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Abstract: We develope a new free-energy method, based on the combination of parallel tempering and
metadynamics, and apply this method to the calculation of the free-energy landscape of the folding â hairpin
in explicit water. We show that the combined method greatly improves the performance of both parallel
tempering and metadynamics. In particular, we are able to sample the high free-energy regions, which are
not accessible with conventional parallel tempering. We use our results to calculate the difference in entropy
and enthalpy between the folded and the unfolded state and to characterize the most populated
configurations in the relevant free-energy basins.

I. Introduction

Understanding the mechanism of protein folding is an open
challenge in molecular biology.1 Although advances in time-
resolved experiments have significantly enhanced our under-
standing of thermodynamic stability and folding kinetics,2-4

much remains to be done. Computer simulations have been of
great help and have been performed at various levels of
complexity, ranging from lattice models and Go models to fully
atomistic simulations with implicit or explicit solvent. However
due to the time scale of the folding process and its rugged free-
energy landscape,5 most of our current theoretical understanding
comes from simple lattice or off-lattice models. Although much
can be learned by performing this kind of simulation, they
remain somewhat limited in their predictive power. Straight-
forward fully atomistic molecular dynamics or Monte Carlo are
limited by the fact that they can only access time scales up to
1 µs, whereas the folding process generally takes milliseconds
or longer times. To overcome this limitation various approaches
have been tried. Reviewing even briefly the vast literature on
the subject goes beyond the scope of this paper (see, e.g., ref 6
and references therein). Here we recall only two classes of
approach: one is based on taking advantage of the enhanced
sampling at higher temperatures, and the other, on the identi-
fication of an appropriate set of collective variables (CVs), used
to describe and accelerate the folding process.

The simplest way to take advantage of the system temperature
is to raise it so as to accelerate the dynamics.7 While instructive,
this approach is limited by the fact that at high temperatures
the system explores configurations rather different from those
relevant for its biological activity. A more rigorous approach
in this class is the parallel tempering (PT) method.8,9 Here the
temperature is exploited to enhance the phase-space exploration
within a replica exchange scheme, which ensures the correct
sampling of the canonical ensemble for all the replicas. This
method has been successfully applied to the characterization
of the free-energy profiles of small proteins.10-15 A major
drawback of this method is that, since the sampling is canonical,
unlikely states are not visited: this leads to significant errors
in the estimated free energy in the barrier regions. Moreover,
its computational cost is extremely high, and improvements in
its efficiency seem necessary at this point.

Methods based on the choice of a set of CVs or on transition
state theory have also been extensively applied to the study of
protein folding.16,17A serious problem of these methods is that
the results can be strongly affected by the choice of the CVs,
and large hysteresis can be observed if a relevant variable is
forgotten. Metadynamics18,19 is a promising approach in this
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class and is designed to build adaptively a bias potential that
compensates the thermodynamic force. At the end of the
simulation, the negative of the bias potential provides an image
of the underlying free-energy profile. Metadynamics (MetaD)
is related to but different from a variety of other methods.20-24

Due to the way the bias potential grows, the states are explored
with a frequency that decreases linearly with their free energy.
This is at variance with standard canonical sampling, in which
the frequency decreases exponentially. This feature of MetaD
allows high barriers to be overcome and accurately measured,
as long as the CVs are properly chosen. However, it has been
shown elsewhere19,25that the error in the free-energy estimation
is related to the diffusion coefficient in the CVs’ dynamics and
the free-energy estimate can be affected by large errors if this
coefficient is too small. An even worse situation can be observed
if an important slow degree of freedom with a high free-energy
barrier is not taken into account in the choice of the CVs. This
is indeed a common situation in complex biological systems
such as proteins, where it is particularly difficult to choose a
small set of CVs to describe all the slow degrees of freedom
related to the process of interest.

In this work we introduce a new method that, by combining
PT and MetaD, is able to improve the accuracy of both. We
perform multiple MetaD simulations at different temperatures,
periodically allowing the exchange of configurations according
to a replica exchange scheme. The free-energy profile is filled
in parallel at all temperatures, and the dynamics of the system
rapidly becomes diffusive in the CV space. This greatly
improves the capability of PT to explore low probability regions,
ultimately leading to a more reliable estimate of the height of
the relevant free-energy barriers. On the other hand PT allows
sampling of the degrees of freedom not explicitly included in
the CVs, thus improving the accuracy of MetaD.

We use the method to compute the folding free energy of
the 16-residue C-terminal fragment of protein G-B1 (sequence
GEWTYDDATKTFTVTE) in explicit water with the OPLS
force field.26 Our choice was guided by the fact that in the past
few years this peptide, which forms aâ hairpin in solution, has
become a prototype system for investigating protein folding and
the formation ofâ sheets.2-4,10,11,13,27-37 Fluorescence experi-
ments by Eaton and co-workers3,4 showed that the hairpin
exhibits two-state kinetics between the folded and unfolded state,
with a relaxation time of 6µs. This experimental work inspired

many simulation studies that used a variety of methods ranging
from simplified28,29 to atomistic models using implicit13,30,31or
explicit solvent.11,10,14,15,32-37

The performance of standard PT and the combined methodol-
ogy we propose are carefully compared. We show that with
our approach it is possible to obtain a converged estimate of
the free energy in a much shorter simulation time. The improved
convergence properties allow estimations of the folding enthalpy
and entropy within statistical accuracy. We confirm that the
OPLS force field, when combined with constant-volume PT,
overestimates the melting temperature.

II. Methods

We run in parallelNr replicas of the system, using standard molecular
dynamics at different inverse temperaturesâi. Since the free energy is
dependent on the temperature, we use theseNr replicas to buildNr

different bias potentials adaptively, denoted asVi(s;t). These potentials
act on a set of CVss(q), defined as functions of the microscopic
coordinates. We denote asqi(t) the coordinates of thei-th replica at
time t. The i-th bias potential is updated with frequency 1/τG adding a
Gaussian of widthσG and heightwi:

As we will discuss later, we use different weights for different replicas.
Up to now, this is exactly equivalent to a collection of independent
MetaD simulations at different temperatures. Then with frequency 1/τx

we try to exchange the coordinates of two replicas at adjacent
temperatures, in the spirit of the replica exchange method. When
calculating the acceptance we take into account the fact that the different
replicas experience different bias potentials and, therefore, different
Hamiltonians.38 The acceptance ratio for an exchange involving replicas
i and j is within the Metropolis scheme:

If the Monte Carlo move is accepted, the coordinates are exchanged
and the momenta are rescaled as

As the simulation proceeds the biases for the different temperatures
tend to compensate the corresponding free energies, and the CVs start
diffusing freely on a barrierless landscape. This leads to a significant
decrease in the correlation times, and the high-temperature replicas start
to propose to the lowest independent configurations at a faster rate.

To check this interpretation, we test our method on a model of
Langevin dynamics in the high friction limit. We evolve two replicas
on a simple one-dimensional free energy (see Figure 1) with the
diffusion coefficient equal to 1. The low temperature replica is evolved
at a temperatureT ) 1/3, and the high temperature replica, atT ) 1.
We grow the bias using MetaD. In Figure 1 we plot the sum of the
bias plus the underlying free energy: this function is expected to become
flat due to the use of MetaD. In standard MetaD (left) the starting basin
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has to be completely filled before the system is able to explore the
second one. With MetaD plus PT (right), the low temperature replica
tunnels to the second well (see the arrow in Figure 1) already after a
short transient and the two basins are filled simultaneously. This allows
the free-energy difference of the two wells to be measured in a shorter
time and greatly increases the accuracy of MetaD, since accepted
exchanges quickly decorrelate the dynamics.

We empirically observed through systematic testing that the best
choice is to use higher Gaussians on the high temperature replicas, so
that they rapidly fill their free-energy profiles. Thus, we rescale the
weight of the Gaussians with the replica temperature. Since the accuracy
of MetaD is related to the square root of the Gaussians’ height, this
choice leads to an error that grows with temperature but allows for
faster filling of the free-energy wells in the hot replicas. We also
checked our approach on two-dimensional models, where MetaD is
performed on only one of the two variables. The presence of barriers
on the hidden variable significantly decreases the accuracy of standard
MetaD. If MetaD is applied in combination with PT, the barriers in
the hidden variable are crossed in the high-temperature replicas, and
the free energy in the biased variable is reproduced with much better
accuracy.

Our approach is related to that applied by Coluzza and Frenkel to a
lattice-protein model,39 where PT is combined with adaptive umbrella
sampling. However, our approach is not to be confused with the parallel
MetaD introduced in ref 40. In this case, all the replicas (referred to as
walkers) are evolved at the same temperature, and a single free-energy
profile is calculated. In the present approach, the different replicas are
evolved at different temperatures and the free-energy profiles for all
these temperatures are calculated at the same time.

III. Simulation Details

The â hairpin system was taken from the C terminus
(residues 41-56) of protein G (PDB code: 2gb1). Hydrogen
atoms were added, and the resulting peptide was solvated
in a cubic box of 1559 TIP3P water molecules.41 The
system was equilibrated at 300 K at constant pressure. The final
box side was 36.7 Å. All simulations were performed
using the ORAC MD code42 with the OPLSAA force
field.26 The long-range electrostatic interactions with
periodic boundary conditions were calculated by the
particle mesh Ewald algorithm with a mesh of 64× 64 × 64.
We run 64 replicas of the system in a temperature range
of 270 to 695 K. Each replica was pre-equilibrated for
200 ps at its target temperature. During the simulation, we
keep the temperature constant by rescaling velocities. The
details of how temperature is controlled play a lesser role
here due to the fact that parallel tempering itself acts as a
thermostat.

Optimal distribution is obtained when the acceptance ratio
is constant across the entire temperature range. We adopt a
simple geometric distribution of temperatures, which is known
to lead to optimal acceptance if the specific heat is constant.43

We then check the acceptance and a posteriori verify that its
value is in the optimal range (between 0.3 and 0.5) for all the
temperatures. We attempt to swap neighboring replicas once
every 192 fs.

To compare conventional parallel tempering (PT) with
parallel tempering plus metadynamics (PTMetaD) in a fair
way, we use exactly the same simulation parameters
(number of replicas, exchange frequency) in both cases.
In the PTMetaD approach we build a compensating bias
acting on a set of preselected CVs, putatively suitable for
the description of the folding mechanism. Then, we recon-
struct the free energy as the negative of the bias potential. In
PT, we simply measure the value of the same CVs every
0.6 ps, and then we build the histogram of these quantities
and calculate the free energy as its logarithm. Thus, we
have two estimates of the free-energy profile with respect
to the selected variables and are able to compare the two
methods.

The first CV that we select is the gyration radius of the heavy
atoms of the backbone, defined as

where the summations run over theNb heavy atoms of
the backbone. This variable is generally used to discrim-
inate between a completely unfolded protein and a molten
globule state, where the protein is compact but disordered.
Thus, we also introduce variables that can distinguish
between the molten globule and a folded structure by
means of nontrivial information on the secondary structure. A
natural way to do this is to introduce a CV that counts the
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Figure 1. Metadynamics on a two-basin energy profile (thick line). We
use a model of Langevin dynamics, combined with standard MetaD (left)
or with MetaD plus PT (right; only the lowest-temperature replica is
represented). The thin lines represent subsequent images of MetaD filling,
labeled with sequential numbers, obtained by plotting the free energy plus
the MetaD bias. See the text for a discussion.

Figure 2. Number of explored clusters as a function of the simulation
time, for PT (dashed) and PTMetaD (solid). PTMetaD exploration is more
than 3 times faster.
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number of hydrogen bonds in the backbone. This number is
evaluated as

with d0 ) 2.5 Å. Here the summations run over the O and H
atoms of the backbone.

In preliminary 2 ns PT and PTMetaD runs, we found a well-
defined secondary structure only when the backbone-backbone
hydrogen bonds were between residues whose sequence separa-
tion was larger than 4, while hydrogen bonds with a sequence
separation equal to 4 (R helices) were scarcely populated. Hence
we included in the CVs for MetaD only the hydrogen bonds
with a separation larger than 4. This observation was confirmed
by the longer production PT run. Moreover, in the preliminary
PT run we found relevant barriers between two possible folded
structures, one of them including only bonds with even sequence
separation, the other including bonds with odd sequence
separation. Thus, we perform PTMetaD with three CVs: the
gyration radius, the number of hydrogen bonds with even
sequence separation, and the number of hydrogen bonds with
odd sequence separation. None of these variables requires
specific knowledge of the folded structure. We a posteriori

observed from the converged production runs that the states
with a nonzero number of hydrogen bonds with an even
difference were not populated in either the PT or the PTMetaD,
indicating that the inclusion of this variable in the MetaD
calculation is superfluous. Thus, even if the run is performed
using three CVs, in the following section we will show the free-
energy profiles relative to two CVs only: the gyration radius
and the number of hydrogen bonds with an odd difference.
Finally, we observe that due to the manner in which MetaD
builds its bias, the simulation does not waste time in the
nonrelevant regions of CV space. This is indeed a decisive
advantage of MetaD over other biased-base methods such as
umbrella sampling.

IV. Results and Discussion

After an initial equilibration, we performed a long production
run of 8.4 ns with conventional parallel tempering (PT) and a
shorter run of 2.8 ns with parallel tempering plus metadynamics
(PTMetaD). In the PTMetaD run, we added a Gaussian every
0.48 ps. The Gaussians’ height is 0.111kBT, and their width
with respect to the number of hydrogen bonds is 0.05, while
their width in the gyration radius is 0.25 Å.

A key parameter to quantify and compare the efficiency of
the two approaches is the speed at which they explore the phase
space. This can be computed performing a standard cluster
analysis on the trajectory, including only the configurations
collected up to a given simulation time. The number of
independent clusters measures the volume of the explored phase

Figure 3. Free-energy profiles versus the number of hydrogen bonds (horizontal axis) and the gyration radius of the backbone (vertical axis), as obtained
from parallel tempering. The contours are spaced at intervals of 2kBT. The four rows represent four different temperatures, as indicated on the side. The first
three columns show the results obtained independently from three subsections (2.8 ns each) of the total run. The difference between the plots in the first three
columns indicates that these free-energy profiles at the two lowest temperatures (270 K and 300 K) are not converged with 2.8 ns runs. The fourth column
is obtained from averages over the entire run (8.4 ns).
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space. We calculate the clusters with the algorithm described
in ref 44, using the atoms of the backbone and a 1.5 Å cutoff.
In Figure 2 we plot the number of clusters explored as a function
of time, with PT and PTMetaD. It is clear that the exploration
speed for PTMetaD is more than three times larger than that
for plain PT. We also calculated the ergodic measure introduced
by Thirumalai et al.45 and found that PTMetaD converges much
faster than plain PT.

We now check whether the configuration space is properly
sampled. In Figure 3 we plot the free-energy profiles with
respect to the relevant CVs, at four selected temperatures, as
obtained from the PT calculation. We split the long 8.4 ns run
into three subsections and show the statistics accumulated from
the single parts. In the last column we show the free energy
obtained by collecting all the data. As we will discuss in detail
later, these data are not fully converged and cannot be used for
a quantitative description of the system. From a qualitative point
of view we can argue that (a) the high-temperature replicas
spend a lot of time in the unfolded region (less than one
hydrogen bond), with a gyration radius fluctuating between 5
and 12 Å, and (b) the low-temperature replicas exhibit an
L-shaped profile, indicating that in the folding process the
gyration radius is first decreased to a value of around 5,
corresponding to a molten globule state, and then the critical

hydrogen bonds are formed. As can be observed from the first
two rows,T ) 270 K andT ) 300 K, the free-energy profiles
are quite converged in the region of the folded minimum, which
is located at 4.5 hydrogen bonds and a 5.5 Å gyration radius.
However, in the other regions of the CV space, the profiles are
clearly not converged. In particular, the structure of the unfolded
state and of the barrier is different in the three subsections and,
therefore, cannot be estimated reliably.

In Figure 4 we plot the free-energy profiles obtained from a
2.8 ns PTMetaD run. This run is 3 times shorter than the PT
run and exactly the same length as a single subsection of the
longer PT run. In the four columns we show the estimated free
energies, which are computed19 as the negative ofVi, at four
subsequent stages of the entire run. As the calculation proceeds,
the MetaD disfavors the low-energy states and allows the
exploration of low probability regions. Although this run is much
shorter than the PT run, the convergence is reached not only in
the low free-energy regions but also at the barriers. In the region
of the folded minimum, where PT is fully converged, the
comparison between PT and PTMetaD in Figure 5 shows that
the PTMetaD is also converged and the results obtained from
the two methods are consistent. As a further check, we
performed an independent 2.8 ns MetaD run, starting from the
final configurations of the first run. The comparison between
the first and the second run is shown in Figure 6.

In Figure 7 we plot three configurations taken from the cluster
analysis of the PTMetaD replica running atT ) 300 K. They
are the most populated clusters corresponding to the unfolded
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(45) Thirumalai, D.; Mountain, R. D.; Kirkpatrick, T. R.Phys. ReV. A 1989,
39, 3563.

(46) Humphrey, W.; Dalke, A.; Schulten, K.J. Mol. Graphics1996, 14, 33.

Figure 4. Free-energy profiles versus the number of hydrogen bonds (horizontal axis) and the gyration radius of the backbone (vertical axis), as obtained
from parallel tempering plus metadynamics. The contours are spaced at intervals of 2kBT. The four rows represent four different temperatures, as indicated
on the side. The four columns represent the evolution of the estimated free energy as a function of the simulation time, the last one taken at the end of the
2.8 ns run. A constant has been added to align the minima. The contour lines are rather stable with time, and the shape of the minima is reliable even after
0.7 ns. Moreover, all the contour levels are consistent in the two last frames, indicating that convergence has been achieved on the entire explored region.
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state, the molten globule, and the folded state. The highest
barrier in the folding process is located atNH ) 1, i.e.,
corresponding to the formation of the first hydrogen bonds, and
separates the molten globule and the folded state. The height
of this barrier is approximately 4 kcal/mol. However, a word
of caution is necessary here. Extracting quantitative kinetic
information from the free-energy surfaces can be dangerous.
As discussed in refs 36 and 37 a limited set of CVs is not
sufficient to describe the complex folding process.

It is interesting to calculate statistics on CVs which are
different from the ones chosen to perform the PTMetaD run, in
particular the population of the single hydrogen bonds. This
cannot be done on a quantitative basis since it is difficult to
assess the influence of the MetaD bias. However, we can extract
qualitative information, such as the temperature dependence of
the population and the order in which these bonds are formed.
In Figure 8 we plot the temperature dependence of the six
relevant hydrogen bonds, defined as the six most populated
bonds at room temperature. The bias disfavors the stablest
configurations; thus the bond occupations are expected to be
underestimated at low temperatures and overestimated at high
temperatures. Keeping this into account, our results are in
qualitative agreement with the results in ref 29. In Table 1 we
also show the conditional probabilities of formation of these
six relevant bonds. The results clearly indicate that the bonds
are formed in sequential order, starting from the ones close to
the turn.

Since in our free-energy profiles we observe a single relevant
barrier, we divide the CV space into two regions, one corre-

sponding to the folded state and the other to the unfolded state.
To discriminate, we arbitrarily label as folded the states with
more than 1.1 hydrogen bonds. Then, in Figure 9 we plot the

Figure 5. Free-energy profiles versus the number of hydrogen bonds
(horizontal axis) and the gyration radius of the backbone (vertical axis), at
T ) 300 K, as obtained from PT (upper) and PTMetaD (lower). These
profiles are the same as those in the second row, last column of Figures 3
and 4, but here they are zoomed on the basin region, and the contours are
spaced at intervals of 0.5kBT. In this region, the two methods are consistent
within their accuracy.

Figure 6. Free-energy profiles versus the number of hydrogen bonds
(horizontal axis) and the gyration radius of the backbone (vertical axis), at
T ) 300 K, as obtained from two independent PTMetaD runs. The contours
are spaced at intervals of 2kBT. In the region explored by both runs, the
average error is 0.8kBT.

Figure 7. Free-energy profile versus the number of hydrogen bonds
(horizontal axis) and the gyration radius of the backbone (vertical axis) at
T ) 300 K, as obtained from PTMetaD. The contour lines are spaced at
intervals of 2kBT. We also show the configurations of the most populated
clusters within their basins: (a) unfolded state, (b) molten globule, and (c)
folded state. Images were generated using the visual molecular dynamics
(VMD) software.46

Figure 8. Occupations of the six relevant hydrogen bonds versus the
temperature, as obtained from the PTMetaD calculation. The bonds are
labeled with the indexes of the corresponding residues, as indicated in the
inset.

Table 1. Probability of Occupation of a Given Hydrogen Bond
(Column) Conditional to the Formation of Another Bond (Row)a

6-11 11-6 13-4 4-13 15-2 2-15

6-11 1.00 0.89 0.85 0.64 0.58 0.36
11-6 0.99 1.00 0.84 0.63 0.57 0.36
13-4 0.97 0.87 1.00 0.75 0.67 0.42
4-13 0.98 0.87 0.99 1.00 0.82 0.51
15-2 0.98 0.87 0.99 0.91 1.00 0.62
2-15 0.98 0.88 0.99 0.92 0.99 1.00

a Bonds are labeled as those in Figure 8. Numbers below the diagonal
are close to 1, indicating that the bonds are almost always formed in the
same order, i.e., from the turn to the tails.
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free-energy difference between the folded and the unfolded state
as a function of the temperature, calculated as

Here the two integrals are performed on the regions of the CV
space related to the folded (F) and to the unfolded (U) protein.
In a two-state model we have∆F ) ∆H - T∆S, where∆H is
the enthalpy difference and∆Sis the entropy difference between
the folded and the unfolded state. Remarkably, already after
the first 0.7 ns the dependence of∆F on T is approximately
linear. The coefficients obtained from a linear fit are fairly stable
during the simulation, and the estimate from the first 0.7 ns is
already within 5% of the last estimate.

The value obtained for the enthalpy difference at the end of
the PTMetaD simulation is∆H ) 9.4 kcal/mol, and the value
for the entropy difference is∆S ) 24.9 cal/mol/K. For
comparison, we calculate the same quantities from the PT
simulation. In that case the estimate of the error is straightfor-
ward if we assume that the three subsections are statistically
independent. This gives∆H ) 9.5 ( 0.4 kcal/mol and∆S )
25.2 ( 0.8 cal/mol/K. Clearly, the PTMetaD results are
consistent with the long PT run. The fact that they lie inside
the error bar of the long PT simulation is an indication of the
fact that they are converged at least as much as in the long PT
run, despite a much shorter simulation.

The parameters we obtain for the two-state model,∆H )
9.4 kcal/mol and∆S ) 24.9 cal/mol/K, are in remarkable
agreement with the Go model results in ref 29 (∆H ) 7.0 kcal/
mol and∆S) 22 cal/mol/K). Also, they can be compared with

the experimental values,3 namely∆H ) 11.6 kcal/mol and∆S
) 39 cal/mol/K. The folding temperature estimated from the
ratio ∆H/∆S is 378 K. Our results underestimate both the
enthalpy and the entropy difference, consistently with ref 14.
These deviations can be ascribed not only to the force field but
also to the fact that our simulations are carried out at constant
volume, thus forcing an unnaturally high pressure in the high-
temperature replicas. This issue has been discussed recently by
Seibert et al.15

V. Conclusion

We have developed a new method to perform molecular
dynamics simulations, based on the combination of two existing
approaches, metadynamics (MetaD) and parallel tempering (PT).
These two approaches have different and complementary
characteristics, so that their combination is an improvement on
both of them. In more detail, MetaD is able to force the system
to sample and to cross very high free-energy barriers when the
relevant degrees of freedom are known, while PT improves the
sampling in all the degrees of freedom, regardless of their
importance for the process of interest. The only drawback of
the combined approach (PTMetaD) is that there is no trivial
way to extract free-energy profiles with respect to degrees of
freedom different from the chosen CVs.

We apply this method to the folding of theâ hairpin. In this
system, MetaD alone does not work properly, due to the large
number of slow degrees of freedom which are necessary to
describe the folding process. On the other hand, PT has been
applied to this system several times. However, all the authors
found problems in converging the results, expecially outside
the free-energy minima. We compare PTMetaD with standard
PT. Although the free-energy barriers are moderately high and
that the relevant degrees of freedom are not known, the biasing
scheme of MetaD strongly improves the PT sampling. We show
that PTMetaD is at least three times faster than standard PT in
exploring the phase space. We expect this advantage to be even
larger in systems where a small number of slow variables with
high free-energy barriers can be selected through physical
knowledge of the problem. We calculate the free-energy profiles
and show that PT and PTMetaD give consistent results in the
region where PT is reliable, i.e., at the bottom of the free-energy
basins. With PTMetaD, we are also able to calculate converged
free-energy profiles in the barrier region, which is not accessible
in standard PT simulations. Finally, we extract physical
information from our calculations, namely the enthalpy and
entropy changes in the folding process, and the melting
temperature. These quantities are compared with experiments
and with results obtained using different methods.
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Figure 9. Free-energy difference between the folded and the unfolded state
as a function of the temperature (b). The result is plotted at four subsequent
stages of the PTMetaD simulation, as in Figure 4. The straight lines represent
linear fits, consistent with the two-state model,∆F ) ∆H - T∆S. ∆H is
indicated in kcal/mol, and∆S, in cal/mol/K (see text for details).

∆F ) kBT log(∫F ds exp(-
F(s)
kBT)

∫U ds exp(-
F(s)
kBT)) (7)
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