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Hydrophobic interactions play an essential role in the stability
and folding of proteins1 and significant progress has been made in
understanding their nature and properties.2,3 In particular, it has been
recognized that hydrophobic solvation has a dependence on the
solute size.4-6 Qualitatively speaking, the hydrogen-bonding net-
work of water persists near small nonpolar solutes such that the
solvation free energy is dominated by an entropic cost and scales
roughly with the solute volume. On the other hand, large solutes
disrupt the water hydrogen-bond network to form an interface, and
the solvation free energy is dominated by an enthalpic component,
which is proportional to the surface area. The crossover from small
to large length-scale regimes occurs around 10 Å.6,7 Exposed
nonpolar amino acid side chains are within the small-length scale
regime, while folded proteins typically fall in the large-length scale
regime. Consequently, the length-scale dependence of hydrophobic
solvation has significant implications in the equilibrium of disor-
dered, partially folded, and folded conformations and is thus an
important consideration in implicit modeling of solvation for
simulating protein folding and conformational transitions.

Implicit solvent models aim to capture the mean influence of
solvent molecules around the solute via direct estimation of the
solvation free energy.8,9 They can substantially reduce the compu-
tational cost, at the expense of a reduction in details. In general,
the total solvation free energy is decomposed into electrostatic and
nonpolar components. While the former can be quite reliably
computed using a continuum electrostatics treatment, such as
through efficient generalized Born (GB) approximations,10,11the later
proves to be more complex and is typically estimated from the
solute surface area (SA),A, as

whereγ is an effective surface tension coefficient. The constantb
does not affect the solute conformational equilibrium and can be
dropped. The linear relationship has been justified by theoretical
considerations and experimental observations;12,13however, various
deficiencies exist.14 In particular, it has been argued that the
nonpolar component needs to be decomposed further into a cavity
hydration term and a solute-solvent dispersion interaction term.14

Nonetheless, the length-scale dependence of hydrophobic solvation
is largely neglected and a fixed, that is, context independent,γ is
used in virtually all the implicit solvent models. Here, we illustrate
several deficiencies of fixingγ, mainly by examining the potentials
of mean force (PMFs) of pairwise and three-body interactions of
nonpolar peptide side chain analogues. We then propose an
empirical nonpolar model to capture the context dependence ofγ
and demonstrate that it can resolve these deficiencies.

Neglecting the length-scale dependence of hydrophobic solvation
has two main consequences: over stabilizing the pairwise interac-
tions and predicting a wrong sign in the multibody contributions.
For small solutes, the effective surface tension of closely packed

nonpolarn-mers (n ) 1, 2, 3), defined asγ(n) ) ∆Gnp
(n)/A(n), scales

linearly with the effective size.2 Thus,γ(n) ≈ γ(1)n1/3. By definition,
the dimer stability and three-body contribution are given as

where∆A(n) ) A(n) - nA(1) and ∆γ(n) ) γ(n) - γ(1). The second
term in eq 2 is positive as∆γ(2) > 0 but vanishes ifγ is assumed
to be constant. Hence, fixedγ models predict more negativeW(2),
that is, over estimate the dimer stability. Such over stabilization
can be (improperly) compensated by using a smallγ. This explains
why smallγ values have been empirically found to be optimal in
simulating peptide folding.11 Givenγ(n) ≈ γ(1)n1/3, eq 3 yieldsδF(3)

≈ 3(∆γ(3) - 2∆γ(2))A(1) ≈ -0.24γ(1)A(1). As the nonpolar solvation
free energies of amino acid side chains are about 2-3 kcal/mol,
the analysis predictsnegatiVe, that is, cooperative, three-body contri-
butions on the order of 0.5 kcal/mol. On the contrary, withγ fixed,
δF(3) ) γ(∆A(3) - 3∆A(2)), which ispositiVeaccording to the simple
geometric consideration that∆A(3) - 3∆A(2) > 0. The implications
of these consequences are substantial: on one hand, sufficiently
largeγ is required to maintain the stability of compact folded struc-
tures; one the other hand, smallγ is desirable so as not to under
estimate the probability of extended conformations with exposed
nonpolar side chains and not to over stabilize loosely packed
misfolded conformations. This analysis is also in agreement with
certain limitations of a GBSW/SA model11 observed in extensive
peptide-folding simulations, such as difficulties in stabilizing
hydrophobic cores (Chen and Brooks, unpublished results).

To verify the above analysis, we computed the PMFs of pairwise
and three-body interactions of Leu and Phe side chain analogues in
various configurations in TIP3P water15 as well as in a GBSW/SA
implicit solvent.11 The solutes were described by the CHARMM22
all-atom force field.16 The free-energy perturbation method17 was
used with 1.0-2.0 nanoseconds (ns) NVT sampling at every 0.25
Å along the reaction coordinates. Particle mesh Ewald (PME) meth-
od18 was used for long-range electrostatics. The largest separation
distances sampled were about 10 Å beyond the contact minima
and thus sufficiently large to accurately estimate the baselines. For
trimers, only one monomer was translated along the reaction
coordinate with the other two fixed. The solutes were solvated by
about 800∼950 TIP3P molecules in rectangular boxes with periodic
boundary conditions. The box sizes were determined by 100 ps
NPT equilibrium simulations at 298 K for at the contact minima.
The convergence of the PMFs is mostly within 0.05 kcal/mol,
estimated by comparing the results using only the first and second
half of sampling. PMFs in the implicit solvent were computed by
simply translating the solutes along the reaction coordinates.

In this study, we focus on the stabilities and multibody effects
at the contact minima. To examine the full capability of fixedγ

∆Gnp ) γA + b (1)

W(2) ) γ(2)A(2) - 2γ(1)A(1) ) γ(2)∆A(2) + 2∆γ(2)A(1) (2)

δF(3) ) W(3) - 3W(2) )
γ(3)∆A(3) - 3∆γ(2)∆A(2) + 3(∆γ(3) - 2∆γ(2))A(1) (3)
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models, we have assigned independentγ for aliphatic (Leu) and
aromatic (Phe) carbons and optimize the values to minimize the
root-mean-square deviation (RMSD) from the TIP3P results. The
optimizedγ values are 0.015 and-0.005 kcal/mol/Å2 for Leu and
Phe, respectively. The results are summarized in Figure 1a. The
RMSD of stabilities in GBSW/SA from those of TIP3P is 0.42
kcal/mol for all clusters and 0.26 kcal/mol for dimers. Even with
γ optimization, GBSW/SA substantially under estimates the trimer
stabilities, while over estimating the dimer stabilities by an average
value of 0.15 kcal/mol, in agreement with the above analysis. This
is essentially due to the inability of fixedγ models to capture the
cooperativity of three-body hydrophobic associations. As illustrated
in Figure 1b, the three-body contribution of the hydrophobic
association of a Leu trimer in TIP3P is about-0.5 kcal/mol at the
contact minimum, also similar to the value estimated above.

The main difficulty in including the length scale dependence is
efficient and reliable estimation of some effective local curvature,
Rc, from which one might derive the localγ using theoretical
relations such as in the scaled particle theory,5

whereγ∞ is the limiting sufficient tension and the Tolman length
δ is related to the solvent size. Taking advantage of the limited
number of nonpolar functional groups in proteins, one can estimate
the effective curvature for each group on the basis of the number
of nonpolar group contacts made. For this, the local contact mass
is first computed,

wherem(i) is the effective mass of nonpolar groupi, which is related to
the actual molecular mass.H(dij) is a contact switching function
that equals one at short distance and decreases smoothly to zero at
large distance. The intergroup average distance is defined asdij )
(∑∑rnm

-1)-1 to allow some resolution of different contact poses,
which is important for planar functional groups such as aromatic
rings. Then the effective local curvature can be estimated as

where the constantκ is related the mass density, andR0 is related
to the solvent size. Equation 6 may be considered as the first term
in a shape and density expansion which includes a spherical shape
and uniform packing density. In this work, we usedδ ) 0.9,κ )
0.33,R0 ) 2.3. The adjustable parameters in this empirical model,
referred to as an SA model with varyingγ (VGSA), include mainly
functional group specific parameters such as the limitingγ and
effective mass as well as input atomic radii and solvent probe size
for the surface area calculation.

We have parametrized the GBSW/VGSA model based on PMFs
of dimers and trimers of representative peptide nonpolar side chain
analogues. The results for the Leu and Phe related PMFs are summa-
rized in Figure 1a. A previously optimized set of input radii11 were
used with a solvent probe size of 0.7 Å andγ∞ ) 30 cal/mol/Å2.
The RMSD of dimer and trimer stabilities in the GBSW/VGSA
from the TIP3P values is 0.26 kcal/mol for all and 0.21 kcal/mol
for dimers. More importantly, the new model is able to reproduce
the stability of trimers without overstabilizing pairwise interactions.
The mean difference of dimer stabilities in TIP3P and GBSW/
VGSA is 0.04 kcal/mol (compared to 0.15 kcal/mol in GBSW/
SA). Figure 1b illustrates that the key to the improved performance
of the GBSW/VGSA model is the correct estimation of cooperative
three-body contributions from the nonpolar solvation term.

In summary, it is critical to capture the length scale dependence of
hydrophobic associations, and popular implicit solvent models with
context independent surface tension has fundamental limitations.
An empirical model is proposed to capture the context dependence
of the effective surface tension. Further co-optimization of the new
model together with other components of the force field is currently
ongoing and might lead to significant improvement in the ability to
accurately simulate protein folding and conformational transitions.

Acknowledgment. This work was supported by the National
Institutes of Health (Grants RR12255 and GM48807).

Supporting Information Available: Complete ref 16, dimer and
trimer configurations, and convergence of PMFs. This material is
available free of charge via the Internet at http://pubs.acs.org.

References

(1) Kauzmann, W.AdV. Protein Chem.1959, 14, 1-63.
(2) Chandler, D.Nature2005, 437, 640-647.
(3) Pratt, L. R.Annu. ReV. Phys. Chem.2002, 53, 409-436.
(4) Tolman, R. C.J. Chem. Phys.1949, 17, 333-337.
(5) Reiss, H.; Frisch, H. L.; Lebowitz, J. L.J. Chem. Phys.1959, 31, 369-

380.
(6) Lum, K.; Chandler, D.; Weeks, J. D.J. Phys. Chem. B1999, 6704-

6709.
(7) Huang, D. M.; Chandler, D.Proc. Natl. Acad. Sci. U.S.A.2000, 97, 8324-

27.
(8) Roux, B.; Simonson, T.Biophys. Chem.1999, 78, 1-20.
(9) Feig, M.; Brooks, C. L., III.Curr. Opin. Struct. Biol.2004, 14, 217-

224.
(10) Still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson, T.J. Am. Chem.

Soc.1990, 112, 6127-6129.
(11) (a) Chen, J.; Im, W.; Brooks, C. L., III.J. Am. Chem. Soc.2006, 128,

3728-3736. (b) Im, W.; Lee, M. S.; Brooks, C. L., III.J. Comp. Chem.
2003, 24, 1691-1702.

(12) Pierotti, R. A.Chem. ReV. 1976, 76, 717-726.
(13) Chothia, C.Nature1974, 248, 338-339.
(14) (a) Levy, R. M.; Zhang, L. Y.; Gallicchio, E.; Felts, A. K.J. Am. Chem.

Soc. 2003, 125, 9523-9530. (b) Dzubiella, J.; Swanson, J. M. J.;
McCammon, J. A.Phys. ReV. Lett.2006, 96, 087802. (c) Wagoner, J. A.;
Baker, N. A.Proc. Natl. Acad. Sci. U.S.A.2006, 103, 8331-8336.

(15) Joregensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys.1983, 79, 926-935.

(16) MacKerell, A. D., Jr.; et al.J. Phys. Chem. B1998, 102, 3586-3616.
(17) Brooks, C. L., III; Case, D. A.Chem. ReV. 1993, 93, 2487-2502.
(18) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen,

L. G. J. Chem. Phys.1995, 103, 8577-8593.

JA068383+

Figure 1. (a) Stabilities of dimers and trimers in TIP3P, GBSW/SA,
GBSW/VGSA solvents: (f) Phe, (l) Leu, (p) parallel, (pd) parallel displaced,
(etf) edge-to-face, (p12/p13) pairs from trimers. (b) PMFs of Leu trimer in
different solvents. The green traces were constructed by summing two
pairwise PMFs (p12 and p13). The inserts plot the nonpolar contributions.
Note that SA leads to anti-cooperativity at contact minimum (∼5 Å) instead
of cooperativity as in TIP3P and GBSW/VGSA.

γ(Rc) ∼ γ∞(1 - 2δ/Rc) (4)

Mc(i) ) m(i) + ∑
j*i

m(j) H(dij) (5)

Rc ) (κMc(i))
1/3 + R0 (6)
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