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In this study, we have investigated the sampling ofπ-helical conformations, withi, i + 5 hydrogen bonding,
using empirical force fields. From replica exchange molecular dynamics simulations of the helical peptide
acetyl-(AAQAA)3-amide using the CHARMM22 force field and implicit solvent, we find rapid conversion
from an initial R-helix to π-helical conformations. While this confirms similar studies of different peptides
in explicit solvent, it does not agree with experimental data whereπ-helices are rarely observed. The sampling
of π-helices is significantly diminished in favor of canonicalR-helices when a newly extended CHARMM22/
CMAP force field is used, where the backbone dihedralφ/ψ potential map in a vacuum is matched exactly
to high-level quantum mechanical data for an alanine dipeptide model system. Energetic analysis shows that
the difference betweenR- andπ-helical conformations of the alanine dipeptide in a vacuum is 2.6 kcal/mol
according to quantum mechanical calculations while both conformations are energetically equivalent in the
unmodified CHARMM22 potential. Similar trends are also found in a number of other empirical force fields,
suggesting that the observation ofπ-helical conformations in molecular dynamics simulations is mostly a
force field artifact.

Introduction

The secondary structure of proteins is dominated byR-helices
andâ-sheets that are interconnected by turns and random coil
loop sections to form a rich variety of tertiary fold topologies.1

R-Helices andâ-sheets are formed through distinct backbone
conformations in the polypeptide chain that are commonly
represented in Ramachandran plots through the backbone
dihedral anglesφ (C-N-CR-C) andψ (N-CR-C-N).2 φ/ψ
values near (-60,-45) are typical forR-helices, while a more
extended backbone withφ/ψ around (-90, 150) is necessary
to form â-sheet structures. BothR- andâ-regions are energeti-
cally preferred due to favorable atom packing. Further stability
is gained from backbone hydrogen bonds that are formed
between residuesi andi + 4 alongR-helices and across strands
in â-sheets.3

Other, less frequently identified secondary structure motifs
in protein structures include the more tightly wound 310-helix,
the left-handedRL-helix, and the widerπ-helix with i, i + 5
hydrogen bonds (see Figure 1).3,4 They correspond to less
favorable areas in the Ramachandran plot and often require
further stabilization through interactions within the protein or
with ligands. In particular, theπ-helix conformation5,6 is rarely
observed experimentally with its unfavorable energy attributed
to cavity formation in the helix interior and entropic costs as
compared to a regularR-helix.5,7,8 In a very recent survey of
PDB structures, 104π-helix cases with an average helix length
of 1.5 turns could be identified when liberal criteria were applied
that allowed for bifurcatedi, i + 4 andi, i + 5 hydrogen bonds.9

However, with a more stringent definition that required unam-
biguous i, i + 5 hydrogen bonds, only 10 occurrences were
seen in another study.8 In most of these cases, specific binding
interactions have been implicated as stabilizing factors.8 Another
example of how aπ-helical conformation may be stabilized was
given recently in a designed peptide where two histidines, five
residues apart, were aligned to form a zinc-binding site by
forming aπ-helix.10 These experimental observations suggest
that π-helical structures are only stable under exceptional
circumstances.

In contrast, results from a number of recent molecular
dynamics simulations have reportedπ-helical conformations in
peptides of varying size and sequence. In simulations of the
valine-rich surfactant protein C in water, the initialR-helix was
transformed into a partialπ-helix after∼300 ps and persisted
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Figure 1. Backbone representation of a 15 residue peptide inR-helical
(left), π-helical (center), and left-handedπ-helical (right) conformations.
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until the end of the simulation (1 ns).11 In peptides of the
sequence (AAXAA)3 that are experimentally found to form
R-helices,12-16 π-helical conformations occurred intermittently
in molecular dynamics simulations, being observed in up to 23%
of the total simulation time of some residues in (AAQAA)3.17

In simulations of the helical peptides alamethicin and melittin
in methanol,π-helical hydrogen-bonding patterns are found near
the center of the peptide chain, apparently contributing to an
observed bending of the helix.18,19 The transmembrane helical
domain of the ErbB-2 receptor simulated in a lipid bilayer
underwent reproducible transitions fromR- to π-helix confor-
mations in a series of nanosecond simulations.20 Extensive
simulations of the helical peptide Y(MEARA)6 with an implicit
solvation model revealedπ-helix structures with a significant
population between 5 and 40% during a 100 ns simulation.21

Complete transitions from initialR-helices toπ-helices were
observed in simulations of three synthetic 13-residue peptides
over the course of 5 ns simulations in aqueous solution with
explicit water22 and also in Ala10 and Aib10 peptides.23 In a
recent study of A(AAAKA)3 with implicit solvent based on a
generalized Born formalism24 and using an efficient sampling
protocol based on the Tsallis generalized potential,25 π-helix
conformations were observed along with canonicalR- and 310-
helices.26 Toward the end of the same simulation, an interesting
transition toward a left-handedπ-helix structure was also
observed (see Figure 1). Such a conformation has been indicated
before from infrared spectra of poly(â-phenethylL-aspartate),27

but we are not aware of any examples in regular protein
structures. Finally, in recent simulation studies that utilized the
CHARMM22 force field,π-helical structures were observed in
the peptides Ac-A20K + 2H+ and Ac-V18K + H+ near the
C-terminal end of the peptides following proton addition near
this site.28,29

The alanine dipeptide model compound is commonly used
as a prototype for representing and optimizing backbone
energetics in empirical force fields for all residues in peptides
and proteins except glycine and proline. Figure 2 shows the
vacuum potential energy surfaces for alanine dipeptide depend-
ing on φ andψ values from the CHARMM22 force field30 as
well as high-level quantum mechanical (QM) calculations. It
can be seen that the CHARMM22 energy function captures the
general features of the QM energy surface but misses important
features such as the more extended minimum aroundφ/ψ values
of (70, 0) and the elevated region around (-75, -60), where
π-helical conformations are found. We have recently extended
the potential energy function of the CHARMM22 force field
with φ/ψ cross-terms (in the sense of couplingφ/ψ angles
through a map-based spline interpolation) in order to be able
to accurately reproduce the QMφ/ψ map for the alanine
dipeptide model.31 When this extended potential, called
CHARMM22/CMAP, was used for crystal simulations with
explicit water, we found significantly better agreement with
experimental data in terms ofφ/ψ angle distributions and RMSD
values suggesting that at least in this case a closer match to
QM data leads to a more accurate empirical force field.32

In this paper, we will specifically address the sampling of
π-helices when the extended CHARMM22/CMAP force field
is used instead of the original CHARMM22 and put our results
into perspective with respect to experimental data and previous
simulations ofπ-helices.

Methods

As a model system, we have chosen the helical peptide
Acetyl-(AAQAA)3-amide which has been studied in detail by

experiment12 and was found to have the highest propensity for
π-helix formation in simulations of similar model systems.17

We have carried out two replica exchange molecular dynam-
ics simulations33-35 of this peptide with implicit solvent. The
first simulation was started from a regularR-helix structure using
the original CHARMM22 force field.30 In the second simu-
lation, aπ-helical starting conformation was used, obtained from
the first simulation, in concert with the newly developed
CHARMM22/CMAP force field with φ/ψ cross-term exten-
sions.31 As explained in more detail elsewhere,31 theφ/ψ cross-
terms were added through a grid-based map of energetic
differences between the CHARMM22 and the QM surfaces for
alanine dipeptide that is interpolated between grid points using
cubic splines to obtain a smooth function for allφ/ψ values.
This approach allows for reproduction of the QM alanine
dipeptide energy surface with an overall RMS error of 0.04 kcal/
mol. The reference QM surface was calculated at the LMP2/
cc-pVTZ//MP2/6-31g* level. The accompanying CHARMM
parameters, which were used here, are available upon request
from the authors.

Replica exchange simulations,33,36where a number of simula-
tion copies are run at different temperatures and are periodically
exchanged according to Boltzmann criteria based on potential
energy, were used to facilitate the crossing of barriers and greatly
enhance sampling of conformational space. For the simulations
described here, we used eight replicas with exponentially spaced
temperatures from 250 to 450 K with exchange attempts at 1
ps intervals. For the implicit solvent description, we used a

Figure 2. Alanine dipeptide potential maps in a vacuum for backbone
dihedral anglesφ (abscissa) andψ (ordinate). Contour levels are shown
at 1, 2, 3, 5, and 10 kcal/mol relative to the global minimum energy of
the C7eq conformation around (-90, 75). A second minimum is present
around (70, -70). The top map was calculated from ab initio
calculations at the LMP2/cc-pVQZ(-g)//MP2/6-31G* level;48,49 the
bottom map represents the original CHARMM22 energy surface.
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recently improved generalized born formalism.37,38Electrostatic
cutoffs of 18 Å with a switching function beginning at 16 Å
were used for nonbonded interactions during the simulation.
The molecular dynamics simulations were carried out with the
CHARMM program39 in conjunction with the MMTSB Tool
Set40 where the replica exchange methodology is imple-
mented.

Results

Two replica exchange simulations of acetyl-(AAQAA)3-
amide with the CHARMM22 and CHARMM22/CMAP force
fields starting fromR- andπ-helical conformations, respectively,
were carried out over 1.4 ns resulting in a combined simulation
time of 11.2 ns for all eight replicas. To measureR-helix or
π-helix formation for each replica, we have calculated the
fraction ofR-helical (i, i + 4) andπ-helical (i, i + 5) hydrogen
bonds between the backbone amide groups over the course of
the simulations. For a 15-residue polypeptide, a maximum of
11 i, i + 4 and 10i, i + 5 hydrogen bonds can be formed. As
a definition of hydrogen bonding, we required the distance
between the amine hydrogen and the carbonyl oxygen to be
less than 3 Å aswell as an N-H-O angle of more than 120°.

The resulting time series is shown in Figure 3. It can be seen
that in the first simulation, with the regular CHARMM22 force
field started from anR-helical conformation, all replicas undergo
a complete transition to aπ-helical structure within the first
300 ps of simulation time. For some replicas a mixed structure
with partial π-helix content is formed immediately, and this
conformation is maintained for up to 200 ps before the transition
is completed. In other replicas, the entire helix is transformed
cooperatively over the course of tens of picoseconds. In the
second simulation, with the CHARMM22/CMAP force field,
the model peptide very quickly adopts a regularR-helical
conformation from the initialπ-helix structure, losing alli, i +
5 hydrogen bonds during the first 100 ps. During the course of
this simulation, some replicas lose a fraction ofi, i + 4 hydrogen
bonds. This does not occur at the expense ofi, i + 5 hydrogen
bonds but because of thermal unfolding at higher temperatures
where part of the helical structure is lost completely, in
agreement with experiment.12

While a total simulation time of 1.4 ns for each replica may
seem short, the enhanced sampling gained from the replica

exchange scheme is expected to be equivalent to a much longer
conventional single temperature molecular dynamics simulation
at room temperature.33 As an additional test, we also ran a longer
replica exchange simulation of the same system, over 3.8 ns
with the CHARMM22/CMAP force field, where the initial
R-helical conformation was maintained throughout the simula-
tion (data not shown). We have also observed the rapid transition
from an R-helix to a π-helix in a single molecular dynamics
run at room temperature after 7 ns during a total simulation of
12 ns when the CHARMM22 force field was used without the
CMAP extension (data not shown). While a single simulation
event is not statistically meaningful in any way, this time scale
may be put into relation to the transition times of 100-300 ps
seen in replica exchange simulations in order to illustrate the
difference in sampling efficiency.

The effect of the force field on the sampling ofπ-helical
conformations is further illustrated withφ/ψ potential energy
maps of the alanine dipeptide, which include continuum solvent
contributions from the generalized Born model in order to
indicate which conformational regions are preferred in aqueous
solution (see Figure 4). Comparing the QM/GBMV (top) map
with the CHARMM22/GBMV map (center) reveals differences
in the helical region around (-90, -30). The minimum in the
QM-based map extends toward positiveψ values, and there is
a rather steep increase in energy from theR-helical region
toward more negativeψ values associated with aπ-helix. The
minimum in the CHARMM22 map, however, is centered around
(-90,-60), encompassingπ-helical conformations and extend-
ing into negativeψ values near-120° with an energy increase
into theR-helical region. While these maps are for the alanine
dipeptide and do not take into account all energetic contributions
of helix formation such as interresidue nonbonded interactions,
hydrogen bonding, and entropic costs, they reflect the inherent
backbone energetics of both force fields. The data suggest a
distinct bias towardπ-helical backbone conformations in the
CHARMM22 force field, which disappears when the underlying
vacuum surface is matched to the corresponding QM surface
as evidenced by the simulation data shown above.

In this context, it is also possible to address the occurrence
of left-handedπ-helical structures that have been reported
recently26 from simulations with CHARMM22 and a previous
GB version.24 For comparison, we have also calculated the
alanine dipeptide surface with CHARMM22 and this older GB
version. The resulting map, shown at the bottom of Figure 4,
compares qualitatively with the surface based on the newer GB
version (CHARMM22/GBMV, center) but with a single mini-
mum region alongφ ) -90 fromπ-helical conformations atψ
) -60 to extended conformations atψ ) 150° while R-helical
backbone conformations are even higher in energy. As Figure
4 shows, the dihedral angles found in a left-handed model
π-helix lie all within or near the most favorable conformational
regions of both CHARMM22 maps with best agreement when
the older GB model is used, while in the QM-based map almost
all of theseφ/ψ values are in regions of higher energy.

Finally, we were interested whether these findings apply to
other force fields, sinceπ-helices were found in simulations
with CHARMM19,17,21 GROMOS,11,41 and CVFF18,19 in addi-
tion to simulations with CHARMM22.22,23,26 In Table 1, the
energy of theπ-helical conformation (-75, 60) relative to the
R-helical conformation (-60,-45) is presented for vacuum QM
calculations at different levels of theory and for different force
fields. It can be seen that all of the classical force fields in the
table underestimate the energy penalty of 2.6 kcal/mol in going
from R- to π-helical conformations as given from high-level

Figure 3. Evolution of R-helical (red,-) and π-helical (blue, - - -)
conformations in replica exchange simulations of (AAQAA)3 as
measured byi, i + 4 andi, i + 5 hydrogen bonding, respectively. The
fraction of hydrogen bonding among all possible hydrogen bonds (11
for an R-helix, 10 for aπ-helix) is shown over the simulation time in
picoseconds for each replica. The top graph shows simulation results
with the original CHARMM22 force field with anR-helical starting
conformation. The bottom graph shows results with CHARMM22/
CMAP starting from aπ-helix.
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QM calculations. While only Amber 94 provides a reasonable
approximation, the energetic difference is reduced to 1.2-1.3
kcal/mol with CHARMM19, Amber 96, and OPLS. With
CHARMM22, GROMOS96, and GROMACS,R- andπ-helices
are energetically equivalent in a vacuum, leading to a bias
towardπ-helices once contributions from solvation are added
as shown above.

Discussion

From simulations of a helical model peptide, acetyl-
(AAQAA) 3-amide, in solution, we find that if the CHARMM22
force field is usedπ-helical conformations withi, i + 5 hydrogen
bonds are preferred over regularR-helical structures withi, i +
4 hydrogen bonding. While our simulations employed an
implicit solvation scheme based on the generalized Born model,
the results are in qualitative agreement with simulations of other
peptides in explicit solvent.22 However, the observation of
π-helices in free peptides appears to be inconsistent with
experimental data whereπ-helices are rarely found at all and
usually require some form of additional stabilization. When the
extended CHARMM22/CMAP force field is used, whereφ/ψ
cross-terms were added to accurately reproduce the QM surface
of alanine dipeptide in a vacuum (Figure 2, top), the energetic
balance shifts such that a regularR-helical structure becomes
the most favorable conformation for the model peptide. Simul-
taneously, theπ-helical conformations seen with the unmodified
CHARMM22 force field are not sampled at all, in better
agreement with experimental data. This would suggest that the
CHARMM22 backbone potential based on the alanine dipeptide,
in fact, provides a substantial bias toward samplingπ-helical
conformations.

Interestingly, π-helices that were found in experimental
structures have averageφ/ψ angles of (-76,-41)9 as compared
to (-75, -60) in π-helices from simulations. The QM-based
surface in Figure 4 shows thatφ/ψ values around (-76, -41)
in solvated alanine dipeptide lie at the edge of theR-helical
minimum while the energy increases significantly toward (-75,
-60). Therefore, the experimentally observedπ-helical struc-
tures should still be accessible in simulations with the
CHARMM22/CMAP force field if other energetic contributions
are sufficiently favorable.

With regard to experimental evidence forπ-helices, it should
be stressed again thatπ-helical conformations, even around
(-76, -41), that lead to more than one (i, i + 5) consecutive
hydrogen bond are found to be quite rare in recent surveys of
PDB structures.8,9,42In the few cases where clearπ-helices are
observed, they appear to be stabilized by very specific, function-
ally relevant interactions8 suggesting thatπ-helices, in general,
are not favorable secondary structure elements of proteins.

Circular dichroism (CD) spectra of regular small peptides also
do not suggest any significant fraction ofπ-helical conforma-

Figure 4. Alanine dipeptide potential maps with implicit solvation
for φ andψ as in Figure 2. The lowest energy contour line is shown
in purple. Subsequent contour lines are at 1, 2, 3, 4, 6, and 11 kcal/
mol. The top map (QM/GB) shows the combined energy of CHARMM22
with the CMAP correction,31 which is pratically identical to the QM
surface shown in Figure 2, and the GBMV generalized born implemen-
tation37,38for implicit solvation, the center map (CHARMM22/GBMV)
shows the original CHARMM22 energy in combination with GBMV,
and the original CHARMM22 energy in combination with an older
generalized born implementation24 is represented in the bottom map
(CHARMM22/GB). For reference,φ/ψ dihedral angles from repre-
sentativeR-helical (red, +), π-helical (green,×), and left-handed
π-helical (blue,O) structures obtained by simulation are indicated in
all three maps.

TABLE 1: Relative Potential Energy (in kcal/mol) betweenπ-Helical and r-Helical Conformations of Alanine Dipeptide in
Vacuum for Different Levels of Theory and Force Fieldsa

level of theory E(π) - E(R) level of theory E(π) - E(R)

HF/6-31G*//HF/6-31G* 2.3 Amber 94 2.2
MP2/6-31G*//MP2/6-31G* 2.5 Amber 96 1.3
LMP2/cc-pVQZ//MP2/6-31G* 2.6 OPLS 1.2
CHARMM22/CMAP 2.6 GROMOS 96 -0.3
CHARMM22 0.0 GROMACS 0.1
CHARMM19 1.2

a QM calculations were performed with Gaussian9848 and Jaguar.49 Classical force field energies were evaluated with the CHARMM program39

with suitable parameter files50 for the CHARMM,30,39 Amber,47 and OPLS51 force fields. The energies for the GROMOS9652 and GROMACS53,54

force fields were evaluated with the GROMACS53,54program (Olle Edholm, personal communication). CHARMM22/CMAP denotes the CHARMM22
force field with a map-based dihedral cross-term as described in this paper. The alanine dipeptide structures were fully minimized with dihedral
restraints before evaluating the energies.
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tions, although it has been suggested thatR- and π-helical
conformations may have indistinguishable CD spectra.21 How-
ever, evidence forπ-helicity was observed with CD in a Zn2+-
binding amphiphilic peptide that was specifically designed to
form a π-helical structure.10 Further experimental data are
available from high-resolution ion mobility measurements of
unsolvated and partially hydrated peptides.28,29In these studies,
collision cross-sections were calculated for simulated peptide
conformations and compared with measured values. It was found
that for peptides where the simulated structures contained a
significant fraction ofπ-helicity the calculated cross-sections
significantly underestimated the experimental values while
R-helical conformations were generally in good agreement with
the measurements.29 These data also suggest that significant
populations ofπ-helical conformations as observed in some
computer simulations are generally not supported by the
available experimental evidence. The available data cannot
exclude, however, that small populations ofπ-helices may be
sampled at times.

It is not entirely clear to what extent QM energies in a vacuum
provide the correct additive surface for simulations in aqueous
solution, since alterations of the energetic properties of the
peptide bond43,44 and other possible solvent contributions are
not taken into account. It is expected, however, that the true
surface is approximated much better based on complete vacuum
QM maps than with force field-based surfaces that have been
fitted to vacuum QM energies of only a few selected conforma-
tions. The validity of this assumption has been confirmed with
simulations presented here and elsewhere31 that show improved
sampling of dihedral conformations, in better agreement with
experimental data, when the CHARMM22/CMAP surface is
used. While we do see significant improvements if the vacuum
QM surface is used directly, we found that further empirical
corrections to that surface yield additional improvements that
are being discussed elsewhere.45

Furthermore, it should be noted that theφ/ψ map in a peptide
or protein environment will be influenced by the type of side
chain,46 which may not be fully represented through explicit
interactions and may require modifications as compared to the
alanine-based surface. This is certainly true for glycine and
proline for which different surfaces are used in CHARMM22/
CMAP, but further adjustments for other residues may be
necessary in the future to obtain a more accurate sequence
specific backbone representation.

We also find that the stability ofπ-helices vsR-helices is
overestimated to a similar degree in most other commonly used
force fields. This would suggest that the observation ofπ-helices
with φ/ψ values around (-75, -60) in simulations of peptides
or proteins is force field-dependent and should be reevaluated
carefully.

An explanation for why most force fields appear to overes-
timate the stability ofπ-helices is 2-fold: First, one should
consider the difficulties of obtaining accurate QM reference
energies for a large number of alanine dipeptide conformations
at the time when most force fields were parametrized. Typically,
only QM energies of selected relevant conformations were used
to define the dihedral map with most of the attention focused
on the well-knownR- andâ-conformations.30,47

Second, the combination of the usual one-dimensional cosine
series dihedral terms forφ and ψ for representing the two-
dimensional (φ,ψ) map limits the ability to reproduce a given
map exactly even if a complete QM map would have been
available as target data. In particular, it is difficult to express
steep localized features of a two-dimensional function without

using cross-terms. This applies especially to the steep increase
in dihedral energy in order to match the QM surface from the
R-helical region around (-60, -45) to the adjacentπ-helical
region around (-75, -60). Finally, we can make a similar
argument for the observation of left-handedπ-helices that appear
to coincide particularly well with minima in the alanine dipeptide
φ/ψ map with CHARMM22 and an older GB version, both of
which were used in the simulations where these structures were
seen.26 In the QM-based map, all but one of theφ/ψ angles for
the left-handedπ-helix correspond to regions of higher energy
in agreement with experimental data where such structures have
not been found in regular proteins.

Conclusions

From simulations presented here and in the literature, it
appears that most commonly used empirical force fields allow
the sampling ofπ-helical conformations that are generally not
observed experimentally. However, if the peptide backbone
potential is corrected to reproduce a high-level QM surface for
alanine dipeptide theπ-helical region becomes significantly
higher in energy so that onlyR-helical regions are sampled.
This is in better agreement with experimental data. While we
have applied this correction based on CHARMM22, we would
expect similar benefits for other empirical force fields that show
the same trend of overestimating the stability ofπ-helices.
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