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In this study, we have investigated the samplingrdfelical conformations, witl, i + 5 hydrogen bonding,

using empirical force fields. From replica exchange molecular dynamics simulations of the helical peptide
acetyl-(AAQAA)s-amide using the CHARMM22 force field and implicit solvent, we find rapid conversion
from an initial a-helix to s-helical conformations. While this confirms similar studies of different peptides

in explicit solvent, it does not agree with experimental data whenelices are rarely observed. The sampling

of -helices is significantly diminished in favor of canonicahelices when a newly extended CHARMM?22/
CMAP force field is used, where the backbone diheg¥rgl 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 betweea- andz-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 CHARMMZ22 potential. Similar trends are also found in a number of other empirical force fields,
suggesting that the observation mfhelical conformations in molecular dynamics simulations is mostly a
force field artifact.

Introduction

The secondary structure of proteins is dominateddhelices
andj-sheets that are interconnected by turns and random coil
loop sections to form a rich variety of tertiary fold topologies.
o-Helices ands-sheets are formed through distinct backbone
conformations in the polypeptide chain that are commonly
represented in Ramachandran plots through the backbone
dihedral angleg (C—N—C,—C) andy (N—Cy,—C—N).2 ¢/yp
values near<60, —45) are typical forr-helices, while a more
extended backbone witf/y around 90, 150) is necessary
to form 5-sheet structures. Botl- and-regions are energeti-
cally preferred due to favorable atom packing. Further stability
is gained from backbone hydrogen bonds that are formed
between residugsandi + 4 alonga-helices and across strands o T T L
in B-sheets. " f . itelica

; ifi it« Figure 1. Backbone representation of a 15 residue peptidelielica
in grtgseri’nlztsri g;ﬁ?g: mgulggrmger?] Osreectci) Sﬁt?;wa)tlzlr]fdt-lg;i)r: otifs (left), z-helical (center), and left-handedhelical (right) conformations.
the left-handedy, -helix, and the widerr-helix with i, i + 5
hydrogen bonds (see Figure 3).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, the-helix conformatiof®is rarely
observed experimentally with its unfavorable energy attributed
to cavity formation in the helix interior and entropic costs as
compared to a regular-helix.>78 In a very recent survey of
PDB structures, 104-helix cases with an average helix length
of 1.5 turns could be identified when liberal criteria were applied
that allowed for bifurcated i + 4 andi, i + 5 hydrogen bondg.

However, with a more stringent definition that required unam-
biguousi, i + 5 hydrogen bonds, only 10 occurrences were
seen in another studyin most of these cases, specific binding
interactions have been implicated as stabilizing factéusother
example of how ar-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 an-helix.1° These experimental observations suggest
that z-helical structures are only stable under exceptional
circumstances.

In contrast, results from a number of recent molecular
Town g rould be add o Tol (85817848035 dynamics simulations have reporte¢helical conformations in
Fax: ‘(’8"5"8)07”; 4°_ggggf’%’]mzri‘l‘febsmgﬁs @se(:ﬁpp;ies(?l?. - Tel: (858) ‘peptides of varying size and sequence. In simulations of the

T The Scripps Research Institute. valine-rich surfactant protein C in water, the initiahelix was

* University of Maryland. transformed into a partiat-helix after~300 ps and persisted
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until the end of the simulation (1 n&).In peptides of the
sequence (AAXAA] that are experimentally found to form
a-helices!?716 z-helical conformations occurred intermittently
in molecular dynamics simulations, being observed in up to 23%
of the total simulation time of some residues in (AAQAAJ

In simulations of the helical peptides alamethicin and melittin
in methanol-helical hydrogen-bonding patterns are found near
the center of the peptide chain, apparently contributing to an
observed bending of the helt%!° The transmembrane helical
domain of the ErbB-2 receptor simulated in a lipid bilayer
underwent reproducible transitions fram to s-helix confor-
mations in a series of nanosecond simulati®nExtensive
simulations of the helical peptide Y(MEARAith an implicit
solvation model revealed-helix structures with a significant
population between 5 and 40% during a 100 ns simul&fon.
Complete transitions from initiak-helices tos-helices were

observed in simulations of three synthetic 13-residue peptides

over the course of 5 ns simulations in aqueous solution with
explicit watef? and also in Algy and Aibo peptides? In a
recent study of A(AAAKA) with implicit solvent based on a
generalized Born formalisthand using an efficient sampling
protocol based on the Tsallis generalized potertiat;helix
conformations were observed along with canonicaand 3¢
helices?® Toward the end of the same simulation, an interesting
transition toward a left-handed-helix structure was also

observed (see Figure 1). Such a conformation has been indicated

before from infrared spectra of poff{phenethyl -aspartate§’
but we are not aware of any examples in regular protein
structures. Finally, in recent simulation studies that utilized the
CHARMMZ22 force field,z-helical structures were observed in
the peptides AeAyK + 2HT and Ac-V1gK + H* near the
C-terminal end of the peptides following proton addition near
this site?8.2°

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
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Figure 2. Alanine dipeptide potential maps in a vacuum for backbone
dihedral angleg (abscissa) an¢h (ordinate). Contour levels are shown
atl, 2, 3,5, and 10 kcal/mol relative to the global minimum energy of
the C7eq conformation arouné 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* levél° the
bottom map represents the original CHARMM22 energy surface.

vacuum potential energy surfaces for alanine dipeptide depend-‘”(lf’erimen]t2 and was found to have the highest propensity for

ing on ¢ andy values from the CHARMM22 force fiefd as
well as high-level quantum mechanical (QM) calculations. It

m-helix formation in simulations of similar model systefis.
We have carried out two replica exchange molecular dynam-

can be seen that the CHARMM22 energy function captures the IS simulation&*==° of this peptide with implicit solvent. The

features such as the more extended minimum argéippdialues

of (70, 0) and the elevated region around76, —60), where
m-helical conformations are found. We have recently extended
the potential energy function of the CHARMM22 force field
with ¢/1y cross-terms (in the sense of coupligdy angles
through a map-based spline interpolation) in order to be able
to accurately reproduce the QM/y map for the alanine
dipeptide mode?! 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 ¢fy angle distributions and RMSD

the original CHARMM22 force field In the second simu-
lation, az-helical starting conformation was used, obtained from
the first simulation, in concert with the newly developed
CHARMM22/CMAP force field with ¢/ip cross-term exten-
sions3! As explained in more detail elsewhéfehe ¢/y 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 alky values.
This approach allows for reproduction of the QM alanine
dipeptide energy surface with an overall RMS error of 0.04 kcal/

values suggesting that at least in this case a closer match tgnol- The reference QM surface was calculated at the LMP2/
QM data leads to a more accurate empirical force fald. cc-pVTZ/IMP2/6-31g* level. The accompanying CHARMM

In this paper, we will specifically address the sampling of parameters, which were used here, are available upon request
z-helices when the extended CHARMMZ22/CMAP force field from the authors. _ .
is used instead of the original CHARMM22 and put our results  Replica exchange simulatiof&;°where a number of simula-

into perspective with respect to experimental data and previous!iOn copies are run at different temperatures and are periodically
simulations ofz-helices. 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
As a model system, we have chosen the helical peptide temperatures from 250 to 450 K with exchange attempts at 1
Acetyl-(AAQAA) ;-amide which has been studied in detail by ps intervals. For the implicit solvent description, we used a

Methods
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Figure 3. Evolution of a-helical (red,—) andz-helical (blue, - --)
conformations in replica exchange simulations of (AAQAA9s
measured by, i + 4 andi, i + 5 hydrogen bonding, respectively. The
fraction of hydrogen bonding among all possible hydrogen bonds (11
for ana-helix, 10 for azw-helix) is shown over the simulation time in
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exchange scheme is expected to be equivalent to a much longer
conventional single temperature molecular dynamics simulation
at room temperatur®.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
o-helical conformation was maintained throughout the simula-
tion (data not shown). We have also observed the rapid transition
from an o-helix to az-helix in a single molecular dynamics
run at room temperature after 7 ns during a total simulation of
12 ns when the CHARMMZ22 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 H&DO ps
seen in replica exchange simulations in order to illustrate the
difference in sampling efficiency.

The effect of the force field on the sampling afhelical
conformations is further illustrated wit#/y potential energy

picoseconds for each replica. The top graph shows simulation resultsmaps of the alanine dipeptide, which include continuum solvent

with the original CHARMM22 force field with amx-helical starting
conformation. The bottom graph shows results with CHARMM22/
CMAP starting from ar-helix.

recently improved generalized born formalidh3®Electrostatic
cutoffs of 18 A with a switching function beginning at 16 A
were used for nonbonded interactions during the simulation.
The molecular dynamics simulations were carried out with the
CHARMM progran?®® in conjunction with the MMTSB Tool
Set?® where the replica exchange methodology is imple-
mented.

Results

Two replica exchange simulations of acetyl-(AAQAA)
amide with the CHARMM22 and CHARMMZ22/CMAP force
fields starting fromo- andzz-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 measwéelix or
m-helix formation for each replica, we have calculated the
fraction ofa-helical (, i + 4) andz-helical , i + 5) hydrogen

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 positiyesalues, and there is

a rather steep increase in energy from tiidaelical region
toward more negative values associated withzahelix. The
minimum in the CHARMM22 map, however, is centered around
(—90, —60), encompassing-helical conformations and extend-
ing into negativey values near-120° with an energy increase
into thea-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 towardr-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.

bonds between the backbone amide groups over the course of In this context, it is also possible to address the occurrence
the simulations. For a 15-residue polypeptide, a maximum of of left-handeds-helical structures that have been reported
11i,i + 4 and 10i, i + 5 hydrogen bonds can be formed. As recently® from simulations with CHARMM22 and a previous

a definition of hydrogen bonding, we required the distance GB version?* For comparison, we have also calculated the

between the amine hydrogen and the carbonyl oxygen to bealanine dipeptide surface with CHARMM22 and this older GB

less tha 3 A aswell as an N-H—0 angle of more than 120

version. The resulting map, shown at the bottom of Figure 4,

The resulting time series is shown in Figure 3. It can be seen compares qualitatively with the surface based on the newer GB

that in the first simulation, with the regular CHARMM22 force
field started from am-helical conformation, all replicas undergo
a complete transition to a-helical structure within the first

version (CHARMM22/GBMYV, center) but with a single mini-
mum region along = —90 fromu-helical conformations ap
—60 to extended conformations@t= 150° while a-helical

300 ps of simulation time. For some replicas a mixed structure backbone conformations are even higher in energy. As Figure

with partial -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

4 shows, the dihedral angles found in a left-handed model
-helix lie all within or near the most favorable conformational
regions of both CHARMM22 maps with best agreement when

cooperatively over the course of tens of picoseconds. In the the older GB model is used, while in the QM-based map almost

second simulation, with the CHARMM22/CMAP force field,
the model peptide very quickly adopts a regutaihelical
conformation from the initiakr-helix structure, losing all, i +

all of theseg/y values are in regions of higher energy.

Finally, we were interested whether these findings apply to
other force fields, sincer-helices were found in simulations

5 hydrogen bonds during the first 100 ps. During the course of with CHARMMZ19 1721 GROMOS!41 and CVFE819in addi-

this simulation, some replicas lose a fraction,df+ 4 hydrogen
bonds. This does not occur at the expenskg bft- 5 hydrogen

tion to simulations with CHARMM222.23.26|n Table 1, the
energy of ther-helical conformation {75, 60) relative to the

bonds but because of thermal unfolding at higher temperaturesg-helical conformation£60, —45) is presented for vacuum QM

where part of the helical structure is lost completely, in
agreement with experimef?.
While a total simulation time of 1.4 ns for each replica may

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

seem short, the enhanced sampling gained from the replicafrom a- to w-helical conformations as given from high-level
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TABLE 1: Relative Potential Energy (in kcal/mol) betweens-Helical and a-Helical Conformations of Alanine Dipeptide in
Vacuum for Different Levels of Theory and Force Field$

level of theory E(7) — E(o) level of theory E(7) — E(o)
HF/6-31G*//HF/6-31G* 2.3 Amber 94 2.2
MP2/6-31G*//MP2/6-31G* 25 Amber 96 1.3
LMP2/cc-pVQZ/IMP2/6-31G* 2.6 OPLS 12
CHARMM22/CMAP 2.6 GROMOS 96 -0.3
CHARMM22 0.0 GROMACS 0.1
CHARMM19 1.2

2 QM calculations were performed with Gaussiaffathd Jaguat? Classical force field energies were evaluated with the CHARMM progtam
with suitable parameter filésfor the CHARMM 203 Amber?” and OPLS! force fields. The energies for the GROMOS98nd GROMAC S35
force fields were evaluated with the GROMAZS! program (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.

QM calculations. While only Amber 94 provides a reasonable

180 approximation, the energetic difference is reduced to-1.3
120 kcal/mol with CHARMM19, Amber 96, and OPLS. With
CHARMM22, GROMOS96, and GROMACS$,- andsz-helices
60 are energetically equivalent in a vacuum, leading to a bias
toward s-helices once contributions from solvation are added
v 0 as shown above.
-60 Discussion
From simulations of a helical model peptide, acetyl-
-120 (AAQAA) s-amide, in solution, we find that if the CHARMM22
-180 force field is usedr-helical conformations with, i + 5 hydrogen
180 bonds are preferred over regutathelical structures with, i +
4 hydrogen bonding. While our simulations employed an
120 implicit solvation scheme based on the generalized Born model,
the results are in qualitative agreement with simulations of other
60 peptides in explicit solverf2 However, the observation of
m-helices in free peptides appears to be inconsistent with
v 0 experimental data where-helices are rarely found at all and
usually require some form of additional stabilization. When the
-60 extended CHARMM22/CMAP force field is used, whefky

' cross-terms were added to accurately reproduce the QM surface
-120 |0 of alanine dipeptide in a vacuum (Figure 2, top), the energetic
180 /AN ON balance shifts such that a regutahelical structure becomes
) the most favorable conformation for the model peptide. Simul-
180 taneously, ther-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 samplinbelical
conformations.

Interestingly, -helices that were found in experimental
structures have averagéy angles of £76,—41) as compared
to (—75, —60) in w-helices from simulations. The QM-based

120

-120 surface in Figure 4 shows thaty values around£76, —41)
I in solvated alanine dipeptide lie at the edge of théelical

-1 a_qao 120-60 O 60 120 180 minimum while the energy iljcreases significantly_toward5,
o —60). Therefore, the experimentally observethelical struc-

_ o ) o _ tures should still be accessible in simulations with the
Figure 4. Alanine dipeptide potential maps with implicit solvation  CHARMMZ22/CMAP force field if other energetic contributions
for ¢ andy as in Figure 2. The lowest energy contour line is shown are sufficiently favorable

in purple. Subsequent contour lines are at 1, 2, 3, 4, 6, and 11 kcal/ With dt . tal evid foheli it should
mol. The top map (QM/GB) shows the combined energy of CHARMM22 ith regarad to eXpe”men, al evidence 4 elices, itshou

with the CMAP correctiori: which is pratically identical to the QM Pe stressed again thathelical conformations, even around
surface shown in Figure 2, and the GBMV generalized born implemen- (—76, —41), that lead to more than ong ( + 5) consecutive
tatior®”-3for implicit solvation, the center map (CHARMM22/GBMV)  hydrogen bond are found to be quite rare in recent surveys of
shows the original CHARMM22 energy in combination with GBMV,  PDB structure:242In the few cases where clearhelices are

and the original CHARMM22 energy in combination with an older observed, they appear to be stabilized by very specific, function-

eneralized born implementatidris represented in the bottom ma| . . . . .
?CHARMMZZ/GB). Fpor referenceg/y pdihedral angles from repre-p ally relevant interactiorfssuggesting that-helices, in general,

sentativea-helical (red,+), z-helical (green,x), and lef-handed ~ @re not favorable secondary structure elements of proteins.

a-helical (blue,0) structures obtained by simulation are indicated in  Circular dichroism (CD) spectra of regular small peptides also
all three maps. do not suggest any significant fraction @fhelical conforma-
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tions, although it has been suggested thatand s-helical using cross-terms. This applies especially to the steep increase
conformations may have indistinguishable CD spe€ttdow- in dihedral energy in order to match the QM surface from the
ever, evidence for-helicity was observed with CD in a Zh o-helical region around-60, —45) to the adjacent-helical

binding amphiphilic peptide that was specifically designed to region around {75, —60). Finally, we can make a similar
form a z-helical structuré? Further experimental data are argument for the observation of left-handedhelices that appear
available from high-resolution ion mobility measurements of to coincide particularly well with minima in the alanine dipeptide
unsolvated and partially hydrated peptid@€’In these studies,  ¢/yp map with CHARMMZ22 and an older GB version, both of
collision cross-sections were calculated for simulated peptide which were used in the simulations where these structures were
conformations and compared with measured values. It was foundseer?® In the QM-based map, all but one of tiéy angles for

that for peptides where the simulated structures contained athe left-handedt-helix correspond to regions of higher energy
significant fraction ofz-helicity the calculated cross-sections in agreement with experimental data where such structures have
significantly underestimated the experimental values while not been found in regular proteins.

a-helical conformations were generally in good agreement with

the measurement8.These data also suggest that significant Conclusions

populations ofz-helical conformations as observed in some
computer simulations are generally not supported by the
available experimental evidence. The available data cannot

g;ﬁ:‘:ﬁ:& g?\fi/r?]\/ezr’ that small populationszohelices may be observ_ed_ experimentally. However, h_‘ the peptide backbone
; . ) o potential is corrected to reproduce a high-level QM surface for

Itis not entirely clear to what extent QM energies in avacuum gianine dipeptide ther-helical region becomes significantly

provide the correct additive surface for simulations in agueous higher in energy so that only-helical regions are sampled.

solution, since alterations of the energetic properties of the This is in better agreement with experimental data. While we

peptide bo_n€13'44 and other_possible solvent contributions are pave applied this correction based on CHARMM22, we would

not taken into account. It is expected, however, that the true gynect similar benefits for other empirical force fields that show

surface is approximated much better based on complete vacuuMpa same trend of overestimating the stabilityehelices.

QM maps than with force field-based surfaces that have been
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