
Abstract. Adaptive umbrella sampling of the potential
energy is used as a search method to determine the
structures and thermodynamics of peptides in solution. It
leads to uniform sampling of the potential energy, so as to
combine sampling of low-energy conformations that
dominate the properties of the system at room temper-
ature with sampling of high-energy conformations that
are important for transitions between di�erent minima. A
modi®cation of the procedure for updating the umbrella
potential is introduced to increase the number of transi-
tions between folded and unfolded conformations. The
method does not depend on assumptions about the
geometry of the native state. Two peptides with 12 and 13
residues, respectively, are studied using the CHARMM
polar-hydrogen energy function and the analytical con-
tinuum solvent potential for treatment of solvation. In
the original adaptive umbrella sampling simulations of
the two peptides, two and six transitions occur between
folded and unfolded conformations, respectively, over
a simulation time of 10 ns. The modi®cation increases
the number of transitions to 6 and 12, respectively, in the
same simulation time. The precision of estimates of the
average e�ective energy of the system as a function of
temperature and of the contributions to the average
e�ective energy of folded conformations obtained with
the adaptive methods is discussed.
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1 Introduction

Molecular dynamics and Monte Carlo simulations are
well-established methods to study systems of biological

interest [1, 2]. However, with increasing complexity of
the simulation system, it becomes more di�cult to
obtain reliable estimates of the equilibrium properties.
This becomes particularly di�cult if conformational
transitions that are rare on the simulation time scale
(e.g., between the folded and unfolded state) are
important. To obtain estimates of the equilibrium
properties of biomolecules, we recently introduced a
molecular dynamics adaptive umbrella sampling tech-
nique [3] (see also Refs. [4, 5]) that leads to an increase in
the number of transitions between the conformations
that contribute to the equilibrium properties. The
method introduces a biasing potential (umbrella poten-
tial) which is a function of the potential energy. The
e�ect of the bias on estimates of the properties of the
system can be calculated and quantitative estimates of
the properties of the unbiased system can be obtained.
For the penta-peptide met-enkephalin (sequence
YGGFM) in vacuum and for the tetra-peptide RGDW
in vacuum and in a 30 AÊ box of explicit water, it has
been demonstrated that equilibrium properties can be
estimated from simulations several nanoseconds in
length since the umbrella potentials converge and several
transitions between the di�erent important conforma-
tions occur in these simulations [3, 6]. In the present
work, we use the recently introduced analytical contin-
uum solvent (ACS) model [7, 8] and investigate the
convergence of the method for the peptide RN24,
succinyl-AETAAAKFLRAHA-NH2, which has been
shown experimentally to have a high population of
helix conformations [9] and the peptide BH8, NH�3 -
RGITVNGKTYGR-COOÿ, which has a high popula-
tion of b-hairpin conformations [10]. To increase the
number of transitions between the unfolded and folded
conformations of these peptides, we introduce a mod-
i®cation of the updating procedure for the umbrella
potential. The e�ect of the modi®cation on the precision
of properties derived from the simulations is analyzed.
Equilibrium properties of the two systems derived from
these simulations such as estimates of the 3JHNHa
coupling constants or the free energy of folding are
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described in Ref. [8]. A comparison with simulations of
the same peptides using a range of models for solvation
e�ects is presented in a companion paper [11].

2 Methods

Conformations that determine the properties of a system at low
(room) temperature generally have low potential energies. Transi-
tion-state conformations that are important for the equilibration of
the system and for transitions between di�erent important low-
energy conformations have, in general, higher energies. Adaptive
umbrella sampling [12±15] of the potential energy, referred to as
``energy sampling'' [3], leads to uniform sampling of the potential
energy and provides a way of sampling conformations important at
room temperature and the transition states connecting them. Thus,
energy sampling should increase the number of transitions between
the di�erent conformations important at low temperatures (see
later and Ref. [3]).

To achieve uniform sampling of the potential energy V, a
number of simulations i with a modi®ed Hamiltonian
Hi � H � � Ui�V � are carried out in which the umbrella potential
Ui�V � is added to the Hamiltonian H° of the system. After each
simulation the umbrella potential Ui�V � is updated based on sta-
tistics of the sampling of the potential energy in the previous sim-
ulations, j � 1; 2; . . . ; i, such that more uniform sampling of the
potential energy is expected. For this purpose, the potential energy
is partitioned into bins V 2 �nk ; nk�1� with indices k, where the n
denote the boundaries between the bins, and the number of times
nj;k in which the system is found in a particular bin k is determined
for each of the simulations j. An estimate ~p�k for the probability of
®nding the unperturbed system in a particular bin is calculated by
determining a self-consistent solution of the weighted histogram
analysis method (WHAM) Eqs. (1) and (2) [14, 16±18]

~p�k �
P

j nj;kP
j Nj

~fjcj;k
�1�

~fj � 1P
k cj;k~p�k

; �2�

with cj;k � eÿUj��nk�=RT and Nj �
P

k nj;k . In Eq. (1) the summations
are over all simulations and in Eq. (2) over all bins. The symbol R is
the gas constant, T is the temperature of the simulations,
�nk � 1

2 fnk � nk�1g is the mid point of bin k, and ~fj is a scaling factor
which arises from the condition that the probability of ®nding the
system in any of the bins has to be 1. The umbrella potential
Ui�1�V � for the next simulation is obtained from the estimates ~p�k as
described in Ref. [14].

Energy sampling increases, in general, the number of transitions
between the di�erent important conformations. Nonetheless small
residual free-energy barriers between the di�erent important con-
formations may remain even after the umbrella potential has con-
verged in the energy sampling runs [3]. The height of the residual
free-energy barriers determines how often transitions occur. For
met-enkephalin, the threonine dipeptide [3], the peptide RGDW [6],
and the peptide BH8 (see later), several transitions occur during
energy sampling runs of a few nanoseconds, indicating that the
residual free-energy barriers are small. For the peptide RN24 only
one folding and one unfolding event occurs during an energy
sampling run of 10 ns (see later), indicating that the residual free-
energy barriers are larger, so that convergence of structural and
thermodynamic properties is not achieved.

To develop a scheme to increase the number of transitions, we
consider a system with a local minimum from which the system has
a very low probability of escaping in an unbiased simulation. If an
energy sampling run starts in this local minimum, the statistics
acquired in the ®rst few simulations would faithfully represent the
energy distribution (density of states) around this local minimum
and the umbrella potential derived from these statistics would in-
crease sampling of higher energy structures including transition
states and thereby would enable the system to di�use away from it.

By contrast, if other regions of conformational space with a dif-
ferent energy distribution (e.g., a second local minimum with a
somewhat higher potential energy) exist and if the system visits the
®rst local minimum after it has been in the other regions of con-
formational space, then the acquired statistics would not represent
the energy distribution around the local minimum anymore and the
umbrella potential derived from the statistics would not necessarily
increase the probability of sampling higher energy structures suf-
®ciently for the system to di�use away. However, if only the sta-
tistics acquired while the system was in the local minimum are
retained and the earlier statistics from the other parts of the con-
formation space are suppressed, the umbrella potential would again
re¯ect the region around the minimum and enable the system to
di�use away from it.

From the scenario of the previous paragraph it is to be expected
that giving a high weight to the most recent statistics should lead to
an umbrella potential that better represents the energy distribution
around the current structure and enables the system to explore new
structures. We implement such a weighting by replacing the
statistics nj;k of the simulations j � 1; 2; . . . ; i with

n0j;k � nj;kwiÿj ; �3�
where w is a positive weighting factor smaller than unity. The
modi®ed statistics n0j;k are then used in the WHAM Eqs. (1) and (2)
to calculate the estimates ~p�k and the umbrella potential Ui�1�V � for
the next simulation i� 1. Since estimates of properties calculated
from the runs should be based on all regions of conformational
space and not only on the region of conformational space sampled
in the last few simulations, no weighting is used when calculating
estimates in the ®nal analysis of the run.

Energy sampling runs of the peptides BH8 and RN24 were
performed at 1000 K using the program CHARMM [19] with the
PARAM19 force ®eld [19, 20] and the ACS potential [7, 8]. Non-
bonded interactions were truncated with a switching function [19]
from 8 to 12 AÊ . The time step of the integrator was set to 1 fs and
the SHAKE algorithm [21] was used to ®x the lengths of bonds
involving hydrogens. Coordinates for the analysis were saved every
0.5 ps. The range of potential energies to be sampled was restricted
to potential energies important in canonical ensembles with tem-
peratures between 250 and 1100 K as described in Ref. [3] (see also
Ref. [8]). Each run consisted of 1000 simulations i � 1; 2; . . . ; 1000
with 1000 molecular dynamics steps for equilibration followed by
9000 molecular dynamics steps for production. After each pro-
duction simulation the umbrella potential was updated. Statistics
on the sampling of the potential energies were acquired for the
potentials energies relevant in canonical ensembles between 250 and
1100 K using 500 bins with a width of 2 kcal/mol per bin. For both
peptides (BH8 and RN24) two energy sampling runs were carried
out, one in which the statistics were not modi®ed and one in which
Eq. (3) was used. In the latter runs, the weighting factor w (Eq. 3)
was set to 0.11/100 � 0.977 which is a compromise between very
small weighting factors which would introduce many transitions
but would also lead to large ¯uctuations of the umbrella potential
(see later) and a weighting factor of 1.

To analyze the content of secondary structures, we used the
program DSSP [22] which classi®es the residues into di�erent sec-
ondary structure classes based on the hydrogen-bonding pattern.
The helix and b-hairpin content is then calculated by dividing the
number of residues having a helical or b-hairpin structure,
respectively, by the total number of residues (see also Ref. [8]).

3 Results

Figure 1 illustrates the sampling of conformations
during the four energy sampling runs. In the run of the
b-hairpin peptide BH8 (Fig. 1A) without weighting of
the statistics, hairpin conformations are sampled repeat-
edly with three instances in which the peptide is in a
hairpin conformation. Here (and later), we count it as
one instance of secondary structure formation if the
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peptide has more than 30% hairpin (or helix) content for
more than 0.1 ns. In contrast, in the run of the a-helical
peptide RN24 without weighting of the statistics
(Fig. 1C), there is only a single instance during which
a signi®cant amount of helical conformation is present.
This indicates that residual free-energy barriers are
larger for the a-helical peptide RN24 than for the b-
hairpin peptide BH8 and that much longer simulations
would be required to obtain su�cient transitions for the
peptide RN24. In the two runs in which Eq. (3) was used
to emphasize the most recent statistics (Fig. 1B, D),
more transitions occur: there are about six instances in
which the peptide BH8 is in a hairpin conformation and
three instances in which the peptide RN24 is in a helical
conformation. Thus, the weighting scheme (Eq. 3)
achieves the goal of increasing the number of transitions
between folded and unfolded conformations.

Figure 2A, B shows the umbrella potentials in the
two runs without weighting. The umbrella potential in
the run of the b-hairpin peptide BH8 (Fig. 2A) ¯uctuates
less than that in the run of the helical peptide RN24
(Fig. 2B). The ¯uctuations of the umbrella potentials are
caused by the extrapolation used to obtain the umbrella
potential for the bins for which no statistics have been
acquired so far [3], and by random ¯uctuations. Once
the entire potential energy range has been sampled and
statistics have been acquired for all relevant bins, no
extrapolation is used; in all the runs presented, this is the
case after 1.5 ns. To study the random ¯uctuations only,
the umbrella potentials from the last 8.5 ns of the
runs without weighting are shown in Fig. 2C, D.
There is virtually no variation in the umbrella potential
of BH8 (Fig. 2C), for example, at a potential energy of
)700 kcal mol)1 the umbrella potential varies only be-
tween )97.0 and )96.0 kcal mol)1. In contrast, there are
signi®cant ¯uctuations in the umbrella potential of the

run of RN24 without weighting (Fig. 2D), for example,
at )700 kcal mol)1 the umbrella potential varies be-
tween about )103 and )78 kcal mol)1. The umbrella
potentials in the last 8.5 ns of the runs with weighting
(Fig. 2E, F) ¯uctuate with a similar magnitude as the
umbrella potential in the run of RN24 without weight-
ing, for example, at )700 kcal mol)1 the umbrella po-
tential varies between about )109 and )93 kcal mol)1 in
the run of BH8 (Fig. 2E) and between about )83 and
)73 kcal mol)1 in the run of RN24 (Fig. 2F).

To estimate observables of an unbiased system at a
selected temperature, the conformations of an energy
sampling run have to be weighted by appropriate factors
[3, 14]. The determination of the weighting factors [14]
does not make assumptions about the umbrella poten-
tial. From this point of view, estimates derived from an
energy sampling run in which di�erent umbrella poten-
tials are used in the di�erent simulations are as valid as
estimates derived from simulations in which the um-
brella potential is essentially the same in the entire run.
However, it is important that the di�erent simulations
are in equilibrium, i.e., that the counts nj;k di�er only by
random ¯uctuations from their expectation values. This
is the case for simulations that extend over a time period
which is su�ciently long for all important transitions to
occur a few times. In the run of BH8 without weighting,
transitions between unfolded and folded conformations
occur with a rate of about 0.3 ns)1, which is slow com-
pared to the duration of 10 ps of each individual simu-
lation. However, since the umbrella potential has
converged and so is essentially the same in the di�erent
simulations (Fig. 2C), the 1000 simulations of the run

Fig. 1A±D. Simulation results for b-hairpin and helix content as a
function of simulation time. A and B are from the energy sampling
runs of the peptide BH8 without and with weighting of the statistics
(Eq. 3, w � 0.11/100), respectively. C and D are from the energy
sampling runs of the peptide RN24 without and with weighting of
the statistics, respectively

Fig. 2A±F. Umbrella potential during the energy sampling runs
with and without weighting of the statistics. For each coordinate
frame saved during the simulations, the umbrella potential is
plotted versus the potential energy. A and B are from the entire
runs (10 ns) without weighting of the statistics of the two peptides
BH8 and RN24, respectively. C and D are from the last 8.5 ns of
the two runs without weighting of the statistics, and E and F are
from the last 8.5 ns of two runs with weighting of the statistics,
respectively
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can be considered as a single simulation of 10 ns dura-
tion, during which several transitions between the dif-
ferent important conformations occur. Thus, the run of
BH8 is in equilibrium and estimates derived from the run
are a�ected by statistical errors only. In the remaining
runs (BH8 with weighting, RN24 with and without
weighting), important transitions have a rate which is
slow compared to the length of individual simulations,
and the umbrella potentials di�er in the di�erent simu-
lations. Therefore, it cannot be decided, based on the
above arguments, whether the runs are in equilibrium
and whether estimates derived from the runs are a�ected
by systematic errors due to the sampling procedure.

To assess the magnitude of possible errors introduced
by the weighting of the statistics (Eq. 3), we compare
estimates of the average e�ective energy of folded
structures at 275 K and of the contributions of di�erent
terms in the energy function to the average e�ective
energy derived from the di�erent runs (Table 1) (note
that the e�ective energy de®ned by the ACS potential is
a free energy that contains contributions from the sol-
vent entropy [7, 8]). The individual contributions to the
average e�ective energy of folded structures di�er by
about 1±2 kcal mol)1 between the runs with and without
weighting of the statistics (Table 1). This di�erence is
small compared to the di�erence of up to 10 kcal mol)1

between the terms of the average e�ective energy of
folded and unfolded conformations (not shown) and to
the variation of the total average e�ective energy of
more than 200 kcal mol)1 over the temperature range
from 250 to 700 K. Di�erences in the estimates of the
average e�ective energy of the system at di�erent tem-
peratures calculated from the runs with and without
weighting (Fig. 3) are smaller than 5 kcal mol)1 for BH8
for all temperatures and for RN24 at low and at high
temperatures. For RN24 at intermediate temperatures,
the di�erences increase up to 24 kcal mol)1 at 350 K,
which is large compared to the ¯uctuations of the av-
erage e�ective energy at a given temperature: these have
values in the range 8±20 kcal mol)1 in both systems for
temperatures between 250 and 700 K. At 275 K, the
temperature of primary interest (when RN24 is stable),
the error is only about 3 kcal mol)1, which is su�ciently
small to yield meaningful results.

These results suggest that for the peptide BH8, the
weighting of the statistics (Eq. 3 with w � 0.11/100) has
little e�ect on the estimates derived from the simulations.

This is correlated with the facts that in the run without
weighting a signi®cant number of transitions occur and
that the number of transitions is only slightly increased
by the weighting of the statistics (Fig. 1). For the peptide
RN24, the weighting leads to a signi®cant increase in the
number of transitions, which is correlated with the large
di�erences between estimates derived from the runs of
RN24 with and without weighting. These di�erences are
pronounced only at potential energies in the intermediate
potential energy range; at low and at high potential en-
ergies the di�erences are small (Fig. 3 and Table 1). The
ensemble of structures at low potential energies is dom-
inated by folded conformations, while the ensemble of
structures at high potential energies is dominated by
unfolded conformations. The ensemble at intermediate
potential energies consists of both, folded and unfolded
conformations, as well as transition states. Thus, it seems
that properties related to transitions between the folded
and unfolded conformation of RN24, such as the average
e�ective energy at intermediate temperatures or the free-
energy di�erence between folded and unfolded confor-
mations, are a�ected by systematic errors due to the
weighting of the statistics, whereas the average e�ective
energy or structural properties of the folded conforma-
tions are not.

Comparison with experiments can give additional
information on the quality of simulations. For the
present systems, there is, in general, good agreement
between experiments and simulations, although there are
some minor di�erences [8]. For the system RN24, for
example, both the experiments and the simulations

Table 1. Contributions to the average e�ective energy of folded
conformations at 275 K derived from the four energy sampling
runs. The average e�ective energy and the contributions to the
average e�ective energy from internal energy terms (internal), van
der Waals energy terms (vdW), non-polar solvation free-energy
terms (hydrophobic), and electrostatic free-energy terms (electro-

static) as de®ned by the analytical continuum solvent potential are
listed. Values derived from the energy sampling runs with and
without weighting of the statistics are given for b-hairpin
conformations of the peptide BH8 and for helical conformations
of the peptide RN24 (see Ref. [8] for de®nition)

Enthalpy
(kcal mol)1)

BH8
(no weighting)

BH8
(weighting)

RN24
(no weighting)

RN24
(weighting)

Internal 101.2 102.3 102.3 102.7
vdW )44.9 )46.5 )59.3 )59.7
Hydrophobic 29.3 29.3 30.9 30.8
Electrostatic )857.1 )855.2 )884.5 )882.7
Total )771.5 )770.1 )810.5 )808.8

Fig. 3. Di�erence in the estimate of the average e�ective energy as
a function of temperature calculated from the runs with and
without weighting of the statistics. The continuous line is for the
RN24 system, the dashed line for the BH8 system
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clearly show that the peptide exists as a helix and an
extended chain; however, the simulations provide no
evidence for conformations with a distorted helix and a
salt bridge between Glu 2 and Arg 10 which was pro-
posed to be present as a third set of conformations based
on the experiments. Drawing conclusions regarding the
sampling procedure from these results is di�cult, since
comparisons of simulations with experiments are af-
fected by a number of factors other than the sampling
procedure, such as the quality of the force ®eld and the
quality of the experimental data.

4 Conclusions

Adaptive umbrella sampling of the potential energy
(energy sampling) has been used to characterize the
folding of peptides. For the b-hairpin peptide BH8, six
transitions between folded and unfolded conformations
occur in a energy sampling run of 10 ns. In the last 8.5 ns
of the run, the umbrella potential varies by less than
1 kcal mol)1, which provides strong evidence that the
umbrella potential has converged and that the estimates
derived from the run are a�ected only by statistical errors.
The magnitude of the statistical errors of properties
derived from energy sampling runs in which the umbrella
potentials have convergedwere estimated inRefs. [3, 6] for
the peptide RGDW and for met-enkephalin. Work to
assess the magnitude of the statistical errors for the
present systems is in progress. For the helical peptide
RN24, only a single instance of helix formation is
observed in a run of 10 ns and the umbrella potential
varies signi®cantly throughout the run. To increase the
number of transitions, we introduced a scheme that gives
higher weights to statistics from the most recent simula-
tions (Eq. 3). This scheme enables the system to di�use
away from its current position and leads to more e�cient
exploration of conformational space. For the two peptide
systems studied here,we found that theweightingwithEq.
(3) increases the number of transitions between folded and
unfolded conformations. In particular, there were three
instances of helix formation in a 10 ns energy sampling
run of the peptide RN24 with weighting. Since in the
energy sampling runs with weighting of the statistics, the
umbrella potentials di�er in the di�erent simulations,
estimates derived from the runs may be a�ected by
systematic errors due to the sampling procedure. For the
peptide BH8, there were no signi®cant di�erences in
estimates derived from the runs with and without
weighting, indicating that systematic errors due to the
weighting of the statistics are not important in this case.
For the peptide RN24, we found that properties of the
folded and the unfolded conformations are not signi®-
cantly a�ected by the weighting of the statistics; however,
properties that depend on transitions between the folded
and unfolded conformations are a�ected.

Increasing the number of transitions between di�er-
ent conformations leads to better sampling of confor-
mational space and increases the probability of ®nding
all the important folded conformations of the system.

Since the estimates of the properties of the folded con-
formations seem not to be a�ected by the weighting, the
proposed weighting of the statistics, appears to be a
good method for identifying the folded conformations of
the system and characterizing them. However, to obtain
reliable estimates of properties related to transitions
between folded and unfolded conformations, a scheme is
needed that leads to a signi®cant number of transitions
between the conformations of interest and excludes
systematic errors due to the sampling procedure. We are
currently developing such a method that requires struc-
tural information on the conformations of interest. Such
information can be obtained with the present method
that does not depend on assumptions about the geom-
etry of the various conformations, including the folded
structure.
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