A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYsICS

September 2007

EPL, 79 (2007) 66003
doi: 10.1209/0295-5075/79/66003

www.epljournal.org

Competition between secondary structures in gas phase

polyalanines

P. Pouran!, F. Cavol?, R. ANTOINE!, M. BROYER! and PH. DUGOURD!

L Université de Lyon, Université Lyon 1, CNRS, LASIM - 48 Bd du 11 Novembre 1918,

F-69622 Villeurbanne cedex, France

2 Laboratoire de Chimie et Physique Quantiques, IRSAMC, Université Paul Sabatier - 118 Route de Narbonne,

F-31062 Toulouse cedex, France

received 18 April 2007; accepted in final form 25 July 2007

published online 21 August 2007

PACS 64.60.Cn — Order-disorder transformations; statistical mechanics of model systems
PACS 02.70.Uu — Applications of Monte Carlo methods

PACS 87.14.Ee — Proteins

Abstract — The temperature-dependent conformations of alanine-rich polypeptides are investi-
gated using generalized ensemble Monte Carlo simulations. Pure polyalanines form o helices at
low temperature, but exhibit an intermediate 3-sheet structure below the coil transition. For the
substituted peptide WA;3, the simulation predicts the 8 conformation to be more stable than
helices already at low temperatures, and the @ motif is further favored by entropy. Measure-
ments of the electric dipole of this peptide do not provide evidence for helical structures even at
room temperature. These experimental observations are thus compatible with our suggestion of
(B conformations, even though random-coil structures cannot be ruled out. Finally, we show how
to stabilize a helices by an intense electric field, possibly leading to electrofreezing behavior.

Copyright © EPLA, 2007

Introduction. — Proteins are involved in a large
variety of functions, such as chemical reaction catalysis,
oxygen transport, or muscle contraction. These func-
tions are associated with specific protein structures.
Conversely, misfolding can cause malfunction, as in the
case of Alzheimer’s neurodegenerative disease where some
soluble proteins with high a-helix content are converted
into [(-sheet—based insoluble structures, leading to a
wrong global shape and a pathogenic behavior. The
relative stabilities of secondary structures are thus of
crucial importance due to their early appearance in the
folding process [1]. Here we discuss structural transitions
in gas phase polyalanines and show how small changes
in the sequence or the environment can trigger a < (
conversion.

Even though isolated proteins are far away from their
biological medium, some major problems and fundamen-
tal issues of solvated proteins, including folding itself,
are preserved. Therefore, studying in vacuo polypeptides
helps in understanding the interplay between intermolec-
ular and intramolecular interactions [2]. Experimentally,
IR spectroscopy [3] provides useful conformational
information, but is currently limited to small peptides.
Ton mobility [4], electron capture [5] or collision-induced

dissociations [6], proton/deuterium exchange reactions [6]
as well as electric dipole measurements [7] have been used
to determine secondary and even tertiary structures of
peptides containing up to tens of amino acids. A recent
paper by Jarrold [8] reviews the various influences of
the charge, the extent of hydration, and the sequence
on the preferential secondary structures of small isolated
peptides. From the theoretical side, the problem is only
tractable through some approximations, starting with
the use of classical force fields such as Charmm [9],
Amber [10], Gromos [11], or ECEPP [12]. Once an appro-
priate model is chosen, the conformational exploration of
the potential energy landscape is commonly achieved by
molecular dynamics or Monte Carlo algorithms.

Alanine is the simplest amino acid that adopts specific
secondary structures, essentially « helices. In particular,
polyalanines are often considered as prototypes for the
helix/coil phase transition [13,14]. Due to their relative
simplicity, they also provide convenient models for assess-
ing the influences of the solvent [15] or the force field
itself [16] on the conformation. So far, most simulation
studies on polyalanines have predicted a single-step transi-
tion between « helix and random coil [14,15,17]. Recently,
it was suggested from several theoretical investigations
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on solvated polyalanines that « helices could indeed be
disfavored in gas phase polyalanines, and that the (
conformation may be stabilized under several circum-
stances below the folding temperature Ty [18-20], the /3
transition being driven by entropy, while « helices are
energetically more stable.

In the present work, we study the secondary structure
of neutral and isolated polyalanines using advanced Monte
Carlo sampling methods [21,22], comparing with electric
dipole measurements [23] as a powerful conformational
probe. For the first time, we provide some numerical
evidence that (-sheet conformations are stabilized over
helices in gas phase polyalanines, in agreement with
experimental measurements [23]. In the following, we
briefly describe the model and methods, before presenting
and discussing our results. A summary and conclusion end
the paper.

Methods. — The peptides are modelled using the
Amber force field [10] with ff96 parameters [24] chosen
for their good performances in reproducing gas phase
measurements of electric dipoles [25]. As will be discussed
below, additional calculations have also been performed
with ECEPP/2 for the experimentally studied peptide.
The Amber ff96 force field was originally parameterized
for hydrated biomolecules. In particular, the charges
were increased over their gas phase value to account for
polarization effects in solvent. To correct for this effect, we
have used a dielectric constant € = 2 to reduce the charges.
Thus, we try to alleviate the intrinsic overstabilization of
(-sheet structures with respect to helices that has been
reported in simulations of hydrated peptides using the ff96
parameter set [26].

The energy landscape is sampled by means of the Wang-
Landau (WL) method [21] for joint densities of states €,
improved with the recent annealing scheme [22] for the WL
modification factor. Monte Carlo moves are performed
with torsional angles as the only internal coordinates. Here
we have chosen the electric dipole i as the additional order
parameter to the potential energy F, to build the function
Q(E, p) iteratively. The parameter p is very sensitive to
the conformation of helices, and is expected to facilitate
folding significantly in the simulation.

From the joint density of states, the heat capacity C
and the thermal average (u) were calculated by standard
Laplace transformation. By performing an extra multi-
canonical simulation based on €2, we also calculated the
end-to-end distance d between the nitrogen atom in
N-ter position and the hydrogen from the hydroxyl group
in C-ter position, accumulating the histogram h(E, u,d)
and the thermal averages (d) after proper reweighting.
This reweighting procedure also provides the probabil-
ity distribution p(T,u,d) at finite temperature T, or
the Landau free energy F(T, u,d) = —kgT Inp(T, u,d). In
the present case, the ranges of energy and dipole values
were discretized into 400 and 200 bins, respectively, and
the simulation details are essentially the same as those of
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Fig. 1: (a) Heat capacity; (b) electric dipole; (c) end-to-end
distance calculated, calculated as a function of temperature
for the Alag, Alai2, and Alaie peptides.

ref. [22]. In particular, the results for each system have
been checked by performing independent runs and, in the
case of the smaller peptides, by carrying out extra paral-
lel tempering Monte Carlo simulations in the temperature
range 50 <7 <1100K with a geometric allocation of 23
canonical temperatures (see below).

Results and discussion. — Figure 1 shows the varia-
tions of the heat capacity, electric dipole and end-to-end
distance for Alag, Ala;s and Alajg at increasing tempera-
ture. All heat capacity curves exhibit two peaks, revealing
three states. The high dipole values at low temperature
indicate a helices, whereas low end-to-end distances at
intermediate temperatures suggest structures folded in G
sheets. At high temperatures, the peptides are preferen-
tially found as extended random coil. One also observes
strong but monotonic finite-size effects. As the number of
monomers increases, both heat capacity peaks are shifted
towards higher temperatures. This behavior has already
been reported by Peng and coworkers for the «/coil tran-
sition [17], and is attributed to the energetic stability of
a helices, which increases with the number of hydrogen
bonds.

In fig. 2, the Landau free-energy maps F (T, pu,d) are
represented for Alais at the two temperatures where the
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Fig. 2: Landau free-energy maps as a function of the electric
dipole and end-to-end distance for the peptide Alajz at 140K
(upper panel) and 402K (lower panel).

heat capacity is maximum, namely 140K for the a/f8
transition, and 402K for the (/coil transition. The two
maps display two regions of stability characterizing the
«a and [ secondary structures, as well as the coil state.
At 140K the a and [ regions are distinctively separated
by a barrier exceeding 6 kcal/mol. At 402K, the § and
coil regions are broader and shallower, and the free-energy
barrier is also lower, around 3 kcal/mol. These free-energy
maps illustrate the competition between « helices, 3 sheets
and random-coil structures. At very low temperatures, and
at the present level of calculation, the most stable struc-
tures are pure « helices. J-sheet conformations, despite
being higher in energy, are much more flexible hence more
likely to be visited at higher temperature. The structural
transition into (3-sheet structures at moderate tempera-
tures thus reflects a gain in entropy. The present results
for gas phase polyalanines are consistent with previous
simulation results on solvated peptides [18-20].

The experimental set-up built for measuring electric
dipoles [7] cannot probe pure polyalanines, as they lack a
chromophore required for the detection. A suitable amino
acid is provided by tryptophan, which contains an indole
group. We have thus investigated the AceTrpAla;3NH,
(WA;3) polypeptide, protected by the acetyl and amino
groups at the N-ter and C-ter extremities, respectively.
This polypeptide will be compared to Alajg (Ajg), which
has the same number of peptide bonds. Our measurements
consist of a molecular beam deflection in a static and inho-
mogeneous electric field, as described in refs. [7] and [23].
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Fig. 3: Experimental (ref. [23]) and simulated electric dipole
against temperature for AceTrpAla;sNHz (WAq3). The varia-
tions of the dipole of Alajs are shown for comparison. Inset:
canonical heat capacities of WA13 and Aig as a function of
temperature.

The electric dipole measured at different temperatures is
represented in fig. 3.

The results of Wang-Landau simulations for WA3 and
A6 are superimposed in this figure, and the variations
of the canonical heat capacities of these polypeptides
are shown as an inset. For this peptide, the measured
and calculated values of the dipole moment are in
good agreement with each other in the range of sampled
temperatures. In particular, and quite surprisingly for an
alanine-rich polypeptide, neither in the experiment nor in
the simulation any evidence is found for stable a helices.
The heat capacities of the two molecules exhibit nearly
similar variations, and a main broad peak near 500K.
The width of this folding peak is mainly due to the size
of the peptide, which is comparable for WA13 and Aqg.
However, the additional /8 peak displayed by Ajg is
a strong manifestation of the influence of sequence on
folding in such small systems.

Because the electric dipoles of extended coil and
(B-strand conformations lie in similar ranges, those cannot
be distinguished in the experiment of ref. [23], hence
the presence of extended coil structures at temperatures
as low as 300K should not be excluded. Unfortunately,
no other experimental data are available at tempera-
tures below 300K, and it would be very interesting to
extend the electric dipole measurement down to 150K to
determine whether helices become eventually stabilized.
Yet, the present simulation results shed some light on
a possible mechanism that is responsible for the loss of
helical conformations, namely a structural transition.

The entropic stabilization of the [ conformation in
WA 3 has been further investigated by performing Monte
Carlo simulations of the slow cooling process from a
hot, disordered coil state. More precisely, each simulation
consisted in a series of MC trajectories with 10* cycles, the
temperature being decreased linearly from 1000 K down to
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Fig. 4: Electric dipole moment and number of residues in
B conformation in the 100 structures obtained after slowly
cooling the WA13 peptide in Monte Carlo simulations from
1000 K down to 10 K. The stable conformations of the peptide
AceTrpAla;sNH2 in the helix and three-strand structure
(global minimum) are also shown.

10K with 10K decrement (hence a total of 105 cycles per
cooling trajectory). These simulations were repeated 100
times from independent, random starting conformations.
The resulting structures are characterized by their values
of the electric dipole, as well as the number Ng of residues
in B contact. Here a 8 contact is defined according to the
values of the torsion angles ¢ and 1, which must lie in the
ranges [—180°,—110°] and [4+100°,+180°], respectively,
given that they normally span the range [—180°,180°].
The results of these cooling simulations are represented
in fig. 4, with the value taken by the most stable helix
structure (Ng =0, 4 =57.4D) being highlighted.

As clearly seen in fig. 4, 100% of our cooling simulations
have ended in conformations with a very low electric
dipole, and a significant number of 3 contacts. Numerous
trajectories have found a double-strand, full 8 structure
with Ng close to its maximum possible value of 12. On
the contrary, even though the helix conformation is quite
close in energy to the global minimum, it was never found
during the simulations. These observations provide further
support for the entropic stabilization of 8 conformations
over helices in the AceTrpAla;3NHs peptide.

By efficiently sampling the energy landscape of the
peptides, the Wang-Landau method also acts as a
global optimization method. The lowest-energy structure
obtained here for WA 135 with the Amber ff96 force field is
made of three strands with the indole group in-between,
as shown in fig. 4. For this conformation, N3 =8 and p =
6.5 D. The most stable a-helix conformation, also shown
in fig. 4, lies 1.3 kcal/mol above this structure. The greater
stability of the 3-strand isomer results from the favorable
interactions between the backbone and side chains with
the indole group. It would be interesting to check this
stability at a more sophisticated computational level.
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Fig. 5: Heat capacity of Alag obtained with various simu-
lation methods, including parallel tempering Monte Carlo
(PTMC) simulations, Wang-Landau simulations using energy
only (WL1D) or energy and the electric dipole (WL2D) as
order parameters. Several PTMC curves are shown for increas-
ing long simulations. For each curve, the method and the total
number of MC cycles are indicated.

Additional calculations performed for the protected
Ala;g peptide do not show any significantly different
behavior with respect to the unprotected peptide.
Therefore, by substituting a single alanine amino acid
into tryptophan at the N-ter extremity, the entire energy
landscape has been modified, which is reflected on the
stable secondary structures inferred from both experiment
and simulation.

Contrasted results can be obtained using different
force fields, or different parameters sets for a given force
field [27]. On the basis of generalized ensemble simulations
with the ECEPP/2 force field [28], Peng and Hansmann
found that Ala;, in gas phase undergoes a single helix/coil
transition at 435K [15]. For the present AceTrpAla;sNH;
peptide, the a-helix structure of fig. 4 is found to be
about 29kcal/mol lower than the three-strand confor-
mation when minimized with ECEPP /2, making it more
stable up to high temperatures, in contradiction with
the present experimental results. The more stable struc-
ture found here with Amber suggests that the tryptophan
amino acid acts as an anchor around which the three (8
strands are stabilized. On the other hand, the parame-
terization of ECEPP/2 to reproduce crystal structures of
biomolecules may excessively favor helices.

Beyond the model itself, the way of sampling the
conformation space can be crucial as well. A basic,
Metropolis-type Monte Carlo algorithm will fail in repro-
ducing the competition between o and 3 structures and
the associated, low-temperature structural transition. It
will most often miss the intermediate § state completely,
leading to a single «/coil transition. In order to illustrate
the difficulties in reaching convergence, we have repre-
sented in fig. 5 the typical caloric curves obtained for Alag
using a variety of simulation methods, all based on the
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Fig. 6: Heat capacity variations of the Ala;2 peptide against
temperature, for several intensities of the electric field.

same force fields and the same individual Monte Carlo
moves involving torsional angles only. In addition to the
present 2D Wang-Landau method, we also show the heat
capacity obtained with a conventional (1D) Wang-Landau
calculation using energy only [22], as well as several curves
obtained by parallel tempering Monte Carlo simulations
using between 107 cycles and 7.4 x 10° cycles, with 23
replicas in the temperature range 50 K <7 <1100 K.

From this figure, the standard 1D Wang-Landau simu-
lation does not seem to reproduce the low-temperature
a <> ( transition, even with a significant number of
MC steps. More surprisingly, the parallel tempering
method also seems to have difficulties in converging
the caloric curve of the present system. In particular,
the low-temperature peak distinctly emerges only above
108 cycles. As more statistics are included, the peak
gradually shifts to lower temperatures, a behavior which
is also found in atomic clusters [29]. Eventually, after a
sufficiently long simulation has been performed, we get a
very satisfactory agreement between parallel tempering
Monte Carlo and 2D Wang-Landau simulations. This
indicates that the Wang-Landau annealing method for
joint densities of states [22] with the electric dipole as
order parameter is the most efficient of all the methods
we tried, including parallel tempering.

Based on the above results, the stabilization of the
(B-sheet structures in simulation thus seems to result from
a balance between an appropriate force field, which does
not excessively favor a helices, and an appropriate simula-
tion method, which is able to sample an entropy-induced
structural transition. This also explains why the «a/f8
competition has somewhat been overlooked in the past.

The high electric dipole of the helix secondary struc-
tures suggests a way to enhance their stability, by
placing the peptides into an intense electric field. We
have repeated the calculation of the heat capacity for
the Ala;s peptide for various field intensities in the range
0-10° V/m. The results are shown in fig. 6. At low field,
the «/f transition is slightly shifted towards higher

temperatures. The [/coil peak, which only involves
structures with low electric dipoles, is unaffected. As
the field reaches 5-108V/m, the 3 state is practically
no longer stable, and the peptide undergoes a single
a/coil transition. Above 5-10%V/m, the helix state is
further stabilized and the coil transition itself is shifted
to higher temperatures. These simulation results also
provide evidence for possible field-induced conforma-
tional transitions at finite temperature. For instance, at
150-200 K, crossing 10® V/m leads to a 3 — « transition,
and at 450K crossing about 7-10%V/m leads to a
coil = a electrofreezing transition. Such values of the
electric field are higher than those used in the experimen-
tal apparatus [7], but they are comparable to the field
intensities which prevail in the inner parts of biological
molecules [30].

Conclusion. — In summary, we have performed Monte
Carlo simulations and electric dipole measurements to
determine the stable conformations and relative stability
of secondary structures in alanine-rich peptides. The
Wang-Landau annealing scheme with the electric dipole
as an extra order parameter was found to be particularly
efficient for sampling the configuration space of such
molecules, especially when compared with the standard
one-dimensional Wang-Landau method, and even with
parallel tempering. Pure polyalanines, in the frame of
the Amber ff96 force field with a dielectric constant
chosen to correct for the large charges of the naturally
hydrated peptides, are energetically lower as « helices but
undergo an entropy-driven structural transition toward
(-sheet conformations at intermediate temperatures,
before eventually melting to the coil state. The temper-
ature range where the 8 conformation is the free-energy
minimum decreases with size, suggesting that the present
o/ and §/coil transitions, rounded by size effects, merge
into a single «/coil, first-order-like transition in large
peptides. The absence of any experimental signature for «
helices was interpreted as the consequence of substituting
an alanine amino acid into tryptophan, consistently with
the most stable conformation found in the simulation,
made of three strands but with no helix content. For
the experimentally studied peptide AceTrpAla;3NHs, the
Wang-Landau and additional cooling MC simulations
indicate that 8-strand conformations are more stable than
helices not only entropically, but also energetically. Yet
it should be recognized that, lacking any experimental
measurement for 7' < 300K, the possible formation of an
helix at low temperatures cannot be excluded. However,
according to the present work, the absence of helices does
not imply that folding occurs below room temperature.
The structural transition involving [ conformations
is compatible with a folding temperature significantly
above room temperature, and our simulation predicts
Ty ~500K.

Finally, by performing simulations of the bare polyala-
nines into an intense electrostatic field, we have found
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helices to be stabilized thanks to their high electric dipole
moment. The «/f transition is first shifted to higher
temperatures, but above some value of the field the a/3
and (3/coil transitions merge. The remaining single «/coil
transition is then further shifted to higher temperatures
as the field is increased again. At intermediate temper-
atures, our simulations predict that changing the field
may lead to electrofreezing transitions where the a-helix
conformations are stabilized. These transitions will gener-
ally depend on the magnitude of the dipole, hence on the
size of the peptide, and it would be useful to construct a
(temperature, field) phase diagram which includes size as
a variable.

The competition between the «-helix and J-sheet
secondary structures could be affected by other factors,
such as a solvent, of course, but also the kinetics of
formation and the possible trapping of the peptide into
metastable states in the energy landscape. However, we
believe that the use of computer simulation will be invalu-
able for designing polypeptides with a strong propensity
for « helices, taking experimental constraints into account.
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