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Abstract

Ž .The dielectrically consistent reference interaction site model DRISM integral equation theory is applied to
Ž .determine the potential of mean force PMF for an alanine tetramer. A stochastic dynamics simulation of the

alanine tetramer using this PMF is then compared with an explicit water molecular dynamics simulation. In addition,
comparison is also done with simulations using other solvent models like the extended reference interaction site

Ž .model XRISM theory, constant dielectric and linear distance-dependent dielectric models. The results show that
the DRISM method offers a fairly accurate and computationally inexpensive alternative to explicit water simulations
for studies on small peptides. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The determination of the conformation of pep-
tides in their native state in aqueous solution and
when bound to a receptor in different lipid envi-

w xronments is a problem of current interest 1 .
There can be a structural relationship between
the conformations of the peptides in different
environments, and it is believed that the charac-

U Corresponding author.

teristics of binding to a receptor are sometimes
determined by the conformations available to the

w xpeptide in solution 2,3 . Several experimental
Ž .methods such as NMR, circular dichroism CD

and ESR are routinely used to determine the
solvent structure of peptides, and computational
methods have been used to supplement and inter-
pret this information, as in the case of structures
and relative populations of several conformers in
fast exchange, that may not be directly discern-

w xable from experiments 4 .
Molecular dynamics simulations of model pep-
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tides in explicit solvents have gained acceptance
as a method to determine the conformational

w xproperties of peptides in solution 5 . The use of
an explicit solvent model makes these calcula-
tions computationally expensive, and alternate
methods need to be chosen where the balance
between accuracy and computational efficiency

w xmay be optimized 6 . Also, in sampling studies of
some peptides it is advantageous to run a molecu-
lar dynamics simulation at elevated temperatures
w x7,8 which may be impractical if explicit solvent is

w xincluded 9 .
Methods based on integral equations have been

developed in which the effects of the solvent on
interactions between solute atoms can be repre-
sented more accurately than most other kinds of

w ximplicit solvent or continuum models 10]15 .
Despite the fact that these methods are approxi-
mate due to the difficulty involved in calculating
some of the integrals in the underlying theory
w x16 , electrostatic interactions and solvent packing
effects can be determined with acceptable accu-
racy. Employing these methods to completely
model the solvent interaction with a full multisite
polypeptide has proven to be difficult when the

Ž 2 .number of sites exceeds O 10 due to numerical
w xdifficulties 17 . New developments in the numeri-

cal procedure may, however, alleviate this prob-
Ž .lem J.S. Perkyns, unpublished results .

w xThe superposition approximation 13,18 can be
used to obtain the solvent contribution to the free
energy of solvation of the peptide as a pairwise
sum of the free energies of solvation of the con-
stituent atoms of the peptide at infinite dilution.
These can be expressed as pairwise potentials of

Ž .mean force PMF that may be appended to a
molecular mechanics force field calculation as
lookup tables to determine the free energy and its
first and second order derivatives. This approxi-
mation has been found satisfactory when dealing
with atoms in short polypeptide chains that are

w xseparated by at least three bond lengths 13,19 .
In order to include the dynamical effects of the
solvent effects, namely solvent viscosity and sol-
vent collisions with the peptide, a stochastic dy-
namics simulation based on the integration of the
Langevin equation can be used to generate a

trajectory using the force fields described above
w x13,20 .

In this study we present the results from a
stochastic dynamics simulation of a neutral ala-
nine tetramer using PMFs calculated from the
solutions to the dielectrically consistent reference

Ž .interaction site model DRISM integral equa-
w xtions 14,15 . The DRISM theory removes the

inherent dielectric inconsistency in the earlier
w xRISM based theories 13,18 . The results are

compared with those from an explicit water simu-
lation of the same peptide. A comparison is also

Ždone with simulations using the XRISM ex-
. w xtended RISM theory 13 and other commonly

used solvent models like the constant dielectric
and linear distance-dependent solvent models.

To set the background for this work, previously
published studies on the conformations of alanine
based peptides are reviewed in Section 2. The
details of obtaining the DRISM integral equation
based PMFs are described in Section 3, and the
details of the simulations and the basis for com-
parison are detailed in Section 4. The results are
presented and discussed in Section 5 and are
summarized in the Section 6.

2. Alanine peptides

Short-length alanine based peptides, especially
the alanine dipeptide, have served as central
models for the theoretical studies of the back-

w xbone conformations in proteins 21,22 . The free
energy surface of the alanine dipeptide on the
Ž .f,c dihedral space is characterized by the
minima describing the C eq, C , C a x, a , a , b7 5 7 L R
and P conformations. The C conformation cor-II 7
responds to a pseudo seven-membered ring and
the superscripts ax and eq indicate the axial or
equatorial orientation of the b methyl group,
respectively. The C conformation forms a pseudo5
five-membered ring, a refers to the left handedL
helix, a to the right handed helix, P to polyR II
Ž .L-proline -II helix and the b minimum corre-
sponds to extended conformations.

The conformers of alanine in the gas phase
have been determined by millimeter wave spec-

w xtroscopy 23 and by gas-phase electron diffrac-



( )N.V. Prabhu et al. r Biophysical Chemistry 78 1999 113]126 115

w xtion 24 . Ab initio studies on the structure of
Ž .alanine at the restricted Hartree]Fock RHF

Ž .and at various correlated post-Hartree]Fock
levels of theory have been reviewed by Csaszar
w x25 . The results of experimental studies are in

w xgood accord with theory 23 . The relative ener-
gies of these conformers are determined by the
type of hydrogen bonds, cis vs. trans arrangement
of the carboxylic functional group, steric strain
and the repulsion of lone electron pairs on the

w xnitrogen and oxygen atoms 25 .
The gas phase potential surface along the f

and c dihedral coordinates of the alanine dipep-
w xtide was calculated by Head-Gordon et al. 26,27

by ab initio methods at the MP2 level of electron
correlation. The minima were found to be in the

e q Ž . Ž .order C y858,678 - C y1688,1708 -7 5
a xŽ . Ž . Ž .C 748,y578 -a 648,338 -b y1288,308 -P7 L II

Ž .688,y1778 with relative energies of 0.0, 1.26,
2.53, 3.83, 5.95 and 8.16 kcal moly1, respectively.

w xThe CHARMM 28 molecular mechanics force
field exhibits the same number and type of gas-

w xphase minima as the above calculations 27 .
w xZimmermann et al. 29 have calculated and com-

pared the alanine gas phase energy surface by
using several other empirical force fields like

w x w xAMBER 30 and MM2 31 . All of these were
found to predict C eq as the low energy minimum7
and most of them gave low energy conformations
at the C , a and a regions. Recently the gas5 R L
phase energy surface of the alanine tetramer was

w xexamined by Friesner et al. 32 using local MP2
Ž .with the cc-pVTZ -f correlation-consistent basis

set and was compared with a variety of correlated
ab initio and molecular mechanics force field
calculations.

The crystal structure of the alanine tripeptide
was found to be in an antiparallel b-pleated sheet
conformation in the hemihydrate crystallized form
and a parallel b-pleated conformation in the un-

w x Ž .hydrated form 33 . The circular dichroism CD
spectra of the alanine dipeptide show that the
major difference between the conformations of
the peptide in polar and non-polar solvents is in
the distribution of the c dihedral, with the pro-

Ž .portions of the a conformation y808,y508R
being dominant in the former kind of solvents

eq Ž .and the C conformation y808,808 being domi-7

w xnant in the latter kind 34 . The IR spectra of the
aqueous alanine dipeptide show, on the basis of
N]H bond stretching, that the structures were a
mixture of hydrogen bonded five-membered ring

Ž .species 53% and a non-hydrogen bonded species
Ž . w x47% 35 . Raman spectra and depolarized
rayleigh scattering of aqueous alanine dipeptides

Žshow the preferred conformation as "658"58,
. w x"358"58 36 .

An early computer simulation on the free en-
ergy profile of the alanine dipeptide in explicit

Ž .water on the f,c coordinates was done by
w xMezei et al. 37 where the a and P conforma-R II

tions were found to be the most stable minima
Ž . w xTable 1 . Anderson et al. 38 found two minima

Ž . Žin the a region at y708,y408 and y1208,R
.y408 , but the lowest energy state was identified

Ž .as the b state at y1108,1208 and it was approxi-
mately 3 kcal moly1 lower in energy than a .R
The free energy barrier between the b and aR
states was found to be between 0.5 and 1 kcal
moly1.

The a helical and C conformations were7
w xshown by Tobias et al. 21 to be destabilized

relative to the b conformation by peptide]peptide
interactions. However, unlike the C case, the7
helical conformations have an overall stabiliza-
tion due to favorable peptide]water interactions.
The entropic contributions to the free energy
were roughly the same for the b and C confor-7
mations and were relatively destabilizing to the
helical states since the latter bind more water
molecules. The authors also state that there is an
unfavorable electrostatic component to the con-
tribution of the peptide]water interaction to the
free energy when the peptide unit dipoles are
aligned, as in the helical and C conformations,7
as compared to the b conformation where the
dipoles are antiparallel. The C conformation,7
however, has a favorable intramolecular hydrogen
bonding interaction. The energy barrier along the
c dihedral coordinate for an a to b transitionR
was a broad one with a maximum of 3 kcal moly1

at approximately y108.
w xAccording to the Zimm]Bragg theory 39 for

helix to coil transitions, the formation of small
helices should be unfavorable since the unfavor-
able entropic contribution to the free energy is
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Table 1
Minima on the appropriate alanine dipeptide free energy surface

Solvent Minima on the appropriate free energy surface
model a x eqa a C C C P b b a 9R L 7 7 5 II 2

Explicit f y50 90 150 150
asolvent c y70 y90 y150 y80

D F 0.0 3.6 0.4

Explicit f y80 60 60 y80
bsolvent c y60 60 y80 120

D F 0.0 4.1 3.6 0.0

cECEPP f y74 54 78 y84 y154 y150 y158
c y45 57 y64 79 153 72 y58
D F 1.1 2.3 8.8 0.0 0.4 0.7 1.6

dPPMMX f y68 55 56 y68 y158 y162 y157
es80 c y44 46 y110 126 138 59 y56

D F 0.0 0.6 0.7 0.1 0.4 0.7 0.3

eXRISM f y67 63 64 y66 y177 y57
c y55 49 y69 70 y180 y171
D F 1.8 1.0 0.0 0.5 0.1 0.0

HF f y75 61 73 y83 171 71
fORF c y28 38 y53 63 173 168

D F 1.6 1.8 2.0 0.0 1.3 5.5

HF f 69 75 y73 y118 y112
gORF c 39 y73 75 133 23

D F 5.4 5.4 3.5 1.2 0.0

Ž .Notes. The location and the relative free energy D F of minima on the alanine dipeptide free energy surface as reported from
a w xstudies using different solvent models and thermodynamic ensembles. The explicit solvent models are from Mezei et al. 37 and

b w x w x c d eTobias et al. 21 . The continuum solvent model studies are by Koca et al. 46 using ECEPP and PPMMX. The XRISM model
w x f w x g w xis by Lau et al. 47 and the Hartree]Fock with SCRF method are from Shang et al. 27 and from Gould et al. 50 . All the

solvent models are described in the text and all free energies are in units of kcal moly1.

not offset by the favorable enthalpic contribution
from the formation of hydrogen bonds. It has

w xbeen suggested that 40 helical propensity is a
cooperative phenomenon that increases with the
length of the peptide and that helix propagation
would be favored along the N-terminus rather
than the C-terminus. It has also been demon-

w xstrated 3 that charged groups influence the con-
formations of the residues next to them. For the
zwitterion the folded conformations were found
to be preferred, whereas in the neutral peptide
the preference was for the extended conforma-
tion. For short alanine polymers a 3 helix10

Ž . Ž608,y308 is preferred over the a helix 608,
. w xy508 41,42 but the latter is preferred in longer

w xpolymers 41,43]45 .
A comparative study of the alanine dipeptide

Ž . w xf,c surface was made by Koca et al. 46 using
various molecular mechanics programs. In some
cases they included simple solvent representa-
tions like the constant dielectric models, and some
of their results are included in Table 1. The
locations and relative energies of the minima in
some of their results are in fair agreement with
explicit water simulations.

w xPettitt and co-workers 13,19,20,47 have used
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the XRISM integral equation theory to determine
the PMFs and then construct the free energy
surface for alanine dipeptide within the superpo-

w xsition approximation 13 . Though the minimum
a x Ž .of their free energy surface was at C Table 1 ,7

the change in the free energy of solvation was
found to be far more stabilizing for the extended
and helical conformations than for the C confor-7

w xmations 19,47 . On the other hand the entropic
contributions to the free energy were found to be

w xsimilar for the various conformers 47 .
w xPellegrini et al. 48 have also incorporated the

effects of aqueous solvent on the free energy
surface of alanine dipeptide by using PMFs in the
superposition approximation. However, the corre-
lation functions that give the PMFs were calcu-
lated from a Monte Carlo simulation of un-
charged solute atoms in explicit water. A dielec-
tric constant of 80 was used to compute the work
to discharge and recharge the solute atoms and
hence get the coulombic component of the PMF.
It was shown from a comparative study of this
method with a Monte Carlo simulation with ex-
plicit water that the free energy minima agreed
within a tolerance of 2 kcal moly1 whereas the
barrier heights between the minima were con-
siderably underestimated.

w xStraatsma et al. 9 determined the PMFs about
the dihedral angles of alanine dipeptide in ex-
plicit solvent in an isothermal]isobaric ensemble
by multiconfigurational thermodynamic integra-
tion. These PMFs were then fitted to a functional
form and used for molecular dynamics simula-
tions of alanine polymers.

In another continuum solvent approach, the
linear Poisson]Boltzmann equation was solved

Ž .for conformations on a f,c grid to generate
w xfree energy profiles for alanine dipeptide 49 .

The comparison of the PMFs with those calcu-
lated from an explicit solvent representation was
shown to agree well on the positions of the minima
and the energy barriers. However, some of the
barrier heights were not in as good agreement.

w xShang and Head-Gordon 27 used molecular
orbital calculations to determine the conformatio-
nal space of alanine dipeptide using HFr3]21G.
The solvent effects were incorporated using the

Ž .self-consistent reaction field SCRF method with

the solute being enclosed in a sphere with an
appropriately chosen constant dielectric constant.
Also, the solute charge distribution was limited to
a molecular dipole moment. Some of the approxi-
mations in the above study were improved upon

w xby Gould et al. 50 . They used an ellipsoidal
cavity for the solute, the dimensions of which
were calculated from the van der Waals surface.
The charge distribution of the solute was de-
scribed by a single center multipole expansion up
to ls7 and the HFr6]31UU basis set was used.

Ž .The reported minima on the f,c grid from
both these studies are shown in Table 1.

3. Theory

The many properties of an n-atom polyatomic
molecule in solution may be determined from the
n-point singlet intramolecular distribution func-

1Ž .tion r 1 , where 1 represents the set of vectors
a w xr of each site, a , of the molecule 19 . The1

distribution may be expressed as a product of the
solvent influence function or the intramolecular

Ž .singlet cavity distribution function, y 1 and
eyb UŽ1., the intramolecular Boltzmann factor.

Ž .Here U 1 represents the intramolecular potential
and by1 is the product of the absolute tempera-

Ž .ture, T , and Boltzmann’s constant k . Thus y 1B
represents the solvent contribution to the intra-

w xmolecular free energy 18 .
For the cases where the atoms of the solute do

not overlap and no clear interior exists, previous
w xwork 13,18,19 in this laboratory has shown that

the n-point cavity distribution function may be
approximated by the superposition of the two-site
cavity distribution functions

Ž . Ž . Ž .y 1 s y r , 1Ł a ,g
a ,g

Ž .where y r is the cavity distribution functiona ,g
between non-overlapping atomic sites a and g .
This approximation has been found satisfactory
when dealing with atoms in short polypeptide
chains that are separated by at least three-bond

w xlengths 13,18,19 . For the one-component case,
Ž .the radial distribution function, g r , is related to

the cavity distribution function by
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Ž . Ž . yb UŽ r . Ž .g r sy r e , 2

Ž .where U r is the intramolecular potential in the
Ž .gas phase. The relation between g r and the

Ž .PMF or work function, W r , is expressed as

Ž . yb W Ž r . Ž .g r se . 3

By separating the PMF into its potential and
solvent induced contributions,

Ž . Ž . Ž . Ž .W r sU r qDW r , 4

Ž . Ž .it can be seen from Eq. 2 that DW r is the
cavity potential since

Ž . yb DW Ž r . Ž .y r se . 5

Using this framework the solvent contribution to
the free energy of a polypeptide can be de-
termined from the set of atomic pair cavity dis-

Ž .tribution functions, y r .a ,g
The cavity distribution function may be com-

puted by several techniques, for example, by ap-
plying the umbrella sampling method to computer
simulations. However, here we have used analyti-
cal methods based on the numerical solutions of
integral equations which have a computational
cost advantage over other methods. We have used
the dielectrically consistent reference interaction

Ž . w xsite model equation DRISM 14,15 with a hy-
pernetted-chain closure. This theory is closely
related to the Ornstein]Zernike equation based-

w x Ž .RISM 10,11 and extended-RISM XRISM theo-
w xries 12 . The DRISM theory removes the inher-

ent dielectric inconsistency in the earlier RISM
based theories particularly for solutions with a

w xfinite salt concentration 51 . In earlier work the
XRISM theory was used to calculate the solvent
effects on a peptide at infinite dilution in pure

w xwater 19 . There is, however, a small difference
in the quality of short-range correlations calcu-

Žlated by using XRISM and DRISM J.S. Perkyns,
.unpublished results .

In fourier space the DRISM equation is ex-
pressed as

˜ Ž . Ž .rh ryx s vqx c vqx˜ ˜ ˜ ˜ ˜ ˜Ž .
˜Ž . Ž .q vqx c rh ryx , 6˜ ˜ ˜ ˜Ž .

where v is the intramolecular correlation matrix˜
Ž . Ž .with elements v i, j s j ykd with d being˜ 0 i j i j

the distance between site i and site j within the
Ž .same rigid molecule. When d s0, v i,j s1 andi j

Ž .when i and j are on different sites, v i, j s0.
The diagonal matrix r represents the number
density of various sites where u and ¨ represent
solute sites and solvent sites, respectively. Also,
hsgy1 is the matrix of intermolecular total
correlation functions and c is the matrix of direct
correlation functions. x is a matrix consisting of˜
elements

Ž . Ž . Ž . Ž .x k syj ykd j ykd j ykdĩ , j 0 i x 0 i y 1 i z

˜Ž . Ž . Ž . Ž .= j kd j kd j kd r h k ,0 j x 0 j y 1 j z ¨ c

Ž .7

and d is the distance between site i and itsi x
molecular center of charge in the x-direction
Žwith the dipolar direction arbitrarily chosen as

. Ž . Ž .the z-direction and j kd and j kd are zeroth0 1
and first order spherical Bessel functions, respec-
tively. The form of this equation ensures that the
functions have the correct asymptotic form in the

˜ Ž .limit of small k. The function h k is approxi-c
mated as

2ey1 ya k˜ Ž . Ž .h k s y3 e , a)0, 8c yr¨

where as0.15 for this application. Also, e is the
dielectric constant and ys4pbr m2r9, where r¨ ¨
and m are the solvent density and the solvent
dipole moment, respectively. For a monoatomic
solute at infinite dilution h may be separated into

vv uv uu w xthree equations for h , h and h as 13,19

˜ vv vvŽ . Ž .rh ryx s vqx c vqx˜ ˜ ˜ ˜ ˜ ˜Ž .
vv ˜ vvŽ . Ž .q vqx c rh ryx , 9˜ ˜ ˜ ˜Ž .
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˜ uv uv uv ˜ vvŽ . Ž .h rsc vqx qc rh ryx , 10˜ ˜ ˜ ˜ ˜Ž .
˜ uu uu uv ˜ vu Ž .h sc qc rh , 11˜ ˜

and since the polypeptide is considered to have
independent monoatomic sites at infinite dilution,
r, v and x refer to the solvent only. The second˜ ˜ ˜
equation that relates h and c is the hypernetted

Ž .chain HNC which in r space is written as

yb Ui jqh i jyc i j Ž .c se yh qc y1, 12i j i j i j

where h and c are the appropriate solute ori j i j
solvent sites i and j and U is the pair potentiali j
which has Lennard]Jones and coulombic compo-
nents,

12 6q q s si j i , j i , jŽ . Ž .U r s q4e y , 13i j i , j ž / ž /r r r

where s and e are parameters for thei , j i , j
Lennard]Jones diameter and the well depth.

The two equations can be solved by the Picard
w xmethod 52 . The correlation functions for the

solvent are first ascertained and then used to
generate the solute]solvent correlation functions.
These in turn are used to obtain the final
solute]solute correlation functions. Finally, the
PMF for the solute atoms in solution is obtained
as a function of the radial separation of the solute
atoms by

Ž . Ž .W sykT ln h q1 . 14i j i j

The PMF incorporates the equilibrium effect
of the solvation of a polypeptide, and the dynami-
cal effects of the solvent may be incorporated by
using a stochastic force with damping in the equa-

w xtions of motion 13 . The approach used here is
an approximation to the generalized Langevin

w xequation and is written as 20

N
˙ Ž . Ž . Ž .m r sy =W r ym g r qA t , 15˙ ˙Ýi i i j i j i i i i

js1

where W , as earlier, represents the PMF, gi j i
represents the friction constant which is an ap-
proximation to the friction kernel of the general-

w x Ž .ized Langevin equation 20 and A t is a ran-i
dom force.

The combination of using the PMF from the
DRISM theory and the Langevin equation of
motion is an approximation that reduces a many-
body Hamiltonian problem to an effective few-
body problem and results in a large reduction in

w xcomputation time 20 .

4. Method

The potential of mean force lookup table was
created using atomic parameters from the

w xCHARMM 22 all-atom parameter set 53 for the
peptide atoms, and the TIP3P water model

w xparameters, 54 with a modification to avoid
w xcatastrophic overlap, 55 were used for determin-

ing the correlation functions. A total of 19 dif-
ferent atom types was used in the PMF table,
each representing a different set of values for s ,i , j
e and coulombic charge. This set also includesi , j
atom types representing the reduced parameters
that are used for the purpose of modeling 1,4
non-bonded interactions.

These tables provided all the non-bonded free
energy while the other intramolecular interac-
tions for the peptide were calculated from the

w xCHARMM molecular mechanics force field 28
using the CHARMM 22 all-atom topology and
parameter sets. The stochastic dynamics simula-

Ž .tions SD were done using a friction coefficient
of 2 psy1. This choice of friction coefficient was
made to ensure a thorough sampling of the con-
formational space of the polypeptide following
the work of Loncharich et al., who have reported
that the rate of isomerization of alanine dipeptide

w xwas the maximum at that value 56 . The simula-
tions were performed at a temperature of 300 K
and the total time of the trajectories was 15 ns,
computed with timesteps of 2 fs. Structures were
saved every picosecond for further analysis. All
other SD simulations which are used in this study
were performed with the same conditions of time,
temperature and friction coefficient and using the
CHARMM 22 all-atom parameter set.

The peptide being studied here is
NH ]Ala]Ala]Ala]Ala]COOH which will be2
referred to as Ala . In the CHARMM force field4
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the non-bonded interaction between atoms that
Ž .are three bondlengths apart 1,4 interactions are

calculated with atomic parameters that are dif-
ferent from those used for the rest of the non-
bonded calculations. In order to check the opti-
mum choice of the parameters to calculate the
PMFs for 1,4 interaction, we performed three
different simulations using different methods to
incorporate the PMFs.

The method where the calculated PMFs for the
1,4 interactions did not use different parameters
from those for the rest of the non-bonded inter-
actions turned out to be the optimum choice. The
simulation using this scheme will be referred to as
DRISMSD and is used for the comparative study
with the other solvent models.

The explicit water molecular dynamics simula-
tion of Ala was also done with the CHARMM 224
all-atom parameter set for the peptide atoms and
TIP3P for the water model parameters. The simu-
lation of the peptide was done in a cubic box

˚having a length of 25 A and using periodic
boundary conditions. The box contained 512 wa-
ter molecules and the electrostatic interactions

w xwere calculated using an Ewald sum 57 . The
simulation had a total time duration of 10 ns
using a timestep of 2 fs. The structures that were
used for analysis were saved every tenth of a
picosecond. More details on the simulation can

w xbe found in another publication 3 .
We have also done a SD simulation with PMFs

calculated using the XRISM integral equation
theory for comparison. The methodology for cal-

w xculating the PMFs is similar to earlier work 13 .
However, the peptide and solvent parameters used
are the same as those for the DRISM calcula-
tions, and this simulation will be referred to as
XRISMSD.

A SD simulation using a constant dielectric of 1
will be used as a reference representing the gas-

Ž .phase results EPS1 . In addition, SD simulations
with some commonly used and computationally
inexpensive solvent models are also used for com-
parison. One such simulation is done using a
constant dielectric of 80 and will be referred to as
EPS80. Another uses a linear distance-dependent

Ž .dielectric RD1 and the final simulation used a

dielectric that is linearly-dependent on four times
Ž .the distance in Angstroms RD4 .

The free energy surfaces in Fig. 1 were gener-
w xated by the adiabatic mapping method 19 . Here

the free energy of the peptide was determined on
Ž .the relevant f,c grid at intervals of 308. The

rest of the dihedrals were constrained to 1808 at
each grid point and this was followed by thorough
minimization of the molecule. The free energy
was evaluated after the constraints were removed.

The comparison between the various solvent
models was done by first determining the popula-
tion distributions of central dihedrals f , c , f2 2 3
and c , from structures generated from the vari-3
ous methods. Next, the free energy profiles along
the f and c coordinates were determined from
population Boltzmann distributions,

Ž .N x yb W Ž x . Ž .se , 16Ž .N xmax

Ž .where N x is the population at a particular
Ž .value, x , of the dihedral angle. Also, N x ismax

the population at the dihedral where the maxi-
mum number is observed for a given distribution,
b is the inverse of the product of the Boltzmann

Ž . Ž .constant and temperature 300 K and W x is
the difference between the free energies at x and
x .max

For further analysis, the relative populations of
alpha carbon pseudo-dihedrals were obtained
from structures from the dynamics trajectories.
This dihedral angle is formed by the four alpha

Ž .carbon atoms C of the peptide and gives aa

w xgood picture of its overall shape 58 . Low abso-
lute values of the dihedral correspond to folded
states where the ends of the peptide are in close
proximity. Conversely, high absolute values indi-
cate that the overall structure is extended. The
population distribution of the pseudo-dihedrals
was used to get the free energy profile along this
coordinate.

5. Results and discussion

It can be seen from Fig. 1 how the free energy
surface of Ala is markedly changed by the inclu-4
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Fig. 1. The free energy surface of Ala by adiabatic mapping. The contour levels are 1.0 kcal moly1 each. The solid contours are4
for 0]4 kcals moly1, the dashed for 4]10 kcals moly1 and the dot-dashed for )10 kcals moly1. The various free energy surfaces

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .are: a f ,c for EPS1 model. b f ,c for EPS1 model. c f ,c for DRISMSD model. d f ,c for DRISMSD model.2 2 3 3 2 2 3 3

sion of solvent effects from the DRISMSD PMFs.
Ž . ŽThe minimum for EPS1 on both the f ,c Fig.2 2

. Ž . Ž .1a and f ,c surfaces Fig. 1b is in a region3 3
Ž .around y1208,1808 . Most of the region bounded

by y608-c-y1808 and y1808-c-1808 is
within 2 kcal moly1 from the minimum in both
surfaces. However, a relatively higher energy re-

Ž .gion is seen around y1608,08 in both cases.
There are large energy barriers centered around
Ž . Ž . Ž .08,08 , 08,1808 and 608,1208 and the rest of the
two surfaces are of intermediate energy.

Ž .For the PMF modified case, the f ,c free2 2
energy surface had two regions corresponding to

Ž .energy minima Fig. 1c . The first was bounded by
f with values roughly between y608 and y10082
and c between y758 and y1408. The second2
region was bounded by f with values roughly2
between y608 and y1308 and c values between2
1208 and 1708. The region roughly bounded by f2
values between y508 and y1808 and c values2
between y408 and y1808 and between 1008 and
1808 are within 2 kcal moly1 of the energy mini-
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Ž . Ž .Fig. 2. The free energy profile along a c top panel and2
Ž . Ž .b c bottom panel . The various curves represent: EPS1,3
thin solid line; DRISMSD, thick solid line; EWMD, long
dashed line; XRISM, alternating long and short dashed line;
EPS80, short dashed line; and RD4, dotted line.

mum. Low free energy regions along f s608 are2
also observed. Relative to the EPS1 case, the free

Ž .energy barrier around 08,08 is higher whereas
Ž . Ž .those around 08,1808 and 608,1208 are lower in

Ž .energy. Also, the region around y908,08 , which
is fairly stable in the EPS1 case, is relatively
destabilized by the solvent. Similar features are
seen in Fig. 1d for the solvent modified free

Ž .energy surface for f ,c .3 3
We now compare with the presumably correct

molecular dynamics results. The free energy
Ž .curves around c Fig. 2a show that both the2

DRISMSD and EWMD results have two minima
Žof nearly the same well depth within 0.5 kcal

y1 .mol . One is around y608 corresponding to the
gauchey state and the other around 1508 which is
the trans state.

The EPS80 and RD4 results also have two
minima, in the gauchey and trans regions, for c2
Ž . Ž .Fig. 2a . The EPS1 curve Fig. 2a has equally
stable minima in the gauchey, gaucheq and trans

regions which are separated by energy barriers of
approximately 1.5 kcal moly1. It can be seen that
in the environment of explicit solvent there is a
shift in the center of the gauchey minimum and a
substantial destabilization of the gaucheq state is
caused. Also, the height of the free energy barrier
around 08 increases by over 4 kcal moly1. The
EPS80 model underestimates this barrier by )1
kcal moly1 whereas the RD4 model underesti-
mates it by approximately 1.5 kcal moly1. On the
other hand in the DRISMSD case the barrier is
overestimated. The other free energy barrier
around y1208 is overestimated by DRISMSD by
approximately 0.5 kcal moly1. In the EPS80 and
RD4 models this barrier is underestimated by
almost 1 kcal moly1, having a value of only 0.5
kcal moly1, thus making the barrier region ther-
mally accessible at room temperature. The RD1

Ž .results figure not displayed have one minimum
around y908 and another one which is approxi-
mately 1.5 kcal moly1 higher in energy in the
trans region. The RD1 model thus shows a con-
siderable deviation from the EWMD results and
hence has been excluded from further analysis.

Unlike the DRISMSD and RD4 models where
there are two equal minima, the trans minimum
in the EWMD case is more stable than the
gauchey minimum by almost 0.5 kcal moly1. In
the EPS80 free energy profile the gauchey mini-
mum is more stable but by an even smaller num-
ber. The DRISMSD and XRISMSD curves show
a very good agreement though small differences
exist. The DRISMSD curve is in slightly better
agreement with the EWMD which is discernable
from the regions belonging to the trans minimum
and the barrier around y1208.

Ž .The free energy curves around c Fig. 2b3
have a different quantitative character from those
seen for c . The EPS1 curve has its most stable2
minimum in the gaucheq state around 758. The
trans minimum is approximately 0.5 kcal moly1

higher and the gauchey one is approximately 1.5
kcal moly1 higher in energy. The EWMD curve
has two minima, the more stable one at gauchey

and the slightly higher one at trans being within
0.5 kcal moly1 of each other. In the DRISMSD
case the trans minimum is the more stable by
approximately 0.5 kcal moly1 and, this is also
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displaced to around 1208 from around 1508 in
EWMD. The two minima are almost equal in
energy in the EPS80 and RD4 models though the
gauchey is slightly more stable for the former and
trans more stable for the latter models. Similar to
the c free energy profiles, in the c case the2 3
EPS80 and RD4 models underestimate the free
energy barriers whereas they are overestimated
by DRISMSD. Also, the DRISMSD and
XRISMSD curves are fairly similar though once
again the former has a slightly better agreement
with EWMD.

All these solvent models predict a dominant
free energy minimum around y908 for the f
dihedrals. The DRISMSD and XRISMD models
have a minimum in the gaucheq region unlike
EWMD, which is not unexpected for DRISMSD
since this is also observed in Fig. 1c,d. The free

Ženergy profiles from the SD simulations figure
.not shown reveal that the free energy well around

y908 has very similar characteristics for all the
models. Also, the gaucheq minimum for
DRISMSD is more than 2 kcal moly1 more un-
stable than the gauchey minimum. The
XRISMSD gaucheq minimum is even higher
compared to its gauchey minimum and hence in
this case is in slightly better agreement with
EWMD. However, the gaucheq region is more
than 4 kcal moly1 more unstable than the
gauchey minimum for all the continuum models
and hence the free energy profiles along the f
dihedrals show EPS1, EPS80 and RD4 to be in
better agreement with the explicit solvent models
than DRISMSD and XRISMSD are. However, to
emphasise that the anomalous free energy well at
608 for the continuum solvent models represents
only an insignificant number of the overall popu-
lation, a population distribution is diplayed in Fig.
3.

The final comparative study between these
models has been done by studying the free energy
profiles around the pseudo-dihedral defined by

Ž .the four C atoms of the peptide Fig. 4 . Thisa

pseudo-dihedral is a measure of the overall struc-
ture of the peptide. The EPS1 curve has minima
at 608 and 1808 separated by two barriers of
approximately 1 kcal moly1, one centered around
1208 and the other broader barrier with a maxi-

Ž . ŽFig. 3. The normalized probability distribution of a f top2
. Ž . Ž .panel and b f bottom panel . The various curves repre-3

sent: EPS1, thin solid line; DRISMSD, thick solid line;
EWMD, long dashed line; XRISM, alternating long and short
dashed line; EPS80, short dashed line; and RD4, dotted line.

mum around 308. The EWMD curve also has two
minima but these are at around 08 and around
y1208. The free energy barrier around 1208 is
also much higher compared to EPS1, the maxi-
mum being nearly 3 kcal moly1. The other barrier
is centered around y608 and is slightly over 0.75
kcal moly1.

The DRISMSD curve has the same characteris-
tics as the EWMD curve though the barrier at
y608 is slightly overestimated and the barrier at
1208 slightly underestimated. The profiles for both
RD4 and EPS80 also show maxima at 1208 and
minima at 08, but do not have a barrier at y608.
The DRISMSD and XRISMSD curves are again
qualitatively very similar but the DRISMSD curve
has a slightly better match with EWMD.

On the basis of the above results, the EPS80
and RD4 models proved to be fairly good approx-
imations to the aqueous solvent for describing the
free energy profiles of Ala along the dihedral4
coordinates. A small polypeptide, unlike large
proteins, has all its atoms either exposed directly
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Fig. 4. The free energy profile along the C dihedral. Thea

various curves represent: EPS1, thin solid line; DRISMSD,
thick solid line; EMWD, long dashed line; XRISM, alternat-
ing long and short dashed line; EPS80, short dashed line; and
RD4, dotted line.

or in close proximity to the solvent, and hence for
some such systems, the EPS80 method has been

w xused successfully 8,59 . On the other hand, the
use of a constant dielectric of 80 tends to under-

w xestimate the structure making interactions 6 like
hydrogen bonding and the coulombic interactions
between highly charged groups and hence result
in the underpopulation of the structural families
where these interactions would be dominant.
Structures with strong coulombic interactions
would be better represented by the RD4 model

w xthan the EPS80 model 60 .
Electrostatic interactions are represented far

more accurately by the DRISMSD model com-
pared to both EPS80 and RD4 and thus would be
expected to give more accurate results for pep-
tides with charged side chains. The DRISMSD
and XRISMSD methods show better agreement
with the EWMD results than the EPS80 and RD4
methods do. This was seen in the free energy
profile around the central c dihedral and the Ca

pseudo-dihedrals. The anomalous minimum in the
f dihedral profiles of DRISMSD and XRISMSD
is only sparsely populated at physiological tem-
peratures and thus would not hamper the de-
termination of the conformations of peptides.
Ala does not have any charged side chains and4

this agreement may occur because the RISM
based methods account for the packing effects of
the solvent unlike EPS80 and RD4.

The DRISMSD results had a slightly better
overall match with EWMD than XRISMSD did,
though overall the two integral equation models
showed fairly similar results and the observed
differences are within the expected errors of these

w xmethods 61 . However, the DRISM theory shows
a much more significant improvement over
XRISM in the prediction of thermodynamic
properties of salt solutions, and in the near future
we shall be using this theory to model peptides in
salt solutions at physiological concentrations.
Presently, work is in progress in which the DRISM
PMFs are used in a high temperature simulation

Ž .of a tridecamer hormone a-MSH to determine
its aqueous conformations. Another application
using this method which is in progress is a room
temperature SD simulation of a-MSH with ap-
propriate friction coefficients to model the dy-
namical effect of the aqueous solvent.

6. Summary

In this study the DRISM integral equation
theory was used to incorporate the effect of aque-
ous solvent as a superposition of PMFs between
the atoms of a peptide. The model was then
tested by comparison with an explicit water
molecular dynamics simulation. The basis of com-
parison were the energy profiles around the pep-
tide’s central f and c dihedrals and the pseudo-
dihedral defined by the four C atoms. Simula-a

tions using PMFs calculated from the XRISM
theory and those using other frequently used sol-
vent models were also compared.

The results from the DRISM model exhibited
the best match with the qualitative and quantita-
tive aspects of the results from the explicit water
simulation. The RD1 model was found to be
inaccurate in this study. The DRISM and XRISM
results were in fairly good agreement with each
other as would be expected for such closely re-
lated theories. The EPS80 and RD4 models
proved to be fairly good in predicting the minima
on the free energy profiles though some of the
free energy barriers were too low. The low com-
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putational cost of the EPS80 and RD4 models
makes them fairly useful for studies on some
small peptides. The DRISM method has a com-
putational cost comparable to the EPS80 and
RD4 models but offers more accurate results and
is thus the best alternative to the far more com-
putationally expensive explicit water dynamics
methods for simulations of small peptides.
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