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ABSTRACT We describe an efficient solvation model for proteins. In this model atomic solvation parameters imitating the
hydrocarbon core of a membrane, water, and weak polar solvent (octanol) were developed. An optimal number of solvation
parameters was chosen based on analysis of atomic hydrophobicities and fitting experimental free energies of gas-
cyclohexane, gas-water, and octanol-water transfer for amino acids. The solvation energy term incorporated into the
ECEPP/2 potential energy function was tested in Monte Carlo simulations of a number of small peptides with known energies
of bilayer-water and octanol-water transfer. The calculated properties were shown to agree reasonably well with the
experimental data. Furthermore, the solvation model was used to assess membrane-promoting «a-helix formation. To
accomplish this, all-atom models of 20-residue homopolypeptides—poly-Leu, poly-Val, poly-lle, and poly-Gly in initial
random coil conformation—were subjected to nonrestrained Monte Carlo conformational search in vacuo and with the
solvation terms mimicking the water and hydrophobic parts of the bilayer. All the peptides demonstrated their largest
helix-forming tendencies in a nonpolar environment, where the lowest-energy conformers of poly-Leu, Val, lle revealed 100,
95, and 80% of a-helical content, respectively. Energetic and conformational properties of Gly in all environments were shown
to be different from those observed for residues with hydrophobic side chains. Applications of the solvation model to
simulations of peptides and proteins in the presence of membrane, along with limitations of the approach, are discussed.

INTRODUCTION

Membrane domains in proteins are of prime importance foof such effects, computational studies of peptides directed to
many cell processes. Often, they are organized as assemssessment of their conformations and energetics in mem-
blies of polypeptide segments interacting with the lipid branes can be subdivided into the following groups: i,
bilayer and constituting a functionally active and finely studies in vacuo or with a uniform dielectric model of
regulated biological machine involved in ion and molecularsolvent; ii, explicit solvent simulations; and iii, calculations
transport across the membrane, cell communication, signalyith simplified potentials imitating a membrane.

ing, etc. Studies of membrane-bound segments are thus |n studies of group i, properties of residues near the
essential for understanding structure-function relationshipgyotein surface are not well-described, thus leading to miss-
of membrane proteins. At the same time, high-resolutionng important details in the representation of interactions
structural information about them is scarce because of limpetyeen the protein and its environment. In addition, such
itations of modern experimental techniques (see Walker andijations neglect the hydrophobic effect playing a dom-
Saraste, 1996, for a review). Given these difficulties, thgnant role in the determination of conformation and stability
development of theoretical models for membrane proteing¢ embrane proteins (Wang and Pullman, 1991; Jacobs
seims tobbe ||;d|_spe|n§able.f b o q and White, 1989). Group ii includes calculations in bulk

_ A number of simutations of membrane proteins an pGp'nonpolar solvents (e.g., De Loof et al., 1992; van Buuren
tides have been performed using the force field methodsémd Berendsen, 1993: Gerstein and Lynden-Bell, 1993;
Thus, molecular _dynam|cs .(MD) a_”d Monte Carlo (M.C) ovacs et al., 1995; Efremov and Vergoten, 1995; Peters et
protocols (sometimes combined with simulated annealing |

were employed to refine (Parker et al., 1992) and predict " 1996). A number of protein S|mu!at|0ns inexplicit )
(J%hnig and Edholm, 1992; Chou et al., 1992; Adams et al.membranes were also reported (e.g., Xing and Scott, 1989;

1996) the structure of intramembrane domains. The ma"\(Vang anquuIImanI, 1_991)' 'At‘:thOUQQl using a?] eXFIJ“Cl't §0|'
difficulty of these calculations is a necessity to take into /&Nt Provides a solution to the problem, such calculations

account solvent effects. Depending on the way of treatmerf€duire very large amounts of computer time and, therefore,
still cannot be applied efficiently even to medium-size

membrane moieties (e.g., assemblies of four to five trans-
Received for publication 15 July 1998 and in final form 15 February 1999. membrane (TM)a-helices). In addition, such methods in-
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demands precise determination of parameters in van detouten et al., 1993; von Freyberg et al., 1993; Cummings et
Waals and electrostatic energy terms. Finally, while numeral., 1995; Juffer et al., 1995). In these studies the solvation
ous simulations of hydrated lipid bilayers have been re-model imitated residue exposure to water and to weakly
ported (see Pastor, 1994 for a review), an adequate choice pblar protein interior (approximated by octanol). Some of
the all-atom membrane model still is not straightforward. the results obtained in these applications agree fairly well
A promising alternative (iii) lies in employment of either with the experimental data, and hence provoke a strong
simplified models of a bilayer or membrane-mimicking interest in employing ASP-based solvation models in sim-
potential added to the energy of the system. Such methodgdations of membrane-bound peptides and proteins.
are sufficiently less computationally expensive than explicit The intention of the present study is to develop ASPs for
solvent calculations and, therefore, are able to address quesenrestrained simulations of full-atom models of peptides
tions about structure and function of membrane proteins omand proteins in a membrane-like environment. The work
rather larger time scales. Studies of proteins in simplifiedconsists of two parts. In the first one, we design the param-
membrane models were described by Roux and Karplusters mimicking the nonpolar hydrocarbon core of a mem-
(1994), Baumgdner (1996), and others. Often, the hydro- brane and test them, along with the parameters imitating
phobic core of a membrane is modeled by Lennard-Jonegolar solvents, in MC calculations of small peptides with
hydrocarbon-like particles, a polarizable cubic lattice withknown energies of bilayer-water and octanol-water transfer.
low dielectric permeability (reviewed in Roux and Karplus, Because now there are only a few applications of the mem-
1994), or by a monolayer of hard parallel cylinders repre-brane solvation models to simulations of proteins in full-
senting the lipid chains (Baurigaer, 1996). Among other atom representation, special attention was paid to the de-
properties, these models permit investigation of orientavelopment and critical assessment of ASPs. In addition,
tional order and lateral density fluctuation of the lipid ma- questions concerning the influence of solvent polarity on
trix, which are important for partitioning and-helix for-  energetic and conformational properties of Leu, Val, and
mation of TM peptides. Ile, which are often found im-helical conformation in the
In a number of studies the membrane was approximatetilayer, are addressed in simulations of 20-residue ho-
by introducing an additional solvation term into the poten-mopolypeptides poly-Leu, poly-Val, and poly-lle. In the
tial energy function to represent interaction of a protein withaccompanying paper we report the results of MC simula-
its environment. Usually (Edholm andhlag, 1988; Ger- tions in membrane-mimetic environments for several bio-
sappe et al., 1993; Milik and Skolnick, 1993, 1995; Sea-ogically important TM peptides, revealing a wealth of
graves and Reinhardt, 1995), such potentials are taken dexperimental structural information.
pendent on hydrophobic properties of residues and their
positions relative to the bilayer. The results obtained pro-
vide interesting insights into peptides’ behavior in the mem-METHOD OF CALCULATION
brane environment. However, such methodology seems tatomic solvation parameters
be somewhat oversimplified because amino acid residues
are treated as point “hydrophobic sites” without taking intOThe ASPs were obtained for the following systems: gas/water (gw), octa-

. . nol/water (ow), gas/cyclohexane (gc), octanol/cyclohexane (oc), and gas/
account the conformation and hydrophobic nature of atomg. (g0). The parameters for each of them (ASP of diaaherek =

and/or atomic groups. gw; ow, etc.) were derived by solving an overdetermined system of linear
A reliable compromise between preserving atomic de-equations of the form

tails, correct assessment of the hydrophobic interactions, N,

and computational qost of s_,imulations appears to be lin AGJ_k = S AGFASA, )

employment of atomic solvation parameters (ASP). In this

type of implicit solvation model the solvent contribution to

the potential energy for solute atoms is taken proportional taising an SVD algorithm that is known to provide the most stable solutions

their solvent-accessible surface area (ASA). The solvatiof-2wson and Hanson, 1974). Hek&f is the experimental free energy of

. . . transfer of amino acid residue (or its side-chain analog) of fype a
term is as follows (Eisenberg and McLachlan, 1986): systemk (taken from Sharp et al., 1991)\c* and ASA are ASP and

solvent-accessible surface areas for atoms of tyipesystemk, respec-
N tively, andN, is a number of atoms in residgyeontributing toAGF. The
Eoon = E AcASA (1) linear system (Eq. 2) was solved for various numbbtsdf the ASP types
defined as follows: NI = 4) C, N/O, S, N/O™; (M = 5) C, N/O, S, N,
O ;(M=6)C,N,0,S,N,0; (M=7,a) Cypns Carse N, O, S, N,
. . P . . o (M =17, b) Caliph./ar: va N, O, S, Mr o (M = 8) Caliph.v Ca\r.v va
whereASA is the ASA of atomi, Ag is its atomic solvation  n o, s, N, 0 (M = 9) Catphs Cars Co G N, O, S, N°, O Here C
parameter, antll is the number of atoms contributing to the is all types of carbon, G, is aliphatic carbon, G is aromatic carbon,
solvation energy. Such a technique with ASPs derived eiCaipn.ar. iS €ither aliphatic or aromatic carbon, is either aromatic
ther from the experimental octanol-water free energies 0f:arbon or carbon attached to a heteroatomnjsCcarbon at_tache_d to any
. . .. . number M = 4 + 8) or one M = 9) heteroatom (O, N, S, including those
transfer for amino acids or from stat|_st|cal analysis ofin aromatic rings), C, is carbon attached to two heteroatorvs € 9), N
known protein structures has been applied to globular prog yncharged nitrogens, O is uncharged oxygenisis\tharged nitrogens,
teins (Wesson and Eisenberg, 1992; Schiffer et al., 1993~ is charged oxygens, and S is sulfur atoms. ASA values (and, therefore,

i=1

i=1
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E..) for these atoms were estimated by considering them in united-atondEZy;,) — (EZS,,), where(EZS, ), (E, ), and (EZ;,) are means of the
presentation, although the other energy terms (see below) were calculatetlvation terms obtained for the conformers accumulated during the last
in all-atom presentation. The probe radii for water and octanol were takeri000 MC steps. A similar approach was applied to estimate solvation
to be 1.4 A. For cyclohexane two probe radii were tested: 1.4 and 3.3 Acontribution into the cyclohexane-water free energy of transfer for Ac-Ala-
The united-atom ASAs were calculated for extended conformations ofNMe and the 25-residue-helix of poly+-Ala. In this last case only 100
corresponding N-acetyl amino acid amides using the FANTOM programMC steps were performed.

(von Freyberg and Braun, 1991), whereas the backbone atoms of amino

acid side chains were treated as pseudoatoms. The ASA values are avail-

able from the authors (ERG, efremov@nmr.ru) upon request.

RESULTS AND DISCUSSION

MC simulations Development of the atomic solvation parameters

Starting all-atom models of Ac-Trp-Leu(COO) (m = 1, 2, 3, 4),  1he procedure used to derive ASPs is similar to those
Ac-GIn-X-lle-NMe (Ac = N-acetyl, NMe= methyl amide, X= Gly, Trp, ~ employed previously by other authors in implicit solvent
Ala) peptides as well as 20-residue paiy-eu, poly+-Val, poly--lle,and  simulations of globular proteins (e.g., Eisenberg and

poly-L-Gly (;Nertz_a t?kfn ti.n rand?m cotqformations bUd”t_ by thel It:'ANTOf'\:lh McLachlan, 1986; Ooi et al., 1987; Wesson and Eisenberg,

rogram. Identical starting conformations were used in simulations o . :

Ean?e peptide with diﬁergnt sets of ASPs. The homopolypeptides Werzl'ggz; .SChIffeI’ e_t al., 1993; C“mm'_”g,s et al., 1995). The
taken with neutral N- and C-termini. main difference is a number and definition of the ASP-atom

The peptides were subjected to MC simulations in torsion angle spactypes. Also, only few sets of ASP-like parameters are used
using the FANTOM program. The Metropolis criterion (Metropolis et al., today for simulations of full-atom models of peptides in

1953) was uged to select cqnformations during the sampling. The potentieﬁoﬂpo|a_r media (e.g., Ducarme et al., 1998) and, moreover,
energy function was taken in the form they are incorporated into force fields different from that
Eroa = Eeceppiat Eson (3) applied in this study. Therefore, the _pr_opo_sed_ solvation

model has a number of features that distinguish it from the

Here the termEccepppoincludes van der Waals, torsion, electrostatic, and others. This also implies that the new ASPs should be
H-bonding contributions to the potential energy” (hNethy et al., 1983). rigorously tested. To find an optimal (minimal) number of

Esov IS a solvation energy (Eq. 1). parameters and, hence, to avoid overfitting of the data, the
For homopolypeptides the following simulation protocol was em-

ployed: 1) initial random structures were subjected to 5700 steps of M(:“near system (2) was solved for various numba$ ¢f the

conformational search with linearly decreasing temperature (irftiad ASP types. Choice of the optim@ll was based on the
2000 K). At each MC step, 10 randomly selected dihedral angles wereanalysis of a discrepancy, and a square of the multiple
sampled, the step of variation of each dihedral was chosen randomly on theq rrelation coefficient, RZ(M), between experimental

range —180° + 180°, and the current structure was minimized via 100 .
conjugate gradient iterations. 2) The adaptive-temperature schedule prot(g-AGeXP) and CaICUIatedA(GCE“C) energies of transfer. Anal

col (von Freyberg and Braun, 1991) was employed during 2000 iterationé/SiS. of an_d R?(M) for ASPg_(:,gW,O\{v(Fig' 1) ShOYVS that the
by sampling of five randomly selected dihedrals followed by 150 minimi- choice of eight ASP-types is optimal: further increasMg
zation steps. The initial conformation was the lowest-energy structureoes not lead to increasirﬁﬁ(M) and decreasing, whereas

fqund at stage (1). 3) Fin:_;\lly, the_z protocol similar to (2) but with one employment of smalleM reveals decreasinﬁtz(M) and
dihedral sampled was applied during 1000 MC steps. To assess the influ- wth of 5 tivelv. | dditi the choidd = 8 i
ence of a number of model parameteM) (on the results, we have gro Ot o, respectively. In addition, the chol =0l

performed MC simulations of 10-residue poly-Leu with ASPalculated corroborated by inspection of hydrophobicity constants of
for M = 5 andM = 8. The peptide was taken in initial random confor- the ASP-atom types. Such constants derived from the anal-
mation, and the simulation scheme (1) with 1500 MC steps was employedylsis of octanol/water partition coefficients are widely used

In all the calculations distance-dependent dielectric permealkility t ; ; :
) . . 0 assess polarity properties of molecules via molecular
4 x r and spherical cutoff for nonbond interactions (30 A) were used. The P Y Prop

w angles of peptides were kept fixed in the MC runs. No distance or torsiorhydrophOblcny potential (MHP) calculations (e.g., Efremov
restraints were employed. Two conformers were considered as identical ifnd Alix, 1993). For the eight ASP types proposed here, the
apart from symmetry operation, all torsion angles of both conformers agrewalues of the MHP-hydrophobicity constants (Ghose and

to within 1°. Other details of MC protocol can be found in von Freyberg Crippen, 1986) are rather different and, therefore, it is
and Braun (1991). Secondary structure, ASAs, and H-bonding pattern - P
were analyzed using the DSSP program (Kabsch and Sander, 1983§.easonable to separate these ASP types in parametrization.

Ribbon diagrams of the molecules were produced with the MOLMOL An important feature of our solvation model is a treat-
program (Koradi et al., 1996). ment of charged atoms. We assigned the same ASP-type
Free energies of octanol-watekG,,) or cyclohexane-waterAG.,) (O~ for all charged oxygens because in proteins they

transfer were estimated for series of Ac-Trp-| (OO0 ) (m= 1, 2, 3, most often belong to COOgroups. Charged nitrogens are

4) and Ac-GIn-X-lle-NMe (where X= Gly, Trp, Ala) peptides, respec- . . . . .
tively. (We should outline that the procedure for calculationA@ de- presented both in shared pairs with effective atomic charge

scribed below is valid only for small peptides, where the main contributiond = +0.5 (like atoms N1, N{2 in Arg) and in an isolated

to AG is determined by the solvation term.) For each peptide, two MCState withq = +1 (NZ in Lys). We found that employment
simulations with the ASP sets AGR ASP,. (or ASR,,, ASR,) were  of two ASP types (N*2and N"?) instead of one (N2 *%)
pgrformeq as follows: initial random structures were subjectgd to_ energyynes not lead to decreasing errorin soIving the linear system
minimization followed by 1500 MC steps &t= 300 K. At each iteration, .

one randomly selected dihedral angle was sampled. Other details were ti(g) (data ,nOt shown). Therefore, we attrlk.)ut.ed a," t_he
same as described before. Then, the values\Gf,, and AG,,, were  charged nitrogens to the same ASP type. A similar criterion

calculated according to the formulasG,,, = (E3%,) — (E%,), AG,,, = was used to attribute nitrogens and carbons in the heteroaro-
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A be employed to model an aqueous environment, while the
& set (ii) mimics the membrane interior. The AgPand
i ASP,. (Table 1) are interpreted as follows: accessibility to
Hgas-water water is favorable only for O and N atoms, whereas mem-

brane exposure—for aliphatic nonpolar carbons. Analysis
of the resulting ASPs confirms our choice of the number
(M) of atom types. Thus, even if for the AgRet the values
attributed to the carbon atoms are somewhat close to each
other and all negative, those for the AgRet differ in their
absolute values and signs (Table 1). The same is true for O
and N atoms in ASE, and ASR,; sets, respectively.

It is not apparent what probe radiuR} should be used
to calculate protein surface exposed to the membrane inte-
rior. Effective radius of cyclohexane molecule-s3.3 A,
but the local curvature radius could be smaller. As seen in

Ooctanol-water

8, kcal/mol

-] T.a T.b 8 9
Number of ASP-types (M)

B Table 1, ASB.and ASR,, determined witiR, = 1.4 A and
15 . R, = 3.3 A, respectively, reveal strong correlation (corre-
cyclohexane lation coefficient 0.98), although their absolute values
B gas-water slightly differ. Results of MC simulations demonstrate very

b st similar behavior of the peptides under study when either one
or the other value dR, for cyclohexane was employed (data
not shown). This makes possible to calculate all sets of
ASPs with the same probe radius. The results described
below were obtained using, = 1.4 A. Also, as it was

.= demonstrated by Cummings et al. (1995) and confirmed in
our studies (data not shown), the values of ASPs obtained
by solving the system (Eq. 2) are not very sensitive to the set

FIGURE 1 Comparison of experimental values\@ [taken from Sharp  Of ASAs employed. Therefore, in this work we used the

et al. (1991)] for free energy of transfer of amino acid residues with theASA values for residues in extended conformation. We
values ofAG (_:alculated using thrge sets of atomic solvation parametersshoyld note that these ASAs agree fairly well with those

(ASP) for various solvents and different numbeks) Of ASP types.d, a4y ed by Wesson and Eisenberg (1992) from analysis of

standard deviation calculated according to the formula )
3D protein structures.
1 N To summarize, the number of ASRd & 8) adapted here
8= 1IN = i 2AGT — AGH)?, exceeds the numbers for other solvation models employed
=t in MC and MD simulations of globular proteins; theid,
where AG®® and AGF* are experimental and calculated energies of Varies from two (Fraternali and van Gunsteren, 1996) to
transfer for residue of typ respectivelyN is a number of residue types. seven (Ooi et al., 1987). Our choice &f is based on the

RE(M), square of the multiple correlation coefficient betwe@>® and  fo|lowing results: 1) analysis of solutions (ASPs) obtained

AG™". See text for definition of ASPs at differeM. for the system of linear equations (Eq. 2) with different

values ofM; 2) the atom types were selected depending on
their MHP-related properties; 3) the parameters found differ

matic ring of His to specific ASP-types (see Method of greatly at least in one of the ASP-sets (see below); and 4)

Calculation). MC simulations in nonpolar media demonstrate larger he-

ASPs derived for various systems, along with corre-lix-forming propensities (see below) and better convergence

sponding standard deviations obtained upon solving thef MC procedure (see accompanying article) with= 8

overdetermined system (2) of linear equations by the SVOhan with the other M values. We should also note that
algorithm, are shown in Table 1. The plots of experimentalcomputational efforts almost do not depend on the number

(AGe,,) energies of transfer and those calculated using thef the parameters used. Finally, the only criterion of validity

sets ASE,, ASR,,,, and ASR,, (AG.,c) are shown in Fig. for each solvation model lies in its testing against experi-

2. Corresponding slopes of the least-squares lines (alsmental data, and below we will consider this in more detail.

shown in Fig. 2), are 0.7% 0.14, 0.98+ 0.04, and 0.9G-

0.13, respectively. The parameters obtained might be di-

vided into three subsets: parameters imitating transfer frortl.

gas or protein interior (modeled by octanol) to polar (i)

(ASPy,,, ASP,,) or nonpolar (ii) environments (ASE  Although the main interest we pursued in this work was

ASP,., ASP,), and ASPs imitating transfer from gas to development and validation of a solvent model for a mem-

g
protein interior (iii) (ASR,,). We expect that the set (i) could brane-like environment (set AgJ, ASPs imitating aque-

5 6 7,a 7,b 8 9
Number of ASP-types (M)

esting the parameters
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TABLE 1 Atomic solvation parameters (ASP), Ao (cal/(mol X i\"')), derived by fitting of various sets of experimental free
energies of transfer

Protein
ASP Hydrophobic core of a membrane interior Aqueous solution
gc gc oc* go* gw ow
Ad(Cyiipn) -11=x2 -5*1 —-5+4 -6+3 20+ 2 26+ 2
Ao(Caron) —26+ 4 —14+2 4+6 -30+5 -1+4 29+ 3
Ac(Chere) -26+6 -10+3 8+9 -34+7 -22+6 12+ 4
Ad(O) 3+15 0+38 71+ 24 —68+ 19 -83+ 15 -15+11
Aa(N) —-59+ 19 —26+10 73+ 30 —132+ 23 —140=* 19 -8+13
Aa(S) -2=*14 -3*7 7*22 -9=*17 32+ 14 41+ 10
Ao(O™? -20+8 -9+4 94+ 13 —114+ 10 —128+ 8 -14+6
Ag(N*Y2+1) —22*12 —-14+*5 156 18 —-178* 14 —198=* 12 —-20*+8

Abbreviations used for the sets of ASPs: gc,, garameters for the gas-cyclohexane transfer determined with probe radii of 1.4 and 3.3 A, respectively;
oc, octanol-cyclohexane; go, gas-octanol; gw, gas-water; ow, octanol-water. Experimental values for amino acid side-chain analogs, (ordggwgc
sets) and N-acetyl amides of amino acids (for ow set) corrected by Sharp et al. (1991) were used.

*The difference between ASPand ASR,.

“The difference between ASR and ASR,,.

ous (ASR,,) and weak polar (octanol, ASE) solvents were  side chains were selected for this test. (According to the

also tested. This was done because analysis of the resukgperimental data, the immersion depth of the polar quest

obtained in simulations with different solvent models assites was rather lower and, most probably, reflects their

well as in vacuo provides an additional insight into thelocation in the headgroup region of the bilayer.) The exper-

specific role of environment in determining structural andimental and calculated values AfGy; .y, (r€lative to gly-

energetic properties of peptides in membranes. In additiorgine), respectively, are Trp, 2.46 0.15 and 2.82+ 0.94;

polar ASPs will be further included in the hetero-phaseAla, 0.64 + 0.15 and 1.75- 1.03 kcal/mol.

model of the bilayer, which is under development now,

whereas octanol is often used to approximate an environ- ,

ment inside a protein globulum. To inspect whether ourca/CUIat'on of the f ree energy of cyclohexane-water .
. . . . transfer for 25-residue «-helix of poly-Ala and for the side

ASPs permit reasonable estimation of the energetics L pain of Leu

solvation in the three types of environment mentioned

above, we applied the following tests for systems that werd he availability of recent theoretical data (Ben-Tal et al.,

not employed in the development of the parameters. 1996) on the solvation term contribution into the free energy

of hydrocarbon-water transfer for 25-mer polyalanirbe-

lix motivated the choice of systemii. In the work of Ben-Tal

et al. (1996), the hydrophobic cost of the helix insertion into

the liquid alkane phase (imitating the membrane), was es-

timated to be~—36 kcal/mol. In our simulations the mean

This system (system i) was chosen because it provides aralue of the solvation energyK,,)) is —30.4 + 1.4

intriguing opportunity to compare our solvation parameterskcal/mol. Moreover, calculated independently (for Ac-Leu-

imitating the aqueous solvent and hydrophobic membran&lMe relative to Ac-Gly-NMe) free energy reduction asso-

core with recent experimental data of Thorgeirsson et alciated with partitioning of the leucine side chain into a

(1996). These authors directly determined free energies afonpolar membrane core =3.3 kcal/mol, whereas the

transfer from phospholipid bilayers to wateX. ) for ~ experimental value is~3 kcal/mol (Wimley and White,

side chains of different residues introduced individually at a1996).

guest site in a 25-residue peptide derived from yeast cyto-

chrome c oxidase. It is important that the guest site location .

with respect to the bilayer was controlled in the eXp(::ri_Cazlculat/on of the free energy of ogtanol—water transfer for

ments. Thus, the hydrophobic guest residues were shown fie-Tre-Leur, (m =1, 2, 3, 4) peptides

be immersed in the acyl chain region of the membrane. TASPs based on the octanol-water energies of transfer are

validate our parameters for the nonpolar core of the hilayewidely used in MD and MC simulations of globular proteins

and for water, we roughly estimated the value\@.yer  (€.9., Eisenberg and McLachlan, 1986; Schiffer et al., 1993;

and compared them with those obtained experimentallyStouten et al., 1993; von Freyberg et al., 1993; Cummings et

The calculations were done for the peptides Ac-GIn-X-lle-al., 1995; Juffer et al., 1995). To inspect our set 4Sfer

NMe because GIn and lle were the neighbors of the guests ability to reproduce known experimental data, we intro-

site (X) in the experimental work (Thorgeisson et al., 1996).duced test system iii. Experimental free energies of transfer

Two hydrophobic residues with large (Trp) and small (Ala) of Ac-Trp-Leu,, (m = 1, 2, 3, 4) peptides from octanol to

Calculation of the free energies of transfer from the acyl
chain region of the bilayer to water for Ac-Gin-X-lle-NMe
peptides, where X = Gly, Trp, Ala
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0 TABLE 2 Experimental and calculated free energies of
A transfer of Ac-Trp-Leu,, peptides from octanol to water
m AG,,,, Experiment* AG,,, calculatiorf
1 —0.92+ 0.05 —-0.97*0.30
2 0.22+ 0.04 0.24+ 0.32
3 1.19+ 0.01 1.17+0.34
4 2.29+ 0.01 1.78+ 0.35

*Data taken from Wimley and White (1996).
#This work.

the somewhat larger discrepancy obtainednfor 4 could
be explained by partial aggregation of the peptide in aque-
ous phase (Wimley and White, 1996) as well as formation

'10.10 .8 -6 -4 .2 0 of secondary structure in the course of MC simulations. In
addition, relatively large errors in determination AfG

B obtained for all three test systems are caused by the fact that
these values are calculated as a difference of two or more
terms (Eg,,)) known with uncertainties (standard devia-
tion) ~4-5%.

Calculated transfer free energy, kcal/mol

Estimation of the free energy change associated with
protonating of the C terminus of Ac-Trp-Leu,,, (m = 1, 2)
peptides in water.

The free energy cost of protonation of the C-terminal COO
group in two peptides, Ac-Trp-Leu and Ac-Trp-Leu-Leu,
has been estimated using the AgGBet (test system iv). The
solvation contribution to the free energy has been calculated
as the difference ofE,,,,) values obtained in MC simula-
tions of protonated and deprotonated peptides. Resulting
values are 2.9% 0.16 and 3.02+ 0.17 kcal/mol, respec-
tively, while the experimental one is 2.68 0.10 kcal/mol
(Wimley and White, 1996).

We should indicate that in the tests described above, all
ASP types, except N were employed. The absence of
class N in the systems considered here is explained by the
lack of reliable experimental data on free energies of trans-
fer for small peptides containing charged nitrogen atoms. At
the same time, simulations for TM peptides presented in the
accompanying paper demonstrate validity of ASPs for N
In addition, missing this ASP type in the test systems does
not influence the choice of optimall, because N atoms
are presented in all sets of ASPs obtained with different

Calculated transfer free energy, kcal/mol

Calculated transfer free energy, kcal/mol

i . . ' values ofM.
1 3 3 7 Thus, to the first approximation, the ASP-based estima-
Experimental transfer free energy, kcal/mol tions of Eg,, permit assessment of (in accord with the

experimental data) principal trends in energetics of solva-
FIGURE 2 Comparison of experimental valuk,,, for free energy of  tion for peptides in environments of different polarity. How-
o e St o i o sl S st Ve, SEversl important aspecis shouid b discusser. 1) How
(ASP): A AS?DQC; B, ASPL C, ASPS’W The least squares are e consistent is the combined force field with addgd,,?; 2)

what is the role of long-range solute-solvent electrostatic

interactions?; 3) how justified are estimationsAds based
water AG,,) were reported by Wimley and White (1996). on consideration oE,, only, without taking into account
As seen in Table 2, the estimations (&,,,,) agree fairly  other energy terms?; and 4) what is the quality of MC
well with the corresponding experimental values. Probablysampling upon calculations &G?
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According to its origin (fitting to experimentdlG), E..,,  Thus, for larger peptides the energy associated with the
is well-suited to reproduce free energies of transfer betweeformation of a secondary structure could not be neglected
different solvents. However, the physical meaning of ASPavhen considering partitioning of peptides between different
and their weight against force field parameters in vacuunenvironments. That is why testing of ASPs for systems i
are not exactly clear. The pseudo-energy tdtgy, was iv only partially (in the simplest cases) addresses problems
simply added to the ECEPP/2 (vacuum) potential to give thef water/bilayer partitioning and does not consider energet-
total energy of a system (Eq. 3), and the ECEPP/2 energics of protein adsorption on the bilayer and membrane
terms were not used to derive ASPs from experimental datansertion.

Therefore, validity of such a hybrid force field is not gen- As discussed above (see Method of Calculation) the
erally apparent. First, it might lead to inconsistency of theprocedure used to estimafds is quite approximative be-
energy function because its different terms were developedause instead of Boltzmann ensemble we used a sample of
based on different sets of experimental data. Second, in thenly ~300 different states that correspond to local minima
result of such a procedure, several interactions might ben the potential energy surface (acceptance rate in these MC
accounted twice (e.g., electrostatic effects appearing imuns was~30%). However, for such small systems even
Ecceppoare implicitly included inEg,, ). To avoid (at least this restricted conformational search led to reasonable re-
partially) double accounting of electrostatic effects, thesults and, therefore, the approximations made seem to be
long-range electrostatic interactions were significantlyjustified. Obviously, for larger systems calculation &6
dumped by using a distance-dependent dielectric permeabitalls for rather elaborate techniques, but detailed analysis of
ity, although short-range electrostatic interactions contribfree energy of the system peptide plus membrane is not the
uting to the H-bonding term were explicitly included. To subject of the present work.

inspect whether our solvent model is sensitive tae have Another question that should be answered is how can
performed a short MC-conformational search for 10-residussimulations with ASPs representing a bulk solvent be used
poly-Leu with ASR,ande = 4 X r ande = 2 (this last to mimic heterogeneity of real membranes? In connection
value is often used to model a hydrophobic membranevith this we need to outline that our objective here is to
environment). Starting from the same random coil confor-check how different ASPs influence conformational, H-
mation, the lowest-energy structures found after 1500 M(bonding, etc. properties of peptides that are assumed to
steps contained six and four residueaihelix, respectively traverse a bilayer. In such a case, most of the peptide is
(as it will be shown below, in a case of 20-residue poly-Leuimmersed in the nonpolar core of the membrane and, ac-
more sophisticated search reveals all-helical conformatiogording to our idea, could be properly described by the
for e = 4 X r). This shows that dumping of the electrostatic ASP, set. This determined our choice of test systems i and
contribution (with solvation and H-bonding terms switchedii: residues in the acyl chain region of the bilayer. As we
on) promotesx-helix formation in nonpolar media. That is will show in the accompanying paper, such approximation
why the other results described here were obtainedavith  provides fairly good results for real TM peptides; generally,
4 X, only one or two terminal residues demonstrate properties

The problems just discussed are common for all empiricathat might differ from those observed in the experiment.
force fields. In such a situation the criterion of validity of
the combined force field is accordance between calculated
and experimental data. Sometimes, initial ASPs deriveq‘,I
from the experimentally measured free energies of transfer
are subjected to refinement to reproduce the results &R
simulations with explicit solvent (Schiffer et al., 1993; Before testing ASPs on real TM peptides, we have to
Fraternali and van Gunsteren, 1996). Here, in Eq. 3 we useghention one more aspect of the problem that should be
weighting factor 1 folE,, just because the results obtained tractable in a case of ASPs mimicking the membrane envi-
for small peptides (see above) as well as for TM peptidesonment. It is well known that bilayer significantly pro-
(described in the accompanying paper) reveal reasonablaotes helix formation (Deber and Li, 1995; Deber and
balance betweek,,,, andEccgpp/s thus driving the con-  Goto, 1996; Liu et al., 1996). A pictorial example is pro-
formational search in a “right direction.” For the small-size vided by Gs-branching residues as Val and lle: they are
test systems considered here, one of the important reasonften found in membrane-spanning segmentsvihelical
for this lies in the absence of self-association and secondamgonformation, but in aqueous solution reveal helix-destabi-
structure creation during the simulations and, hence, thézing properties (Padmanabhan et al., 1990). Therefore,
energetics of such processes (e.g., helix formation) did nagolvent models imitating a membrane should be also tested
contribute to the free energy of transfer. Analysis of variousfor their ability to favor helix formation for certain residues.
ECEPP/2 terms for the same peptide in different solvent©n the contrary,a-helical propensities for the residues
shows that they are comparable (data not shown), and th&ould be significantly smaller in simulations with water-
major effect onAG was caused b¥,,, . But we should mimicking ASPs. To address these questions we employed
stress that the general assumption that the intramoleculaur sets of ASPs to study conformational properties of Val,
contribution toE,,, is solvent-independent is not valid. lle, Leu, and Gly residues in different environments. Leu

C simulations of homopolypeptides: poly-Leu,
oly-Val, poly-lle, and poly-Gly
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and Gly in water and in the bilayer demonstrate high and
small helix-forming propensities, respectively (Blaber et al.,
1993), and they were chosen as reference residues.

The peptides were taken in random conformations and
subjected to a multi-step conformational search in vacuo as
well as with two sets of ASPs mimicking nonpolar solvent
and water. In the result, conformational space of the pep-
tides was intensively sampled, and the energy-minimized

conformers accepted by the Metropolis criterion were seé.

lected for subsequent analysis. Quality of the sampling was
checked by inspection of all trial values of dihedral angles
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rather higher in nonpolar solvent than in vacuum: for
poly-Leu, Val, and lle they are 78.05, 51.07, 53.31, and
33.62, 6.77, and 28.39 kcal/mol, respectively. (For poly-
Gly the corresponding values are very close: 7.89 and
5.86 kcal/mol.) Moreover, in a nonpolar environment
these energy gaps separate states with maximal and zero
helical content, while in vacuum the most energetically
stable conformers have no maximal helicity;

In nonpolar solvent, the states with maximal helicity
(NI'®9) are overlapped with the other states haviig<
NT& (Fig. 3).

¢ andys for residues in the homopolypeptides. It was found

that these values are almost uniformly distributed ondhje To estimate how the number of atom typsf {nfluences

map (data not shown). Acceptance rates in the MC procethe results in nonpolar media, we performed a restricted MC

dure varied between 14 and 35%, depending on the simwonformational search for 10-residue poly-Leu with ASPs
lation conditions, like the number of dihedrals sampled onderived forM = 4, 5, and 8. Starting from identical coil
each MC step, temperature schedule, etc. The valugs of structures, we found 0, 4, and 6 residuesxthelix in the

and ¢ in the accepted conformations were found in thecorresponding lowest-energy conformers. Therefore, at

regions corresponding to coil and right-handebelix con- M = 8, the peptide’s conformational space is characterized

formations on Ramachandran’s plot. Only very few ac-by a higher population of states (local minima) correspond-
cepted conformers (maximum two for each polypeptide)ing to the a-helix than in the case dl = 4 and 5. This

were found to contain short (2—3 residues) fragments ofrovides an additional argument (see Development of the
extended structure (assigned to “E” by the DSSP program)Atomic Solvation Parameters) supporting our choice of

and their energies were rather far from the lowest energl = 8.

minima (data not shown). Therefore, in further discussion To summarize, we outline that a nonpolar solvent (and to

we will focus on analysis of environment-dependent distri-a lesser degree, a vacuum) promatdselix formation in all

bution of thea-helix in these peptides. the peptides. This is especially pronounced for poly-Leu. At
For accepted conformers of each homopolypeptide, ghe same time, a conformational landscape for the peptides

number of residues im-helical conformation versus total is different for solvent mimicking the hydrophobic core of a
energy of the system is shown in Fig. 3. Because all thessmembrane, and in a vacuum. That is why one should take
structures were minimized during the search, each point onare when simulating TM segments of proteins in vacuo.
these plots corresponds to individual local minima on theThis last statement will be also illustrated in the accompa-
potential energy hyper-surface characteristic for a givemying paper by simulations of membrane-bound peptides in
peptide in a particular solvent. The lowest-energy conformdifferent solvents. In aqueous solution a stafglbelix was

ers are presented in Fig. 4, and some of their characteristicg®served only for poly-Leu, although it contained only four

are listed in Table 3. Analysis of these data permits theesidues. This is consistent with the fact that water generally

following conclusions: destabilizes the helical structure by competing for formation
of H-bonds within the peptide backbone (Tirado-Rives and

1. In membrane-like surroundings, the lowest-energy condorgensen, 1991; Deloof et al., 1992). The lowest-energy
formations for all the peptides (except poly-Gly) have conformers obtained with ASE demonstrate rather
the largestx-helical content and largest values of ASA; smaller values of ASA (Table 3) than in nonpolar media,

2. In vacuum, numerous conformers with significant helicalthus confirming that the peptides shield their hydrophobic
content were found for Leu and lle, and to a smallerside chains from aqueous surroundings. As it was reason-
degree for Val and Gly. The lowest-energy conforma-able to expect, conformational properties of Gly in all tested
tions in vacuum do not correspond to maximal helicity of environments are rather different from those for hydropho-
the peptides; bic residues: despite partial helix formation in nonpolar

3. In water, nax-helical fragments were found for poly-lle. media, they tend to reduce surface area accessible to solvent
For poly-Leu and poly-Val a population of conformers via compact packing (Fig. K). On the contrary, the lowest-
with one helix turn (4 residues) was found. One of theseenergy conformers of poly-Leu, Val, and lle adapteahe-
structures for poly-Leu corresponds to the lowest-energyical conformation without kinks (with maximal ASAS)
minimum, while for poly-Val it does not; which can traverse the bilayer (Fig. B,andJ).

4. For poly-Gly, numerous conformers with up to nine Using CD spectroscopy, Deber and co-authors (Deber
residues in thex-helix were observed in water, but their and Li, 1995; Deber and Goto, 1996; Liu et al., 1996)
energies were rather higher than the lowest-energy minmeasured helicity of various peptides (including the Gly-
imum found for unordered structures; containing ones) in membrane-mimetic media and demon-

5. For hydrophobic residues, the energy gaps between tharated significant membrane-promoting helix formation for
lowest-energy conformers with and withoathelix are  them. The largest helical propensities were observed for lle,
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A C D TABLE 3 Helicity (N,) and accessible surface area (ASA) of
the lowest-energy conformers of homopolypeptides obtained
in the result of Monte Carlo simulations in vacuo and with
different sets of atomic solvation parameters (ASP)

Membrane- Water-
mimicking mimicking
Peptide parameters, ASR parameters, ASR, Vacuum
poly-Val
N, * 17 0 5+6
Total ASAY A2 1932+ 7 1725+ 2 1776+ 24
G H poly-lle
N-helix 14 0 9

Ul

@-/“ Total ASA, A2 2173+ 2 2068+ 39 2007+ 30
: poly-Leu
>\ N, 18 12
- ) Total ASA, A2 2088+ 2 2172+ 4 2250+ 8

m A
AR ™ VWP

3 poly-Gly
N, 9 0 12
Total ASA, A? 1106 + 4 1078+ 6 1068+ 9

*Number of residues im-helix as assigned by the DSSP program (Kabsch

and Sander, 1983) for the set of 10 lowest-energy conformers. Two
terminal residues were not counted.

#As assigned by the DSSP program for the set of 10 lowest-energy
conformers.

9

M

the model. In the result, eight atom types were adapted and
corresponding different sets of ASPs were derived. This
permits effective representation of protein-solvent interac-
- tions in the acyl chain region of the membrane, aqueous
solution, and weak polar media (octanol). The model was
tested by estimation of bilayer-water, hydrocarbon-water,
and octanol-water free energies of transfer for a series of
FIGURE 4 Ribbon representation of initial and lowest-energy (:onform-Short .peptldes, and comparison of the results with known
ers of poly-Leu, poly-Val, poly-lle, and poly-Gly obtained in the result of EXPerimental data. Reasonable overall agreement between
nonrestrained Monte Carlo simulations in different environments. Poly-the measured and calculated data was reached. A conclusion
Leu: (A) initial structure (random);B-D) lowest-energy conformers ob- \yas made that the approach, being rather less CPU-demand-
tained with ASRc, ASP,,, and in vacuo, respectivelyegH) the same for g than explicit solvent simulations, correctly accounts for
poly-val: (I=L) the same for poly-lle;Ni-=F) the same for poly-Gly. effects of environment and provides feasible balance be-
tween solvation and other energy terms in the potential
energy function.
Leu, and Val. A conclusion was made that althougl C  Furthermore, the solvation model was employed in non-
branched side chains of Val and lle may sterically interfererestrained MC simulations to explore conformational space
with the carbonyl oxygen in the preceding turn of the helix, of four homopolypeptides—poly-Leu, poly-Val, poly-lle,
and hence destabilize-helical conformation (O’'Neil and and poly-Gly—in membrane-mimicking media, water, and
DeGrado, 1990), in nonpolar solvent this effect may well bein vacuo. In accordance with experimental observations,
balanced by favorable interactions of hydrophobic sidesignificant membrane-promotedhelix formation was ob-
chains with solvent. In the result, in micelles and vesiclesserved. In nonpolar media the lowest-energy conformers of
Val- and lle-containing peptides adapt conformations withpoly-Leu, Val, and lle reveal highesthelical content and
high helical content. Therefore, the results of our simula-exposure to solvent. On the contrary, aqueous solution was
tions are in good agreement with experimental observationshown to destabilize the helical structure (except poly-Leu,
and, moreover, provide additional insight into details of thewhere stable helical segments were found). Although the
energetic landscape of the peptides in different environmentgnergy landscape for the peptides in vacuum contains nu-
merous deep local minima corresponding to partially helical
CONCLUSIONS structu_res, the vacuum simglations do not fam_he_lix_
formation as efficiently as with the membrane-mimicking
This study presents results on development and testing of aaSPs. Therefore, simulations in vacuo can miss the impor-
implicit solvation model for proteins and peptides. Specialtant details in structure and energetics of membrane-bound
care was taken to select an optimal number of parameters gieptides.

|
T
)
£
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We stress that the ASP-based solvation model presenteghose, A. K., and G. M. Crippen. 1986. Atomic physicochemical param-

here will be adequate mainly for peptides immersed in the eters for three-dimensional structure-directed quantitative structure-
. . . activity relationships. I. Partition coefficients as a measure of hydropho-
acyl chain region of the membrane, e.g., TM segments in pjcity. 3. Comput. Cheni:565-577.

proteins. Another limitation of the approach is the absencgacobs, R. E., and S. H. White. 1989. The nature of the hydrophobic
of the peptide’s influence on the structure of the bilayer. binding of small peptides at the bilayer interface: implications for the
Also. the model does not address problems related to pep_insertion of transbilayer heliceBiochemistry28:3421-3437.

. s . : Jéhnig, F., and O. Edholm. 1992. Modeling of the structure of bacterio-
tide partitioning on the water-bilayer interface and mem- rhodopsin. A molecular dynamics study.. Mol. Biol. 226:837—850.

brane insertion. To account for such effects, a more adyyfer, A, F. Eisenhaber, S. Hubbard, D. Walther, and P. Argos. 1995.
vanced three-phase membrane model based on combined-omparison of atomic solvation parameters sets: applicability and lim-
employment of parameters for water and hydrocarbon js itations in protein folding and desigRrotein Sci.4:2499-2509.
now under development. Kabsch, W and C. Sanggr. 1983. Dictionary of protein segondary
structure: pattern recognition of hydrogen-bonded and geometrical fea-
tures.Biopolymers22:2577-2637.
Koradi, R., M. Billeter, and K. Wthrich. 1996. MOLMOL: a program for
display and analysis of macromolecular structutksMol. Graphics.
This work was supported in part by NATO (Linkage grant 14:51-55.
HTECH.LG.951401) and Russian Foundation for Basic Research (RFBRIKovacs, H., A. E. Mark, J. Johansson, and W. F. van Gunsteren. 1995. The
Grants 98-04-48823 and 96-04-49788. effect of environment on the stability of an integral membrane helix:
molecular dynamics simulations of surfactant protein C in chloroform,
methanol and wated. Mol. Biol. 247:808—-822.
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