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ABSTRACT: The REST2 method is successfully applied to
investigate the thermal stability of chignolin CLN025 and of
Trp-cage. As opposed to temperature replica exchange, REST2
relies on the rescaling of the protein potential energy, which
allows a smaller number of replicas. The shape of the stability
curve reconstructed on the basis of the corresponding-state
principle is in very good agreement with experimental data; for
chignolin, the effect of mutations is also recovered.

Adaptation to the environmental temperature has been a
key driving mechanism of the proteome evolution.1 Even

today, some organisms known as extremophiles are found to
thrive in environments much colder or much warmer than the
human species comfort zone, spanning a temperature range of
more than 120 °C. The molecular bases of such an adaptation
are still being debated.2 A main issue from a simulation
perspective is that tackling protein thermostability with
molecular dynamics (MD) remains challenging as the involved
time scales for folding/unfolding events are usually long
compared to the time scales readily accessible by simulations.3,4

For example, stability differences between mesophilic/thermo-
philic homologues at very high yet still physical temperatures
(e.g., 370 K) manifest only after hundreds of nanoseconds.5

Moreover, when unfolding kinetics and mechanisms are of
interest, the use of a stronger thermal stress, as routinely done,
could lead to unphysical pathways.6,7 A natural tool to
accelerate sampling while assessing the protein response to
temperature is to run parallel tempering  also referred to as
temperature replica exchange  MD simulations (REMD).8,9

A major drawback of this approach is that it is very sensitive to
the overlap between the replicas total energies and thus to the
system size. At the moment it is thus not applicable at an all-
atom resolution in explicit solvent to proteins larger than a few
tens of amino acids, as the number of required replicas rapidly
becomes very large (tens of simulations). As an illustration,
recent REMD simulations on the 20-residue Trp-cage, a small
fast-folding protein, required 40 replicas propagated for
hundreds of ns to obtain reasonable stability curves.10

As the energy overlap scales with the number of particles as
N−1/2, optimal exchange rate between replicas is limited by the
number of solvent molecules that largely overpass the number
of proteins sites. Because the main contributions to protein
thermal unfolding are expected to be protein−protein and
protein−solvent interactions, it is therefore tempting, among
many other strategies,9 to focus on these interactions only11−14

in order to design alternative and computationally more
effective sampling methods. These simulation schemes based
on potential energy rescaling and Hamiltonian replica exchange
are called solute-tempering, of which REST211 is a variant that
we employ here. The corresponding state principle ensures an
equivalent statistics between a system evolving at a reference
potential energy and at a high temperature with a system
evolving at a rescaled, smoothed potential energy and lower
temperature. In REST2, since only the protein sites are affected,
the scaling with total system size is much better as compared to
standard REMD.11 This approach has two main limitations, a
priori. First, the thermodynamics is broken and can only be
considered as exact at the chosen reference temperature;
second, temperature-dependent solvent effects cannot be
accounted for as the solvent always remains unperturbed at
the reference temperature. Nonetheless, we present here an
approach based on REST2 that is shown to be successful in
determining protein stability curves in very good agreement
with their experimental counterparts, just as REMD has been
successful in that respect10 while requiring a much larger
number of replicas. We have implemented REST2 into NAMD
2.915 (we note that other implementations, especially in
Gromacs,16 exist), and we have been focusing on a mutant of
the miniprotein chignolin, CLN025,17 which exhibits a clear 2-
state folding behavior and which has been studied by
simulations4 and experiments17 in the past. When compared
to the original design of chignolin,18 which is much less stable
at ambient temperature, CLN025 has a reasonably high melting
temperature of 343 K.17 We show that only a very moderate
and reasonable number of replicas is required to yield to very
good exchange rates and thus reasonable sampling, and we
suggest a method to recover the protein stability curves. The
success of our approach, which is applied to several
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miniproteins, is later demonstrated by comparing it to existing
equilibrium MD and REMD results, together with the
comparison with experimental thermodynamic data.
During a REST2 simulation, all replicas evolve at the same

reference temperature βref, but the potential energy Ei of the ith
replica is scaled as11

λ λ⃗ = ⃗ + ⃗ + ⃗E X E X E X E X( ) ( ) ( ) ( )i i pp i pw ww (1)

where Epp(X⃗), Epw(X⃗), and Eww(X⃗) respectively designate the
protein−protein, protein−water, and water−water potential
energies. This nonlinear scaling of molecular interactions
ensures an easy implementation with the usual mixing-rules
and leads to a simple expression for the detailed balanced
criterion. Following this definition, for each ith replica, REST2
defines 3 corresponding temperatures depending on the types
of molecular interactions: protein−protein interactions evolve
at βi = λiβref; protein−water interactions evolve at β λ β=i i ref ,
and the solvent evolves at the reference temperature βref. As the
main interest of REST2 is to sample protein folding, which
mainly involves motions along the dihedral angle coordinates,
only these bonded interactions along with nonbonded terms
(usually Lennard-Jones and electrostatics) are rescaled11

(λiEpp
(1)). The protein bonds, angles, and impropers (Epp

(2)) are
left unperturbed so that the scaled total protein−protein
interactions term in eq 1 is written as Epp

λi = λiEpp
(1) + Epp

(2). It
follows from all these definitions that the scaled potential
energy of λiEpp

(1) is achieved by rescaling the dihedral force
constants and LJ energies of protein atoms by λi and their
charges by λi . The standard Lorentz−Berthelot mixing rules
used for most force fields then lead to the expected scaling of

λ ⃗E X( )i pw in eq 1.
Starting from previously equilibrated (folded) protein

configurations of CLN025 in explicit solvent (see SI Text for
details), we have performed REST2 simulations in the NVT
ensemble at a reference physical temperature of βref = 300 K for
300 ns on 12 replicas exchanging the following protein−protein
corresponding temperatures: 290, 300, 311, 322, 333, 345, 368,
394, 423, 455, 491, and 529 K. The CHARMM3619 force field
was employed for the protein solvated in TIP3P-CHARMM
water molecules. Exchanges were attempted every 10 ps.
We first discuss the performance of exchange and sampling

of the REST2 scheme for the CLN025 mutant (Figure 1A).
Raw simulation data (replicas runing on separate physical
processes exchange λ values) were first reordered according to a
λ perspetive. In Figure 1B, we show the diffusion of some λ
values in the replica space, suggesting that exploration of the
full replica-space is achieved on a nanosecond time scale.
Indeed, the exchange rate of success was found to be close to
57%. This high value is due to the very good overlap of the
distributions of the energy factor relevant in the detailed

balance factor, which can be approximated to ⃗E X( )pp
(1) +

λ ⃗− E X(2 ) ( )i
1

pw ,11 whose distributions are shown in Figure
1C. For each λ, the distribution significantly overlaps with
distributions in neighboring windows.
The trajectories in each λ window will sample the protein

conformational free-energy surface with the corresponding,
modified potential energy function (eq 1). The effect of the
decreasing λ is analogous to an increase in the temperature and
would therefore lead to a higher population of unfolded
protein. This effect is illustrated in Figure 1D, where the

evolution of the backbone Cα root-mean-square displacement
(RMSD) with respect to the center of the most populated
cluster in the native state (see SI Text) is shown as a function of
time for representative values of λ. For λ = 1, the protein
evolves with its unperturbed potential energy at 300 K.
Therefore, a significant population of folded conformation is
found, as shown in Figure 1D where the corresponding RMSD
takes values around 0.8 Å. At a smaller value of λ = 0.61
(protein−protein corresponding temperature of 491 K), the
folded protein structure does not seem to be stable, and much
higher values of the RMSD are observed (Figure 1D). Such
time-profile of any reaction coordinate can be obtained for each
λ and serves as a basis of subsequent free-energy surface
reconstruction.
We now aim at using the REST2 simulation data to quantify

the protein conformational response to temperature and to
identify the key thermodynamical quantities of CLN025 folding
equilibrium. The first step toward this goal is to adopt a
consistent definition for the protein folded state, based on
clustering techniques or cutoffs on given reaction coordinates.
In Figure 2A, we compare two such variables. One is the
standard RMSD defined above, whose cutoff is chosen to be
2 Å. As seen in Figure 1D, this value corresponds to a region of
a conformational space which is very sparsely populated and
very likely to be close to the folding reaction transition state
region. It divides a compact region around 0.8 Å corresponding
to the protein folded state and a very broad distribution around
higher values corresponding to the protein unfolded con-
formations. As illustrated in Figure 2A, the observed thermal
changes are almost identical if using a different reaction
coordinate,4 such as the smoothed fraction of native contacts Q
(see SI text).
The thermodynamics in the reference window (λ = 1) is in

principle exact and can be directly compared to experimental or
simulation data at the same reference 300-K temperature.
However, much more information would be obtained if one

Figure 1. REST2 simulations of the CLN025 chignolin mutant, last
150 ns. (A) Schematic representation of chignolin CLN025, which
folds as a small β-hairpin, and its amino-acid sequence. (B)
Trajectories of some λ parameters (red: λ = 0.61; orange: λ = 0.86;
blue: λ = 1.0) in the replica-space. Each λ visits all replicas within a few
ns. (C) Distribution of the detailed balance energy relevant for
exchange for the 12 values of λ. Some particular values are highlighted
according to the color code of B. (D) Trajectories of the RMSD for
the three values of λ. For clarity, two consecutive points are separated
by 0.5 ns.
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could benefit from the other windows and convert the λ-scale
into a physically relevant temperature range. We use the
corresponding state principle to define the instantaneous,
effective temperature βi′ in each frame of each window:

β β⃗ = ′ ⃗E X E X( ) ( )ref i i ref (2)

Since we are mainly interested in the effective corresponding
temperature for the protein conformational equilibrium, we
neglect the unscaled bath Eww contribution. The effective
temperature therefore results from a balance between the scaled
energies Epp and Epw:

β β
β

β
⟨ ′⟩ = + −

⃗

⃗ + ⃗

⎛

⎝
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⎛
⎝
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⎞
⎠
⎟⎟

⎞
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ref

i

pw

pp pw (3)

A derivation of this equation based on a mean-field approach
and the corresponding approximations are given in the SI. The
resulting formulation clearly highlights the asymptotic behavior
of ⟨βi′⟩, which is equal to βi if Epw ≪ Epp and to ββi ref if Epw ≫
Epp, which follows eq 1. For the small protein chignolin, the
protein−protein interactions are small compared to their
protein−solvent counterpart. A direct consequence is that the
simulation corresponding temperature range [280−529] K for
protein−protein interactions translates into an effective
temperature range of ≈[290−370] K, as seen in Figure 2B.
As we now have a physically relevant temperature range,
comparison with experimental data17 can be made (Figure 2B,
gray curve). While the REST2 simulations slightly under-
estimate the protein stability as a function of temperature (shift
of ≈20 K), the overall shape and temperature dependence are
very well reproduced by our approach. This can be compared

with the results of much more expensive, standard REMD
simulations21 or extrapolations made from very long equili-
brium trajectories at one temperature only,4 as discussed later.
To allow more quantitative comparison with experiments, we

have extracted thermodynamic data from our simulations using
the general Hawley’s expression22 for the free-energy difference
between the folded and the unfolded state, derived from the
fraction of folded protein using Boltzmann statistics, and which
can be written as22,23

Δ = −Δ − + + Δ −
⎡
⎣
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where Tm is the melting temperature, ΔCv is the change in heat
capacity when going from folded to unfolded (considered as
constant), and ΔHm is the melting enthalpy. Fitting the free-
energies of protein unfolding (Figure 2C, green) leads to an
estimate of these thermodynamic quantities that can be directly
compared with the experimental values (Table I). The melting

temperature is well-predicted but slightly underestimated by
≈20 K (without the fit, the point at T ≈ 328 K actually exhibits
a fraction of folded protein close to 50%). The melting
enthalpy as well as the unfolding free-energy differs from the
experimental values by 1 kcal/mol, and despite being of a
different sign, ΔCv remains very small, as expected (the fit of
the experimental data in ref 17 is actually performed assuming
ΔCv = 0). We note a clear difference between our results and
the extrapolation based on a very long (100 μs) brute force MD
simulation at 340-K published by the DE Shaw group.4 The
value of the unfolding free-energy at the experimental melting
temperature Tm

exp = 343 K (Table I) illustrates this difference. At
this temperature REST2 simulations estimate a lower fraction
of folded protein as compared to the experiments, while
according to the extrapolation of the μs-simulation,4 the protein
is overstabilized (Figure 2D). Besides differences in the
methodologies and their sampling efficiencies, we also note
that the employed force fields are slightly different, although
they are both based on recently reparametrized versions of
CHARMM (CHARMM36 vs CHARMM22*4). Interestingly, a
very recent simulated-tempering (ST) study using
CHARMM22*20 found that the fraction of folded state at
310 K was ≈67%, which is in very good agreement with our
stability curve but much below the extrapolation of ref 4 (black
cross in Figure 2D).
We have also repeated REST2 simulations on the first design

of chignolin18 here referred to as CLN001, which only differs
by the two terminal residues that are both replaced by glycine.
Experimentally, this peptide is only marginally stable at ambient
temperature, with a melting temperature around 310 K.18 At

Figure 2. Stability curves of CLN025. (A) Fraction of folded
conformations in each λ window. Cutoffs based on two different
reaction coordinates (orange dots: Cα-RMSD; blue squares: number
of contacts-based coordinate) give similar results. (B) Rescaling of the
raw REST2 data (red circles) in terms of a corresponding temperature,
as defined in the text, and comparison to the experimental curve
(gray). (C) Unfolding free-energy calculated from the folded fraction
curve (red circles) and analytical fit (green) leading to thermodynam-
ical quantities. (D) Same plot but represented as the folded fraction as
a function of temperature, compared to the experimental curve, the
extrapolation of a 100-μs simulation published earlier (blue star−the
extrapolation was made with the thermodynamical parameters
suggested by the authors in the SI of ref 4) and the results of a
simulated tempering study (black cross).20

Table I. Thermodynamic Parameters Extracted from
Different Sets of Available Dataa

system
Tm
(K)

ΔHm
(kcal/mol)

ΔCv
(kcal/mol/K)

ΔG(300)
(kcal/mol)

ΔG(Tm
exp)

(kcal/mol)

expt 343 +10.5 −0.07 +1.5 0
REST2 321 +9.4 +0.17 +0.5 −0.8
MD(μs) 382 +9.7 +0.10 +1.1 +0.8

aExperiments: fit of the stability curve using eq 4, ref 17, and Figure
2B; current work: fit of the stability curve (Figure 2C); MD(μs):
extrapolation of a 100-μs simulation at 340 K using eq 4 and data in
the SI of ref 4.
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ambient condition the mutant CLN025 is about 1 kcal/mol
more stable than CLN001. As detailed in the SI, our
simulations reproduce this trend as there is a dramatic shift
of stability toward lower temperatures. This stability shift is also
recovered by computing the free energy associated with the
mutations G1Y/G10Y via alchemical free-energy (shown in the
SI). However, in practice these “single-point” calculations
cannot fully sample the folded/unfolded state conformational
ensemble; thus they do not provide the associated mechanistic
details, and they are performed at a given thermodynamic
condition. Therefore, REST2 appears as a valuable tool to
contrast the behavior and to recover temperature dependent
quantities of several mutants that exhibit distinct thermal
stabilities.
We finally discuss the convergence of the results, and we

compare it to a more standard simulation scheme based on
temperature exchange among replicas. In Figure 3A, we show

the evolution of the fraction of folded configurations along the
300 ns trajectory, based on 50 ns block-averages. The stability
curve is observed to be stable after ≈150 ns, and we have used
the subsequent portion of the trajectory for the data presented
above. Although we cannot make sure that the stability curve
will no further evolve on a much larger time scale, these results
can be compared to those of the standard REMD scheme.
Despite a much larger number of replicas (32 vs 12 for
REST2), which is required to ensure a decent exchange rate
(close to 30% in that case), convergence is much slower, and,
quite strikingly, the melting curve exhibits large fluctuations
even after more than 500 ns (Figure 3B). Previous simulations

on CLN001 have reported convergence of the data on the
300−500 ns time scale,24 and REMD simulations of the
miniprotein Trp-cage were also observed to converge on a
similar time scale.10

By averaging on the portion of the REMD simulation where
the fraction of folded state among replicas seems to fluctuate
around an average value (we chose 160−560 ns), we can
further compare the stability curves obtained by REST2,
REMD, and in the experiments (Figure 3C). The overall shape
of the REMD stability curve is more spread than the
experimental one, and a marginal stability of the protein at
unphysically high temperatures (400 K and above) is observed.
This behavior was reported for chignolin CLN001 with 4
different force fields21 and for Trp-cage.10 This significant
disagreement may be due to the temperature-dependence of
the protein and the water force fields that were mostly
parametrized to reproduce ambient-temperature properties.
Together with the effective way of recovering the temperature
scale in the REST2 approach (where the simulation temper-
ature is similar among replicas), this may explain the differences
between the REST2 and REMD stability curves at high
temperatures. However, at the reference simulation temper-
ature, the thermodynamics is exact, and all simulation strategies
should lead to the same results, assuming they are converged.
When this reference temperature is 300 K, the fraction of
folded states observed in the unperturbed window of the
REST2 simulations is actually close to the edge of the error bars
(10%) of the REMD simulation (blue square in Figure 3C).
(We note that in REMD simulations of Trp-cage, fluctuations
of about 10% of the total fraction (summed over all replicas) of
folded configurations were still observed beyond 600 ns of
simulation per replica10). As already noted, our results are in
very good agreement with a previous ST study using a very
similar force field,20 and it is worth stressing here that ST has
been shown to be more efficient than REMD in terms of
convergence.25

In order to control the effect of bath thermalization, we have
also carried out REST2 simulations using higher reference
temperatures for the solvent (333 and 368 K, see the SI for
details). As shown in Figure 3C, the fraction of folded states in
the corresponding unperturbed windows is close to the (large)
fluctuations observed in the REMD simulations. Another
interesting feature of the corresponding stability curves, which
will be examined in more detail in a future work, is that
although slightly shifted, they are not dramatically different
from that at 300 K, further validating our effective temperature
reconstruction and suggesting that, at least for this system,
temperature-dependent solvent effects only bring minor
contributions in the physical temperature range T < 400 K
(the shift in the estimated melting temperature is <20 K, while
the reference temperature changes by 68 K).
To further reinforce this comparison between REMD,

REST2, and experiments, we have performed simulations of
another miniprotein, Trp-cage, for which converged REMD
simulations extending at the microsecond time scale per replica
have been reported in the literature.10 For this system, the
CHARMM36 force field lead to very poor agreement with
experiments, and we had to use the Amberff99SB26 protein
force field (see the SI for details). As shown in Figure 3D, the
REST2 simulations seem to be converged on a 250 ns time
scale, and the resulting stability curve agrees very well with that
obtained with REMD at temperatures close to 300 K, where
solvent-specific temperature effects and approximations due to

Figure 3. Comparison between REST2, REMD, and experiments.
Stability curves of CLN025 using REST2 (A) taken in successive
blocks of 50 ns along a 300 ns trajectory (colored lines) and
comparison to experimental data (gray). The average over the last 150
ns is shown as black circles (data reported in Figure 2). Standard
deviation is very small and is not indicated. Comparison with REMD
data (B) using 32 replicas between 278 and 600 K, propagated for 560
ns, and shown for blocks of 80 ns. The average over the last 400 ns
portion of the trajectories is shown as black circles, and the standard
deviation among the 5 corresponding blocks is shown. (C)
Comparison between the average stability curves obtained in REMD
(black line with error bars) and in REST2 at a reference temperature
of 300 K (blue circles), 333 K (green circles), and 368 K (red circles).
(D) Stability curves of Trp-cage obtained using REST2 (black circles
 averaged over the last 100 ns of the simulation), REMD from the
Garcia group10 (orange) and in the experiments (gray).10
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the temperature reconstruction in REST2 are more modest as
compared to the highest temperatures for which REST2
markedly differs from REMD. However, the agreement
between REST2 and experimental data is excellent.
In conclusion, we have implemented a solute-scaling

Hamiltonian-exchange algorithm, REST2, that was successfully
applied to the study of miniprotein thermal stability. A strategy
was suggested in order to recover an effective temperature-
scale. Only a very limited number of replicas (12), simulated for
up to 300 ns each, was necessary to obtain a stability curve in
very good agreement with experimental data. In particular, the
simulated melting temperature for chignolin CLN005 is close
to the experimental one, differing by only ≈20 K. The
experimental shift in chignolin stability upon mutation was also
reproduced by our simulations, and our approach was also
successful in reproducing the thermal stability of the 20-residue
Trp-cage. We are currently deploying this methodology to
investigate larger protein systems to uncover some of the
thermodynamical and molecular features of protein thermo-
stability.
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