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Abstract: Implicit solvent hydration free energy models are an important component of most modern
computational methods aimed at protein structure prediction, binding affinity prediction, and modeling of
conformational equilibria. The nonpolar component of the hydration free energy, consisting of a repulsive
cavity term and an attractive van der Waals solute—solvent interaction term, is often modeled using
estimators based on the solvent exposed solute surface area. In this paper, we analyze the accuracy of
linear surface area models for predicting the van der Waals solute—solvent interaction energies of native
and non-native protein conformations, peptides and small molecules, and the desolvation penalty of protein—
protein and protein—ligand binding complexes. The target values are obtained from explicit solvent
simulations and from a continuum solvent van der Waals interaction energy model. The results indicate
that the standard surface area model, while useful on a coarse-grained scale, may not be accurate or
transferable enough for high resolution modeling studies of protein folding and binding. The continuum
model constructed in the course of this study provides one path for the development of a computationally
efficient implicit solvent nonpolar hydration free energy estimator suitable for high-resolution structural and
thermodynamic modeling of biological macromolecules.

1. Introduction binding affinity prediction'® Early empirical surface area models

Hydration phenomena play an important role in virtually ©f hydration based on surface area accessiblijhave been
every process occurring in agueous solution. Hydration has aSNOWn to be of limited accurac.In a typical modern implicit
particularly large effect on the thermodynamics of processes S0lvent model, the solvation free energy is decomposed into a
involving the breakage or formation of noncovalent bonds. The N"onPolar component and an electrostatic compoheFtte
accurate description of hydration thermodynamics is therefore "ONPolar component corresponds to the free energy of hydration
essential in the prediction of protein structures, ligand binding °f the uncharged solute and the electrostatic component to the
free energies, and conformational equilibria. free energy of. turnlng on the squFe pgrtlal chgrggs._ The recent

Explicit solvent models provide the most detailed and advances in improving the appllcablllty of implicit solvent
complete description of hydration phenomén@hey are, models have_ focused on the electrostatic component and have
however, computationally demanding because of the large P&€n primarily fueled by the development of accurate and
number of atoms involved and the need to average over manySoMputationally efficient continuum dielectric modéts.”?

solvent configurations to obtain meaningful thermodynamic ~ Modeling of the nonpolar component has received less
parameters. Implicit solvent modaisffer an attractive alterna- attention despite the fact that it is the dominant term whenever

tive to explicit solvent models. They have been shown to be NYdrophobic interactiod$ are important. The formation of
useful for applications including protein decoy recognifign, ~ Micelles and phospho-lipid membranes and their mechanism

small molecule hydration free energy predicti@n'? and
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of interaction with plasma and membrane bound proteins involve
the hydration of hydrophobic molecular assembfeghe
structure and properties of proteins in water are highly influ-
enced by hydrophobic interactioh322-23 Hydrophobic inter-
actions also play a key role in the mechanism of ligand binding
to proteing?4-27

Empirical surface area models of nonpolar hydration are
widely used'%11.28-35 They commonly estimate the total non-
polar solvation free energy (cavity formation and dispersion
interaction) by a linear relationship between the nonpolar free
energy,AGpp, and the solute surface aref,

AG,,=yA+b Q)

where A is the solute surface area. The surface tension
proportionality constany represents the contribution to the
solvation free energy per unit surface area. The condtasit
the free energy of hydration for a point solufe= 0). Surface

area models have been justified on the basis of theoretical

consideration® and on the experimental observation that
vacuum-to-water and oil-to-water transfer free energies of the
normal alkanes are linearly related to the surface are8s.

nonpolar hydration free energy of proteins in different con-
texts: native proteins, misfolded and unfolded proteins, and
ligand and protein binding.

We begin by observing that the solvation properties of
hydrophobic species are determined by the volume and shape
of the excluded solvent volume and by their attractive van der
Waals interactions with the solvent. The hydrophobic nonpolar
hydration free energy is then decomposed as

AG,,= AG,, + AG 4y (2)
whereAGec,y is the cavity hydration free energy, defined as the
hydration free energy due to excluded volume effects, and
AGyqw is the free energy for establishing the sotuselvent
van der Waals dispersion interactions. This equation implies
that the two effects can be studied independéhby subdivid-
ing the total solvation process into two steps. In the first step,
a suitable cavity is created in the solvent; in the second step,
the attractive interactions between the solute and the solvent
are establishetf:>0

The decomposition of the nonpolar free energy into a cavity
term and an attractive dispersion energy term has a long history;
the theoretical study of cavity formation in water has been

cav

Surface area models have served as a useful first approximation'frequenﬂy used as a model for studying the hydrophobic effect.

some of their deficiencies have been discussed previét&ly?

Furthermore, the proposed value of the surface tension propor-

tionality constant in conjunction with nonpolar solvation surface

area models vary by more than 1 order of magnitude. They range

from 5 cal/mol/& 0 to 138 cal/mol/&,*3 corresponding to the
various definitions of solute surface area (van der Waals surface
molecular surface or solvent accessible surfcthe different
origins of experimental data to which the model is param-
etrized®4546and the applicability range of the model (e.g., small
molecule solvatiort! protein folding? and binding?). In this

Studies of the solvation free energy of a cavity in water have
related the free energy change to the cavity volume for small
cavities and the surface area for larger cavitfédyecent theory

and simulation suggest that the crossover occurs for spheres
with radii around 1 nnt1-52 While theory?52 and computer
'simulationg25456 show that solvation free energy changes
associated with certain perturbations of molecular cavities scale
as the surface area, the relationship may, in general, be more
complex#! We expect that the free energy of cavity formation,
which depends only on the size and shape of the cavity, will be

paper, we examine the behavior of surface area models for thebetter described by purely geometrical parameters, such as
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volume, surface area, and surface curvature, than the solute
solvent dispersion attraction term which depends also on the
density, location, and nature of the solute atoms that are placed
in the cavity. In this paper, we focus on the sotuselvent
dispersion term and analyze the degree of correlation between
the solute-solvent dispersion energy of proteins and peptides
with their solvent accessible surface area (SASA). As discussed
in the following section, deviations of the solutsolvent
dispersion energy from the predictions of linear surface area
models will be reflected in the total nonpolar hydration free
energy.

Galllicchio et al*? have shown that the free energy change,
AGyqw, to establish the solutesolvent dispersion interactions
for a set of alkanes of similar size depends mainly on the atomic
composition of the solute and not on their surface area. This
observation helped to explain the smaller hydration free energies
of cyclic alkanes compared to the linear alkanes; it also helped
to explain why two very different values of the surface tension
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parameter are necessary to reproduce the hydration free energies .
and conformational equilibria of the alkarfé$? A weak -Wa

—_—
correlation between SASA and solutsolvent interaction
energy was also observed by Pitarch €fatho reported that
the interaction energy between the methane dimer and water is lAG |

nearly independent of the metharmaethane separation distance.
These observations have inspired the development of a nonpolar
functional form that, together with a parameterization of the
generalized Born model, has been shown to reproduce the
experimental hydration free energies of a large set of small polar
and nonpolar molecules with very high accuragy.

Itis expecte_d that the solutesolvent dlsperS|o_n interaction Figure 1. Thermodynamic cycle depicting the decomposition of the
energy approximately tracks the solvent accessible surface areasolvation free energy into electrostatic and nonpolar components. The
The solute-solvent energy increases with increasing solute size, sequence of steps starting from the upper left and moving clockwise is as

and the surface area grows with solute size; in addition, the follows: uncharging of the solute in vacuum, removal of the setstavent
’ ’ van der Waals interaction in vacuum (there is no free energy change

atoms on the 30|_Ute surface interact more strongly with the associated with this step because of the lack of solvent molecules), hydration
solvent and contribute the most to the soluselvent energy. of the solute cavity, establishment of the sotuselvent van der Waals

Furthermore, given that the distribution of atoms on the protein interactions in water, and charging of the solute in water.

surface is roughly homogeneous, it is expected that a SInglerestored."v12v3°v31v'3°1'his is illustrated in terms of a thermodynamic cycle

propprtionality constant may be syfficient to approximately (see Figure 1) whereby the total solvation free energy can be expressed
predict the proteirrsolvent dispersion energy based on the ag

solvent accessible surface area of the protein. Pitera &t al.,

however, have recently shown that the proteiater van der AGgp, = AGgiec T AG,,

Waals interaction energy due to atoms not directly exposed to = AGgect AG,y, + AG gy, (3

the solvent is substantial. They have also shown that the

contribution due to the loss of protetwater van der Waals  whereAGecis the electrostatic contribution to the solvation free energy,
interaction energy to proteirprotein binding free energies is  which is the difference between the work of charging the solute in
significantly affected by the inclusion of buried atoms. solution, Wiy, and the work of charging the solute in a vacuhfy,

In the following section, we construct a continuum solvent AGeavis the cavity hydration free energy, at@uaw is the free energy
model for the proteirrsolvent van der Waals dispersion energy for.establlshl_ng the solute;olvent van der Waals qhspersnon inter-
which is able to accurately reproduce the results of explicit actions. In this paper, we discuss the proper modeling of the nonpolar

. . . . term AGygw.
solvent simulations. We first present the solvation free energy

d o h | h d lcul The solute-solvent site-site dispersion interaction energy is mod-
ecomposition scheme we employ. \We then proceed to calcu alejeq with the standard 12-6 Lennard-Jones pair potentjal, The

solute-water dispersion energies from explicit solvent calcula- | ennard-Jones pair potential is decomposed into repulsive and attractive
tions of peptides and proteins in water. The data gathered from components using the Week€handler-Andersen (WCA) decomposi-
the simulations is used to optimize and test this continuum tion schem&62setting
solvent model for the solutesolvent van der Waals energies.
The continuum solvent model is then used to calculate the Us(1) = Ure(r) + Uyaw(r), 4
solute-water dispersion energies of a large number of folded
. . . . where
and misfolded conformations of peptides and proteins, as well

A, IAG

Wi

——

AGw

——

as the solutewater dispersion energy contribution to the free u() +e r < 26,

energy of binding of various proteifligand and proteirprotein Upedr) = 0 - o6 (5)
complexes. For comparison, the corresponding accessible r=2"o

surface area models are analyzed. We examine why surface area — <2l

models appear to describe nonpolar solvation energies in a Waw() = us(n) > 26, (6)
coarse grained sense but exhibit poor transferability and are not LT 7

accurate enough for high-resolution studies. whereo ande are the radius and well-depth parameters of the Lennard-

2 Method Jones potentialuer) is the short-ranged repulsive portion of the
- Methods standard LJ potential, and,w(r) is the attractive van der Waals

2.1. Hydration Free Energy Decomposition.The solvation free ~ dispersion interaction potential.
energy of a molecule is defined as the free energy change for The nonpolar solvation process is then naturally divided into two
transferring a molecule from the gas phase to the solution. The transfersteps: the formation of the repulsive solute cavity in which the solute
process can be decomposed into a series of steps: first, the atomicdtoms interact with the solvent by way of the repulsive potentigl),
partial charges and van der Waals interactions of the solute are removedfollowed by the addition of the attractive van der Waals interactions
and then the resulting solute cavity is transferred into aqueous solution. Uaw(r). Explicit solvent simulations of the solvation thermodynamics

Then, the solute’s van der Waals interactions and partial charges areof small alkanes using the WCA decomposition of the Lennard-Jones
potential have showffithat the free energy chang®Gea,, in the first

(57) Ashbaugh, H. S.; Kaler, E. W.; Paulaitis, M.Biophys. J1998 75, 755~
768 (60) McCammon, J. A.; Straatsma, T. Ranu. Re. Phys. Chem1992 43,

(58) Pitarch, J.; Moliner, V.; Pascual-Ahuir, J.; Silla, A.; Tam I. J. Phys. 407.

Chem.1996 100, 9955-9959. (61) Weeks, J. D.; Chandler, D.; Andersen, H.X.Chem. Phys1971 54,
(59) Pitera, J. W.; van Gunsteren, W.F.Am. Chem. So2001, 123,3163— 5237-47.
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step is approximately proportional to the solvent accessible surface area= 0.0336 A3), uf,'LW is the solute-solvent van der Waals pair
whereas the free energy chang&.qw, in the second step depends on  potential for atomi defined by eq 6 withy = o ande = €, where
the number, location, and nature of the atomic interaction centers of gy, ande;, are respectively the diameter and well depth parameters of
the solute. For a set of hexane rotamers, it was showm\i@afy is in the solute atomwater oxygen Lennard-Jones pair potential. The van
fact independent of the solute accessible surface‘aféa. der Waals interactions between solute atoms and water hydrogen atoms
We have shown in earlier wotkthat, for small alkanes, the solute are neglected as the TIP#Rvater model used in the explicit solvent
solvent van der Waals interaction energy accurately reproduces the freesimulations prescribes. The total average van der Waals salateent
energy to “turn on” the solutesolvent dispersion interactions (i.e., to  interaction energWyqw is obtained by summing over the atoms of the
convert a soft cavity into an alkane) as predicted by Pratt and solute
Chandler® In the recent theory of hydrophobicity at multiple length
scales by Lum, Chandler, and Weékshe solute-solvent attractions 0
play a similar perturbative role for larger solutes as Wethat is, the Uyaw = Ubaw (8)
free energy contribution of adding the dispersion interactions may be =
approximated by the interaction energy in the presence of the dispersion
term. The structural basis of this is contained in the study by Wallgvist
et al% Therefore, we focus on the proteisolvent van der Waals
interactions as a surrogate for the corresponding part of the protein
solvation free energy. In this study, we approximate the free energy
changeAG,qw by the corresponding energy tefthqw. In particular, ud =y (isolated)—
the free energy change for the process of adding the sedatgent vaw vaw
van der Waals dispersion interactions to the solute cavity is modeled pwf o(r — r;l = RO (Ir = rindr (9)
by the average solutesolvent WCA attractive potential energy when solute

the solute interacts with the solvent including the full set of Lensard  \yhere the first term is the solutsolvent van der Waals energy when
Jones interactions. None of the conclusions of this work are significantly the solute is composed solely of atorhis term is obtained in analytic
affected by this approximation; if the average van der Waals selute  {5rm by direct integration of eq 7 for a single atdrwith radiusR.
solvent interaction energy is poorly correlated with the accessible The second term in eq 9 is the integral over the solute volume outside
surface area, so are the free energy charg8sw and AG,. atomi. This term represents the effects of the displacement of the
2.2. Explicit Solvent Simulations. Explicit solvent molecular  solvent around ator due to the presence of the other solute atoms.
dynamics (MD) simulations were carried out with the IMPACT  |is effect is to reduce the solutsolvent van der Waals energy of the
progran® using the OPLS all-atom force fi€ftiand the TIP4® water atom from the value corresponding to the isolated atom. The second
model. The solute molecules were kept rigid and their atomic partial tgrm in eq 9 is evaluated numerically using a spherical adaptive grid
charges set to zero. A water box was constructed around the solute of points centered around ataninside the solute volume but outside
The size of the water box was adjusted according to solute size by iomi.
ensuring that the solute was surrounded by at least three layers of water The parameters;, and i, are obtained from the OPLS all-atom
molecules along any direction. Periodic boundary conditions were ¢gce field® using the combination rules,, = m and e, =
applied. The spherical cutoff for nonbonded interactions was set to 15.5 M where 0, and ¢ are the OPLSo and ¢ Lennard-Jones
A. The simulations were performed in the constant pressure and ConStanbarameters of atorhand o, = 3.153 65 A anck, = 0.155 kcal/mol

temperature ensemble. The temperature and pressure were set to 298.13. the OPLS Lennard-Jones parameters for the oxygen atom of the
K and 1 atm, respectively. Full Lennard-Jones scehg®lvent pair TIP4P” water model

potentials were employed to generate system conformations. The g |ocation of the boundary between the solute region and the
s_olute—water bOX_ was first equnlbrate_d for at least 54 ps g_sax_ll fs solvent region is a required parameter in most implicit continuum
time step for the'lnltlal 24 ps aha 2 fstlme_ step for the remaining 20 oolvent modeldo1217.3L69n our model, the solute region is the region
ps. A 2 fs MDtime step was used during the data collection run. o, qjnseq by a set of spheres of ralicentered on each solute atom.
Trajectories were collected every 200 MD steps for at least 60 ps. The The nucleii of the water oxygen atoms are excluded from the solute
average solutgsolvent van der Waa_ls energies were calculated by region in analogy with the definition of the solvent accessible surface.
energy analysis of the saved MD trajectories. The density of water molecules in the solvent region is assumed
23 Contmuur_n Solqte—SoIvent van der Waqls Energy Model. uniform. The radiufk of atomi is set assi/2, whereg; is the OPLS
Explicit solvent simulations can be used to obtain the average solute o Lennard-Jones parameter for atgnplus an adjustable water probe
solvent van der Waals potential energy, but they are also computa- radiusr.,.
tionally very demanding. To obtain data for a large number of systems, The solvent probe radius, is the only adjustable parameter of the
we have developed a fast continuum solvent model and parametrized,, 4ol The best value for the adjustable water probe radius was

it against explicit solvent results in water. determined by minimizing the root-mean-square deviation between the

The model assumes that _the average water oxygen number denSItycontinuum solute-solvent van der Waals energy model predictions and
outside the solute volume is constant. The average van der Waalsy,o gqjyte-solvent van der Waals energies obtained from explicit

solute—yvater energyllaw() of atomi located at; is therefore Written solvent simulations. To this end, explicit solvent simulations were
as the_ integral of the van der. Waals solute atomater oxygen pair performed for nine native protein conformations (1fc2, 2ovo, 4pti, 1fas,
potential over the solvent region 1shg, 2cro, 1tul, 1iz1, and 2aza(a)), two misfolded conformations of
_ 1ctf (21977 and d8789), and 6 conformations of the octadecapeptide

U = [ oI = ril)d’r @) Ace-GEWTYDDATKTFTVTE-Nme from thep-hairpin C-terminal

fragment of the B1 domain of protein G (PDB id 1g1)The value

n

wheren is the number of atoms of the solute.

For the convenience of numerical computation, the integration
domain of eq 7 is converted from the unbounded solvent region to the
bounded solute region obtainfig

wherep,, is the water bulk number density (at standard conditighs (66) Jorgensen, W. L.: Maxwell, D. S.: Tirado-Rives)JAm. Chem. S0¢996

118,11225-11236.

(63) Huang, D.; Chandler, Dl. Phys. Chem. B002 106,2047—-2053. (67) Jorgensen, W. L.; Madura, J. Dlol. Phys.1985 56, 1381.

(64) Wallgvist, A.; Gallicchio, E.; Levy, R. MJ. Phys. Chem. 001, 105, (68) Onufriev, A.; Bashford, D.; Case, D. A. Phys. Chem. B00Q 104,3712—
6745-6753. 3720.

(65) Kitchen, D. B.; Hirata, F.; Kofke, D. A.; Westbrook, J. D.; Yormush, M.; (69) Park, B.; Levitt, M.J. Mol. Biol. 1996 258, 367—392.
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Figure 3. Continuum solvent solutesolvent van der Waals interaction
energies of various peptide and protein conformations (see below) plotted
against their accessible surface area. (A) Data with accessible surface area
between 3000 and 12 00®*AB) Data with accessible surface area between
6000 and 10 000 A circles denote native protein conformations, filled
triangles denote decoy conformations of protein Iz1 (the native conformation
of Iz1 is circled), and open triangles denote extended protein conformations.
The dashed line is the linear least-squares fit to all native protein
conformations examined; the dotted line is the linear least-squares fit to all
extended protein conformations examined. Native protein structures (PDB
id, chain designation in parentheses): 1a9m, 1a9m(a), 1a9m(b), lay7,
: . lay7(a), lay7(b), lazg, lazg(a), lazg(b), 1bhh, 1bhh(a), 1bhh(b), 1bun,
3.1. Accuracy of the Continuum Model. The explicit and 1oun(a). 1b¥m(b), lcl?/, lcl?/(a), 1c13(b), 15y, 1cby(a), 1cby(b). 1000,
continuum solvent values of the solutsolvent van der Waals 1d0d(a), 1d0d(b), 1d0g, 1d0qg(a), 1d0q(b), 1fpr, 1fpr(a), 1fpr(b), 1fxt, 1fxt(a),
energies of the native and misfolded protein conformations are 1fxt(b), 1fyn, 1fyn(a), 1fyn(b), 1gdn, 1gdn(a), 1gdn(b), 1i8h, 1i8h(a),

i Ei ‘o ; i 1igh(b), 1j4l, 1j4i(a), 1j4l(b), 1j4q, 1j4q(a), 1j4q(b), 1k8r, 1k8r(a), 1k8r(b),
presente_d in Figure 2A. The explicit solvent S|ml_JIat|ons and Lkwa, kwa(a). Tkwab), 1qix, 1qix(a) 1qi(b). 1qwt. 1awf(a). 1qwi(b).
the continuum van der Waals qu.el results are in very good 1sph, 1sph(a), 1sph(b), 1taw, 1taw(a), ltaw(b). 1zii, 17ii(a), 1zii(b), 2cyh,
agreement (0.995 correlation coefficient). In addition to the good 2cyh(a), 2cyh(b), 2phk, 2phk(a), 2phk(b), 2pld, 2pld(a), 2pld(b), 1vac(a),
accuracy achieved, several orders of magnitude of time savingivﬁC(p)ly 1lvalC(ﬁ_p),220|fi 1)bk2m, 1d;VC, 1327,_ 2bp>é, éth, gas, tfclg, 1z1,

; i ; ; ; shg, 1tul, lubi, 2aza(a), 2cro, 2ovo, 4pti, and 6pti. Extended protein
IS aChleyed by using the Contmuum_sowem model In.Stead of structures of the following: 1ctf, 1fas, 1fc2, 11z1, 1shg, 1tul, 1ubi, 2aza(a),
the explicit solvent model. The explicit solvent calculations for ¢ 20vo, 4pti, and 6pti. A series of 34 low energy conformations of the
the proteins took on average one to two weeks of computer Ace-GEWTYDDATKTFTVTE-Nme octadecapeptide including the fully
time to converge compared to the minutes required by the ?Xtende(t‘ C?TObf;négiO? Qn% tﬁmairp}rlhcoqfot;m;tion ffoéﬂltlhi C-tet"_ﬂin?l

: . . ragment of 1gb1. Protein decoys of the 1ctf, 2cro, and 1lz1 proteins from

corres_pondlng continuum solvent Ca_|CUIatlonS' the 4-state-reducéland ROSETTA! all-atom protein decoy sets.
An important property of the continuum solvent model we

developed is that it predicts accurately not only the total selute  (U,q4y), using the continuum solvent model of a series of
solvent van der Waals energy but also the sctsvent van peptides and protein conformations. The surface areas of the
der Waals energy of individual solute atoms and residues. As molecules analyzed span a very large range, from 50 to 20 000
an example, Figure 2B compares the continuum selstédvent A2, The data collected for proteins with surface areas ranging
van der Waals energy of each individual atom of chain A of between 3000 Ato 12 000 & are shown in Figure 3A; Figure
the protein Azurin (PDB id 2aza) with the corresponding values 3B shows a subset of the results in an expanded region between
obtained from the explicit solvent simulation. The agreement 6000 and 10 000 A

(0.999 correlation coefficient) is quantitative across the wide On the very coarse grained scale of Figure 3A, the selute
range of solutesolvent van der Waals energies, from the large solvent energies of proteins in their native conformations (filled
ones corresponding to atoms exposed to the solvent to the verycircles Figure 3A) lie along one line, while the corresponding
small ones corresponding to atoms buried in the protein core. results for extended conformations of these proteins lie along
The continuum model is therefore capable of characterizing not another (open triangles Figure 3A). Least-squares fitting of the

only large scale conformational rearrangements, such as whensyrface area model to the soluolvent van der Waals energies
comparing folded and misfolded protein conformations, but also of the native protein conformations yields

small conformational changes involving the motion of only a
few atoms or, for example, when predicting the effects of
mutations. In contrast, we observe that the sehsi@vent van
der Waals interaction energies of individual solute atoms do whereA is the SASA,yyaw = —84 cal/mol/&, andbygw =
not correlate well with the accessible surface area of the atoms.25.2 kcal/mol for the surface tension and intercept of the line
Indeed, we estimate that the buried atoms of a protein (definedfit to the native conformations andqw = —71 cal/mol/& and
as having less than 1%of solvent accessible surface area) byaw = 8.97 or the surface tension and intercept of the line fit
comprise approximately 50% of the atoms of the protein and to the extended conformations. The least-squares fits of the
account for up to 40% of the total van der Waals protein  native and extended solutsolvent energies correspond to the
water interaction energy (this is further considered in section dashed and dotted lines in Figure 3. Native and extended
3.2). proteins represent extreme examples of chain compactness; the
3.2. Native and Extended Protein Conformations, Pep- native states are the most compact, and the extended conforma-
tides, and Misfolded Structures.In this section, we present tions, the least compact. We have also analyzed the solute
the analysis of solutesolvent van der Waals interaction energies solvent van der Waals interaction energy as a function of SASA

Figure 2. (A) Comparison between explicit and continuum solvent setute
solvent van der Waals energies of a set of nat®§ §nd misfolded 4)
protein conformations. (B) Comparison between the explicit and continuum
solvent solute-solvent van der Waals energies for individual atoms of
protein 2aza(a). The dashed lines of unit slope indicate perfect correlation.

rw = 0.85 was found to give the best agreement between the continuum
and explicit solvent models.

3. Results and Discussion

AUyqw = YvawA T bygw (10)
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for protein structures with intermediate compactness representing
models for protein folding intermediates and misfolded struc-
tures. Protein “decoys” used for macromolecular force field
validation provide models for these structufeBhe solute-
solvent van der Waals energies for three sets of decoys (1ctf,
2cro, 11z#%7), two sets (1ctf and 2cro) with surface areas in
the range 4000 Ato 6000 A& and the other (11z1) with surface
areas in the range 8000 to 10 008, Are also shown in Figure

3. The solute-solvent energies for these misfolded structures
fall approximately along two lines corresponding to the progres-
sive unfolding of these proteins (the data for 1ctf and 2cro lie
along the same line). The effective surface tension obtained
fitting the protein decoy data is approximatelysw = —60 cal/
mol/A2. We have also calculated (data not shown in Figure 3)
the continuum solvent estimates of the sottgelvent van der
Waals energies of a set of low energy conformations of the Ace-
GEWTYDDATKTFTVTE-Nme octadecapeptide. The best fit
to these data yields an effective surface tension close to the
values obtained for the protein decoys.

It is apparent from these results that the coarse grained linear ,
fits of the proteir-solvent attractive dispersion energy to the o 2OSASiO(A?)40 50 60 0 o2 (Ag) 4 5
solvent accessible surface area are not transferable between these _

Figure 4. Continuum solvent solutesolvent van der Waals energy of the

different types of data sets. The surface area models param'heavy atoms of protein 2aza(a) vs their accessible surface area. (A) Native

etrized on the peptides and misfolded proteins yield a much conformation. (B) Native conformation, atoms with surface areas less than
smaller surface tension coefficient,gw = —60 cal/mol/,ﬂ?) 5 A2 (C) Extended conformation. (D) Extended conformation, atoms with

than the value extracted by fitting the native conformationg( surface areas less than 8.A
= —84 cal/mol/&). Why do the three different data sets of (1)

native proteins, (2) misfolded proteins, and (3) extended proteins
have different coarse grained surface tension parameters? Th ) . )
data of Figure 3 consist of the total energy and total surface or extended proteins and native proteins.

area for each structure; these quantities are obtained by summing_gzhy II/S ths )Sg)oarse grag?d f:ecmt'? surfatcg tens;fo,a,\( :t
over atomic contributions. As we illustrate below, the differences calimo measured for (n€ native protein conformations

in the coarse grained surface tension parameters reflect differ-l"’lrger in magnitude than the corresponding value for extended

ences in the underlying atomic distributions Wfaw as a conformations fvaw = —71 cal/mol/&) and even larger still
function of SASA than the values extracted from the peptide and misfolded protein

conformations fvaw = —60 cal/mol/&)? The difference
between the native and extended conformations’ effective
surface tensions can be rationalized in terms of the different
protein—solvent van der Waals energies per unit surface area,
given by the ratio/yaw = Uvaw/A, which characterizes the native
and extended distributions shown in Figure 4. A comparison
of the distributions of atomic solvation energies for the native
and extended conformations of protein (compare the mean value
along each axis of Figure 4A,B with that of 4C,D) shows that
there are two competing effects. The atoms of the native protein
which are proximal to the surface but which have no surface
area exposed make a substantial contribution (about 40% of
the total) to the van der Waals interaction energy between the

al/mol)

Uvaw (k(

60 0 1 2 3 4 5

Uyaw (keal/mol)

extended conformation of 2aza shown in Figure 4C,D. This
nderlies the difference between coarse grained surface tension

Figure 4 shows distributions &f,qw as a function of SASA
for the heavy atoms of protein 2aza (Figure 4 parts A,B are
derived from the native state conformation, while Figure 4 parts
C,D are derived from the extended state conformation). There
are two points to be made. First, on an atomic scale, the
correlation between accessible surface area and sadoteent
interactions is weak. About 40% of the total solus®lvent
interaction energy comes from atoms of the protein which are
completely buried just under the surface. Second, the atomic
distributions Uyaw Vs SASA) shown in Figure 4 corresponding
to the native and extended conformations of the protein are quite
different from each other. The atomic distributidggw versus

SASA, shown for the native state in Figure 4A,B, determines native protein and the solvent. They increase the effestiyg

the ratio, yvaw = Uvaw/A, Of the total van der Waals solute of the native conformation. The extended structures do not
solvent energy to the total exposed surface area. Because the

L T2 . S contain this large contribution to the solutsolvent energy from
atomic distribution for any native protein is similar to 2aza . .
A . . : .~ buried atoms. This effect more than offsets the somewhat
shown in Figure 4, there is a coarse grained linear relation

. ) increasedJ at fixed surface area for exposed atoms in the
between totalJ,gw and total surface area for native proteins. vaw P

. e extended conformation relative to the native.
The corresponding atomic distributions for extended conforma- . : : .
. . . L . . The effective surface tensions for the native conformations
tions of proteins, while qualitatively different from native

: - L cannot be directly compared to the surface tension coefficients
conformations, are all similar to the distribution shown for the . et .
obtained from fitting the surface area model to the protein
decoys and octadecapeptide data because they represent two

(71) Simons, K. T.; Bonneau, R.; Ruczinski, |.; Baker, Broteins: Struct.,

Funct., Genet1999 S3,171-176. different physical quantities. The first measures the rate of
(72) http://www.bmm.icnet.uk/docking. ; ;
(73) Rizzo, R.; Tirado-Rives, J.; Jorgensen, WMed. Chem2001, 44, 145— change of the proteinsolvent van der Waals energy with
154, respect to solvent accessible surface area for the process of going
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from one protein to another protein with a different number of whke e ~T ' ' ]
residues without changing the distribution of energies and ® .\

surface areas which characterizes the native state (see Figure 01 4 o’ T
4A); as a result the native effective surface tension is equal tog gL . -
the native proteirrsolvent van der Waals energy per unit surface £ L S

areaU,aw/A. In contrast, the effective surface tension fitted to £ ™[ o 0 iy
the protein decoy conformations measures the rate of changez ¢ M a? . -
of the protein-solvent van der Waals energy with respect to 5 s b .0 ‘,,, |
solvent accessible surface area as the protein unfolds; a process ’ " .‘ Vv,
that corresponds to continuously changing the native selute 40 b o
solvent interaction energysurface area distribution into the ok . . . E
distribution corresponding to the extended conformations dis- -1400 -1200 -1000 -800 -600
tribution keeping the number of atoms constant. The two ASASA (A7)

processes are not equivalent; indeed, the valués,@f/A for Figure 5. Solute-solvent van der Waals energy of bindiag,)vaw, plotted

the decoy conformations, ranging between the nativé4(cal/ S change of so!vent accessible surfa(_:e area _for various prgisitein
y ging and ligand-protein complexes.&) protein—protein complexes,&) HIV

mOVAZ) and the eXtended_(_?]- cal/mol/ﬁ@) effective surface protease complexesy) HIV reverse transcriptase complexe®)(sul-
tensions, are much larger in magnitude than the slope of thefonamide-thrombin complexes, M) other complexes. The dashed line
lines connecting the protein decoys 60 Ca|/m0|/,8@)_ The indicates the prediction from the surface area model fit to the native protein
: : - .. conformations (see Figure 3). The proteprotein complexes analyzed are
value Of_the effe_ct|ve surface tens!on for the prOtel_n decoys is those proteins composed of two chains listed in the caption of Figure 3
smaller in magnitude than the native surface tension becauseand the native and two decoy conformatitnsf each of the complexes
on a scale set by the natiygqw, the surface area per atom  1brc, 1bgs, lavz, lcgi, 2kai, and lugh. The ligaptbtein complexes
increases more rapidly on average than the interaction energy?nalyzed are 1bkm, 2clr, 6 argotroban sulfonamide analogues complexed
h fth pidly in ch 9 hei . f .gy\?vith thrombin (1dwc), 1aq7, 20 HEPT analogues complexed with HIV
as the atoms of t e Pmtem change their envwonmem rom native reverse transcriptase (1rtl) from reference 73, 2bpx, 1hpv, 1htg, and 1hvj.
to extended. A similar effect was observed previously when

studying the solvation of small molecul®s. . .
. e N energiesAU,qw, as a function of the change of SASA upon
While the atomic distributions shown in Figure 4 help to binding, AA, in the range oAA between—1500 and—500 A2

SThe solute-solvent van der Waals binding energies are positive
reflecting the fact that solutesolvent energy is lost upon
binding (desolvation effect). They are also of the same order
of magnitude or larger than typical binding free energies,
underlining the fact that nonelectrostatic desolvation effects are
ﬁ*nportant in binding affinity prediction.

The scatter of the binding energies with respect to the surface
area loss is, in a relative sense, larger than the scatter of the
absolute solutesolvent van der Waals energies of the mono-
Thers around the corresponding best surface area model (see
Figure 3). Because the values @fsw = AUyaw/AA obtained
from the solute-solvent binding energy data range fronb0
to —79 cal/mol/&, a surface area model with a single effective
surface tension parameter does not accurately reproduce all of
the binding energies. Subsets of the protdigand binding

for different kinds of protein structures shown in Figure 3
(native, misfolded, extended), at high resolution, there is a large
variation of total solute solvent interaction energies for indi-
vidual proteins from values predicted by the coarse grained
surface tension. This can best be seen on the expanded scal
shown in Figure 3B. Note for example the spread of ndtlygy
values for the cluster of proteins with surface areas around 9000
A2 In this region, deviations of as much as 50 kcal/mol from
the surface area model are observed and the energy difference
between proteins with similar surface area can be 1 order of
magnitude larger than that predicted by the surface area model
Conversely, examples can be found of proteins with similar
solute-solvent van der Waals energies but differing by as much
as 1000 A& in surface area. The effect of these deviations from

the coarse gfa'“ed p_redlctlons_ IS greatly_ magn|f_|ed when energies data (see for example the binding energies for the HIV
modeling binding as discussed in the following section. reverse transcriptase complexes, downward pointing triangles
3.3. Protein—Protein and Protein—Ligand Binding Ener- in Figure 5) are found to be linearly correlated with the surface
gies.An important application of solvation free energy models grea |oss; however, the corresponding proportionality constants
is to compute the solvation contribution to the binding free gptained by a least-squares fit are often significantly system
energy*34” We have tested the ability of surface area models gependent. For instance, the bessw for the thrombin and
to predict the solutesolvent van der Waals energy component  syifonamide complexes alone-§78 cal/mol/& but for the HIV
of the free energy of binding for a series of protein and ligand  reverse transcriptase and HEPT analogue complexe8&al/
protein complexes computed using the continuum solvent model mo|/A2. The larger scatter with respect to the surface area model
described in section 2.3. observed for the binding energies is due to the fact that the
The solute-solvent van der Waals binding energies are binding energies depend on the desolvation of only those
calculated as the difference between the setst@vent energy relatively few atoms involved in binding, rather than reflecting
of the complex and the sum of the solutolvent energies of  the solute-solvent interaction energy averaged over the entire
the isolated monomers. The proteiprotein complexes ana-  protein. We observed in the previous section that although an
lyzed, listed in the caption of Figure 5, include native and non- effective surface tensiom,gw can be used to describe the
native binding decoy conformations. We have also analyzed approximately linear relation between solisolvent van der
the solute-solvent van der Waals binding energies of the Waals energy and surface area on a coarse grained scale, in
ligand—protein complexes listed in the caption of Figure 5. general it does not reproduce well the sotugelvent interaction
Figure 5 shows the solutesolvent van der Waals binding  energies of individual atoms. The scatter of the binding energies
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with respect to surface area also reflects the wide variety of attraction can be accurately approximated by the average
binding geometries observed. For example, although the contactsolute-solvent van der Waals interaction energy. Implicit
area between the monomers in a protdigand and proteifr solvent models must account for this term in order to accurately
protein complex are sometimes similar, a small ligand, given predict solvation free energies.
its size, shields the binding partner from the solvent to a smaller  In this work, we show that a continuum solvent van der Waals
degree. interaction energy model, based on the integral over the solvent
The data presented in Figure 5 also show a systematicvolume of the attractive component of the sotuselvent
discrepancy between the calculated binding energies and thenteraction potential of each solute atom, yields schgelvent
surface area model for the native proteins obtained in the van der Waals energies in good agreement with explicit solvent
previous section. The solutesolvent van der Waals binding  calculations. We also show that linear surface area models are
energy of a complex formed by monomeasand b can be unable to predict as accurately the average selsidvent van

written as der Waals interaction energies of ligands and various conforma-

tions of peptides and proteins obtained from explicit solvent

AU o =TU' .« (a) — U al + [U' .. (b) — U b simulations and from the continuum solvent van der Waals
vdw [ vdW( ) vdW( )] [ vdW( ) vdW( )(]11) interaction energy model.

The major drawback we have observed with surface area
) ] ) models is their poor transferability. A single surface area model
where Uvaw is the solute-solvent interaction energy of the  goes not reproduce the soluteolvent van der Waals energies
isolated monomer antd,, is the solute-solvent interaction  for any of the systems examined. In fact, for proteins we found
energy of the monomer in the complex. When the surface areanat a particular parametrization of the surface area model is
model for the native protein conformations (eq 10 vyitw = only applicable to the subset of protein conformations included
— 84 cal/mol/&) is applied to cglculgte Qach term in eq 11,_ the in the parametrization. For instance, the surface area model that
result, shown as a dashed line in Figure 5, systematically approximately reproduces the sokolvent van der Waals
overestimates the calculated binding energies. The value of thegpergies of native protein conformations does not reproduce the
effective surface tension for the native protein conformations energies of extended protein conformations. Moreover, this
(_284 cal/m_ol/ﬁ?) is inconsistent with the slope-62 cal/mol/ surface area model is found inappropriate for describing the
A?) of the line that best approximates in a coarse grained senserg|ative solute-solvent energies of a set of misfolded conforma-
the continuum solvent solutesolvent van der Waals binding  tjons (protein decoys). We also found substantial scatter of the
energies of the proteirprotein complexes shown in Figure 5. so|yte-solvent van der Waals energies around the corresponding
Analysis of the individual desolvation energiggyy — Uvaw effective surface tensions that best approximates these datasets.
of each monomer reveals that atoms buried upon binding still \ye found that surface area models are even less accurate in
interact to some degree with the solvent (see Figure 4B); reproducing the van der Waals desolvation energy component
therefore, the surface area model, which instead assumes thags ihe free energy of binding of proteirprotein and proteir
those atoms. no longer interact with the solvent, overestimates”gand complexes. The surface area model parametrized for the
the desolvation penalty. We have also observed that, becausgative protein conformations complexes is found to systemati-
the interface region of a proteirprotein complex is in general  ¢4ly overestimate the binding desolvation energies, and the
more corrugated and interacts less strongly with the solvent thanscater around the effective surface tension specifically param-
the protein surface not involved in binding, often a smaller than efized to best reproduce the binding desolvation penalty is found
expected desolvation penalty is obtained by burying the interface o pe |arge in relation to the magnitudes of the desolvation
surface in the interior of the protein complex. energies. Surface area models are also found to be grossly
inaccurate in reproducing the solutsolvent van der Waals
) ) ) ~ energies of individual solute atoms. In proteins, we find many
The hydration free energy is decomposable into electrostatic pried atoms (zero solvent accessible surface area) that con-

and nonpolar components. Implicit solvent models often estimate ipte significantly to the total solutesolvent van der Waals
the nonpolar component by means of a term proportional to jhteraction energy.

the solvent exposed surface area (surface area model). The
nonpolar component is further decomposable into a cavity fr
formation component and a soluateolvent van der Waals

dispersion attraction component. The sottgelvent dispersion ~ JA029833A

4. Conclusions
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