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Abstract: An effective force field for hydrophobic interactions is developed based on a modified potential-

of-mean-force (PMF) expansion of the effective many-body interactions between nonpolar molecules in water.
For the simplest nonpolar solutes in water, hard particles, the modified PMF expansion is exact in both limiting
cases of infinite separation and perfect overlap. The hydrophobic interactions are parametrized by using the
information-theory model of hydrophobic hydration. The interactions between nonpolar solutes are short-
ranged and can be evaluated efficiently on a computer. The force field is compared with simulation data for
alkane conformational equilibria in water as well as a model for the formation of a hydrophobic core of a
protein. The modified PMF expansion can be extended to solutes with attractive interactions. The observed
accuracy, computational efficiency, and atomic detail of the model suggest that this simple hydrophobic force
field can lead to a molecular alternative for phenomenological surface-area models with applications in ligand-

binding and protein-folding studies.

Introduction

Protein folding!~® membrane formatiot,drug binding to

motivates the various surface-area models of hydrophobic
hydration and interactions. In SPT adapted to hydrophobic
hydration®29the exact results in the limit of small solutes are

proteins; and the formation of amyloid plagues in Alzheimer’s interpolated with the expected limit for macroscopically large
disease tissuésire largely driven by hydrophobic interactions.  gq|utes. However, molecular processes of drug binding, protein
In a simplified view, water squeezes out nonpolar molecules fo|ging, and conformational equilibria fall in the gap well above
or groups), resulting in attractive interactions between hydro- the small-solute limit and far from the macroscopic limit. The
phobic solutes. From this simple picture one already expects regyiting lack of atomic detail of surface-area models in this

many-body effects to be important. The most commonly used molecular regime may thus be seen as a reason for their
phenomenologicahodel of hydrophobic interactions assumes  5mpiguitied” and shortcomingd:

a proportionality of hydration free energies to surface areas,

Hydrophobic effects have been studied with numerous

corresponding to an effective many-body potential. Various i,aqretical models and computer simulati8ns:19-57 A thor-

definitions of surface areas, corrections for curvature on a
molecular scale, and proportionality constants are inuke,
with the latter differing for dissolution and conformational

changes of nonpolar moleculEsScaled-particle theory (SP'F)
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oughly molecular model of hydrophobic hydration and interac-

tions has been develop&dhat uses information-theory (IT)
concept?® to calculate approximately the free energy of cavity
formatiorf®52 in water. In its simplest form, the IT model is
related to Pratt Chandler integral equation theéfyand Gauss-
ian field modeld* (for a discussion, see refs 58,-662). IT

calculations led to a molecular model for the temperature
dependence of hydrophobic hydration relevant for hydrophobic

contributions to protein-unfolding entropi&sIn addition, IT

Hummer

Figure 1. Schematic representation of the excluded volume of two

Calculatlons also Ied to a novel descnp“on of the pressure_ solute Spheres S, each of radi'@SAISO shown is a water molecule W

induced denaturation of proteifsaddressing a longstanding
puzzle in protein stabilit§> However, the simplest IT model
requires the calculation of absolute solvation free enefji&s.

of radiusrw. The joint excluded volume of the two solute spheres is
the total shaded area, defined as the union of the two spheres of radius
d = rs + rw inaccessible to water. For methane and,@fbups, an
exclusion radius ofl = 0.33 nm is used, corresponding to the distance

This limits applications requiring high computational efficiency 4t which the solutewater radial distribution function between methane
such as drug binding to proteins. Extensions of the IT model to and water for typical models reaches a value of Bne.

inhomogeneous systems have been discU@gddwever, those
are more complicated, involving solutevater correlation
functions.

Here, we follow a different route to developing a simple, o ) ]
effective force-field model of hydrophobic interactions. We start ~ We compare the predictions of the hydrophobic force field
from an expansion of the-body interaction free energy into ~ With various simulation data for free energies of alkane
two-body, three-body, and higher-order contributions. That conformational equilibria in waté¥. In addition, we also
modified potential-of-mean-force (PMF) expansion is motivated compare it with a model for the formation of the hydrophobic
by our earlier work revealing the shortcomings of the conven- coré of a protein involving a cluster of fourteen methane
tional PMF expansion in the limit of close contact or ovelfap. ~ Molecules in watet! o o
For the simplest nonpolar solutes in water, hard particles, the ~The resulting force-field description of hydrophobic interac-
modified PMF expansion is exact in the two limiting cases of tions provides a c_omputatlonally efficient, molecular aIternatlye
infinite separation and perfect overlap, even when selstdute to phenomeno_log_lcal surfacg-area model_s. Potgnnal applications
interactions are not included. For soft particles with attractive include drug binding to proteins and protein-folding phenomena.
interactions, the expansion is exact in those two limits within
first-order perturbation theory.

We then use the IT model to parametrize the resulting force  In the following, we consider the solvation free energy
field for hydrocarbon solutes. In addition to two-body interac- #((r1,...rn) of n identical hard-sphere solutes in water, with
tions, we derive a simple expression for the many-body terms straightforward generalizations to nonidentical, nonspherical
involving volumes of intersection between water-exclusion particles. The solute particles 1n.¢an, e.g., represent the

spheres. This results in a short-ranged and computationally
efficient expression for the many-body contributions to the force
field.

Modified Potential-of-Mean-Force Expansion
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carbon groups of an alkane, or of a nonpolar amino acid side
chain such as leucine. The size of the hard spheres corresponds
to the water-exclusion volume. For methane and, Gtdups, a
typical distance of closest approach of a watexygen atom

to the center of the sphere is 0.33 A#iThe excluded volume

of two solute spheres is illustrated in Figure 1. The free energy
of hydration ofn hard-sphere solutes is that of forming a cavity
corresponding to the union of the exclusion volumesf the
particles 1,.n,

n
1Oy ) = (U ) 1)
We know from previous work on the structural hydration of
nonpolar solutes in wat&that a conventional PMF expansion
for the free energ§®

n

1Ot ) =

n
5//‘(1)("0 + Z 6/’t(2)(rivrj) +
i,]él

i<j
n
Z ou®rirr) + ... (2)
=
i<j<k

is inadequate for chemically bonded carbon grodpé(r;) =
ud(ry) is the free energy of hydration of a single particle,

(67) Ashbaugh, H. S.; Garde, S.; Hummer, G.; Kaler, E. W.; Paulaitis,
M. E. Biophys. J.1999 in press.

(68) Minster, A.Statistical ThermodynamicSpringer: Berlin, 1969,
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=<::>+.<::>+<::> W0 =00 U D=0 ©)

where we used that the sum of binomial coefficients is-(1)"

@ @ @ : . ) . :
) O, o — 1. Equation 5 is a consequence of the inclusierclusion
- +/ J+ + 0l 5+ + T o
{ O 0 Q} o\) Jo principle. By definition, we therefore have
oPr =0 rn=..=0"0,..r)=0  (6)
+ + v @
O o that is, the effective interactions® are zero both in the limit
Figure 2. Schematic representation of the modified PMF expan- of infinite separation and perfect overlap. We expect that
sion for three spherical solutes. Volume tera®S(r;), u(vi N v}, and truncation of thew expansion at the pair level introduces only
u(viN vz N vg), are shown as outlined areas; pair and triplet interactions g small error, with many-body effects contained largely in the
are shown as pair-bonds®? and a trianglev®, respectively. intersection-volume termgy(Niv;).

ou@Xrir)) is a two-body PMF, etc. This is caused by an over- aqditional Many-Body Effects
counting of solvent-excluded volumes, such that in the limit of

perfect overlap of the particles, one would have to include all _ Many-body interactions have not been eliminated completely
ordersdu® to ou(™ for the expansion to become exact. in the modified PMF expansion. For a single sphere interacting
We can avoid the problem of overlapping volumes by With n — 1 perfectly overlapping spheres, the many-body
modifying the PMF expansion eq 2 interactionsw™ can be calculated exactly
n o™ 1,09 = (10,9 @)
Oyt =Y ou(r) i i i is parti
L U TR A This means that the higher-order correlations for this particular

case are of identical magnitude and alternating sign. The error
introduced by truncating the modified PMF expansion eq 3 at
the pair level is

n
+ 3 [0Prr) = u N )]
b 1O, 09 = u pundT et 9 = 2= 1) 021 .9) (8)
n This is the expected result correcting for the over-counting of
+ @ ror) + u@ 0N+ . n—2 pair interactions when — 1 parﬂcles perfectly overlap.
i =1[ (Furrd + s Ny )l From this analysis, we can estimate the effect of neglected
i<j<k many-body interactions between a single methane probe and
the chemically bonded carbon groups in a linear alkane
n . . .
+ o0 ) — (=1 (N v 3 _molecul_e. Truncation at the pair level overestimates the total
(Fapeef) = (F 1w (i:1 ) @) interaction free energf w® (k > 2) by approximately a factor
] of 2 since every pair of bonded carbons is close to the overlap
whereu(vi N ;) andu(vi N vj N v are the free energies of  |imjt, This suggests two corrections: (1) by using an effectively
forming cavities with shape and size corresponding to the gcaledw®, or (2) by replacing the two bonded groups with an

volumes of intersection of twa,(j) and three particles,(, k),  interaction site on the bof#lin the calculation of the pair

respectlvely. Note that the contributions frpm intersection interactionsy w@(r;,r;). Here, we will scale the theoretical®

volumes will be zero beyond some ordeof intersections.  py a factor 0.5 to account for many-body effects neglected in a

Figure 2 schematically represents the modified PMF expansion pair-level truncation of the modified PMF expansion.

for three spheres. _ . _ . Alternatively, we could include the higher-order interactions
Equation 3 can easily be inverf&do give the effective pair, w® for k = 3 calculated from IT. Equation 7 also suggests

triplet, and higher-order interactions@(r1,r,), w®(ry,ra,rs), approximate expressions far® for k = 3:

andw®(ry,...ry). For the pair interaction, we find

@®ryr) = uP(ryr) — ou(ry) — out(r)

+uv,Nvy) 4)

o®(r yr ) ~ (—1)‘%0‘2)(12[}:?5)?< Ir,—rl) x
fi min Irj = ril) (9)

wherefy(r) is an appropriately chosen scaling function.

In applications involving a large number of interaction sites,
such as drug binding to proteins, both uncertainties in the
potential parametrization and additional many-body effects
contained inw® for k > 3 are likely to become relevant. In
those cases, proximity approximations involving only interac-
tions with the nearest sit&$667.70 could provide suitable
alternatives to includingy® with k > 3.

For distances at which the cavity volumes of the two particles
do not overlap 1 N v2 = 0), w@(ry,ry) is identical to the
conventional PMFSu®@(ry,r,) defined by eq 2. For shorter
distances, a correctign(v1 N v7) is added that guarantees that
@ vanishes at perfect overlap®(r,r)=0.

Equation 3 is exact witw®@ = ©® = ... = v = 0 in both
limits of infinite separation and of complete overlap of the
particles 1,..n. In the infinite-separation limit|(; — rj| — o

- ! n Soft Repulsive and Attractive Solute-Water Interactions
for all i,j), we simply haveu™(ry,...rn) = SLu®(r). In the

limit of perfect overlap ofn identical particles, we obtain the ~ The modified PMF expansion can be generalized to solutes
correct result™(r ...,r) = u(r) because each of the volumes  With soft repulsive and attractive soluteolvent interactions.
of intersectionv; N Vi, vi 0 v N vy, etc., is identical to that of (69) Pratt, L. R.; Chandler, CMethods Enzymoll986 127, 48.

a single sphere, such that (70) Ashbaugh, H. S.; Paulaitis, M. E. Phys. Cherml996 100, 1900.
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We first consider a collection of hard sphere solutes of equal 6 T

size in water with an additional weak attractive soleater _ oo4f °

interaction (e.g., P or Yukawa potential). The goal is again 5¢ S oo2l . - ]

to find a modified PMF expansion that is exact in both limits Sl 0 M

of perfect overlap and infinite separation with® = 0. E ar =

: . : -0.02 . :

Perturbation theory} approximates the hydration free energy g 0 005 0.1 5

of an individual solute as =z , 3 .
—~ J 4 °
i | i °

1D~ g+ O (10) <’ 4" 8 -
HS att /.’ 4gT In(1-pV) =
1t .
whereuns is the hydration free energy of the hard-sphere solute,

and Oi,Jis the attractive solute-water interaction energy, 0
averaged over the hydration structure of the hard solute. This
first-order perturbation treatment was found to give accurate

results for a wide range of solute sizes and solute-water corresponding to the volumes of intersection of two (solid line), three

interaction.st.rengthél. . . (plus symbols), four (open circles), five (triangles), and six spheres
In the limit of n overlapping hard-sphere solutes with (ijied circles) as a function of their volumé. The free energies are
attractive solute-water interactions, the corresponding perturba-caiculated from IT for intersection volumes corresponding to the six

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Vv /nm?

Figure 3. Hydration free energy in units of kcal/mol for particles

tion expression for the hydration free energy is hexane trajectories of Table 2, with dihedral angle steps &f ABo
shown is the limiting curve-ksT In(1 — pV) from SPT which is exact
ﬂ(n) ~ Uy + N0 (11) for V— 0 (dot-dashed line). The inset shows the deviations from the

curve fitted to the two-sphere data, as described in the Appendix.

The following modified PMF expansion will reproduce this first-

, - o .
order perturbation result would then define the effective interactiond? by replacing

Unardin €q 12 withuyep corresponding to solutewater interac-
n tions defined by eq 13.
,u(“)(rl,...,r D= 5#(1)(ri) Note that even fqr strong solqte-water interactions such_as
& hydrogen bonds or ionic interactions, we can use the modified
PMF expansion to define effective interactian and expect

n that many-body contributions due to volume exclusion are
+ Z [a)(z)(ri,rj) ~ UnardVi N V)] approximately included. Additional many-body effects due to
=1 direct electrostatic interactions have been studied by Ashbaugh

<) and Paulaitig? However, further analysis and comparisons with
explicit computer simulations are required to establish the

. usefulness of am®-expansion for hydrogen-bond or ionic

+ [0, + tpard vy NV N VI] + ..

interactions.
if=1
i<j<k
Parametrization of the Hydrophobic Force Field
n
+ w(")(r et ) — (—1)”/tharc(nl v;) (12) We simplify and parametrize the modified PMF expansion
=

eq 3 to derive a many-body force-field representation of
f hydrophobic interactions. The IT model of hydrophobic hydra-
tion®861 allows us to calculate approximate free energies of
forming molecular-size cavities in water. Here, we use it to
determine the chemical potential of hard particles defined by
the volume of intersection ok spheres. In the following
numerical calculations, the spheres are assumed to be of methane

can separate the solutevater interactions into repulsive and size (i.e., 0.33 nm distance of closest approach of a water oxygen

attractive contributions, by using for instance a Weeks to the center of the spheré). ) .
Chandler-Andersen separatiof.In the latter case, a suitable First, we observe that the volumes of intersectiok spheres
definition for the solute-water interaction potential of the ©f equal radii are convex-shaped objects with a volume less
“intersection” ofn solutes with a distance-dependent repulsive than that of a single sphere. This lets us assume that the chemical
solute-water interactionu(r) is obtained by using the interac- potential of all these intersection volumes is approximately a

tion of a water molecule at position with the most distant monotonic function of their volume, irrespective of the specific
solute site shapes. This is indeed supported by the IT calculations. Shown

in Figure 3 is the chemical potential of particles corresponding
(13) to the volume of intersection of two and more spheres as a

function of their volumeV. We find that free energies for

representative volumes of intersection of more than two spheres
For hard solutewater interactions, this definition coincides with  fall almost exactly onto the curve of the two-sphere overlap.
that of intersecting cavity volumes. A suitable PMF expansion We also find the correct limiting behavier kgT In(1 — pV)

—— - - - for V— 0, with kg the Boltzmann constant, the temperature,

192(321)75(;&;?& S.; Garal A. E.; Pratt, L. R.; Hummer, @iophys. Chem. and p the bulk density of the solvent Wathir-20

(72) Weeks, J. D.; Chandler, D.; Andersen, HJCChem. Physl1971,
54, 5237. (73) Ashbaugh, H. S.; Paulaitis, M. E.Phys. Chem. B998 102 5029.

In eq 12, many-body effects due to overlapping volumes o
water-exclusion spheres are taken into account by including the
cavity-formation free energies of hard particlagrq

For soft repulsive and attractive solut@ater interactions,
we can either define effective hard-sphere radii and use eq 12
to define the corresponding effective interactian®, or we

Wres — _
urep(rvrl""'rn) - urep(g]&xn” I‘k|)
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Table 1. Nodesr; (in nm), Function Valuey; (in kcal/mol), and 0.4
Second Derivativey;'[in kcal/(mol nn?)] of the Pair Interaction 0.35 |
o®(r), as Represented by a Cubic Spline Function 63
i Y v T oss
0.000000000 0.000000000 0.000000000 g 02|
0.241081824 0.355013511 —10.160976371 T
0.440195386 0.351795405 0.066022732 2 015}
0.643794334 0.097754778 —26.618586944 = 01r
0.668034896 0.023946352 55.015275692 s 005 |
0.827075306 0.001397748 —13.222689211 2
0.983437774 0.002274700 3.041789473 or
1.200000000 0.000000000 —1.375389056 -0.05
-0.1 L L L L " 2
. . . . 2 0.4 0.6 0.8 1 1.2
This allows us to approximate the chemical potential of 0 0 r/nm

excluded-volume particles formed by the intersectionkof
spheres as a function of their volume irrespective of shape
uv NN Ny)=uav,Nv,N..Ny)  (14)

where z(V) is a function of the magnitude of the volumé
irrespective of its shapéi(V) has been fitted to the IT results
for the overlap of two spheres of identical radii (see Appendix).
This simplifies the practical calculation of the many-body
interactionsu(vi N vj), u(vi N v N vy), etc., to the calculation
of the volume of intersection of spher&s8>

We can use IT also to calculate the effective interactiofis
Here, we truncate the expansion at the pair level, assuming
»® = 0 for k = 3. The pair interactiom@ is defined in eq 4.
All terms on the right-hand side can be calculated by using the
IT model. However, we scale@ by a factor of 0.5 to account
approximately for neglected higher-order interactions, as dis-
cussed above. Table 1 compiles the positions of the nodes,
amplitudes, and second derivatives of the resulting scafe)
(r = |r2 — rq]) in a cubic-spline representatf®with a cutoff
of r =1.2 nm p®(r) =0 forr = 1.2 nm]. Figure 4 shows the
pair interactionn@(r). We find a maximum forn®(r) of about
0.4 kcal/mol atr ~ 0.3 nm, correcting for the overestimated
free-energy gains of bringing cavities to overlap when only the
volume contributions are considered in eq 3. A minimum near
r ~ 0.7 nm stabilizes solvent-separated configurations.

Comparison to Simulation Data

In the following, we compare the hydrophobic force field to
explicit computer simulation data by Ashbaugh e’dibr alkane
conformations in water, and by Rank and Bakésr a methane
cluster in water. Ashbaugh et #l.calculated the solvent
contribution to the free energy (or PMF) along six trajectories
of hexane, two of pentane, and one of butane, each correspond

ing to changing one of the dihedral angles and keeping the others

fixed (see Table 2). Rank and BaKestudied the free energy
of changing the length of the edge of a cubic cluster of 14
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Figure 4. Pair interactiono®(r) in units of kcal/mol as a function of
the distancer in units of nm (solid line). Thew®(r) shown was
calculated from IT and scaled by a factor 0.5. A quadratic function
was added betwean= 0 and 0.325 nm to correct for the non-additivity
in the IT free energy for two spher€sA cubic-spline representation
of w@(r) is given in Table 1.

Table 2. Simulation Trajectori€s for Free-Energy Profiles of
Alkanes along Torsional Degrees of Freedom

trajectory @1 @2 @3
Butane
X ¢
Pentane
X 60° ¢
tx 18¢° ¢
Hexane
gxg 60° ¢ 60°
txt 18C° ¢ 18C¢°
ggx 60° 60° ¢
gtx 60° 18C° ¢
xgt ¢ —60° 18C¢°
xtt ¢ 18C° 18C¢°

a ¢ denotes the variable torsional angieg’, andt stand for gauche,
gauche-prime and trans dihedral angles®’(6060°, and 180).

methane molecules in a face-centered cubic lattice. Bringing
the methane molecules into contact corresponds to the formation
of a hydrophobic cluster comparable in size to those observed
in protein cores.

Figure 5 compares the simulatfdrmnd force-field results for
the solvent-contributions to the conformational free energies of
the nine alkane trajectories. We find excellent agreement for
all simulation PMFs. The modified PMF expansion reproduces
not only the positions of the minima but also the amplitudes of
the curves. The main difference is that the simulation curves
tend to be somewhat more structured for dihedral angles
120 < |¢| = 18C. Note, however, that the estimated statistical
errors in the simulation data are about-6®4 kcal/mol and
thus larger than the observed differences.

Rank and Bakét studied the hydration free energy of a
cluster of 14 methane molecules in a face-centered cubic
arrangement. A strong hydrophobic attraction was observed for
the formation of a mini-hydrophobic core, together with a high
barrier for cluster formation. Surface-area models failed quali-
tatively and quantitatively to reproduce the observed hydration
free energy for cluster formation.

Figure 6 compares the force-field and simulation curves for
the hydration free energy as a function of the lendtbf the
cubic cluster. Again, we observe good agreement between the
optimized force field and the simulation data. The main
differences are a shift by about 0.03 nm towards largexdues,
and a less pronounced second maximum. The latter might be
caused in part by cutoff effects in the simulations. Alternatively,
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/ de
b/ deg simulation data can thus be considered excellent when these

Figure 5. Comparison of the hydration free energies for alkane \cerainties in the reference simulation data are taken into
trajectories obtained from simulations (symb®&lshd the hydrophobic account. In particular, the height of the kinetically important

force field (lines). The conformational free energies (or PMFs) are . . .
shown in units of kcal/mol as a function of a dihedral angle in degrees desolvation barrier at about= 0.8 nm agrees exactly with the

(see Table 2 for details). Panels a and b show results for the six hexanesimulation result by Rank and Bak®r.

trajectories. Panel ¢ shows the results for the butane and the two pentane .

trajectories. The total free-energy profiles can be obtained by adding Concluding Remarks

the internal energy contributions to the hydration free energies shown  \y/e have developed a hydrophobic force field as a molecular
here. alternative to phenomenological surface-area models. This force
field takes into account the many-body contributions arising
from overlapping cavity volumes. The importance of a careful
treatment of overlapping solvent-exclusion volumes has been
realized before, leading to the “hydration-shell model” of
solvation thermodynamié$ 2% and related approach&sThe
theoretical basis of the hydrophobic force field is a modified
PMF expansion which is exact for hard solutes in both limits
of perfect overlap and infinite separation even in the absence
¢ of interaction termso®. This modified PMF expansion thus
treduces the non-additivity problems identified for hydrophobic
clusters which led to the development of so-called proximity
approximations for hydrophobic solvatiét6.67.70Alternatively,
Pellegrini et aB7-8 estimate conformational free energies by
using a truncated PMF expanst8f! of the inhomogeneous
solventdensity. However, a pair-level truncation (i.e., Kirkwood
superposition approximation) in the solvent-density expansion
leads to small errors even in methane-pair PMFs. These errors
are expected to be amplified for larger hydrophobic assemblies
gor which solvent densities at contact have been shown to be
over-estimated by the Kirkwood superposition approximatfon.

the scaling of»@(r) by a factor of 0.5 might underestimate the
pair interactions between non-overlapping methane molecules.
To investigate this possibility, we have scale®(r) from IT

only for distances smaller thamr = 0.6778 nm, where it crosses
the zero axis just beyond the overlap limitrof 0.66 nm. The
resulting free-energy profile is also shown in Figure 6 and indeed
has a more pronounced second maximum and a solvent-
separated minimum at ~ 1 nm considerably lower than the
limit of infinite separation. We note that the alkane curves o
Figure 5 are left unchanged by this partial scaling, as the larges
pair distance even for the fully extended hexane is below the
overlap limit ofr = 0.66 nm. Inclusion ofv® is not likely to
improve the agreement further. The three-body interactigfis

are expected to be of short range with only small contributions
at the distance of the second maximum in the cluster formation
PMF of Figure 6.

The positional shift of the the free energy curves may be
due in part to a different water model (TIP4P vs SPC water;
whereas SPC water was used consistently in the alkane studie
discussed above). In addition, large statistical uncertainties were
reported for the simulation data caused by insufficient statistical ~ (87) Pellegrini, M.; Doniach, SJ. Chem. Phys1995 103 2696.
convergenc@! Figure 8 of ref 21 illustrates these uncertainties _ (88) Pellegrini, M.; Grgnbech-Jensen, N.; DoniachJSChem. Phys.
in the simulation curves, resulting in considerable variations in 19?869)1%2@%3;% M.: Granbech-Jensen, N.; DoniachPBysica A1997
the positions of the extrema as well as the amplitudes. For 239 224 T T '
instance, the position of the desolvation barrier in the five 68(2%)3';ummer, G.; Gafe, A. E.; Soumpasis, D. MBiophys. J.1995
reported curves varies by about 0.1 nm between0.75 and '(91) (a{) Gar@a, A. E.; Hummer, G.; Soumpasis, D. Froteins: Struct.,
0.85 nm. The observed agreement between the free-energyynct’ Genet1997 27 471. (b) Soumpasis, D. MProc. Natl. Acad. Sci.
profile calculated from the modified PMF expansion and the U.S.A.1984 81, 5116.
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Two approximations make the hydrophobic force field Applications include ligand binding and macromolecular com-
developed here a computationally efficient method for free plex formation, as well as protein folding where many-body
energy calculations: (1) We find that the hydration free energies interactions are expected to be import¥nHowever, further
of cavity volumes corresponding to intersections of spheres of analysis and possibly optimization is necessary to achieve the
equal radii can be approximated accurately as a function of the accuracy required for applications such as drug binding.
volume alone, irrespective of the shape; (2) the expansion in

many-body interactione® can be truncated at the pair level. ~ Acknowledgment. The author is indebted to Dr. Henry S.
The parameters of the hydrophobic force field can be calculated Ashbaugh for providing the simulation data for alkane confor-
directly from the IT model of hydrophobic interactioffsThe mational equilibria in water prior to publication. The author also

pair interactiono®(r) between methane-like solutes calculated Wants to thank Dr. Lawrence R. Pratt, Dr. Angel E. Gar@r.
from IT is scaled by a factor 0.5 to account for additional many- Shekhar Garde, Professor Michael E. Paulaitis, and Dr. Henry
body contributions, but more refined approaches have beenS. Ashbaugh for numerous discussions on hydrophobic effects
discussed. and their helpful comments on the manuscript. This work was
With these approximations, we find that the hydrophobic force supported by the U.S. Department of Energy through a Los
field reproduces simulation data for alkane conformational Alamos National Laboratory LDRD-ER grant.
equilibria” A more challenging test is the formation of a mini-
hydrophobic core by bringing 14 methane molecules together
in a close-packed configuratiéh.The free-energy profile of AllT calculations$® reported here are performed for the SPC
cluster formation exhibits barriers of almost 10 kcal/mol and model of wate¥ at a temperature of 298 K and a number density
free energy gains from the desolvation barrier to the contact of 33.33 nn13. A flat default model was used in the IT
minimum (neard = 0.55 nm) of about 15 kcal/mol. The calculation$861For the dependence of the hydration free energy
hydrophobic force field also reproduces this highly collective on the volume of intersection, eq 14, we fitted the two-sphere
aggregate formation, where a conventional two-body PMF intersection data to a function
expansion and surface-area models fail dramatiéaliwe

Appendix

believe that the hydrophobic force field developed here provides av)y aVv+ a2V2 + V" 3

a molecular alternative to commonly used surface-area models T -— for V=47d’3 (15)
based on its accuracy, computational efficiency, and formal ke 1+bV+hbyV

simplicity.

The IT model can be used to parametrize the hydrophobic for d = 0.33 nm. Withz in units of kcal/mol,V in units
force field for different temperaturdsand pressures with ~ Of nm®, and keT ~ 0.59219 kcal/mol, we finda, =
potential applications to the phase behavior of hydrophobically- 32.0966142769287, a, = 467.831641477464, ag
stabilized aggregaté4. Moreover, the statistical-mechanical 27068.1637856813,b; = —6.31717234308783, b,
foundation of the modified PMF expansion makes this approach 166.339344803134) = 3.68238239111433. This fit gf(V)
well-suited to include also attractive interactions. We have Should be accurate for cavity spheres also of different sizes than
briefly discussed a perturbative approach which will be explored those studied here (exclusion radius 0.33 nm).
in future studies. In principle, a complete force-field representa- jagga414s
tion of hydration free energies can be derived on the basis of @S V- Fiead-Gordon. Folding Des.1998 3,523

HH H H orenson, J. ., Aead-Goraon, Holding Des. y .
the modified PMF expansion. At least for solutes with weak (93) Berendsen. H. J. C.: Postma, J. P. M. van Gunsteren, W. F.:

aftractions to water, the inclusion of the many-body cavity permans, J. lintermolecular ForcesPullman, B., Ed.; Reidel: Dordrecht,
effects should result in a considerable increase in accuracy.Holland, 1981; pp 33%342.




