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ABSTRACT: Solvent effects on the conformational preferences of homopolypeptides constituted by
R-aminoisobutyric acid (polyAib) have been investigated coupling the polarizable continuum model (PCM)
either to a quantum mechanical (PBE0/6-31G(d)) or to a molecular-mechanical (Amber) representation
of the solute. The results allow a deeper insight into the influence of the solvent on the 310/R-helix
equilibrium in polyAib and show that PCM/Amber is a useful tool to study the conformational preferences
of large peptides in condensed phase. As a matter of fact, all the PCM/Amber results are close to their
PCM/PBE0 counterparts, except for some underestimation of the absolute solvation energies in polar
solvents.

1. Introduction

Although R-aminoisobutyric acid (Aib) is not one of
the 20 “standard” amino acids, in the last two decades
many experimental and theoretical papers have been
devoted to the study of Aib-rich oligopeptides.1-10 Aib
indeed widely occurs in vivo in microbial peptides (as
the peptaibol) which play a key role in causing voltage-
dependent conductance in membranes.11 There is a
general agreement on the fact that the presence of Aib
in membrane-spanning peptides is related to its con-
formational preferences: the presence of two methyl
substituents at the CR strongly favors the formation of
helix (either R or 310) secondary structures. As a matter
of fact, due to its peculiar structural features, Aib has
been widely used in synthetically designed macromol-
ecules as a helix-inducing peptide; the great amount of
interest in trying to understand Aib conformational
preferences is thus explained also by its relevance for
protein engineering. It has been shown that the equi-
librium between the R- and 310-helix in Aib-containing
oligopeptides is strongly influenced by subtle changes
in several parameters, such as the peptide length, the
relative number of Aib residues, and the solvent
polarity.1,2,4a,12

In a previous quantum mechanical study, we have
indeed shown that the 310-helix is the preferred confor-
mation for an infinite Aib homopolymer (hereafter
AibIH) in vacuo,13 in agreement with IR evidence for
Aib polymers in the solid state.12 However, this result
holds for an infinite polypeptide in vacuo, whereas, as
we have seen, there are at least two additional effects
that can play a fundamental role in determining the
preferred conformation of Aib-containing polypeptides,
i.e., the number of residues and the polarity of the
solvent. The study of these two latter factors is tackled
in the present paper, where we report an analysis of
the relative stability of R- and 310-helices for Aib

homopolypeptides, varying the number of residues (from
1 to 15) and the nature of the embedding medium (from
gas phase to aqueous solution).

An analysis of the factors influencing the equilibrium
between R- and 310-helices is interesting also because
it has been suggested that the 310 structure is an
important intermediate in protein folding;14-18 further-
more a 310 f R helix transition can be a crucial step in
some enzymatic reactions.19

Solvent effects are taken into account by means of the
polarizable continuum model (PCM).20,21 The quantum
mechanical (QM) implementation of this method has
indeed allowed the prediction of solvation energies close
to the so-called “chemical accuracy” and provides both
accurate values of spectroscopic parameters and reliable
descriptions of static and dynamic phenomena in con-
densed phase.22-26

In this paper PCM calculations are coupled both to
QM and to molecular mechanics (MM) representations
of the solute. QM computations have been performed
in the framework of density functional theory (DFT),
since a high accuracy is required when dealing with
conformational equilibria of polypeptides often governed
by very subtle effects. Unfortunately, the computational
cost of correlated methods has until now restricted their
use to the study of medium-size molecules, but for very
recent studies of isolated molecules.27,28

In the present paper we show that the recent im-
provements of PCM implementation allow QM calcula-
tions in condensed phase for solutes containing a few
hundred atoms. Nevertheless, due the very large size
of the macromolecules of biological interest, the coupling
of the PCM with a MM representation of the solute
remains an important target. Following previous partial
attempts,29 we have recently completed a very effective
PCM/MM implementation allowing the evaluation of
solvation free energies and of their analytical gradi-
ents.30,31 Since this implementation has been included
in the Gaussian series of programs,32 it can benefit from
all our recent improvements for the treatment of large
systems33-36 and can use all the force fields already
present in this package (Dreiding,37 UFF,38 and Am-
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ber39). Here we have used the Amber force field, which
was specifically parametrized for the study of biological
systems. Thus, together with its intrinsic interest the
present study has allowed also the assessment of the
suitability of the PCM/Amber procedure to describe
solvent effects on the conformational preferences of large
molecules of biological interest.

Concerning the choice of the solvent to consider in
PCM calculations, we selected chloroform and water.
Chloroform (in which Aib polypeptides are soluble) can
be taken as a general model of low-polarity solvents.
On the other hand, even if Aib oligopeptides are hardly
soluble in water, the study of this solvent can give useful
insights into the influence of an increase of the solvent
polarity on the equilibrium between 310- and R-helices,
since this effect should be significantly enhanced in
water.

2. Methods
All the calculations were carried out with a development

version of the Gaussian package.32

DFT calculations have been performed at the PBE0 level40

and using the 6-31G(d) basis set.41 The PBE0 model is a
parameter-free hybrid Hartree-Fock/DFT method rooted in
the adiabatic connection formula42 and based on fourth-order
perturbation theory:40

where Ex
HF is the Hartree-Fock exchange and Ex

PBE and Exc
PBE

are the exchange and the complete density functional proposed
by Perdew, Burke, and Ernzerhof (PBE), respectively.43 The
PBE functional is particularly attractive, since it is based on
a number of limiting conditions and does not involve empirical
parameters.43 Its remarkable reliability is further increased
including some HF exchange (eq 1), especially in the field of
conformational studies of biomolecules.44

MM computations have been performed by the implementa-
tion of Amber39 available in the Gaussian package. MM
geometry optimizations have been performed by using analyti-
cal gradients and the standard algorithms45 implemented in
the Gaussian package. In the gas-phase calculations fast
equation solving methods45b particularly suitable for handling
large size systems have been exploited. The atomic charges
used for the Aib residue (see Figure 1) were determined at
the HF/6-31G(d) level and are compatible with the second
generation of the Amber force field.39

Atomic charges for the Ace and NMe end groups were
directly transferred from Amber libraries.39

Solvent effects have been taken into account by the PCM.
In this method the solvent is represented by an infinite
dielectric medium characterized by the relative dielectric
constant of the bulk (4.90 for CHCl3 and 78.39 for H2O). A
molecular-shaped surface contains the system under study (the
solute) and separates it from the surrounding solvent. The
cavity including the molecule, defined in terms of interlocking
spheres centered on non-hydrogen atoms, is built by the GePol
procedure47 using the UAHF atomic radii.46 The free energy

of solvation (∆Gsolv) includes electrostatic, dispersion/repulsion,
and cavitation contributions:

The cavitation term is determined using the Pierotti’s scaled
particle theory,48 while ∆Gdr is evaluated using semiempirical
atom-atom parameters.49 Finally ∆Gel takes into account the
solute-solvent electrostatic interaction: in the quantum me-
chanical implementation this contribution is obtained adding
a proper operator to the solute Hamiltonian. If Ĥvac is the
solute Hamiltonian in the gas phase and Ψvac and Ψsol are
the solute wave functions optimized in the gas phase and
in solution, respectively, the electrostatic contribution to
∆Gsol is

where the sum on right-hand side runs on the finite elements
(tesserae) covering the cavity surface.47 V is the solute elec-
trostatic potential; the qi’s are the apparent charges represent-
ing the solvent reaction field: they are calculated on the basis
of classic electrostatics equations and depend on the solute
electron density. Thus, the difference between the first and
the second term on the right-hand side of eq 2 is the solvation
energy due to the molecule polarization by the solvent, while
the last sum represents the electrostatic solute-solvent in-
teraction. The molecular mechanics implementation of the
method does not consider the solute polarization by the solvent,
so that the ∆Gel reduces to

where both V and q’s are calculated from suitable atomic
charges.

In this work we have used the CPCM21b variant of PCM,
which, employing conductor rather than dielectric boundary
conditions, allows a more robust implementation. Analytical
energy first and second derivatives of eq 2 allow for geometry
optimizations and harmonic frequency calculations in solution
at both the QM and MM levels.21c

Note that all the terms of the solvation energy can be
dissected into contributions issuing from the different spheres
forming the cavity. Since each sphere corresponds to a well-
defined atom (or chemical group), this procedure allows a
detailed analysis of the origin of differential solvation effects.
However, the electrostatic contribution of each sphere origi-
nates from the electron density of the whole solute, so that
this analysis should be considered only qualitative.

The solvation energy per residue has been calculated
subtracting from the total value of the solvation energy the
contribution of the N-methylacetamide molecule (which is
formed by joining both polypeptide cappings) and then dividing
by the number of residues. Although different choices would
have been possible, the relative solvation energy per residue
of the two helices remains unchanged.

3. Results and Discussion
The chemical structure of the Aib residue is displayed

in Figure 1. The homopolypeptides studied were Ac-
(Aib)n-NMe (hereafter denoted Aibn), where Ac is
acetyl, NMe is N-methyl, and n is the number of Aib
residues. Since our main interest is to determine the
influence of the solvent on the energy of “ideal” polyAib
helices, in DFT calculations the geometry of Aib residues
has been kept frozen to that optimized for the infinite
homopolypeptide in vacuo by DFT calculations employ-
ing periodic boundary conditions (PBC)13 (see Table 1

Figure 1. Molecular structure and atomic charges of the Aib
residue.
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∆Gel ) 〈Ψsol|Ĥvac|Ψsol〉 - 〈Ψvac|Ĥvac|Ψvac〉 -
1

2∑i

qiVi (2)

∆Gel ) -
1

2∑i

qiVi

Macromolecules, Vol. 34, No. 21, 2001 Homopolypeptides of R-Aminoisobutyric Acid 7551



and Figure 2). Furthermore, here and in the following
we will make reference to left-handed helices, so that φ
and ψ have negative values.

It is worth noting that the geometry used for the 310-
helix is in good agreement with the X-ray structure of
the Aib decapeptide.4a Moreover the calculated values
of φ and ψ dihedral angles (-51.3° and -25.3°, respec-
tively) agree with the average found for Aib residues in
the 310-helix (φ ) -54°, ψ ) -28°).50 In AibIH the
geometry of the R-helix is strongly distorted (vide infra);
however, the average values of φ and ψ (φ ) -55.4°,
ψ ) -43.8°) are close to the experimental averages
(φ ≈ -55°, ψ ≈ -45°, according to ref 5a or φ ≈ -57°,
ψ ≈ -50° according to ref 11) of Aib R-helices in
polypeptides.

3.1. Aib Dipeptide Analogue (Aib)1. Let us first
analyze the behavior of (Aib)1, i.e., the dipeptide ana-
logue of the Aib residue. The study of this compound
can give useful insights into the interplay of local
components of intrinsic and environmental effects in
determining the equilibrium between 310- and R-helices,
and it is thus relevant for evaluating the contribution
of a single Aib residue to the conformation of a generic
polypeptide chain.

Inspection of Table 2 shows that an increase of the
polarity of the embedding medium favors the R-helix
over the 310-helix: the 310-helix is indeed more stable

in vacuo (by 0.5 kcal/mol), whereas in CHCl3 and, even
more, in water the R-helix is slightly more stable.

The increasing stabilization of the R-helix with the
solvent polarity is probably due to the concurrence of
different effects. The dipole moment of the R-helix is
larger than that of the 310-helix (9.27 vs 8.53 D for
(Aib)1) in aqueous solution. Furthermore, although the
total surface exposed to the solvent is very similar in
both helices, the most polar atoms (oxygen and nitrogen)
are better exposed to the solvent in the R-helix (vide
infra). Finally, in the R-helix there is a more favorable
arrangement of positive (NH) and negative (O) moieties,
which allows the maximization of the interaction with
the solvent. PCM/PBE0/6-31G(d) geometry optimiza-
tions confirm this picture: the minimum energy helix
geometry is 310-like in vacuo, intermediate between
the 310- and R-helix in CHCl3, and R-like in water (see
Table 3).

PCM/Amber calculations give quite similar results
from a qualitative point of view: the R-helix is stabilized
by an increase of solvent polarity. However the 310-helix
remains more stable also in aqueous solution, due to
the excessive stabilization of the 310-helix predicted by
the Amber force field in vacuo (1.4 kcal/mol at the
Amber level and 0.5 kcal/mol at the PBE0 level). As a
matter of fact, PCM/Amber calculations predict that the
relative stabilization of the R-helix in aqueous solution
is even larger than that predicted at the PCM/PBE0/

Table 1. Selected Geometrical Parameters (bond lengths
in Å and angles in deg) of Helical Structures of Aib

Obtained by PBC Computationsa

310 R

φ -51.3 (-54)b -55.4 (≈-55)c

ψ -25.3 (-28)b -43.8 (≈-45)c

ω 177.5 (176.1)d 175.6
CN 1.357 (1.34)d 1.362
CO 1.230 (1.23)d 1.247
CR-N 1.472 (1.47)d 1.473
CR-C 1.559 (1.54)d 1.558
N-CR-C 111.4 (111.1)d 109.9

a Experimental average values are given in parentheses. b Ref
47. c Ref 5a. d Ref 10.

Figure 2. 310-helix (a) and R-helix (b) structures of (Aib)8, as
optimized for the Aib infinite homopolypeptide by PBC com-
putations at the PBE/6-31G(d) level.

Table 2. Most Relevant Results of the PCM Calcualtions
on (Aib)1

310 helix R-helix

gas
phase CHCl3 H2O

gas
phase CHCl3 H2O

PBE0
φ -51.3 -51.3 -51.3 -55.4 -55.4 -55.4
ψ -25.3 -25.3 -25.3 -43.8 -43.8 -43.8
∆Gsol 0 -4.97 -13.43 0 -5.56 -14.18
∆Gel 0 -6.98 -17.45 0 -7.63 -18.31
∆Gnon electr

a 0 2.01 4.02 0 2.07 4.13
total exp. surf.b 227.92 227.92 227.92 228 228 228
polar exp. surf.c 53.8 53.8 53.8 54.7 54.7 54.7
dipole momentd 5.97 7.28 8.53 6.44 7.89 9.27

Amber
φ -51.3 -51.3 -51.3 -55.4 -55.4 -55.4
ψ -25.3 -25.3 -25.3 -43.8 -43.8 -43.8
∆Gsol 0 -5.78 -10.62 0 -6.6 -11.67
∆Gel 0 -7.8 -14.64 0 -8.67 -15.81
∆Gnon electr

a 0 2.02 4.02 0 2.07 4.13
total exp. surf.b 227.92 227.92 227.92 228.1 228.1 228.1
dipole momentd 7.44 7.44 7.44 8.07 8.07 8.07

a ∆Gnon electr ) ∆Gdr + ∆Gcav. b Total surface exposed to the
solvent. c Sum of the surface exposed to the solvent by the spheres
associated with oxygen atoms and NH groups. d In debye.

Table 3. Most Relevant Results of the PCM Geometry
Optimizations of the Aib Dipeptide Analogue

PBE0/6-31G(d) Amber

vacuum CHCl3 H2O vacuum CHCl3 H2O

φ -66.8 -62.7 -58.3 C7 -52.7 -50.2
ψ -25.2 -33.2 -37.3 12.6 -20.8
∆Gsol 0 -4.32 -11.96 -3.50 -9.98
∆Gel 0 -6.14 -15.69 -5.24 -13.77
∆Gnon electr

a 0 1.82 3.73 1.74 3.79
total exp. surf.b 226.2 225.6 225.5 226.37 227.14
polar exp. surf.c 53.7 53.4 53.3 52.44 52.04
dipole momentd 5.53 7.14 8.74 4.39 7.01

a ∆Gnon electr ) ∆Gdr + ∆Gcav. b Total surface exposed to the
solvent. c Sum of the surface exposed to the solvent by the spheres
associated with oxygen atoms and with NH groups. d In debye.
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6-31G(d) level. Actually, the Amber force field seems to
underestimate the stabilization of helices, which do not
correspond to relative minima on the potential energy
surface of the dipeptide analogue in vacuo. PCM/Amber
geometry optimizations starting from 310-/R-helix ge-
ometries fall, indeed, in the C7 conformation in vacuo
and in a conformation intermediate between C7 and 310-
helix in CHCl3. Only in aqueous solution does the 310-
helix become a relative minimum of the potential energy
surface.

A detailed comparison of the PCM/Amber and PCM/
PBE0 implementations indicates that the Amber ver-
sion (i) yields good estimates of the relative stability of
different helical structures; (ii) provides quite accurate
(albeit slightly overestimated) solvation energies in
CHCl3; and (iii) underestimates the electrostatic con-
tribution with respect to PCM/PBE0/6-31G(d) in aque-
ous solution. These are very reasonable results, since
the polarization of the solute is not taken into account
in PCM/Amber calculations. Thus, the work needed to
perturb the solute charge distribution in the gas phase
to the solvent-adapted values is neglected in the PCM/
Amber method, which uses a fixed set of charges to
describe the solute. The charges used in MM calcula-
tions are slightly too large with respect to their QM
values in vacuo or in apolar solvents, but, being non-
polarizable, they are too small for calculations in aque-
ous solution and this leads to some underestimation of
the electrostatic contribution to the hydration energy
(see dipoles collected in Table 2).

3.2. (Aib)n Homopolypeptides. We have then com-
pared the values of ∆Gsol obtained from PCM/PBE0/
6-31G(d) and PCM/Amber methods for the R- and
310-helices of Aibn homopeptides (see Table 4 and
Figure 3).

Helical geometries were obtained according to the
procedure discussed in section 2. Confirming the trend
found at the dipeptide level, the R-helix is always
favored by the increase of solvent polarity (see Figure
3). As already evidenced in the preceding paragraph,
in the R-helix polar groups (mainly oxygen atoms) are
better exposed to the solvent (see Figure 4).

Since it exhibits an i/i+3 hydrogen bonding pattern,
the 310-helix can form one intrachain hydrogen bond
more than the R-helix, which has an i/i+4 hydrogen
bond pattern (see Figure 2). This effect obviously favors
the 310-helix, whose relative stability with respect to the
R-helix increases in vacuo by ∼5.2 kcal/mol when going
from Aib1 to Aib2: this is just the order of magnitude
expected for the presence of an additional hydrogen
bond in the 310-helix. However, the same effect contrib-
utes to the greater solvent stabilization of the R-helix,
which has an amido group not engaged in a hydrogen
bond and, thus, is better exposed to the solvent. PCM

allows evaluating the order of magnitude of this effect,
since it is possible to determine the contribution of
the sphere associated with each atom or group to the
total Gel.

It is important to recall that this value depends on
the simultaneous interactions among all the solvation
charges and the solute electron density and, thus, can
be considered a local property only to a first approxima-
tion. It is, however, noteworthy that in (Aib)2 the sum
of the contributions of the (NH) and (CO) groups
involved in the intramolecular H-bond in the 310-helix
decreases in this conformation by ∼2 kcal/mol with
respect to the R-helix. This value is a significant
percentage of the total difference between the solvation
energy of the 310- and R-helix, which is 2.76 kcal/mol.

The relative effect on the solvation energy of the
presence of an additional hydrogen bond in the 310-helix
is expected to decrease with the increase of the peptide
length. However PBE0/6-31G(d) calculations predict
that the difference between the solvation energy per

Table 4. Solvation Free Energies (kcal/mol) Obtained by PCM/PBE0/6-31G(d) and PCM/Amber Computations for the
r-Helix Relative to the 310-Helix of Homopolypeptides of Aiba

PBE0/6-31G(d) Amber

gas phaseb CHCl3 H2O gas phaseb CHCl3 H2O

(Aib)1 0.51 -0.59 (-0.59) -0.75 (-0.75) 1.42 -0.82 (-0.82) -1.05 (-1.05)
(Aib)2 2.85 -1.38 (-0.69) -2.76 (-1.39) 3.53 -2.94 (-1.40) -4.29 (-2.14)
(Aib)3 3.48 -2.54 (-0.85) -3.26 (-1.08) 8.68 -4.13 (-1.37) -5.53 (-1.85)
(Aib)4 5.28 -4.86 (-1.22) -6.54 (-1.63) 13.47 -6.05 (-1.51) -8.21 (-2.05)
(Aib)5 6.23 -7.31 (-1.46) -10.17 (-2.03) 16.23 -8.14 (-1.62) -10.94 (-2.19)
(Aib)6 6.81 -9.34 (-1.56) -12.79 (-2.13) 17.99 -9.63 (-1.61) -13.01 (-2.16)
(Aib)7 7.17 -10.64 (-1.52) -15.06 (-2.15) 19.22 -10.88 (-1.56) -14.66 (-2.10)
(Aib)8 7.41 -12.05 (-1.50) -17.05 (-2.13) 20.12 -12.05 (-1.51) -15.98 (-1.99)
a Values per residue are given in parentheses. b Relative energy per residue.

Figure 3. (a) Free energies of solvation (kcal/mol) per residue
of the R-helix relative to the 310-helix obtained for Aib
homopolypeptides using the PCM/PBE0/6-31G(d) (solid lines)
and PCM/Amber (dashed lines) methods in CHCl3 and in
water. (b) Total free energies of solvation (kcal/mol) of the
R-helix obtained for Aib homopolypeptides using the PCM/
PBE0/6-31G(d) (solid lines) and PCM/Amber (dashed lines).
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residue of the 310- and R-helix continues to increase up
to 7 residues.

This result is probably due to the fact that, as shown
in ref 13, in the R-helix the residues are arranged in
the ideal way to maximize dipole-dipole interactions.
This effect can thus stabilize, cooperatively, more
dipolar electronic structures in each residue. As a
matter of fact, net charges of oxygen atoms become more
negative when going toward the C-terminus of the
homopolypeptides. As a consequence, the contribution
to the solvation energy of the spheres associated with a
C-terminal carbonyl moiety increases with the peptide
length, although the solvent-exposed surface is the same
irrespective of the number of repeating units (see Figure
5). A similar trend is found for the NH group, even if,
of course, the solvation energy of this group increases
going toward the N-terminus.

These effects are present also in the 310 helix, but,
due to the smaller stabilization coming from dipole-
dipole interactions,13 they are less important. This
explains why the difference between the solvation
energy of the two helices does not reach a plateau for 7
residues. On the other hand, the R-helix has a repeating
unit of ∼7 residues, and it is thus likely that after 7or
8 residues the C-terminal carbonyl moiety will experi-
ence the same dipolar interactions and, consequently,
will have a similar interaction with the solvent, ir-
respective of the peptide length.

PCM/Amber calculations provide a similar picture:
the R-helix is more favored than the 310-helix by solvent
effects, both in CHCl3 and in water, with a similar
dependence on the peptide length. The relative stabili-
zation of the R-helix seems to be slightly overestimated
in water up to n ) 4/5; for n > 5 ab initio and MM values
are more similar. This result is probably due to some
error compensation in Amber calculations, which neglect
charge polarization effects due to dipole-dipole interac-
tions (vide infra).

Confirming the feature sketched above, PCM/Amber
underestimates the total solvation energy in water (see
Table 5).

The absence of charge polarization in this method
decreases the importance of cooperative interactions:
the charge assigned to each atom is always the same,
irrespective of its position in the polypeptide. However,
the contribution of the C-terminus oxygen sphere to the
solvation energy is predicted to decrease with the
polypeptide length also at the Amber level (see Figure
5), although the slope of the curve is smaller than that
predicted at the PCM/PBE0 level. This confirms that
the contribution of each sphere to the solvation energy
is not an entirely local property. The smaller weight of
dipole-dipole interactions in Amber calculations leads
to more similar solvation energies for both helices: the
differential solvent stabilization per residue reaches
indeed its maximum value already for n ) 5.

Despite the larger solvent stabilization of the R-helix,
inspection of Table 4 shows that the 310-helix is favored
over the R-helix for the (Aib)n series, irrespective of the

Figure 4. Gepol cavities for 310-helix (a) and R-helix (b)
structures of (Aib)15. White, light gray, and dark gray tesserae
belong to the spheres embedding amidic groups, methyl
groups, and oxygen atoms, respectively. The spheres added to
smooth the molecular surface44 are depicted in black.

Figure 5. Contribution to the total electrostatic solvation
energy of the spheres associated with the three last C-terminal
oxygen atoms (labeled T, T-1, and T-2, respectively) of Aib in
the R-helix (solid lines) and in the 310-helix (dashed lines)
calculated using (a) PCM/PBE0/6-31G(d) and (b) PCM/Amber.

Table 5. Solvation Free Energies (kcal/mol) Obtained by
PCM/6-31G(d) and PCM/Amber for the 310- and the

r-Helix (Aib)n (n ) 1-8)

PBE0/631G(d) Amber

CHCl3 H2O CHCl3 H2O

(Aib)n 310 R 310 R 310 R 310 R

(Aib)1 -4.97 -5.56 -13.43 -14.18 -5.78 -6.6 -10.62 -11.67
(Aib)2 -4.07 -5.45 -13.42 -16.18 -4.9 -7.69 -9.92 -14.21
(Aib)3 -3.28 -5.82 -12.84 -16.1 -3.25 -7.38 -7.63 -13.16
(Aib)4 -1.77 -6.63 -11.3 -17.84 -1.04 -7.09 -4.66 -12.87
(Aib)5 0.18 -7.13 -8.73 -18.9 1.53 -6.61 -1.07 -12.01
(Aib)6 2.22 -7.12 -6.13 -18.92 4.14 -5.49 2.48 -10.53
(Aib)7 4.05 -6.59 -3.17 -18.23 6.87 -4.01 6.3 -8.36
(Aib)8 7.05 -5.00 -0.28 -17.33 9.73 -2.32 9.94 -6.04
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polarity of the embedding medium, according to both
PCM/PBE0 and PCM/Amber calculations. Moreover, the
difference between the 310- and R-helix increases with
the polypeptide length. This result is due to the desta-
bilization of the ideal R-helix for Aib homopolymers,
probably due to the presence of a repulsive contact
between pairs of methyl substituents at i and i+4
residues, whose distance is less than 3 Å. These
unfavorable contacts can be relieved by distorting the
R-helix structure toward a geometry intermediate be-
tween the R- and 310-helix (as predicted by PBC calcula-
tions) or characterized by “nonstandard” values of the
backbone φ,ψ dihedrals (see results of MM geometry
optimizations).

PCM calculations, both at DFT and at MM levels,
predict that, lengthening the polypeptide chain, the
importance of non-electrostatic solvation contributions
increases at the expense of electrostatic ones. The
presence of two methyl substituents at CR makes indeed
vanishing the contribution to Gel of the “central” resi-
dues of the chain. Inspection of Figure 4 shows indeed
that solvent-exposed surface of the oxygen atoms in the
middle of the chain is very small, mainly for the 310-
helix.

On the other hand, the sum of non-electrostatic
contributions to the solvation energy is positive and
increases regularly with the number of residues, mainly
due to the cavitation energy. This term is larger for the
less compact 310-helix (see Figures 2 and 4), and this
factor contributes also to the smaller solvent stabiliza-
tion of this structure.

3.3. Amber Geometry Optimizations. Table 6
collects the most important geometric parameters of
(Aib)15 issuing from Amber geometry optimizations both
in vacuo and in aqueous solution.

The geometries of the five central residues are practi-
cally identical, suggesting that the results of calcula-
tions on (Aib)15 can be meaningfully compared with
those of PBC/DFT calculations.

Both helices correspond to stable minima in vacuo and
in solution. However their backbone geometry is quite
far from the “standard” experimental structures, mostly
for the R-helix. Gas-phase Amber calculations predict
average values of φ ≈ -44°, ψ ≈ -29° in the 310-helix
and φ ≈ -50°, ψ ≈ -58° in the R-helix. The inclusion of
solvent effects by means of the PCM leaves the equi-
librium geometries practically unchanged, even if the
310-helix assumes a geometry (φ ≈ -46°,ψ ≈ -28°) more
similar to that predicted by experiments and by PBC
calculations.

From the energetic point of view, the 310-helix is
predicted to be more stable than the R-helix both in
vacuo and in aqueous solution (by ≈1 kcal/mol and ≈

0.9 kcal/mol per residue, respectively). It is important
to highlight that the solvation energy of the optimized
helices does not differ significantly from that of the PBC-
like structures; actually the latter ones have a slightly
larger solvent stabilization.

4. Discussion and Conclusions

Solvent effects on the conformational preferences of
Aib homopolypeptides have been investigated using
PCM/PBE0/6-31G(d) and PCM/Amber computational
models.

Solvent is confirmed to be a critical factor in deter-
mining the conformational preferences of a single Aib
residue. PCM calculations (both at the MM and at the
DFT level) predict that the 310-helix is the most stable
conformation in vacuo for the Aib dipeptide analogue,
whereas in aqueous solution the equilibrium is switched
toward the R-helix. The structure is, of course, inter-
mediate in nonpolar solvents, where the two helices are
almost isoenergetic. This result is confirmed by PCM/
PBE0/6-31G(d) geometry optimizations: the structure
of the helix minimum conformation changes from 310-
like to R-like when increasing solvent polarity. Inciden-
tally, our results confirm the helix-inducing power of
Aib: at variance with standard amino acids51 helical
structures correspond to local minima of the potential
energy surface for the dipeptide analogue already in
vacuo. The intrinsic contribution of a single Aib residue
to the conformational behavior of a polypeptide chain
appears thus to be strongly influenced by the polarity
of the embedding medium. This picture changes re-
markably in the presence of polyAib stretches. In this
case, 310-helix conformation allows the minimization of
methyl-methyl repulsions, at variance with an ideal
R-helix. Solvent stabilization cannot overcome this
unfavorable interaction, and the 310-helix is predicted
to be more stable than the R-helix even in aqueous
solution. Our computational results are in good agree-
ment with experimental findings: Aib homopolypep-
tides always exhibit 310-helix conformation, and this
structure is progressively favored when the Aib content
of a given polypeptide increases. However, the above
picture can be modified if R-helix structure is distorted
in order to minimize methyl-methyl repulsion. As a
matter of fact, PBC geometry optimizations of infinite
Aib homopolypeptide predict that in vacuo the 310 helix
is more stable than the R-helix by just 0.5 kcal/mol per
residue. It cannot be excluded that in solution the 310-
helix is in equilibrium with a distorted R-helix, as
suggested by recent experiments on homopolypeptides
of another CR,R-disubstituted residue.52 PCM/Amber
geometry optimizations show that the equilibrium
geometry is not remarkably affected by the solvent,
confirming that the use of PBC geometries in PCM/
PBE0 calculations should not invalidate the reliability
of our conclusions about the influence of solvent effects
on 310-/R-helix equilibrium.

From a methodological point of view, the present
paper shows that sophisticated ab initio calculations in
condensed phase are nowadays fully feasible also for
species containing hundreds of atoms. At the same time,
our results indicate that PCM/Amber is an inexpensive
model able to provide a quite reliable picture of solvent
effects on the conformational preferences of large mol-
ecules of biological interest. Thus, the classical de-
scription of the solute charge distribution has a potential
as a very fast procedure for the computation of free

Table 6. Backbone Dihedral Angles (deg) and Free
Energies (kcal/mol) Obtained by Amber (gas phase) and

Amber/PCM (aqueous solution) Optimizations of
(Aib)15 Helices

Amber Amber/PCM

310-helix R-helix 310-helix R-helix

æ -45.50 -49.35 -46.13 -49.49
ψ -29.12 -58.45 -27.85 -58.70
∆Gel -32.26 -42.05 -33.88 -46.33
∆Gnel

a 68.95 81.40 69.07 81.33
Gvac

b -21.84 -9.83 -20.88 -6.72
Gtot

c 14.85 29.52 14.24 28.28
a ∆Gnel ) ∆Gdr + ∆Gcav. b Gvac ) free energy in vacuo. c Gtot )

Gvac + ∆Gsol.
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energies of solvation. This change from a quantum
mechanical description of the solute to a classical one
simplifies the method, but without a significant decrease
in the accuracy of the ∆∆Gsol values. However, this
strategy results in a systematic underestimation of the
electrostatic contribution to the absolute free energy of
solvation in water, since polarization effects cannot be
accounted for due to the use of fixed atomic charges.
Other sources of such underestimation can be found in
the charge distribution. The assumption that the mo-
lecular charge density can be well represented by atom-
centered monopoles has been criticized for complex
molecules such as amides.53 Furthermore, the flexible
nature of the peptides investigated adds the changes
in charges due to conformational flexibility as a source
of error. However, the relative free energies of solvation
of the 310- and R-helix predicted by PCM/Amber are in
good agreement with those obtained with sophisticated
ab initio methods, except for a small underestimation
when the number of residues is between 4 and 7, so that
long-range dipole-dipole interactions are more effective.
Furthermore, for apolar solvents such as CHCl3 PCM/
Amber and PCM/PBE0 solvation energies are very
similar also from a quantitative point of view.

In conclusion, we think that, together with their
intrinsic interest, the results of the present study pave
the route for a reliable and effective representation of
solvent effects on the conformational behavior of large
molecules of biological interest.
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(38) Rappé, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A.,
III; Skiff, W. M. J. Am. Chem. Soc. 1992, 114, 10024.

(39) Cornell, W. D.; Cieplak, P.; Bauly, C. I.; Gould, I. R.; Merz,
K. M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.;
Caldwell, J. W.; Kollman, P. A. J. Am. Chem. Soc. 1995, 117,
5179.

(40) Adamo, C.; Barone, V. J. Chem. Phys. 1999, 110, 6158.
(41) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 23,

213.
(42) Gunnarson, O.; Lundqvist, B. I. Phys. Rev. B 1976, 13, 4274.
(43) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996,

77, 3685; 1997, 78, 1396 (Erratum).
(44) (a) Improta, R.; Barone, V.; Kudin, K.; Scuseria, G. E. J.

Chem. Phys. 2001, 114, 2541. (b) Improta, R.; Benzi, C.;
Barone, V. J. Am. Chem. Soc., submitted.

(45) (a) Schlegel, H. B. J. Comput. Chem. 1982, 3, 214. (b) Farkas,
O.; Schlegel, H. B. J. Chem. Phys. 1999, 111, 10806.

(46) Barone, V.; Cossi, M.; Tomasi, J. J. Chem. Phys. 1997, 107,
3210.

(47) Pascual-Ahuir, J. L.; Silla, E.; Tomasi, J.; Bonaccorsi, R. J.
Comput. Chem. 1996, 17, 56.

7556 Improta et al. Macromolecules, Vol. 34, No. 21, 2001



(48) Pierotti, R. A. Chem. Rev. 1976, 76, 717.
(49) Floris, F. M.; Tomasi, J. J. Comput. Chem. 1986, 10, 616.
(50) Huyghues-Despointes, B. M. P.; Scholtz, J. M.; Baldwin, R.

L. Protein Sci. 1993, 2, 1604.
(51) (a) Madison, V.; Kopple, K. D. J. Am. Chem. Soc. 1980, 102,

4855. (b) Beachy, M. D.; Chasman, D.; Murphy, R. B.;
Halgren, T. A.; Friesner, R. A. J. Am. Chem. Soc. 1997, 119,
5908.

(52) Yoder, G.; Polese, A.; Silva, R. A. G. D.; Formaggio, F.;
Crisma, M.; Broxterman, Q. B.; Kamphuis, J.; Toniolo, C.;
Keiderling, T. A. J. Am. Chem. Soc. 1997, 119, 10278.

(53) Alemán, C.; Luque, F. J.; Orozco, M. Chem. Phys. 1994, 189,
573.

MA0106503

Macromolecules, Vol. 34, No. 21, 2001 Homopolypeptides of R-Aminoisobutyric Acid 7557


