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Current approaches aimed at determining the free energy surface of all-atom medium-size proteins in explicit
solvent are slow and are not sufficient to converge to equilibrium properties. To ensure a proper sampling of
the configurational space, it is preferable to use reduced representations such as implicit solvent and/or coarse-
grained protein models, which are much lighter computationally. Each model must be verified, however, to
ensure that it can recover experimental structures and thermodynamics. Here we test the coarse-grained implicit
solvent OPEP model with replica exchange molecular dynamics (REMD) on six peptides ranging in length
from 10 to 28 residues: two alanine-based peptides, the second !-hairpin from protein G, the Trp-cage and
zinc-finger motif, and a dimer of a coiled coil peptide. We show that REMD-OPEP recovers the proper
thermodynamics of the systems studied, with accurate structural description of the !-hairpin and Trp-cage
peptides (within 1-2 Å from experiments). The light computational burden of REMD-OPEP, which enables
us to generate many hundred nanoseconds at each temperature and fully assess convergence to equilibrium
ensemble, opens the door to the determination of the free energy surface of larger proteins and assemblies.

I. Introduction

The computational determination of the free energy surface
of proteins is an important aim in biology and chemistry because
it can provide a more complete description of folding paths and
intermediates than many serial molecular dynamics (MD)
trajectories. Even with the advances in computing power, this
calculation remains challenging because the energy landscape
in explicit solvent is very complex and rugged. Fully converged
all-atom free energy surfaces are therefore mainly reported for
small-size systems with 20 amino acids or less.1,2 Recently,
several studies have underlined this challenge, pointing to the
difficulty of ensuring enough sampling to determine reliable
thermodynamical properties due to the very slow motion of
biomolecules compared with the thermal vibrations, even at high
temperature.3-5 As can be expected, there has been numerous
attempts at lifting these limitations. Although these approaches
are varied, they can be sorted into two classes: development of
accelerated sampling methods and use of reduced protein/solvent
representations.

In the context of accelerating the sampling of rare events,
several thermodynamical techniques have recently emerged,
including multicanonical algorithms,6,7 replica exchange mo-
lecular dynamics (REMD),8 metadynamics,9 and coupling
between various techniques.10 At this point, however, no method
has really provided the efficiency gain necessary to fully
characterize the free energy surface of even medium-size
proteins in spite of ingenious attempts. For instance, Huang et
al. developed REMD with solute temperature on simple peptides

in explicit solvent but found that this technique is even less
efficient than standard REMD.11

The second direction for enhanced sampling is to reduce the
number of degrees of freedom, and develop implicit or coarse-
grained solvent and/or reduced protein representation. The
challenge here is to simplify the description without changing
the physics. Not surprisingly, this approach has been followed
by many groups.12-18 For instance, all-atom models in implicit
solvent17-19 have shown promising thermodynamic results for
small peptides, but their applicability to large proteins remain
to be determined. Ideally, we would like to use implicit solvent
coarse-grained protein models, but the transferability of such
force fields to predict the thermodynamics of R, !, or mixed
topologies is still problematic.16 It is, however, the move that
we make here as we present the application of a coarse-grained
implicit solvent protein model, OPEP, to free energy calcula-
tions, using REMD.

OPEP, one of the best protein force fields to recognize native
from decoys,20 has already been coupled to Monte-Carlo21,22

and MD simulations23,24 as well as the activation-relaxation
technique (ART)25,26 to study protein folding27-30 and the
aggregation of amyloid-forming peptides.31-34 MD-OPEP was
found to describe protein dynamics at least qualitatively correctly
since the absence of explicit solvent accelerates folding times
by about 2 orders of magnitude compared with simulations in
explicit water.23,35 Here we report REMD-OPEP simulations on
six test systems to validate OPEP predictions with respect to
structural and thermodynamical properties and establish the scale
of computational efforts to obtain the equilibrium ensemble.
To this end, we first study two alanine-based peptides and a
16-residue !-hairpin. We then turn to the 20-residue Trp-cage
and a 28-residue !!R fold and finally examine a dimer of a
7-residue peptide with a coiled coil signature.
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II. Simulation Details

1. OPEP Force Field. Since the OPEP force field and its
parameters are described in details elsewhere,20 we limit
ourselves to a few comments. OPEP’s description includes all
heavy backbone atoms and uses a single bead to represent the
side chains of all amino acids, except the proline side chain
where three beads are taken into account. Although a reduced
representation cannot offer the structural precision of all-atom
molecular mechanics36 and spectroscopic37 force fields, the
OPEP analytical form is sufficiently rich to predict lowest energy
states of peptides consistent with experiment.38,22,39 The ap-
plicability of OPEP in folding was recently revisited on the 60-
residue B domain of protein A, and we found that ART-OPEP
simulations recovered the experimental three-helix bundle
starting from random states, but also explained the observed
shift to another topology upon mutations.40

Solvent effects are incorporated directly into the interaction
parameters, through a hydrogen-bonding potential consisting of
two-body and four-body terms, and a pairwise contact potential
between side-chains represented by either a 12-6 potential or
a 6-potential.20 In this work, we use the standard OPEP potential
for all systems, except for the alanine-based peptides and the
zinc-finger motif (BBA), where the simulations are repeated
with the 12-6 potential replaced by the desolvation potential

where

with r the distance and rcm the van der Waals radius between
two particles, rssm ) rcm + 3 Å (where 3 Å is the diameter of
a water molecule).

The interaction U is dependent on the desolvation barrier
height (εdb) and the depth of the solvent-separated minimum
(εssm). For the alanine-based and BBA systems, we use εdb )

0.1ε and εssm ) 0.2ε, with ε equal to the OPEP εij parameter
defined in eq 6 of ref 20, and following previous studies,41,42 k

) 6, m ) 3, and n ) 2.
2. Replica Exchange Molecular Dynamics. The replica

exchange algorithm, implemented in our code, was first
proposed by Marinari and Parisi for spin glasses.43 Later, Sugita
and Okamoto coupled the scheme with MD to construct the
free energy landscape of proteins.8 The algorithm is simple and
easily parallelisable. N MD runs or replicas are launched at
different T. At regular intervals, configurations are exchanged
between two adjacent Ti and Tj with a probability given by
eq 3,

where Ei is the configurational energy in replica i.
This procedure allows the system to escape from local basins

and explore, with the proper thermodynamical weight, the
energy landscape. In practice, the efficiency of REMD decreases
with the number of atoms since the adjacent temperatures must
be close to ensure overlaps in the configurational energy
distributions. This limitation strongly favors the use of implicit
solvent and coarse-grained representation, which in addition
makes each time-step much less costly.

In the simulations reported here, MD is performed in an open
box with the temperature controlled by Berendsen’s thermostat44

with a coupling time of 500 fs. A time-step of 1.5 fs is used,
and the RATTLE45 algorithm is applied with a tolerance of
10-6 for the bond length constraints and 10-12 for the relative
velocities of the pairs of the bounded atoms. Because of the
important mass difference between the H atom and the side-
chain beads, a rapid kinetic energy transfer from the heavy to
the light atoms can cause instabilities. To circumvent this
problem, we reassign the H atom velocity to that of the N amide
whenever the velocity on H corresponds to a displacement of
more than 15% of the N-H bond length. Geometric corrections,
that is, resetting the total momentum and total angular momen-
tum to zero, are made every 500 time-steps.

For REMD, we use a logarithmic temperature distribution
with 10-16 replicas ranging from about 200 to 500 K.
Exchanges are attempted every 10 000 time-steps, leading to
an acceptation rate between 20 and 50%.

3. Analysis. In addition to ensuring a better sampling of
conformational space, the REMD data can serve to establish
the phase diagram through the use of reweighting methods. Here,
we use the PTWHAM version (weighted-histogram method for
parallel tempering) to take into account the correlations between
the REMD trajectories.46 The main advantage of reweighting
methods is that it is possible to fully determine the T-dependence
of various quantities, and by following the evolution of these
thermodynamical properties as a function of time, we can qualify
the convergence of the simulations with good precision, an
essential step for establishing the internal consistency of our
results. The details of the PTWHAM algorithm can be found
in the original paper.46

In what follows, secondary structure analysis is performed
using the STRIDE program.47 All generated conformations are
clustered recursively using the C R root-mean square deviations
(rmsd) as follows. After computing the list of neighbors for all
conformations, we identify the structure with the largest number
of neighbors with a rmsd of 2.5 Å. The members of this largest
cluster are removed, and the procedure is repeated until all
conformations are clustered.

III. Results

A. Alanine-based Peptides. The first peptide studied is
(AAQAA)3 blocked by Ace and NH2. Starting from the random
state shown in Figure 1a, we explore its structural and
thermodynamical properties by a single 100 ns REMD simula-
tion using 12 replicas between 190 and 410 K. The plots of the
rmsd with respect to the starting structure (panel c) and the heat
capacity as a function of T (panel d) show convergence for
multiple independent time intervals. Figure 1b shows the
calculated residue helicity at 269 K in comparison with that
derived from NMR chemical shift measurements at 274 K.48

Overall, the simulation yields a helix content of 28.3% versus

U(r,rcm, ε, εdb, εssm) )

{
εZ(r)[Z(r) - 2] for r < rcm

CY(r)n[Y(r)n/2 - (rdb - rcm)2n/2n] + εdb

for rcm e r < rdb

-B[Y(r) - h1][Y(r)m
+ h2] for r g rdb

(1)

Z(r) ) (rcm/r)k

Y(r) ) (r - rdb)
2

C ) 4n(ε + εdb)/(rdb - rcm)4n

B ) mεssm(rssm - rdb)
2(m-1)

h1 ) (1 - 1/m)(rssm - rdb)
2/(εssm/εdb + 1)

h2 ) (m - 1)(rssm - rdb)
2m/(1 + εdb/εssm),

(2)

p(i, j) ) min{1.0, exp[ 1
kBTi

-
1

kBTj
](Ei - Ej)} (3)
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47% by NMR and 70%49 and 55%50 by MD and MC,
respectively. Note that Chen et al. use this helicity as input data
to tune their generalized Born (GB) implicit solvent param-
eters,18 whereas our parameters are taken from ref 20.

To further understand helix stability, we also examine the
decaalanine peptide blocked by Ace and NH2 using 16 replicas
between 190 and 448 K. As reported in Figure 2a, there is a
transition at 290 K between helical structures (T < Tm) and
random coil structures (T > Tm). This value agrees very well
with that obtained by all-atom multicanonical MC simulations
using the Schiffer solvent-accessible surface parameters (Tm )

285 K),51 but it is lower than that derived by coarse-grained
Langevin simulations (Tm ) 324 K).52

Figure 1d shows that the transition temperature of (AAQAA)3

is located at 310 K versus 278 K from experiments.48 This
increase in Tm can result from different sources: an overestima-
tion of the backbone torsional parameters, but also, following
the work of Chan et al. based on Go-based simulations,53 the
absence of an energy barrier to desolvation. Figure 2 reports,
for both decaalanine (panel a) and (AAQAA)3 (panel b), the
impact of the desolvation potential given by eq 1 on the heat
capacity profiles. We see that a small desolvation barrier height,
which has no effect during energy minimization, is sufficient
to decrease Tm by 30-40 K, indicating that fitting the
experimental melting temperatures requires a delicate balance
of many components including the energy barriers to desolvation.

B. !-Hairpin. We now consider the second hairpin from
domain B1 of protein G. This 16-residue peptide of sequence
GEWTYDDATKTFTVTE has been extensively studied, both
experimentally54,55 and numerically,17,29,56-64 as a model for
protein folding. An early NMR study finds the hairpin to be

42% folded in water at 278 K,54 but on the basis of Trp
fluorescence experiments, the hairpin population is 80% at 278
K and Tm found at 297 K.55 Later, Fesinmeyer et al. revisited
the hairpin population using CD and 2D NMR data and found
the peptide 30% folded in water at 298 K.65 All these
measurements based on different probes point to a transition
temperature around 280-300 K with an experimental structure
resembling that observed in the full protein G. This structure,
referred to as native, was however recently questioned. Compar-
ing REMD simulations with experimental parameters including
HR, HN chemical shifts, JHR-HN scalar couplings and NOE,
Weinstock et al. propose that the native ensemble of the peptide
includes a large population of conformations with non-native
H-bonds.66

Numerically, results are also very diverse. Simulations based
on the all-atom implicit solvent model developed by Irbäck
identify a melting temperature of 297 K,17 whereas simulations
based on the all-atom OPLSAA force field show a transition
temperature at 360 K.58 Generalized-ensemble simulations with
GROMOS show 3 native H-bonds with a probability above 96%
at 300 K with the hairpin stable at 320 K,64 but REMD
simulations using the same potential found instead that 56%
and 25% of all conformations are native at 300 and 389 K,
respectively.61 Finally, Lwin and Luo examine the effect of six
AMBER parameter sets on the phase diagram and find that the
two best ff03 and ff99ci sets overestimate the transition
temperature (365-380 K).62

REMD-OPEP simulations are performed starting from a
randomly chosen structure using 16 replicas varying from 220
to 525 K for 200 ns. The thermodynamical analysis is performed
using the 20-200 ns time interval. Figure 3 shows the energy,
heat capacity, radius of gyration, and rmsd measured from the
center of the largest cluster at T ) 220 K using three 60 ns
time intervals to evaluate the quality of sampling and the
convergence to an equilibrium distribution. This cluster at 220
K deviates by 0.9 Å from the structure 1PGB. Comparing the
evolution of these four quantities in the three time intervals,
we find that the system is well equilibrated, with only a slight
variation in the magnitude of the heat capacity peaks, their

Figure 1. OPEP-REMD of 100 ns on the alanine-based peptide
(AAQAA)3. (a) The starting state with the position of the N-terminus
indicated; (b) Simulated vs experimental helicities: the REMD-derived
residue helicity at 269 K (blue circles) is compared to the NMR-derived
values at 274 K (red circles); rmsd (in Å) from the starting structure
(c) and heat capacity (Cp in kcal/mol ·K) (d) as a function of T.

Figure 2. Specific heats of alanine-based peptides as a function of T.
(a) decaalanine and (b) (AAQAA)3 with the standard OPEP parameters
(in red) and with OPEP including a desolvation potential (in blue).

Figure 3. Thermodynamical properties of GEWTYDDATKTFTVTE as
a function of T using three time intervals: 20-80, 80-140, and
140-200 ns. (a) Configurational energy, (b) heat capacity, (c) radius
of gyration, and (d) rmsd measured from the center of the largest cluster
at T ) 220 K.
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positions remaining unchanged (panel b), suggesting that the
hairpin is equilibrated after 60 ns.

Although the configurational energy (panel a) does not
provide any signature for transitions, the radius of gyration
(panel c) and the rmsd (panel d) shows two changes in behavior,
near 275 and 340 K, respectively. This is more clearly seen in
the heat capacity, Figure 3b, that displays two maxima at 280
and 329 K, separated by a shallow minimum around 310 K.
Analyzing the structures as a function of temperature, we find
that the first peak in the heat capacity corresponds to a folding
transition from a symmetric hairpin to an asymmetric hairpin,
and the second peak is associated with a transition to random
coil structures with a relatively high probability of forming a
R-helix spanning ASP-6 to THR-11. These three states and the
dominant conformation at ∼400 K are shown in Figure 4.

To further characterize the transition, we plot the proportion
of native and non-native hairpins as a function of T in Figure
5. Following the behavior observed in the heat capacity (Figure
3b), the 50% level of native hairpin is crossed near 280 K. At
298 K, the peptide is 19% native, consistent with the CD and

NMR-derived value of 30%. If we now consider both the
symmetric and asymmetric hairpins, the probability is 70% at
300 K, which is in close agreement with the Trp-fluorescence
derived value of 80%. We recognize that the three-step transition
described here with a shallow minimum at 310 K is very subtle.
It remains to be determined whether it can be observed or not
in explicit solvent simulations. Nevertheless, the finding of
hairpins with distinct (native and non-native) H bonds, which
can interconvert by reptation mechanisms,29 is in complete
agreement with the latest combined theoretical/experimental
work.66

C. Trp-Cage. Trp-cage of sequence NLYIQWLKDGGPSS-

GRPPPS is a fast-folding peptide: 4.1 µs using temperature jump
experiments67 and 1.5-8 µs using 1000 simulations with OPLS
and GB solvent representation.68 Its NMR structure is character-
ized by a short R-helix (L2-K8), a 310-helix (G11-S14) and a
poly proline II helix at the C-terminus.69 Using CD and NMR
experiments, Tm was estimated to be 315-317 K.69 Its two-
state folding character was questioned by two recent studies.
Using UV resonance Raman spectroscopy, Ahmed et al. reported
that Trp-cage involves a continuous conformation evolution with
only partial helix melting at 343 K.70 However, Streicher et al.71

later found that Trp-cage unfolding can be represented by a two-
state model using differential scanning and CD spectroscopy.

Trp-cage has been studied as a test-case for various force
fields and simulation methods.3,17,68,72-77 With the exception of
two studies, where the choice of the native conformation as
initial state and a small T range (273-363 K) certainly bias
and limit sampling,78 or the Trp-cage experimental Tm is used
to fit the force field parameters,17 all REMD simulations with
implicit and explicit solvents lead to Tm above 400 K. Using
REMD, AMBER 6.0 force field, and a GB approximation for
solvent, Pitera and Swope found that the peptide folds into its
native state, but its Tm is detected at 400 K,73 whereas Zhou
observed a Tm of 440 K using all-atom REMD with OPLSAA
and SPC water.75 Similarly, another study based on Amber94
and TIP3P force fields found a Tm of 440 K starting from an
unfolded state and production times of at least 40 ns to yield
convergence.79

Here, we study Trp-cage in two independent REMD simula-
tions of 100 ns each, with 16 temperatures ranging from 222 to
525 K. The first simulation starts from the experimental state
(PDB 1L2Y) and the second from a randomly chosen disordered
structure. The use of two different starting points allows us,
therefore, to estimate the convergence of the simulations, which
can be very slow with REMD in explicit solvent.5

Figure 6 shows some properties of Trp-cage as a function of
T using two time intervals for each of the two runs with the
first 40 ns excluded from analysis. The simulation starting from
the NMR state converges rapidly to equilibrium as we observe
no shift in the heat capacity (panel a) or rmsd (panel b) between
the two time intervals, whereas the thermodynamical properties
of the second run do not superpose as perfectly, in agreement
with the observations of Beck et al.5 In spite of these small
differences, all four time intervals indicate the same thermal
behavior. In agreement with experiment, we find that the peptide
is stable at room temperature. Its melting temperature is found
at 342 K, slightly above the experimental value of 315-317
K, but well below that extracted from other REMD simulations
with implicit73,79 or explicit solvent.75

Figure 7 superposes the center of the most populated clusters
at 220 and 300 K, calculated for both runs, on the NMR
structure. With rmsd of 2.2-2.4 Å, OPEP recovers the
experimental state, with the exception of the single turn of 310-

Figure 4. Representative structures of GEWTYDDATKTFTVTE in four
thermodynamical regimes. (a) Symmetric !-hairpin, this structure is
the center of the largest cluster at 220 K (rmsd ) 0.9 Å); (b) asymmetric
hairpin, center of the largest cluster at 300 K (rmsd ) 3.5 Å); (c) R-helix
at 353 K (rmsd ) 6.1 Å); and (d) random coil, center of the largest
cluster at 396 K (rmsd ) 6.5 Å). The rmsd is calculated with respect
to the structure within protein G (PDB 1PGB). The hydrophobic W3,
Y5, F12 and V14 residues are shown in red. Note that W3 is also buried
in the snapshot (b).

Figure 5. Proportion of symmetric (blue), asymmetric (green) and total
(red) !-hairpins for the GEWTYDDATKTFTVTE peptide as a function
of T. To be symmetric, the hairpin must have only native H-bonds and
be within 2.25 Å of its structure within protein G (PDB 1PGB). To be
asymmetric, the hairpin must have at least three non-native H bonds.
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helix, which is not fully in place. This 310-helix is subtle, though,
and it has been been missed by most simulations (see refs
75-77).

D. BBA Fold. We now turn to a !!R fold and select the
28-residue QQYTAKIKGRTFRNEKELRDFIEKFKGR peptide
that has been studied by NMR80 and computer simulations.81-83

Its NMR structure (PDB 1FSD) is characterized by a !-hairpin
at positions 3-10 and a R-helix at positions 14-25.

For this system, we launch a 330 ns REMD simulation with
16 replicas ranging from 200 to 491 K starting from the NMR
structure. Figure 8 shows the evolution of the heat capacity as
a function of T using five time intervals. Here, the first 90 ns
are excluded from analysis. We observe a clear transition at
260 K and a second one, much more subdued, around 350 K.
Although the presence of the two peaks is well established at
150 ns, their position and magnitude fluctuate slightly in the
following four 30 ns time intervals shown in the figure, up to
330 ns, indicating that even with a reduced potential and implicit
solvent very long simulations are needed to fully converge the
phase diagram. It should be stressed that we only see a well-
defined peak at 300 K using the desolvation potential given by
eq 1.

To clarify the nature of the transitions observed in the specific
heat profile, we show in Figure 9 the center of the two dominant
clusters found at five temperatures and calculated using the
90-330 ns time interval. We note that for the first 4 temper-
atures the largest cluster includes typically more than 50% of
all structures, indicating the dominance of a single basin of
attraction. This is not the case above the second transition
temperature, as is seen for T5 ) 411 K. Comparing the centers
at 254 and 270 K, we see that the first transition is associated
with the destabilization of the N-terminal R-helix whereas the
second transition, at 350 K, is characterized by the conversion
of the C-terminal helix into random coil structures with small
R-helical signal.

All-atom simulations offer a mixed picture regarding the
stability of 1FSD. For example, Jang et al. find that the peptide
folds to within 3.0 Å rmsd from the NMR structure at 280 K
using all-atom REMD.82 However, the parameters for the all-
atom potential and GB solvation model with surface area
correction were trained on the NMR structure. Duan et al., using
AMBER ff03 and TIP3P, find that the NMR state is stable for
at least 10 ns at 300 K,81,84 but ten 200 ns folding trajectories
fail to converge closer than 6 Å rmsd to the NMR state. On the
basis of all-atom REMD simulations with the force field used
by Duan et al., Li et al. identify a melting temperature at
409-441 K and find that at 300 K the helix is stable, but the
!-hairpin fails to form with a significant probability.85 For their
part, Mohanty and Hansmann study a BBA variant (PDB 1FME)
using the all-atom ECEPP/3 force field with correction terms
and find Tm to vary between 400 and 520 K.83 Finally, Chen et
al., using REMD simulations with a Generalized Born force
field, find the !-hairpin unstable after 10 ns.18

Our results are consistent with previous explicit or implicit
solvent REMD simulations. Although the C-terminus R-helix
remains formed up to 350 K, the !-hairpin is very unstable even
at 200 K, where its population is 2% and decreases to 0.3% at
270 K. Our simulations are in reasonable agreement with
experimental measurements. The cluster (c) in Figure 9 super-
poses well on NMR structure (rmsd of 2 Å). The two dominant
predicted clusters at 270 K in Figure 9 display the long-range
NMR NOEs from the helix to I7 and F12, namely between I7
and F21, I7 and L18, F12 and L18,80 but lack the !-hairpin.
This hairpin is, however, stabilized by only two H bonds in the
NMR structure at 280 K and is also found to be less stable
than the helix by NMR, as reported by the backbone angular
order parameter of the amino acids 3-6.

E. Coiled Coil. Finally, we consider a dimer of the
LQQLARE peptide. Although this seven-residue peptide does
not exist in nature, it is one repeat (abcdefg, containing
hydrophobic residues at positions a and d and polar residues
generally elsewhere) used by proteins to form R-helical coiled
coil structures.86 In addition, it shares the same amino acid length

Figure 7. Trp-cage. The rmsd between the NMR structure and the largest cluster at 222 K obtained by the simulation starting from the (a)
experimental structure and (b) a random state. (c) and (d), the same but with respect to the largest predicted cluster at 300 K.

Figure 6. Thermodynamical properties of Trp-cage as a function of
T. (a) heat capacity, and (b) rmsd measured from the center of the
largest cluster at T ) 220 K. The dark blue and green lines report the
properties in the time intervals 40-70 ns and 70-100 ns, respectively,
for the run starting from the NMR structure (PDB 1L2Y). The red and
light blue lines report results for the run starting from a random state.
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as the Alzheimer’s fragment A ! (16-22) known to form
amyloid fibrils in vitro.87 Therefore, this peptide represents an
ideal system to demonstrate that OPEP, used to study protein
aggregation, is not biased toward the formation of !-sheets. To
this end, we launch a 100 ns REMD-OPEP simulation with 16
replicas between 190 and 450 K starting from a bundle of two

R-helices (Figure 10, panel a). Identical results are obtained
starting with two disordered chains. The variation of the rmsd
(panel b) and heat capacity (panel c) as a function of T shows
that equilibrium properties are achieved within 25 ns, and the
dimer displays a melting temperature at 284 K. The percentage
of random coil, R-helix, and !-strand as a function of the amino
acid index is shown at 253 K (below Tm) and 317.6 K (above
Tm) in panels d-f. We see that the dimer is essentially
disordered; the maximal percentage of !-strand and R-helix
reaching 10% at a few amino acid positions. All conformations
can be clustered in four familiess!-sheet, R-helix/coil, 310-helix/
coil, and coil/coilswith populations of 1.5, 0.4, 0.0, and 98.1%,
respectively, at 253 K and of 0.0, 1.5, 0.2, and 98.3%,
respectively, at 317.6 K. These results show that, irrespective
of the temperature, a seven-residue peptide is not sufficient to
encode R-helical coiled coils, in agreement with the observation
that these structures are formed by peptides with 25-50 amino
acids.86 They also indicate that this peptide has a very low
probability to stabilize into a dimeric !-sheet, in contrast to A
! (16-22), where REMD-OPEP predictions suggest a percent-
age of !-strand content of 36% at 310 K for the dimer.35

IV. Conclusions

Convergence of all-atom peptide simulations to equilibrium
ensemble is a difficult task in explicit solvent. For instance,
Juraszek and Bolhuis did not observe convergence of Trp-cage
to equilibrium ensemble using 64 replicas, each of 36 ns, starting
from a random state.3 This result justifies the need for continuous
efforts in enhanced sampling methods or reliable simplified
representations. In this context, we have explored the capability
of the coarse-grained implicit solvent OPEP model to predict
the structural and thermodynamical properties of six peptides
with various secondary structure compositions.

Figure 8. Specific heat of the BBA fold as a function of T using
independent time intervals. For clarity, the profiles using 240-300 ns
are not shown.

Figure 9. BBA fold. The two most populated clusters (a and b) and
the cluster in vicinity of the NMR structure (c) at 5 different
temperature, T1 ) 200 K, T2 ) 254 K, T3 ) 270 K, T4 ) 304 K and
T5 ) 411 K. For each cluster, we give the population (first row) and
CR-rmsd with respect to the NMR structure using the amino acids 1-24
(second row) and 3-24 (third row). Residues 25-28 are excluded
because they are disordered by NMR.

Figure 10. REMD simulation of 100 ns of the dimer of LQQLARE.
Starting structure (a) and evolution of the rmsd measured from the
starting structure (b) and specific heat (c) as a function of T. Evolution
of the percentage of (d) random coil, (e) extended or !-strand, and (f)
R-helix as a function of the residue number at 253 K (red line) and
317.6 K (black line). For simplicity, the amino acids of the second
chain are numbered from 8 to 14.
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First, REMD-OPEP is very fast: it takes about 10 min on an
3.0 GHz processor to generate a 1 ns trajectory for the 20-residue
Trp-cage. This light computational burden enables us to generate
many hundred nanoseconds at each temperature and ensure
convergence of the simulations. The use of long simulation times
is particularly important since proteins of 20-30 amino acids
can relax with different schedules and converge to equilibrium
in ∼ 200 ns or more, as seen for the 28-residue BBA fold.

Second, our REMD-OPEP simulations reproduce the R-helix
character of alanine-based peptides and lead to an accurate
description of the !-hairpin and Trp-cage peptides in terms of
structures (within 1-2 Å) and melting temperatures (within 25
K). Such a small deviation in the melting temperature of Trp-
cage runs in contrast with all previous simulations. REMD-
OPEP simulations on the BBA fold appear consistent with recent
experimental and numerical studies; the NMR structure with a
N-terminal !-hairpin is one populated cluster, but it is not
associated with the lowest free energy minimum. Finally,
simulations on a dimer of a coiled coil model demonstrate that
REMD-OPEP is not biased toward the formation of R-helices
and !-sheets.

All these results along with the high similarity in the free
energy surface of A ! 16-22 dimer obtained using OPEP and
an all-atom force field in explicit solvent35 are very encouraging.
The impact of the desolvation potential on the Tm of peptide
folding remains to be investigated, but with the simulation
speed-up and accuracy provided by OPEP, we may be soon
able to characterize the free energy surface of monomeric
proteins with 60-100 amino acids and of trimers of the full-
length Alzheimer’s peptide A !1-42, which is known to be
cytotoxic.
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