *0.05
contributions, because the hydration thermodynamics ofvere performed at fixed values af from 0.05 to 0.95 in
n-butane has been studied extensively by simulation. Sedncrements of 0.10AA,, (C;_, — C)) is then calculated as
ond, these solutes represent idealized models of amphiphili@e sum ofAA, 4(A — A + 8A) from A = 0 to 1. These
molecules for which we can adjust unambiguously the balcalculations were carried out forbutane,n-pentane, and

ance between hydrophobic and hydrophilic interactions. Nn-hexane in the altrans conformation ¢ = 180°).
The free energy of hydration as a function of conforma-

tion for n-butane and the charged tetramers was calculated
by replacing the perturbation variablewith ¢. The differ-
FREE ENERGY PERTURBATION USING EXPLICIT ence in hydration free energy between ti@(¢ = 0°) and
WATER SIMULATIONS trans (¢ = 180°) conformationsAA,, (0° — 180°), was
The free energy of hydratiot\A,,,, for a monatomic solute determined at fixed values ap from 7.5° to 172.5° in

is defined as the free energy of transferring the solute fronincrements of 15.0° witld¢ = *=7.5°.

vacuum to water (Ben-Naim, 1978; Ben-Naim and Marcus, The free energy of charging the ionic tetramers in water
1984). For molecular soluteaA,, 4 also depends on solute was calculated by scaling the solute charggby A. This
conformation, which for linear alkane chains we define byfree energy expanded to second ordegdis (Hummer et
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al., 1996b; Pratt et al., 1994)

AAhyd(O - qs)
— 9B/ — BEI2L((9E/gs — (IEIagDe (4)  “Awd0 = @) = /2019090 + (BI04,

_ kBT<02|36q§>o] - qu/lz[«aaaqS_ <8Baq3>0)2>0

2
For a system that is truly infinite in size, the ion-water — ke T(0°E/agi)o ®)

electrostatic energy is directly proportionaldomultiplied — ((9E19a. — (9Elo 2
by the electrostatic potential at the charge sltes dE/dq, (« %~ ¢ o) Vs
+ ke T(O’E/0qR)q]

and 9°E/aq is zero. However, for the finite, periodic sys-

tems employed in our simulations, self-interactions arise

(Hummer et al., 1996b) and must be accounted for irwhich is exact to fourth order ig.. It should be noted that

calculating the electrostatic energy. The self-interaction enthis expression requires simulation results only at the initial

ergy is quadratic irg,, and thuss?E/aq? is nonzero. and final charge states to obtain an accurate estimate of
The only difference between positive and negative ions iMA, (0 — qJ).

Eq. 4 arises fromdE/dgy,, the electrostatic potential at  Canonical ensemble Monte Carlo (MC) simulations

zero charge. Previous studies have shown that this quantifiallen and Tildesley, 1987) of one solute molecule at infi-

is positive, thereby favoring the hydration of anions (Ash-nite dilution in water were performed at a temperature of

baugh and Wood, 1997; Hummer et al., 1996b, 1997; Pra25°C and a water density of 0.997 gf&nThe details of

et al., 1994). The fluctuations in the electrostatic potentialthese simulations are given in Table 1. Water was modeled

however, depend strongly on the sign@f(Garde et al., using the simple point charge (SPC) potential (Berendsen et

1998; Hummer et al., 1996b), and in Eq. 4 these fluctuationgl., 1981). Then-alkanes were modeled using the OPLS

are evaluated only at zero charge. Therefore, a more accunited-atom LJ potential parameters (Jorgensen et al.,

rate expression foAA,, (0 — dJ), which incorporates this
information at charge statg, is (Hummer and Szabo, 1996)

TABLE 1 Conditions and simulation lengths for the free energy determinations. All simulations were conducted at 25°C with
one solute molecule at infinite dilution in N, water molecules.

n-Alkane solubility simulations. Ten simulations between the initial and final solute states were performed, hdieid at values from

0.05 to 0.95.

Volumé* No. of equilibration No. of sampling
Simulation* N, (A3 passes peks passes peks
C,—C; 216 6518 40,000 200,000
C,—GC, 216 6569 40,000 200,000
C, > Cg 216 6598 40,000 200,000
C;—>C, 216 6628 40,000 200,000
C, —Cs 216 6658 40,000 200,000
Cs — Cq 216 6687 40,000 200,000

Charging simulations for the terminal carbontadns-butane
Volume' No. of equilibration No. of sampling
Simulation N, (A3 passe¥ passes

C, 212 6522 40,000 160,000
C,(gs = +1¢) 212 6522 40,000 160,000
C,(gs = —1¢) 212 6522 40,000 160,000

Cis to trans conformational free energy simulations of uncharged and charged butane. Twelve simulations between the initial and final conformational
states were performed, holdirgfixed at values ranging from 7.5° to 172.5°.

Volume' No. of equilibration No. of sampling
Simulation N, (A3 passes ped** passes ped**
C, (¢ = 0° — 180°) 212 6522 40,000 160,000
C, (¢ = 0°— 180°) 212 6522 40,000 160,000
C, (¢ = 0°— 180°) 212 6522 40,000 160,000

*As stated in the text, the alkane chains were grown into solution one alkyl site at a time in tr@naltonformation. The notation G- C,, ., ; denotes

a simulation in which an alkane carbon groups long is transformed into an alkane 1 carbon groups long.

#The volume of the simulation cell is obtain from the partial molar volume of water(30.0 A%) and the neat liquid alkane densities. For,a€ C, .,
transformation, the average partial molar volume of the initial and final solutes was used.

SOne MC pass is equal to four attempted solute movesNypdttempted solvent moves.

TA partial molar volume of 162 Ais assumed for both-butane and ionic tetramers.

*One MC pass is equal to one attempted solute move Mpdttempted solvent moves for the conformational simulations. Preferential sampling was
employed to enhance solvent moves in the vicinity of the solute (Owicki and Scheraga, 1977).
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1984). Solute-water cross-interaction parameters were ob- The GRF electrostatic energy of a systemNyf water
tained from the geometric mean combining rules, &g,,= molecules and one solute molecule is

(TeTww)™? and e, = (e.£,)- Potential and structural

parameters for water and thealkanes are given in Table 2. 303

LJ parameters for the charged tetramers were assumed to be Ecrr= 2 2 2 OuOwPorelrij)

the same as those for unchargetlutane. Minimum image I=I<I=Nw a=1 p=1

LJ interactions were truncated on a site-by-site basis at half

Nw v 3

the simulation box lengthl/2. Solute perturbations and
averages were evaluated on the fly once every MC pass (see * EI gl 52:11 GGy Porel )
Table 1). Statistical uncertainties in the free energy were (6)
estimated from block averages obtained by dividing the Ne 3 3
simulation runs into five equal blocks that were assumed to + 122 2 2 O OwPordTin,)
be independent. i=1a=1p=1

Electrostatic interactions were evaluated by the general-
ized reaction-field (GRF) method (Hummer et al., 1994). Vo
Although Ewald summation (De Leeuw et al., 1980) is +1/2 3 Y 0 OsPerellss,)
generally regarded as the best available technique for cal- a=1p=1

culating the electrostgtic energy of a periodic' system O(Nhereqw andq. are the water and solute partial charges,
charges, the method is slowed by the calculation of Iong'and v is the number of solute charge sites. A factor of

range Fourier space contributions. Th? GRF method, on thf/47reo is neglected in Eq. 6 for notational simplicity, where
other hand, neglects long-range contributions to the energy is the permittivity of free space. The effective GRF

. . - =0
and therefore can be evaluated more rapidly. Previous simsoctrostatic pair potential depends only on the minimum

ulatlpn studies have shown that .the two methods give e%'mage distance between charges and has a cutoff distance
sentially the same pair correlation structure of aqueous .

electrolyte solutions (Hummer et al., 1994, 1996b). Most
importantly, the two methods give identical charging free pgre(r) = 1/r(1 — r/r)*(1 + 8r/5r + 2r?/5r?)

energies of both ionic (Hummer et al., 1996b) and polar et 3 ()
solutes (Hummer et al., 1995). X O(re — 1) — mr/5L
where O(x) is the Heaviside unit-step function. The self-
TABLE 2 Interaction parameters and geometrical interaction potential is defined as (Hummer et al., 1995,
constraints of simulated water* and the n-alkanes* 1996b)YsrHr) = ¢grer) — 1/r. An electrostatic cutoff of
Lennard-Jones and electrostatic interaction parameters re = L/2 is used throughout this work. o
Molecular site o (A) e (kcal/mol) q© For a solute with one charge site € 1), the derivatives
Methane, CH 3.730 0.294 0.0 of the electrostatic energy with respectdoare
Ethane, CH 3.775 0.207 0.0 _
Propane and longer alkanes 9E/00s = Pore + Gsfore0) (8a)
Terminal carbon, CEl  3.905 0.175 0.0 and
(or =1 e for butane)
Interior carbon, CH 3.905 0.118 0.0 62E/8q2 — lpGRF(O) (8b)
SPC water °
Oxygen 3.16557  0.1554 -0.82 where
Hydrogen 0.0 0.0 +0.41
Nw 3
Intramolecular bond lengths Bgpe = 2 E qWB(PGRF(rNj“) (8C)
Bond r (A) i=1 a=1
Alkanes ®. ¢ is the direct GRF electrostatic potential at the solute
c-C 1.53 GRE™ "
SPC water charge site .dl.Je to the splvent water molecuhegRF(O)
O-H 100  corrects for finite system size and potential cutoff effects on
the electrostatic energy. Fog = L/2, the GRF self-inter-
Intramolecular angles action term isyigr0) = —24/5_ — #/20L. In the limit of
Angle (degrees) an infinite simulation size, it is easily confirmed that
Alkanes Ysrd0) = 0 andd ke corresponds to the truerlélectro-

C —Coy—Cos 109.47°  Static potential. Inclusion of the self-'interaction energy
SPC water makes the free energy of charging an ion robust such that
H-O-H 109.47°  the limiting infinite dilution value is approached for simu-

* See Berendsen et al. (1981). lations of moderate sizeN(, > 64) without further correc-

#See Jorgensen et al. (1984). tion (Hummer et al., 1996b).
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CONTINUUM MODEL OF HYDRATION dielectric cavity imbedded within a high dielectric solvent
(water) or in a vacuum. The resulting Poisson equation

The thermodynamic cycle employed by the Continuum(Jackson, 1975) for the electrostatic potential is

model to calculatedAy, 4 is depicted in Fig. 1. In the first

step the solute charges are turned off in vacudh,,. S qud(r —r,)
(gs — 0). In the second step the uncharged solute is trans- V2D,(r) = — asl T r € B, (11a)
ferred from the vacuum to the condensed aqueous phase, €€

AA, 4. Finally, the solute charges are turned back on in
solution, AA, (0 — qg). The work required to perform all and
three steps is the hydration free energy,

AAh AA/ac(sﬁo)_{_AAHo‘*’AAao—) 5) 9
e q ' d a ®) wherer is the spatial coordinatep; and @ are the elec-

The individual contributions td\A,, 4 are evaluated as fol- trostatic potentials in the interior and exterior regions of the
lows. solute denoted by Band B, respectivelyg; is the dielectric
The free energy of transferring-alkanes (excluding constant of the solute interiop, is the number of interior
methane) from vacuum to water is found empirically to besolute charges,rf is the set of charge positions, ad¢) is
linear with the molecular surface area of the solute (Herthe Dirac delta function®, and @, are subject to the

mann, 1972; Chothia, 1974; Reynolds et al., 1974). ThiSollowing boundary conditions at the solute/solvent interface:
observation suggests the following expression for hydro-

Vb (r) =0 r € B, (11b)

phobic contributions to the free energy of hydration (step 2 Di(r) = d(r) r € oB (12a)
in Fig. 1):
and
AAjp =vd4d +b (20)
wheres is solute surface areg,is the free energy/surface G.aq)i(r) =€ IP(1) r € 9B (12b)
area coefficient, antl is the free energy intercept. The free Loan ° an

energy/surface area coefficient is frequently referred to as a
surface tension, although its connection to a macroscopi q is the dielectri tant of th vent. and
oil/water surface tension is merely anecdotal. Several defi- and B, ¢, Is the dielectric constant of the solvent, an

nitions of solute surface area have been proposed: the vaa on ; is the delnv;\gve with respect to the outward unit
der Waals (vdW), solvent-accessible (SAS), and molecular/l'ac€ normai o
Poisson’s equation must be solved numerically for poly-

surface areas. Differences between these definitions are
tomic solutes. This is accomplished by using the boundary

discussed in detail elsewhere (Lee and Richards, 1971a
Richards, 1977). All three surface areas were calcuIate@lsir;:on;,?gtz(ﬁiéﬁEc';/'b) fnsc,j%IzI/)e/(;zeof]uar;a?HeoI?\';Z?f:aeltngm of
using Connolly’s Molecular Surface Program (Connolly,f,L996 Prattqet al.. 1997: Rashin. 1990: Yoon and Lenhoff,
1981, 1983) and thyl/methyl dW radi

) and a methyl/methylene group v radius 01990 Zauhar and Morgan, 1985). The electrostatic potential

1.9 A and a water probe radius of 1.4 A. i the solute int then obtained f
To evaluate the electrostatic contributions to the free® t a positionr in the solute interior is then obtained from

energy (steps 1 and 3 of Fig. 1), the solute is treated as a low

heredB denotes the interfacial surface bordering regions

O,(r) = 1/47ee, 2 ’ ’ + dgr)  (13a)
h
A _lq—0) where
q)surf(r)
Step4 | AA,, Step 2 | AAg, 1 abi(r)y 1 ® ad 1 dsd(r”
"~ 4mre, an r—r| n r—r’| ')

B

(13b)

and d4(r') is a differential area element of the solute
surface at’ € 9B. The first term on the right-hand side of
Eq. 13ais due to the direct electrostatic interactions with the
interior solute charges, anbl,{r) is the solvent contribu-

FIGURE 1 The thermodynamic path used to evaluate the hydration frediON to'the potential arising at the solute surface. The elec-
energy of a charged solute in a fixed conformation. trostatic free energy of transferring the solute from vacuum
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to aqueous solution is son solver developed by Neal and Lenhoff (Neal, 199%).
and o®;/on were assumed to vary linearly over each ele-

Y ment, and the surface integrals were evaluated using Gauss-
AAgec= 112 2, O [PoudT s € = €ad = PourlT o € = 1)] ian quadrature.

a=1

(14)

whereAAg .. = AA,{0s = 0) + AA {0 — ), €54is the . .
dielectric constant of water, ane, = 1 is the dielectric 1-Alkanes in aqueous solution
constant of a vacuung is assumed to be equal to 1 becauserhe calculatech-alkane free energies of hydration in SPC
the simulations neglect molecular polarizability. In this caseyater are reported in Table 3. Previously reported simula-
there is no dielectric discontinuity at the solute boundary inijon results for TIP4P water (Kaminski et al., 1994) and
a vacuum and\A,,{(ds — 0) is zero.e,qis set equal to 65, experimental values from the literature (Ben-Naim and
the dielectric constant of SPC water at ambient conditiong/iarcus, 1984: McAduliffe, 1966) are also included in this
(Hummer et al., 1995, 1996b). For larggthe continuum  table. Not surprisingly,AA, 4 is positive for all of the
free energy is insensitive to the value Qf n-alkanes, indicative of their low solubilities in water. The
For a spherical ion in solution, Poisson’s equation can bgree energies obtained from the SPC water simulations are
solved analytically. In this case, the charging free energy isn very good agreement with those calculated from the
given by the Born equation (Born, 1920): TIP4P water simulations. The simulations also predict, in
2 _ accord with experiment, thatA, 4 decreases from methane
Aciec = ~Ge/BTER(L — Leag (15) to ethane, but then increases with increasing carbon number
whereR is the Born radius of the ion. The Born radius is for longern-alkanes. However, the simulations significantly
typically treated as an adjustable parameter that reflects theverestimate the experimental valuesi@t, 4. The dispar-
effects of water structure in the vicinity of the ion. We ities between simulations and experiment are due in large
model the molecular solutes as a collection of spheres witlpart to the discrepancy in the incremental free energy of
Born radii that depend on the final charge of each carboradding a methylene group to ethan® ((C, — Cy) is
site. The radius of an uncharged methyl/methylene group).21 kcal/mol from experiment and 0.73 0.04 kcal/mol
R, is taken to be the vdW radius, 1.9 A. The Born radii of from the SPC water simulations. Differences between sim-
positively (R,) and negativelyR_) charged methyl groups ulation and experiment also occur to some extent as a
are fit to free energies obtained from explicit water simu-consequence of systematic differences in the OPLS united-
lations. The solute interior, ;Bis defined by the molecular atom parameters for methane, ethane, and propane (Table
surface (Richards, 1977), which is calculated by rolling a2). For propane and the longeralkanes, the united-atom
1.4-A-radius probe over the Born radii of the solute in aparameters are independent of chain length. Consequently,
given conformation. the incremental free energy of hydration of adding a meth-
The surface discretization afB was performed using ylene group to these alkane chains obtained from simulation
Zauhar's SMART (Smooth MoleculAR Triangulator) pro- is approximately constant<{0.2 kcal/mol) and is in good
gram (Zauhar, 1995). Rather than approximating each triagreement with experiment. Plotting the cumulative values
angluar surface element as flat, this algorithm generates af AA,((C;_; — C;) as a function ofa clearly illustrates
more accurate curvilinear representation of the solute sutthis behavior (Fig. 2). The incremental free energy profiles
face. An angle parameter of 25° was used to triangulate thior methane, ethane, and propamne=(1, 2, 3) show little
solute molecular surface (Zauhar, 1995). Using a finer eleresemblence to one another. However, febutane, n-
ment size did not affect the results significantly. The pentane, anch-hexane i( = 4, 5, 6), these profiles are
SMART discretized surface was input into the BEM Pois- practically indistinguishable.

RESULTS AND DISCUSSION

TABLE 3 Free energies and incremental free energies of hydration of the n-alkanes in water at 25°C

Solute SPC* AAyq (Coy — C) TIPAP Expt SPC* AAyq TIPAP Expt
C, 2.62(0.11) 2.46 (0.36) 1.93 2.62(0.11) 2.46 (0.36) 1.93
C, —0.05 (0.05) —0.13(0.20) —-0.16 2.57 (0.12) 2.33(0.41) 1.77
C, 0.73 (0.04) 0.98 (0.10) 0.21 3.30(0.13) 3.31(0.42) 1.98
C, 0.21 (0.05) 0.27 (0.17) 0.17 3.51(0.13) 3.58 (0.46) 2.15
Cs 0.18 (0.05) — 0.19 3.69 (0.14) — 2.34
Cs 0.23 (0.05) — 0.21 3.92(0.15) — 2.55

The units of free energy are kcal/mol. Numbers in parentheses are the statistical uncertainties reported as one standard deviation.

*SPC water simulations from this work with the solutes in thet@hs conformation. The LJ interactions were corrected to give the same effective
solute-water potential cut-offf® A for all alkanes, assuming the radial distribution function is equal to 1 far away from the solute.

“TIP4P water simulations (Kaminski et al., 1994). Results are not reportedsfanc G,

SValues obtained from experimentalalkane solubilities in water (Ben-Naim and Marcus, 1984; McAduliffe, 1966).
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1.25 discussed above. For the simulation resui§ns = 7.4
3 L cal/(mol A%) andbghs = 1.8 kcal/mol, which is obtained by
1.00 ] L fitting SAS areas for propane and the longer chain alkanes.
21 - i Free energies of hydrophobic hydration are typically corre-
015 lated with solute SAS area (Chothia, 1974; Hermann, 1972;
'g ] Reynolds et al., 1974; Schmidt and Fine, 1994; Sitkoff et al.,
3 050 1994, 1996). The vdW surface area or the molecular surface
g ] area could be used as well. Indeed, all three surface areas
® 025 correlate linearly withAA, 4 equally well, which is not
;ﬁ surprising, because all three surfaces are linearly correlated
0.00 g with each other for th@-alkanes. The calculated values of
v andb for the three surface areas are given in Table 4. In
-0.25 each case, the value gfobtained from simulation is some-
what greater than the experimental value. Apart from the
-0.50 — T ——— approximate nature of the intermolecular interactions used
0.0 0.2 0.4 0.6 0.8 1.0 in the simulations, a major difference between simulation

A and experiment is the constraint of fixed atns confor-
mation for then-alkanes imposed on the simulations. The
FIGURE 2 Cumulative values afA,,((C;_, — C)) as a function oft.  experimental results, on the other hand, are naturally aver-
Symbols correspond to=1(®),i =2 (0),i =3 (A),i =4 (A).i =5  aged over all available conformations. The valueyafill
(M), andi = 6 ([J). Results fori = 1 are plotted in the inset. . . . .
not change appreciably, however, if the simulation con-
straint is relaxed to sample more compact conformations
Free energies of hydration are plotted as a function ofvith lower surface areas, because the maximum change in
n-alkane SAS area in Fig. 3. Excluding methane, the expersolute surface area for the allowed conformational changes
imental values show a linear dependence on SAS area. J& Small compared to the total area. For example, the SAS
linear regression of the data give§: = 6.8 cal/(mol &)  area ofn-butane in thecis andtrans conformations differs
and b2 = 0.6 kcal/mol. The values obtained from simu- by only 4%.
lation do not show the same linear dependence below the
SAS area for propane, which can bel attributed to the SYStonformational free energy of n-butane
tematic differences in the OPLS united-atom parameters
The simulation results foAA, «¢) as a function ofn-
butane conformation are shown in Fig. 4. The increase in
AA «(¢) with increasingg indicates that hydration desta-
bilizes the elongatettans conformation ofn-butane rela-
tive to the more compacts conformation. This behavior is
consistent with the notion that hydrophobic interactions
tend to minimize the extent of oil-water contact. The
3.0 4 - AA «(¢) profiles are also in qualitative agreement with
previous simulation (Jorgensen, 1982; Jorgensen and Buck-
ner, 1987; Kaminski et al., 1994; Rosenberg et al., 1982;
Tobias and Brooks, 1990) and theoretical (Hummer et al.,

4.0 3 L

3.5 L

AA} 4 (keal/mol)

TABLE 4 Values of y and b (Eq. 10) for the n-alkanes in
water calculated from SPC water simulations and from

10 = experimental values for n-alkane solubilities in water
100 150 200 250 300 Simulation* Experimerit
. Surface y b v b
SAS Area (A2)
van der Waals 12 2.3 11 11
. Solvent-accessible 7.4 1.8 6.8 0.6
FIGURE 3 AA, 4 as afunction ofi-alkane SAS are#®, The SPC water Molecular 12 23 12 10

simulation results from this workO, TIP4P water simulation results
(Kaminski et al., 1994)A, Experimental values (Ben-Naim and Marcus, Simulation results were fit to the Qhrough G alkanes, and the experi-
1984; McAuliffe, 1966). The solid lines are the best fits of Eq. 10 to the mental results were fit to the Ghrough G alkanes. The units of are
results for the longer chain alkanes. The line through the experimental dateal/(mol A%). The units ofb are kcal/mol.

is AA,,4 = 6.8 cal/(mol B)sl + 0.6 kcal/mol, and the line through the *This work with the solutes in the atrans conformation.

simulation data isAA, 4 = 7.4 cal/(mol &)l + 1.8 kcal/mol.[J, The #Values obtained from experimentalalkane solubilities in water (Ben-
experimental value foAA, 4 of cyclohexane. Naim and Marcus, 1984; McAuliffe, 1966).
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FIGURE 4 AA, 4 as a function ofi-butane conformation referenced to
AA,,(0°) = 0. @, SPC water simulation results, The fit of Eq. 10 to the
simulation results, using the vdW surface< 109 cal/(mol &)). [J, The

fit of Eq. 10, using the SAS areg & 49.3 cal/(mol &)). Error bars on the
simulation results denote one standard deviation.

Molecular or vdW Surface Area (A2)

1996a; Pratt and Chandler, 1977; Zichi and Rossky, 1986§IGURE 5 AA,4 as a function oi-butane conformation as correlated

: : : with solute surface area referenceds#¢0°) = 0 (cis conformation).®,
studies of the free energy of hydration of differeAbutane VAW surface areay(~ 109 call(mol &)): O, molecular surface area &

Confqrmations in water. In Fig. asAhyd(d)) is plotted as a 111 cal/(mol &)); A, SAS area{ = 49.3 cal/(mol &)). The plots for
function of n-butane surface area rather than the backbongolecular surface and vdw surface areas are shifted down by 0.25 and 0.5

dihedral angle. All three surface area correlations shovkcal/mol, respectively, from the plot for SAS area. The root mean square
qualitatively a linear dependence bAhyd on surface area, difference between the simulation results and the linear f_it of Eq. 10 are
as suggested by Eq. 10. We calculate- 109, 49.3, and Ol.Ol, O.?3, and 0.03 I:_caII/moI for the vdW, solvent-accessible, and molec-
111 cal/(mol &) for the vdW, solvent-accessible, and mo- vial SUriaces, respeciive.

lecular surfaces, respectively. The vdW surface area corre-

lation gives the best fit of the simulation results based on

root mean square difference (see Fig. 5). The vdW surfacthe expectation that the free energy of forming a macro-
area correlation also captures most accurately the plateau stopic surface scales with its surface area. It is not evident,
AA 4 as a function ofp for ¢ > 90° (Fig. 4). The othertwo however, that this scaling should also hold for molecular
surface area correlations give plateaus closep te 180°  length scales, such as those associated with the surface areas
(trans conformation). See, for example, the fit of Eq. 10 to of simple linear alkanes. Previous simulation studies of
the simulation results, using the SAS area in Fig. 4. Then-butane in water have shown that the entropy of hydro-
success of the vdW surface area correlation is surprising iphobic hydration per water molecule depends on solute
light of recent studies indicating that the molecular surfaceconformation (Ashbaugh and Paulaitis, 1996). Simulation
area best describes the hydrophobic interactions betweestudies of the hydration of idealized spherical and ellipsoi-
methane pairs in water (Jackson and Sternberg, 1993, 199dal solutes have likewise shown that differences between
Pitarch et al., 1996; Rank and Baker, 1997). Interestinglysurface area derivatives of the hydration free energy could
the suggested value gffor methane-methane pair interac- be reconciled only if solute curvature was taken into ac-
tions, calculated using the molecular surface area, lies besount (Wallgvist and Berne, 1995b). These results suggest
tween 104 and 110 cal/(molZ}, in very good agreement that surface area scaling breaks down for molecular length
with they value for the molecular surface area correlation inscales.

Fig. 5. Experimental evidence for this breakdown can be found
The values ofy extracted from the-alkane free energies by comparing values oA, 4 derived from the measured
of hydration (Table 4) are an order of magnitude less tharsolubilities of cycloalkanes in water to those derived from

the values extracted from fits afA, 4 as a function of the solubilities of theim-alkane counterparts. The cycloal-
n-butane surface area (Fig. 5), regardless of how solutkanes can be thought of in this comparison as “collapsed”
surface area is defined. The justification for surface aredinear analogs of tha-alkanes constrained to ring-forming
scaling of the free energy embodied in Eq. 10 is based ogonformations AA, 4 = 0.80, 1.20, and 1.20 kcal/mol at
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25°C for cyclopropane, cyclopentane, and cyclohexan@ABLE 5 Simulation averages required to calculate the free
(Horvath et al., 1996), respectively. These values are muchnergy of charging the terminal methyl group of trans-butane

less tham\A,, 4 for ethane (Table 3), even though ethane jgWith Ea. 5

the most solubl@-alkane and has a lower surface area than Qs Oe +1le —le

the cycloalkanes. Moreover, as shown in FigA3y, 4 for (3., 84(04) —1239(07) 1886 (20)
cyclohexane falls well below the linear correlation for ex- ((9E/dq.— (1E/009)?)q, —  78.6 (1.4) 85.2(5.1) 105.0(3.3)

perimental hydration free energies of thalkanes. Based  ksT(0“E/dg0)q

on the experimentadA,, 4 and calculated SAS area differ- The units of electrostatic potential are kcal/(mgl The numbers in

ences betweeamhexane and cyclohexangjs 34 cal/(mol parentheses are the statistical uncertainties reported as one standard

A?). This free energy/surface area coefficient is much closefléviation.

in magnitude to the value we would calculate from the

conformational equilibria. Similar conclusions can be

reached for the other cycloalkanes. free energies of charging methane are slightly more nega-
We propose the following generalization of Eq. 10 totive, as expected, because the major contribution to the free

explain the large differences in free energy/surface areanergy is the electrostatic interaction with water molecules

coefficients derived from hydration free energies and fromin the first hydration shell of the ion. Methane has more

conformational equilibria. The reversible work required towater molecules in its first hydration shell than does the

form a hydrophobic surface in water is equahtd, where  terminal methyl group of-butane, because of the excluded

v is the free energy/surface area coefficient calculated fronvolume of the attached propyl group for the latter. In both

n-alkane free energies of hydration as a function of soluteases, the free energy of charging the anion is considerably

surface area (Table 4). The change in the free energy ahore negative than that for the cation.

hydration associated with a conformational changerfor The difference in anion and cation hydration can be

butane is given by assigned in part to the nonzero electrostatic potential at zero
charge: (0E/dq)y = 8.4 = 0.4 kcal/(mole) (Table 5).
Iysd) /9 = yast/a¢ + sddy/od (16)  subtractingy(9E/aq), from AA, 4 effectively removes this

The first term on the right-hand side of this equation iscontribution from the total free energy of charging, which
educes the asymmetry in ion hydratiog{oE/9qy, ac-

related to the change in hydration free energy due to & )
change in solute surface area. The second term reflects tf@unts for 10-15% of the total free energy of charging these
ions? Nonetheless, the difference is still significant:

change in hydration as a function of solute conformation.!°"S-
~65.2 = 0.8 kcal/mol and—86.4 = 1.1 kcal/mol for

The free energy/surface area coefficient evaluated from X ; : ! .
conformational equilibria is simply charging the cation and the anion, respectively. This re-

maining difference is due in large part to differences in the
I'=0(yd)/ddp X dp/od = v+ Adoy/od  (17)  microscopic structure of water around oppositely charged
o ions, which is a manifestation of the asymmetrical spatial
Thus the two free energy/surface area coefficients argjstripution of charges in the water molecule. That is, anion
equivalent wherdy/dsi = 0. However, whemy/asl # 0,1"  hyqration is favored over cation hydration because the pos-
andy can be substantially different, everdif/dsi is small, jtively charged hydrogens of water molecules in the first
because the second term in Eq. 17 is this derivative multinyqration shell can reside closer to the anion than can the
plied by the total solute area, a comparatively large quamitynegatively charged oxygens of water molecules in the first
Based on the vdW surface valueg £ 12.0 cal/(mol &), hydration shell of the cation (Garde et al., 1998; Hummer et
I' = 109 cal/(mol &), andst = 98.1 &%), we estimate that 5| 1996b).
az/agg = 1.0 cal/(mol &). Thusy varies from 8.3 call(mol  The Born radii for the charged methyl groups obtained by
A?) for cis nrbutane to 12.0 cal/(mol A for trans nbutane.  fitting the unadjusted free energies (i.e., those including a
nonzero value ofdE/aqy),) areR, = 2.82 A andR_ = 1.56
A, which are in reasonable agreement with the Born radii
obtained for charged methare; = 2.71 AandR_ = 1.54
The simulation averages for the electrostatic potential and. The largerR, relative to R_ is consistent with the
fluctuations in the electrostatic potential required to calcu-asymmetry in ion hydration attributed above to water struc-
late the free energy of charging the terminal methyl group oture. A consequence of assuming that the solvent responds
transbutane are reported in Table 5. From Eq. 5,as a macroscopic dielectric is that the free energy of charg-
AA, Oe — +1l¢) = -56.8 = 0.8 kcal/mol and ing is proportional taZ and therefore is independent of the
AA(O0e — —1e) = —94.8 = 1.1 kcal/mol. Based on sign ofqs (e.g., Eq. 15). Henc&®E/dgy), from the contin-
averages for the electrostatic potential and fluctuations imum model must necessarily be equal to zero by symmetry
the electrostatic potential recently reported for simulationgo charge reversal. A more appropriate comparison between
of charging methane in SPC water (Hummer et al., 1996b)the simulation results and the continuum model would be to
we calculateAA, (0e — +1e) = —60.3 kcal/mol and evaluate the Born radii from free energies with this contri-
AA,,«0e — —1€) = —106.6 kcal/mol, using Eq. 5. The bution removed. We obtaiR, = 2.42 AandR_ = 1.74 A

Free energy of charging trans-butane
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for the charged methyl groups pfbutane, and show below A
that these values yield better descriptions of the conforma- 025
tional equilibria of the charged tetramers than do the orig-

inal, unadjusted values of the Born radii. L

0.25 . L
Conformational free energy of the
charged tetramers 075 |

We expect a significant shift in thds-transconformational
equilibrium of n-butane when a terminal methyl group is
charged. The simulation results in Fig. 6 confirm this ex- 125 |
pectation. For both charged tetramers, the hydration free
energy is lower for the extendéiins conformation. This is
in contrast to unchargeatbutane, where the more compact
cis conformation is favored because of hydrophobic inter- ~ -175 : - . .
actions. The shift frontis to transis also greater for the 0 60 120 180
anion compared to the cation, which is consistent with the o (de

N . grees)
asymmetry in ion hydration noted above.

Assuming thatdE/dqy), is independent of solute confor-
mation, this contribution to the total hydration free energy
of the charged tetramers affects only its absolute value, not
the change in free energy associated with dietrans
conformational equilibriund. It follows, therefore, that the
adjusted Born radii, obtained frohA(¢) with q(dE/9qy)q =
subtracted, are preferred over the unadjusted values fo&
describing the conformational equilibrium of the charged =
tetramers. Continuum model predictionsiod, (¢) using £
the adjusted radii are compared with the simulation results &
in Fig. 6. The predicted conformational free energies 01‘21
hydration for the anion (Fig. B) are in excellent agreement
with the simulations results. We note that the continuum
model would predict an even more favorable free energy of -
hydrating thetrans conformation relative to theis confor- ; {114_%

18

AA 4 (keal/mol)

0.0 A L

-0.5 L

al/m

-1.0 J R

-1.5 L

mation had the unadjusted Born radifs (= 1.56 A) been -20 : - -
used instead. 0 60 120

In contrast to these results, the continuum model with

. . ¢ (degrees)

R, = 2.42 A fails to capture the correct qualitative features
of the conformational equilibrium for the cation (Fig/49. FIGURE 6 AA,,of the charged tetramers as a function of the backbone
In particular, the maximum idA,, ((¢) is shifted from the  dihedral angleg, referenced ta\A, (¢ = 0°) = 0. (A) Cationic tetramer.
cis to the gaucheconformation ¢ = 60°). The predicted @, Simulation resultsA, The continuum model predictions froR, =
gauchemaximum is a manifestation of the balance betweer?-42 A- 0. The continuum model predictions froR, = 2.01 A. @)

hvd hobi d electrostati tributi to the f Anionic tetramer®, Simulation resultsA, The continuum model predic-
ydrophobic and electrostalic contributions 1o the Ire€ €Ny, s rompr = 1.74 A. Error bars on the simulation results denote one

ergy of hydration, as shown in Fig. 7. Electrostatic contri-standard deviation. Hydrophobic contributions to the continuum model
butions toAA, 4 become more negative with increasifig  predictions use the vdw surface apd= 109 cal/(mol X).

indicating the expected gain in favorable electrostatic inter-

actions with water as the tetramer conformation becomes

more extended. For dihedral angles betwe#)i and~60°,  a smaller value of the Born radius is needed to fit to the free
however, hydrophobic contributions dominaléy, 4 such  energy profile for the cation in Fig. &. We find that
that there is an initial increase A, 4 with increasinge, guantitative agreement with the simulation results is ob-
followed by the maximum as electrostatic contributionstained withR, = 2.01 A (see Fig. ), but comes at the
gain in importance. We note that, f&t, = 2.82 A, the expense of a poorer prediction of the free energy charging
initial decrease in the electrostatic contribution of the hy-the cation. UsingR, = 2.01 A, the continuum model
dration free energy with increasing is less pronounced. predicts the free energy of charging the cation to#6.7
Thus thegauchemaximum would still be present, and the kcal/mol, which is substantially more negative than
agreement between the continuum model and the simulatiorr65.2 + 0.8 kcal/mol, the value obtained after adjusting for
results would have been worse. We conclude, therefore, that(dE/dqy),.

0
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0.5 studying hydrated macromolecules. Moreover, the contin-
b uum model establishes a convenient framework for discuss-
ing many aspects of hydration. In this paper we compared
implementations of the continuum model based on either
transfer or conformational free energies of hydation. Our
motivation was to assess the ability of the continuum model
to describe simultaneously the transfer thermodynamics and
the conformational equilibria for a collection of simple
hydrophobic and amphiphilic solutes in water.
05 | | Continuum hydrophobic effects are embodied within
\ the free energy/surface area coefficient. Comparing the free
energies of hydration of the-alkanes to the conformational
free energy profile of-butane in water, we have shown that
v can differ by as much as an order of magnitude, depending
-1.0 . . . . on which process is modeled. Furthermore, althowgh
0 60 120 180 alkane hydration free energies are described equally well by
vdW, solvent-accessible, or molecular surfaces, the vdwW
surface is the best choice for the conformational equilibrium
FIGURE 7 Hydrophobic and electrostatic contributionsitay, ,, pre- ~ Of n-butane. These observations highlight the empirical
dicted using the continuum model wi, = 2.42 A.®@, The hydrophobic ~ nature of a linear relationship between surface area and
contributions to the free energa, The electrostatic contributions to the hydration free energy (Eq. 10), and suggest that microscopic
free energy.@, The total free energy. Hydrophobic contributions are hydrophobic effects are richer than implied by this simple
calculated using the vdW surface amd= 109 cal/(mol &). .
correlation.
A gquestion that naturally follows is: To what extent can
these simple linear free energy relationships be applied to
To examine why the optimaR, is different for the the hydration of macromolecular solutes? We are currently
charging and the conformational free energies of hydratiorexamining the conformational behavior of longealkanes
for the cation, we consider the free energy of chargingn water to gain insight into this question (Ashbaugh, 1998).
cis-butane. Path independence of the free energy guaranteBecent simulations of the collapse midodecane in water
that have led to an estimate farof 140 cal/(mol &), based on
the molecular surface area (Wallgvist and Covell, 1995,
APy 08 — +16)[¢-150- = AP0 — +16)[4—0r (18) 1996). We estimate for the collapse oh-dodecane to be
= AAL(0° — 180,10 — AAL0° — 180)|ce 110 cal/(mol &) yvhen we account for differences in the
methyl group radius that was used in that study and fere.

0.0 4 2

AA (kcal/mol)

0 (degrees)

from which AA, (Oe — +1€)|,_o- = —63.4+ 0.8 kcal/l  This value is in very good agreement with our result for
mol, after subtractingy(dE/aqy),. Fitting the continuum n-butane. Thus it appears reasonable that the valug of
model to this value, we obtaiR, = 2.46 A. ThusSR, =  determined from the conformational equilibrium fiotbu-

0.04 + 0.004 A for thetransto cis conformational change. tane conformation can be applied to significantly longer
Using an analytical approximation based on the Born equaehain n-alkanes. Recent continuum modeling of alanine
tion to determine the effect of changing the Born radius ondipeptide conformational transitions (Marrone et al., 1996;
the free energy of charging the tetramer, we find the optimabsapay et al., 1996; Schmidt and Fine, 1994) arldelix
value of R, = 2.45 A for thecis conformation, in good propagation (Yang and Honig, 1995a) concluded that hy-
agreement with the value calculated ab3We conclude, drophobic contributions to these processes are negligible
therefore, that changes in the Born radius on the order oind that they are driven by electrostatics. However, the
1-2% as a function o can significantly alter the confor- continuum parameters used in these studies were optimized
mational equilibrium of the charged tetramers. The differ-to experimental information on transfer thermodynamics. In
ence betweerR, optimized to either the charging free light of the present results, the conclusions drawn above
energies of thdrans and cis conformations R, = 2.42—  regarding biomolecular conformational equilibrium most
2.46 A) or thecis-trans conformational free energyR(. = likely have underestimated the magnitude of the hydropho-
2.01 A) is analogous to the difference jrvalues obtained  bic driving force toward collapse.
from the hydration free energy and conformational free Like +y in the continuum treatment of hydrophobic ef-
energy of the uncharged tetramer. fects, the Born radius in the continuum treatment of elec-
trostatics is empirical in nature. We identified two defini-
CONCLUSIONS tions pf the Born ra}dius that can .be applied to calculate
charging free energies of the terminal methyl group of the
The computational efficiency of the continuum model rel- cationic and anionic tetramers. The difference between
ative to explicit water simulations makes it appealing forthese definitions is a contribution that corrects for the re-
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sidual electrostatic potential of the uncharged cavity incretization program. HSA thanks Dr. S. Garde and Prof. R. H. Wood for

water. It was shown that values of the Born radii accountingnany useful discussions.

for this correction give a more accurate description of theFinancial support from the National Aeronautics and Space Administration

conformational free energies of the charged tetramers ifNAG3-1954), the Nfational S_cience Found_ation (BES-9_210401 and BES-

water. Thus we conclude that hydrophobic and electrostati§510420)’.and a National Science Foundation Fellowship for HSA (GER-
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contributions are not completely decoupled, as is assumed2

in the continuum treatment. Indeed, a significant contribu-

tion to the free energy of ion hydration can be attributed toENDNOTES

the hydration structure in the vicinity of an uncharged _ ) )
cavity. Taking this hydrophobic contribution into account in 1 "¢ potential at zero charge appears to contrieE/oqy), to the

. . . . . charging free energy calculated with Eq. 4, but onl§pB/dqy/2 to the
defining Born radii for the charging free energies is €X-free energy calculated with Eq. 5. Even so, we subtract theifdlE/0q.),
pected to improve the accuracy and extend the range Gfom the reported charging free energies calculated with Eq. 5. The
applicability of the continuum treatment of hydration justification is that only relative differences in the electrostatic potential are
phenomena. meaningful. The electrostatic potential determined from a simulation is

. . - . measured with respect to the bulk solvent having a reference potential of
Much like Y, We find that different Born radii are needed zero. When the potential is measured relativé)t/dq.), determined from

to fit the charging free energies of this andtransionic  gimylation, however, we must subtrd@E/dgJ, not only from the poten-
tetramers, although this difference is relatively small. Intial at zero charge, making it effectively zero as in the continuum model,
contrast, the effective Born radius that fits the correspondbut from the potential at chargg as well. This is equivalent to subtracting
ing conformational free energy profile is significantly less qS<BE<?qS>€ frt(rJum ”r‘]e Chafgfing free eneray i”deFI’e”de_’]:t ‘éffthe foml‘“"'tj"usﬁd

. : . to evaluate the charging free energy. It is easily verified for an electrical
than elther'of these two values. _In partICUIar’ the Bor'n rad"'léneutral system that g;hi?ting the eIthrostatic p())ltential by a constant vaIL)Jle
of a cationic methyl group obtained from the charging freeqges not affect the net free energy.
energy qualitatively fails to predict the conformational be- 2. To determine the conformational dependencéi&acy),, we per-
havior of the cationic tetramer. Using a Born radius that isformed additional simulations of hydratezis-butane. We calculated a
~20% lower than this charging value brings the continuumvalue of %ﬁ_i t?]-?’ "tc":‘_"gmol'e) for :h_e tfree_tf]”ﬁ]'gy Or Ch;;%‘”g' t""hiCh

: e : . agrees within the statistical uncertainty wi e value i@ns-butane

gonformatlonal free fenergles into agreement with S!m,l’lla-(‘lgable 5). The result supports the assurri/ed conformational independence of
tion. However, the improved conformational description ;g/q) .
comes at the expense of predicting an absolute charging free 3. The Born equation (Eq. 15) is derived for charging a spherical ion. As
energy that is too low. We attribute the difference betweerapplied ton-butane, this equation neglects any effects due to the attached,
the charging and conformational valuesRif to a decrease “”Chafgez F;]'Opy' group on thi free ?“er%o“cr‘zrging ”‘Titeeri”a' me‘?y'
: : . : roup, and hence has no conformational dependence. The Born equation,
n the optlmal charglng Va,lue for tth_ andtrans confor- gowgver, does capture the effect of changes‘ijn the Born radius. Forc; small
mations of only 1.5%, which results in the observed 20%perturbation in the radius @iR, the Born equation predicts a perturbation
decrease in the radius that best describes the conformationakhe charging free energy of
equilibrium. Although this effect was observed only for the
cationic solute, it should be noted that the valueRofand 8[AAL (0 — )] = SRcE/BmeRA(1 — 1ley) (19)
R, depend on t.he assumed radius of the uncharged groups. —85RIR AA((0 — Q)
Had a vdW radius of 2.0 A been used instead of 1.9 A, the Y
optimal charging Born radii would be less. It follows that Thus a 1% increase in the radiR(R = 0.01) results in a 1% increase in
the charging value dR, would be in better agreement with the charging free energy.

its conformational value. and the vali® would be in The free energy of charging tleés conformation ofn-butane obtained
worse agreement ' from simulation isAA, (Oe — +1€)|,_¢- = —63.4 % 0.8 kcal/mol, after

. . Lo . subtractingy(9E/9qy),. From the continuum model witR, = 2.42 A, we
In conclusion, continuum predictions of conformational calculateAA,, {Oe — +16)|,_o- = —64.2 kcalimol. Therefore, the con-

equilibria in aqueous solution are extremely sensitive tainuum model prediction i$[AA,,(Oe — +1e)] = 0.8 + 0.1 kcal/mol
small perturbations in both the optimal hydrophobic andmore negative than the simulation result. Substitutitg,,(Oe —
electrostatic parameters that describe the vacuum-to-watgri®ls-o- = —64.2 keallmol §[AA,{0Oe — +1e)] = 0.8 = 0.1 kcal/mol,

. andR, = 2.42 Ainto Eq. 18, we calculat®R, = 0.03+ 0.003 A. Thus
transfer of the model solutes we examined. Not only do, 4 i

. . the best value foR, in the cis conformation is 2.45 A.
these perturbations lead to effective parameters that best 4, The radius of a methyl site ondodecane was assumed by Wallgvist
describe hydrated conformational equilibria; they effect theand Covell to be 1.7 A, which is a better estimate of the vdW radius of a
balance of hydrophobic and electrostatic interactions thalpne carbon without pendant hydrogens. An uncharged carbon radius of 1.9
determine the solute conformational state. In particular, wé Was used throughout this work. The water probe radius used in both
note that hydrophobic contributions to conformational coI-SIUdIes was 1.4 A. We estimatefor the collapse of-dodecane, using a
o X radius of 1.9 A, to bey(1.9 A) ~ (1.7 A)(1.7 A/1.9 A¥ = 110 cal/(mol
lapse are significantly underestimated by the vacuum-toz?) This estimate is in good agreement wighevaluated from the con-

water transfer free energies. formational behavior ofi-butane of 111 cal/(mol A.
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