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Comments on your class project/term paper

Choose a paper of interest to you that uses either quantum
chemistry or force field modeling
Design and carry out some sample computations that could
reproduce or extent the reported results
Paper will describe: background; results reported in the paper;
discussion of your calculations; conclusions
Paper is due in four weeks(!), on May 4.
Important: before you begin computing or writing, you must
send me email giving your choice of paper, and outlining the
proposed calculations. I will approve and/or make suggestions,
as appropriate
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Comments on homework #5

Here’s what I got after minimizing the structure of the formamide dimer
with B3LYP/6-31G*:

SCF Done: E(RB3LYP) = -339.805525627 A.U. after
....
Sum of electronic and thermal Enthalpies= -339.701726
Sum of electronic and thermal Free Energies= -339.742469

E (Thermal) CV S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin

Total 64.543 24.576 85.751
Electronic 0.000 0.000 0.000
Translational 0.889 2.981 39.405
Rotational 0.889 2.981 27.361
Vibrational 62.765 18.615 18.985

and from the same calculation on the monomer:

SCF Done: E(RB3LYP) = -169.888843121 A.U.
Sum of electronic and thermal Enthalpies= -169.838636
Sum of electronic and thermal Free Energies= -169.868893

E (Thermal) CV S
KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin

Total 30.913 10.923 63.680
Electronic 0.000 0.000 0.000
Translational 0.889 2.981 37.339
Rotational 0.889 2.981 21.213
Vibrational 29.135 4.961 5.128
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thermochemistry differences
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effects of solvation:

Dielectric Continuum Models for Hydration Effects on Peptide Conformational Transitions

K. O2 sapay, W. S. Young, D. Bashford,* C. L. Brooks, III,* and D. A. Case*
Department of Molecular Biology, The Scripps Research Institute, La Jolla, California 92037

ReceiVed: September 18, 1995; In Final Form: NoVember 15, 1995X

Models for hydration effects that treat the solute and solvent as dielectric continua with different dielectric
constants have achieved considerable popularity in recent years. Here we compare such models with
microscopic molecular dynamics simulations for a variety of conformational transitions in peptides. The
conformational changes studied include changing backbone torsion angles in the alanine dipeptide; formation
of hydrogen bonds of the sort seen in antiparallel ‚-sheets in formamide and alanine dipeptide dimers; transitions
from type I to type II ‚-turns; and propagation of an R-helix from the N- and C-terminal ends. In each case,
the peptide solute is described with the CHARMM-19 force field, and continuum solvent models (determined
from finite-difference solutions to the Poisson equation and a surface-area term) are compared to free energy
simulations using explicit TIP3P water as a solvent. In general, the agreement between the two theoretical
methods is good, but “solvation” of a CHARMM-19 solute with TIP3P water tends to modify the gas-phase
conformational energy differences to a greater extent than “solvation” with the continuum dielectric model.
The need for consistency between the force-field charges and the continuum-model charges in calculations
of this kind is demonstrated.

1. Introduction

Molecular dynamics simulations, augmented by specialized
sampling techniques and free energy methods, provide a
powerful tool for the investigation of peptide, protein, and
nucleic acid conformational thermodynamics.1-4 Insights from
such calculations have been achieved for helix, ‚-sheet, and
turn formation in peptides;1-3 nucleotide stacking in dinucle-
otides;4,5 and the thermodynamic aspects of protein folding.6
However, the calculation of conformational thermodynamics
from molecular dynamics simulations is very costly in computer
time, because of the large number of atoms required for explicit
solvent representations. Furthermore, the interpretation of
results from these large simulations is sometimes clouded by
problems with convergence of the underlying thermodynamic
averages.
Continuum representations of solvent7 are potentially useful

for the rapid exploration of conformational thermodynamics of
nucleic acids and polypeptides.8-10 Recent work using a
continuum solvent model based upon the Poisson-Boltzmann
equation has examined the origins of helix formation and
propagation and ‚-sheet formation.11-14 Similar studies have
focused on the thermodynamics of turn formation in specific
sequences of small peptides (Choi, Bashford, and Case, in
preparation). These studies, together with other work on the
calculation of solvation thermodynamics for small rigid mol-
ecules in aqueous solution,8,15-20 have begun to define a protocol
and suggested sets of parametrizations for calculations on
peptides and proteins.
In this paper we explore the application of continuum

solvation methods to conformational problems in peptides. We
examine the formation of simple turns, helix propagation, the
formation of biophysically relevant, hydrogen-bonded dimers
of formamide and the alanine dipeptide (to form a model
‚-sheet), and the ¡/„ map for the alanine dipeptide in aqueous
solution. In each of these cases, calculations utilizing explicit
solvent models have also been carried out, which permit a
detailed comparison of two quite different computational

methods. Such a comparison provides some additional perspec-
tives on the similarities and differences between the way in
which peptides (represented by the CHARMM-19 force field)
interact with continuum and TIP3P solvent models. This theory-
to-theory comparison should also have implications for ongoing
efforts to develop theoretical models for peptide conformational
transitions that more faithfully mimic experimental behavior.
The outline of the paper is as follows. In the next section

we review the salient features of the continuum electrostatic
and nonelectrostatic solvation models used here. We also
review aspects of the free energy calculations using molecular
dynamics. Section 3.1 looks at hydrogen bond formation in
dimers of amides. We then discuss, in section 3.2, a comparison
between the solvated ¡/„ map for the model system of the
alanine dipeptide from continuum solvation models and from
free energy perturbation calculations. In section 3.3 we provide
a comparative examination of trends in solvent effects on
conformational thermodynamics for more flexible systems of
turns and helix propagation. The final section provides a
summary and discussion of our findings and specific comments
on potential inconsistencies in the application of continuum
solvation models for interaction and conformational energy
calculations.

2. Methods

In all cases solute-solute interactions are modeled by the
CHARMM empirical potential energy function as described in
section 2.3. Solvent-solute interactions are modeled either by
the CHARMM empirical potential or by the combination of a
macroscopic model of solvation electrostatics16-18 and a surface-
area-based model of nonpolar solvation. The combined model
can be understood in terms of the thermodynamic cycle shown
in Figure 1. The solvation free energy, ¢Gsolv, for a polar
molecule is divided into the electrostatic work of removing all
charges in vacuum, -Wvac, to form a hypothetical nonpolar
molecule with the same geometry as the real molecule, the
solvation free energy of the nonpolar molecule, ¢Gnonpol, and
the electrostatic work of restoring the original solute charges
while in the solvent,Wsolv. Since the electrostatic terms amountX Abstract published in AdVance ACS Abstracts, February 1, 1996.
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to a Born model of solvation,21 we designate

Sections 2.1 and 2.2 describe the models for the ¢GBorn term
and the ¢Gnonpol term, respectively.
2.1. Macroscopic Electrostatics of Solvation. The work-

of-charging terms of Figure 1 are calculated according to a
continuum model where the dielectric constant has the value
≤m in the solute interior and a value of either ≤s or 1.0 in the
exterior region according to whether the solute is in solvent or
in vacuum. The boundary between solute “interior” and
“exterior” is the molecular surface22,23 defined by a set of atomic
radius parameters and a 1.4 Å solvent probe sphere rolling over
the solute atoms. All solute charges lie in the interior (≤m)
region. We refer to this model as “macroscopic electrostatics
with atomic detail” or “MEAD”. For most molecular shapes,
the resulting Poisson equation must be solved numerically; in
this study, finite difference methods are used.
In this model, the Green function, º(rbi,rbj), is defined as the

potential produced at point rbi by a unit charge at point rbj. If
both points are in interior regions (even if they are the
noncontiguous interior regions of two separated solute mol-
ecules), the Green function has the form

where the first term is a Coulomb potential analogous to that
used in empirical potential energy functions and the second term,
º*, arises due to the dielectric interface between the interior
and exterior regions.
The Born solvation free energy becomes

where the subscripts solv and vac refer to solvent and vacuum
calculations, respectively, which differ only in that the exterior
dielectric constant has been set to ≤s in the former and 1.0 in
the latter. Note that º* rather than º appears in eq 3 since we
have made use of eq 2 and the constant value of the interior
dielectric constant, ≤m, to cancel the Coulomb terms. As a result,
the above model for the electrostatic aspects of solvation appears
to be independent of the model chosen for the Coulomb-like
intramolecular electrostatic interactions in vacuum; we shall
return to this point in section 4.
Solutions of the Poisson equation have been obtained using

the MEAD suite of finite-difference electrostatic programs.24,25
A focusing method26 is used, with the finest lattice spacing being
0.15 Å. For the R-helix calculations, the finest lattice has an
extent of 12 Å, centered on the helix-side hydrogen-bond
participant of the hydrogen bond being formed or broken. This
is sufficient to enclose both peptide groups involved in the
interaction, but more distant parts of the helix are in coarser
(0.25 or 1.0 Å) lattice regions. In all other calculations, the
finest lattice had an extent of 15 Å, sufficient to cover the entire

solute or solute pair. Equation 3 is implemented by recasting
it in terms of the difference of the potentials for the fully charged
solute in both vacuum and solvent so that º* need not be
obtained directly.24 The subtraction of these potentials removes
the Coulomb-like artifact that arises in finite-difference calcula-
tions.16,17

Atomic radii for determining the dielectric boundary are taken
from the PARSE parameter set,18 which has been shown to give
excellent results for the solvation energies of a variety of organic
functional groups, including those found in peptides and
proteins. The solute interior dielectric constant, ≤m is taken as
2.0 (consistent with PARSE), and the dielectric constant for
water is ≤s ) 80. Because the MEAD calculations of ¢GBorn
are to be combined with CHARMM calculations of vacuum
solute-solute interactions, we have used CHARMM charges,
rather than PARSE charges, for the MEAD calculations. Our
reasons for keeping the charge model the same in gas phase
and in solution are discussed in section 4.
2.2. Nonpolar Solvation Model. The PARSE parametriza-

tion of solvation18 also includes a contribution, ¢Gnonpol, for
nonpolar solvation effects, i.e. for the free energy of solvation
of the “discharged” molecule in which all of the atomic-centered
partial charges have been set to zero. This has been fit to
solvation data for linear and branched alkanes and modeled as
a term dependent upon the solvent-accessible surface area of
the solute as ÁSA + b, where SA is the surface area and Á is
taken to be 0.005 42 kcal/Å2 and b is 0.92 kcal/mol (ref 18 and
D. Sitkoff, personal communication). Simonson and Brünger27
found a similar surface tension, Á ) 0.006 kcal/Å2, for vacuum
to water transfer, although they found that such models have
limitations and it is not clear what the best approach should be.
For the current calculations, though, the conformational depen-
dence of the surface-area term is very small, and this nonpolar
term (calculated with the PARSE parametrization) contributes
less than 0.5 kcal/mol to any of the transitions discussed here.
For processes such as protein folding or assembly, which involve
larger changes in surface area, it may be necessary to consider
such terms more carefully.
2.3. Molecular Models and Simulation Methods. In all

of the calculations described in this work we have used the
CHARMM param19 and toph19 parameters to describe the
peptide-peptide interactions.28 These parameters and topolo-
gies correspond to explicit representation of all polar hydrogen
atoms but use an implicit representation of aliphatic hydrogen
atoms. The TIP3P model29 was used for the explicit solvent
simulations. To compute interaction energies for the peptides
in the gas phase, we have used the CHARMM program30 with
no long-range force truncation; calculations in explicit solvent
used a cutoff for nonbonded interactions which ranged from
8.5 to 12.5 Å. (The combination of the CHARMM program
with the param19 and toph19 parameters is referred to here as
the “CHARMM-19” force field.) Solvent-mediated free energy
surfaces were determined by Brooks and his collaborators.1,31-36
Details of the specific calculations may be found in the original
references. The calculations generally included between 120
and 1000 explicit water molecules in a periodic volume.
Equilibration and dynamics for data collection were generally
as described below for the gas-phase helix pmf (potential of
mean force) calculations. In all calculations, the water mol-
ecules were treated as rigid bodies using SHAKE37 in ac-
cordance with the original model development.
For the linear hydrogen-bonded formamide dimer and the

linear hydrogen-bonded alanine dipeptide dimer (model anti-
parallel ‚-sheet), the monomers were maintained in their
equilibrium geometries and moved relative to one another in a

Figure 1. Thermodynamic cycle used for the continuum solvation
calculations.

¢GBorn ¥ Wsolv - Wvac (1)

º( rbi, rbj) )
1

≤m| rbi - rbj|
+ º*( rbi, rbj) (2)

¢GBorn )
1/2∑

i,j
QiQj[º*solv( rbi, rbj) - º*vac( rbi, rbj)] (3)
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formamide dimer, back in 1995:

single dimension to form a linear CO‚‚‚HN hydrogen bond of
varying lengths.
For the adiabatic ¡/„ map for the alanine dipeptide and the

type I/type II turn calculations, we minimized the peptide
conformations subject to large restraints on the key degrees of
freedom. For the ¡/„ map in alanine dipeptide, dihedral angle
restraints (with a force constant of 1000 kcal/(mol rad2)) were
applied to ¡ and „ in 10° increments and the surface was
generated by 100 steps of conjugate gradient minimization of
the remaining degrees of freedom.
Type I and type II turns were generated by choosing idealized

geometries for the backbone dihedrals and imposing restraints
on the (i,i + 3) hydrogen bond distance (<2.5 Å) and on the
dihedral angles noted below (with a force constant of 1000 kcal/
(mol rad2)), followed by minimization of the system. In all
cases, the peptide sequence Ace-X-Y-NMe, where Ace and
NMe are the acetyl and NH(CH3) blocking groups, represented
the turn.1,32,34 The ideal backbone angles used to represent a
type I turn were (¡2 ) -60°, „2 ) -30°, ¡3 ) -90°) for the
Ala-Ala and Ala-Gly turns and (¡2 ) -90°, „2 ) -30°, ¡3 )

-90°) for the Pro-Ala and Pro-Gly turns. The type II turns
corresponded to conformations restrained to have (¡2 ) -60°,
„2 ) 120°, ¡3 ) 80°) for the non-proline turns and (¡2 )-

-90°, „2 ) 120°, ¡3 ) 80°) for the proline turns. These
structures were minimized subject to the restraints just noted
until the energy changed by less than 0.001 kcal/mol.
To generate the helical conformations for the continuum

solvation calculations, potentials of mean force (pmfs) were
computed in the gas phase. These calculations consisted of three
stages: (1) generation of starting conformations with the N-(or
C-)terminal „ dihedral in a particular region (the objective was
to compute the free energy surface for “unwinding” the terminal
helical residue); (2) equilibration dynamics of the system subject
to restraints on the “intact” helical hydrogen bonds and a
restraint on the terminal „ angle for each “„ window” sampled;
and finally (3) collection of data on the „ distribution over the
course of production dynamics in the presence of the restraints
noted above.
The helical peptide considered was Ace-(Ala)15-NMe. With

the blocking groups this peptide contains 13 R-helical hydrogen
bonds in the fully helical state. Our work focused on the
calculation of the free energy for dissolution of the terminal
hydrogen bond along a “reaction coordinate” comprised of the
terminal „ dihedral angle („2 for the N-terminus and „16 for
the C-terminus). During the dynamics the remaining 12
R-helical hydrogen bonds were restrained to the region of the
r(CO‚‚‚HN) < 2.5 Å and the terminal „ dihedral was restrained
to fluctuate within a particular region of „ beginning with a
region centered at „ ) -180° and increasing in increments of
8° to 180°.
The peptide was built with canonical helix ¡/„ values except

for the terminal „, which took on an initial value corresponding
to the center of the desired window. The dynamics was then
computed for the system, subject to the restraints noted above,
using a time step of 0.0015 ps and applying SHAKE constraints
on the heavy atom-hydrogen atom bonds.37 Equilibration
dynamics, with periodic reassignment of the kinetic energy to
correspond to a temperature of 300 K, was carried out for 10 000
time steps, the trajectory was then continued for another 30 000
time steps, and the histogram of the terminal „ dihedral was
collected. The histograms from each of the 43 “windows”, for
each end of the peptide, were combined using the WHAM
method38,39 to yield the desired gas-phase potential of mean
force.

From the trajectories restrained to various regions in „, for
both the N- and C-terminal helix “propagation” calculations,
snapshots were taken to perform MEAD solvation calculations.
Ten snapshots for each of 21 specific values of the terminal „
dihedral were sampled. The first and last values, -180° and
180°, are equivalent, but their samplings are independent. These
conformations, unminimized, formed the “ensemble” of con-
formations considered in the MEAD solvation calculations
presented below.

3. Results

3.1. H-Bonding Dimers. The formation and dissolution of
hydrogen bonds between amide NH and CO groups is a
fundamental feature of protein folding and of many peptide
conformational transitions. Here we examine the simplest of
such systems, in which two amides approach one another along
a straight line, allowing formation of an optimal, linear hydrogen
bond at the appropriate distance. This does not correspond
directly to any real situation, but involves only a single degree
of freedom (the H-bond distance) and illustrates features of
solvation effects that should be generally applicable.
Figure 2 illustrates the results for formation of linear dimers

of formamide. In the gas phase, where there is no competition
with solvent, hydrogen bond formation is strongly favored, by
about 6.8 kcal/mol in the CHARMM-19 force field. In solution,
however, the amide-amide hydrogen bond that is formed has
to displace interactions with solvent, and the strength of the
interaction is greatly reduced due to this competition. In the
language of continuum solvation, the energetics of solute-
solvent hydrogen bonds is described as solvent polarization,
which is reduced as the monomers come together and mutually
shield polar groups from solvent. The net effect, illustrated in
the light dashed curve in Figure 2, is a less favorable solvation
free energy for the dimer when the monomers are close than
when they are far apart.
The net hydrogen bond strength with continuum solvation

(0.8 kcal/mol) compares quite favorably with the estimate of
0.4 kcal/mol found in TIP3P simulations by Sneddon, Tobias,
and Brooks.31,32 As these authors point out, the net strength of
the hydrogen bond interaction is strongly dependent upon the
solvent polarity, so that in a low-polarity environment (or in
the interor of the protein) the well depth is likely to be closer
to that seen in the gas phase. This environmental dependence12
makes it difficult to carry out a hydrogen bond “inventory” 40
in any very quantitative fashion.

Figure 2. Energy profiles for formation of a linear dimer of
formamides. Solid curve: gas-phase profile. Light dashed curve:
solvation contribution from continuum model. Heavy dashed curve:
net profile in water.
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From the formamide dimer with SCRF:
Sum of electronic and thermal Enthalpies= -339.713215

From the formamide monomer, with SCRF:
Sum of electronic and thermal Enthalpies= -169.848956
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alanine-dipeptide dimer:

A second example of environmental dependence can be seen
in Figure 3, which shows results for a linear dimer of alanine
dipeptides, forming a simplified model of part of an antiparallel
‚-sheet. Here two amide-amide hydrogen bonds are formed,
and the net interaction in the gas phase is 11 kcal/mol. The
effect of water is still to reduce the hydrogen bond strength,
but now only to 4.8 kcal/mol, or 2.4 kcal/mol per H-bond. This
compares well with the TIP3P simulation, which gave 2.8 kcal/
mol per H-bond.41 Here the amide groups are somewhat
protected from solvent even for the monomers, so that the

effective polarity of the environment is lower than it was for
the formamide dimer case. Consequently, the resulting H-bond
strength is larger. The fact that these CHARMM-19 solutes
respond about equally to solvation by TIP3P water or by
continuum dielectrics originally spurred us to examine other
peptide conformational transitions to see if similar behavior
would be found.
3.2. Conformational Energetics of the Alanine Dipeptide.

The “alanine dipeptide” (N-acetylalanyl-N-methylamide) has for
a long time served as one of the primary models for theoretical
studies of backbone conformational equilibria in proteins and
peptides. The dipeptide species has many of the structural
features of a polypeptide backbone: flexible ¡ and „ angles,
two peptide groups whose NH and CO groups are capable of
participating in hydrogen bonds with each other or with solvent
molecules, and a methyl group attached to the CR position.
Although there are only two “floppy” degrees of freedom aside
from methyl rotations, the potential energy surface is still
reasonably complex, with about six local minima and a dozen
saddle points. Calculations on this species thus can teach
important lessons about the level of accuracy to be expected
for various conformational analysis techniques. The history of
attempts to determine the nature of the energy surface for this
system has recently been reviewed.2

The macroscopic electrostatics results for the alanine dipeptide
conformational surface are shown in Figure 4. Part a shows
the well-known gas-phase surface. The minimum energy

Figure 3. Energy profiles for formation of a linear dimer of alanine
dipeptides. Solid curve: gas-phase profile. Light dashed curve:
solvation contribution from continuum model. Heavy dashed curve:
net profile in water.

Figure 4. Ramachandran maps for the alanine dipeptide. The ¡ angle increases from -180° to 180° from left to right, and „ increases from
-180° to 180° from bottom to top. Part a shows the gas-phase result from the CHARMM-19 force field; part b gives the solvation energy correction
determined from the macroscopic model; part c is the sum of a and b, i.e. the “solvated” surface; part d is a plot of -µ2, where µ is the dipole
moment using the CHARMM-19 partial charges. The color scheme is the same in parts a, b, and c: dark blue corresponds to the minimum on the
potential surface, and red corresponds to values 14 kcal/mol above the minimum; the color scheme in part d is arbitrary.
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