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Hydrophobic interactions play an essential role in the stability nonpolarn-mers = 1, 2, 3), defined ag® = AGf]“g/A(m, scales
and folding of proteinsand significant progress has been made in linearly with the effective siz& Thus,y® ~ yni/3, By definition,
understanding their nature and properiék particular, it has been  the dimer stability and three-body contribution are given as
recognized that hydrophobic solvation has a dependence on the 2D @@ WA _ @A A @A)
solute size&8 Qualitatively speaking, the hydrogen-bonding net- WE = y@A® — 2y DAL = EAAD 1 20y PAD - (2)
work of water persists near small nonpolar solutes such that the(S @ — WO _ 3@ =
solvation free energy is dominated by an entropic cost and scales F= 5 _g’ B ) , 3 N
roughly with the solute volume. On the other hand, large solutes y( IAA® — 3Ay( IAAD + 3(Ay( ) — 2Ay( NAD (3)
disrupt the water hydrogen-bond network to form an interface, and \yhere AA™ = A® — nA® and Ay® = y™ — »®, The second
the solvation free energy is dominated by an enthalpic component, term in eq 2 is positive ady®@ > 0 but vanishes ify is assumed
which is proportional to the surface area. The crossover from small 15 pe constant. Hence, fixedmodels predict more negativ®,
to large length-scale regimes occurs around 107&xposed that is, over estimate the dimer stability. Such over stabilization
nonpolar amino acid side chains are within the small-length scale can be (improperly) compensated by using a Sma‘nms explains
regime, while folded proteins typically fall in the large-length scale \hy smally values have been empirically found to be optimal in
regime. Consequently, the length-scale dependence of hydrophobicjmuylating peptide folding! Giveny® ~ yWnt3, eq 3 yieldsSF®)
solvation has significant implications in the equilibrium of disor- 3(Ay® — 2Ay@)AM ~ —0.24/WAD, As the nonpolar solvation
dered, partially folded, and folded conformations and is thus an free energies of amino acid side chains are abet8 Rcal/mol,
important consideration in implicit modeling of solvation for  the analysis predictsegatie, that is, cooperative, three-body contri-
Simulating prOtein f0|d|ng and conformational transitions. butions on the order of 0.5 kcal/mol. On the Contrary, \Mﬂi‘xed’

Implicit solvent models aim to capture the mean influence of sF@ = ,(AA® — 3AA®), which ispositive according to the simple
solvent molecules around the solute via direct estimation of the geometric consideration thAiA® — 3AA®@ > 0. The implications
solvation free energ§? They can substantially reduce the compu- of these consequences are substantial: on one hand, sufficiently
tational cost, at the expense of a reduction in details. In general, jargey is required to maintain the stability of compact folded struc-
the total solvation free energy is decomposed into electrostatic andyyres; one the other hand, smalis desirable so as not to under
nonpolar components. While the former can be quite reliably estimate the probability of extended conformations with exposed
computed using a continuum electrostatics treatment, such asnonpolar side chains and not to over stabilize loosely packed

through efficient generalized Born (GB) approximatiéh&the later misfolded conformations. This analysis is also in agreement with
proves to be more complex and is typically estimated from the certain limitations of a GBSW/SA modélobserved in extensive
solute surface area (SA), as peptide-folding simulations, such as difficulties in stabilizing
hydrophobic cores (Chen and Brooks, unpublished results).
Aan =yA+b (1) To verify the above analysis, we computed the PMFs of pairwise

and three-body interactions of Leu and Phe side chain analogues in
wherey is an effective surface tension coefficient. The conskant  various configurations in TIP3P watéas well as in a GBSW/SA
does not affect the solute conformational equilibrium and can be implicit solvent!! The solutes were described by the CHARMM?22
dropped. The linear relationship has been justified by theoretical all-atom force fieldt® The free-energy perturbation metidevas
considerations and experimental observatiidhowever, various used with 1.6-2.0 nanoseconds (ns) NVT sampling at every 0.25
deficiencies exist In particular, it has been argued that the A along the reaction coordinates. Particle mesh Ewald (PME) meth-
nonpolar component needs to be decomposed further into a cavityod!® was used for long-range electrostatics. The largest separation

hydration term and a solutesolvent dispersion interaction terh. distances sampled were about 10 A beyond the contact minima
Nonetheless, the length-scale dependence of hydrophobic solvatiorand thus sufficiently large to accurately estimate the baselines. For
is largely neglected and a fixed, that is, context independeist, trimers, only one monomer was translated along the reaction

used in virtually all the implicit solvent models. Here, we illustrate coordinate with the other two fixed. The solutes were solvated by
several deficiencies of fixing, mainly by examining the potentials ~ about 806-950 TIP3P molecules in rectangular boxes with periodic
of mean force (PMFs) of pairwise and three-body interactions of boundary conditions. The box sizes were determined by 100 ps
nonpolar peptide side chain analogues. We then propose anNPT equilibrium simulations at 298 K for at the contact minima.
empirical nonpolar model to capture the context dependenge of The convergence of the PMFs is mostly within 0.05 kcal/mol,
and demonstrate that it can resolve these deficiencies. estimated by comparing the results using only the first and second

Neglecting the length-scale dependence of hydrophobic solvation half of sampling. PMFs in the implicit solvent were computed by
has two main consequences: over stabilizing the pairwise interac-simply translating the solutes along the reaction coordinates.
tions and predicting a wrong sign in the multibody contributions. In this study, we focus on the stabilities and multibody effects
For small solutes, the effective surface tension of closely packed at the contact minima. To examine the full capability of fixed
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@ R.= (kM ()" + Ry (6)
2 ¢ TTIP3P MGBSW/SA OGBSW/VGSA
:,3 3 where the constant is related the mass density, aRglis related
> 2 to the solvent size. Equation 6 may be considered as the first term
% 1 in a shape and density expansion which includes a spherical shape
» 0 > % & O o > < NS and uniform packing density. In this work, we us&e= 0.9, « =

&2 (§ &8 &3" &9" RGNV N > \\\9" 0.33,Ry = 2.3. The adjustable parameters in this empirical model,
(b) referred to as an SA model with varyingVGSA), include mainly
%é“ 1 TiP3p GBSWISA GBSWIVGSA functional group specific parameters such as the limitingnd
3 effective mass as well as input atomic radii and solvent probe size
g " for the surface area calculation.
8 o f We have parametrized the GBSW/VGSA model based on PMFs
] -2 —_we P 7 %ﬁ ) . i . . )
G - s i N of dimers and trimers of representative peptide nonpolar side chain
£ . = OF® 4 6 8 10 4 6 8 10 analogues. The results for the Leu and Phe related PMFs are summa-

rized in Figure 1a. A previously optimized set of input rétivere
Separation Distance (A) used with a solvent probe size of 0.7 A apgd = 30 cal/mol/&.

Figure 1. (a) Stabilities of dimers and trimers in TIP3P, GBSWI/SA, The RMSD of dimer ahd trimer stabilities in the GBSW/VGSA
GBSW/VGSA solvents: (f) Phe, (1) Leu, (p) parallel, (pd) paraliel displaced, from the TIP3P values is 0.26 kcal/mol for all and 0.21 kcal/mol
(etf) edge-to-face, (p12/p13) pairs from trimers. (b) PMFs of Leu trimer in  for dimers. More importantly, the new model is able to reproduce
different solvents. The green traces were constructed by summing two the stability of trimers without overstabilizing pairwise interactions.
pairwise PMFs (p12 and p13). The inserts plot the nonpolar contributions. e mean difference of dimer stabilities in TIP3P and GBSW/
Note that SA leads to anti-cooperativity at contact minimurB A) instead . keal/mol d keal/mol i /
of cooperativity as in TIP3P and GBSW/VGSA. VGSA. 1S 0'04. cal/mol (compared to 0'15. cal/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
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models, we have assigned independeribr aliphatic (Leu) and

aromatic (Phe) carbons and optimize the values to minimize the
root-mean-square deviation (RMSD) from the TIP3P results. The " i i g
optimizedy values are 0.015 and0.005 kcal/mol/& for Leu and hydroph_oblc associations, and pop_ular implicit solvent qugls Wlth
Phe, respectively. The results are summarized in Figure la. Thetontext independent surface tension has fundamental limitations.

RMSD of stabilities in GBSWI/SA from those of TIP3P is 0.42 Anempirical model is proposed to capture the context dependence
kcal/mol for all clusters and 0.26 kcal/mol for dimers. Even with ©f 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.

y 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 fixed models to capture the Acknowledgment. This work was supported by the National

cooperativity of three-body hydrophobic associations. As illustrated |nstitutes of Health (Grants RR12255 and GM48807).

in Figure 1b, the three-body contribution of the hydrophobic

association of a Leu trimer in TIP3P is abou®.5 kcal/mol at the

contact minimum, also similar to the value estimated above.
The main difficulty in including the length scale dependence is
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