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ABSTRACT We report results from all-atom
Monte Carlo simulations of the 36-residue villin head-
piece subdomain HP-36. Protein-solvent interactions
are approximated by an implicit solvent model. The
parallel tempering is used to overcome the problem of
slow convergence in low-temperature protein simula-
tions. Our results show that this technique allows one
to sample native-like structures of small proteins and
points out the need for improved energy functions.
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INTRODUCTION

Evaluating the structure and function of proteins solely
from their sequence of amino acids is still a challenge.
Attempts to investigate the sequence-structure relation-
ship by means of computer simulations are hampered by
the problem that the energy landscape is characterized by
a multitude of local minima separated by high-energy
barriers. At low temperatures, simple canonical Monte
Carlo or molecular dynamics simulations of realistic pro-
tein models will not thermalize within a finite amount of
available CPU time, and physical quantities cannot be
calculated accurately. A second problem is the reliability of
protein models. Experimental evidence suggests that the
biologically active state of a protein is its global minimum
in free energy at room temperature (which for sufficiently
large molecules can be approximated by the global mini-
mum in potential energy). However, this is not necessarily
true for the available energy functions that only approxi-
mate the interactions between atoms within a protein and
between the protein and surrounding solvent. For this
reason, structure prediction of proteins is limited by the
accuracy of the energy functions.

A number of novel techniques that overcome the prob-
lem of poor sampling in protein simulations have been
developed over the last few years.1 For instance, general-
ized ensemble methods2 proved to be successful in calculat-
ing reliable low-temperature estimates of thermodynamic
quantities.3 In the present article, we investigate whether
these new and sophisticated algorithms allow in conjunc-
tion with present energy functions the structure prediction
of small proteins. We go beyond previous work in which
similar questions were studied for small peptides such as
the pentapeptide met-enkephalin.4 We have studied for
this purpose the 36-residue villin headpiece subdomain
HP-36. The structure of this molecule has been resolved by

NMR analysis5 and is shown in Figure 1. As one of the few
small proteins that have a well-defined secondary and
tertiary structure and can fold autonomously, it is at the
same time sufficiently complex and small enough to make
simulations feasible. Choice of this protein allows us also
to compare our results with NMR data5 and with related
work.6,7

Our results rely on an all-atom representation of the
molecule; therefore, our work differs from similar studies
(see, e.g., Ref. 8) that rely on reduced protein models. The
intramolecular interactions are described by the com-
monly used ECEPP/2 force field9 and the protein-solvent
interactions are approximated by the solvent accessible
surface term of Ooi et al.10 Gas-phase simulations are
added for comparison and to separate the effects of intramo-
lecular interactions and of hydration on folding. One of the
generalized ensemble techniques, parallel tempering,11 is
used to obtain reliable estimates of thermodynamic quan-
tities over a large temperature range. Quantities such as
the average helicity, number of contacts, average energy,
specific heat, radius of gyration, and solvent-accessible
surface area are calculated. Although our results point out
the need for improved energy functions, they also show
that existing force fields allow sampling of native-like
conformations if solvation effects are taken correctly into
account.

METHODS

Our investigation of the folding physics of HP-36 is
based on a detailed, all-atom representation of that pro-
tein. The interaction between the atoms is described by a
standard force field, ECEPP/2,9 (as implemented in the
program package SMMP12) and is given by:

EECEPP/2 � EC � ELJ � EHB � Etor, (1)

EC � �
�i,j�

332qiqj

εrij
, (2)
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Here, rij (in Å) is the distance between the atoms i and j,
and �l is the l-th torsion angle. The protein-water interac-
tions are approximated by a solvent-accessible surface
term following the common assumption that the free-
energy difference between solvated and unsolvated groups
is proportional to the surface area that is exposed to water.
Within this approximation, the solvation energy Esolv of a
protein is given by:

Esolv � �
i

�iAi. (6)

Here Ai is the conformation-dependent solvent-accessible
surface area of the i-th atom and �i the solvation parame-
ter for the atom i. For the present investigation, we use the
solvation parameter set OONS of Ref. 10 that is commonly
used together with the ECEPP force field. The potential
energy of the solvated molecule is then given by

Etot � EECEPP/2 � Esolv . (7)

Simulations of the solvated molecule are augmented by
gas-phase simulations where the solvent-protein interac-
tion term Esolv is omitted.

The energy landscape of proteins in such a detailed
representation is characterized by a multitude of local
minima separated by high-energy barriers. Generalized
ensemble methods have been increasingly recognized as a
way to overcome the resulting problem of slow convergence
in simulations of detailed protein models. One popular
example is parallel tempering11 (also known as replica
exchange method or Multiple Markov chains), a technique
that was first applied to protein studies in Ref. 13.

In its most common form, one considers in parallel
tempering an artificial system that is built up out of N
non-interacting replicas of the molecule, each at a different
temperature Ti. In addition to standard Monte Carlo or
molecular dynamics moves that effect only one copy,
parallel tempering introduces a new global update11: the
exchange of conformations between two copies i and j �
i � 1 (i � 1 and j � N). This replica exchange move is
accepted or rejected according to the Metropolis criterion
with probability

w�Cold 3 Cnew� � min�1, exp���iE�Cj� � �jE�Ci�

� �iE�Ci� � �jE�Cj��� (8)

Through the exchange of conformations, the Markov chain
converges at low temperatures much faster toward the
stationary distribution than it does in the case of a regular
canonical simulation with only local moves.

The parallel tempering technique does not require Boltz-
mann weights and can be easily combined with other
generalized ensemble techniques.13 In our study, we have
implemented parallel tempering in the simple form de-
scribed above. For this purpose, we have simulated our
molecule on 20 nodes of a cluster of IBM 4-ways 375MHZ
SMP Thin Nodes. We have chosen as temperatures T �
1000, 900, 800, 700, 610, 560, 530, 510, 495, 485, 475, 465,
450, 420, 390, 360, 330, 300, 275, and 250 K. On each node,
we have performed 150,000 MC sweeps starting from a
completely random configuration (“Hot Start”). Each sweep
consist of NDA Monte Carlo moves, one for each of the
NDA � 207 dihedral angles. A replica exchange move is
attempted after each sweep. We display in Figure 2 for a
typical replica the “time series” of temperatures and
energies that are visited in the course of the simulation.
Because of the successive exchange of conformations, the
replica moves randomly between high and low tempera-
tures. It is important that the highest temperature TMax is
chosen such that any energy barrier can be overcome (see
the corresponding “time series” in energy). Only then will
the replica exchange move ensure that the molecule ther-
malizes at all temperatures. For this reason, we have
chosen as highest temperature TMax � 1000 K. In hind-
sight, it is clear that a lower TMax would have been
sufficient as long as TMax � TC where TC is introduced in
the next section.

Monitoring the “time series” of energies for the lowest
temperature we find that the system is for T � 250 (the

Fig. 1. NMR-derived structure of the 36-residue peptide HP-36 as
deposited in the Protein Data Bank (1vii). [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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lowest temperature) in equilibrium after 25,000 sweeps.
Therefore, we discard this number of sweeps and use for
our analysis only the remaining 125,000 MC sweeps.
Measurements are taken every 10 Monte Carlo sweeps
and written as “time series” in a data file for later analysis.
Quantities that are measured include the total Etot, in-
tramolecular energy EECCEP/2, solvation energy Esolv, ra-
dius of gyration RGY, solvent-accessible surface area A (as
determined by the double cubic lattice method14), number
of helical residues nH, and total number of contacts nTC.
Here, we follow earlier work15 and define a residue as
helical if the pair of backbone dihedral angles (�, 	) takes a
value in the range (�70 
 30, �37 
 30). Likewise, we
define two residues as in contact if their C�-atoms are
closer than 8.5 Å. For comparison with experimental data,
we have taken the Protein Data Bank structure of HP-36
(PDB code 1vii) and regularized it with the program
FANTOM.16 Contacts that appear both in a given configu-
ration and in this regularized structure are called native
contacts nNC and measured by us.

RESULTS AND DISCUSSION

Similar to other generalized ensemble techniques, paral-
lel tempering allows one to evaluate thermodynamic quan-
tities over a range of temperatures. We use this technique

to calculate the average total energy �Etot as a function of
temperature both from the simulation of the protein with
an OONS solvent (Fig. 3) and in gas phase (Fig. 4). In both
plots, we display the specific heat C(T) as an inset. The
latter quantity is defined by

C�T� � �2��Etot
2  � �Etot�/N

where N � 36 is the number of residues. Note that C(T)
can be interpreted physically only as a true temperature
derivative of the partition function if one assumes that the
solvation model is temperature independent. This is in
general not true, and the specific heat represents, there-
fore, only the fluctuations in the canonical ensemble of the
effective potential of mean force that is used in the
simulations.

Although �Etot decreases gradually with temperature in
gas phase, we observe in OONS simulations (Fig. 3) a steep
decrease of the average total energy at a “critical” tempera-
ture TC � 490 
 10 K. Correspondingly, we observe at that
temperature a pronounced peak in the specific heat C(T)
that is missing in the gas-phase simulation (Fig. 4). The
peak in C(T) and the corresponding drop in �Etot indicate
that one observes in OONS simulations a transition be-
tween two states that is missing in gas phase. We conjec-

Fig. 2. Movement of a typical replica over the whole temperature range by parallel tempering moves. The corresponding time series in energy is also
displayed.
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ture that this transition separates the high-temperature
region of predominantly unfolded configurations from a
phase at temperatures below T � 490 K where configura-
tions similar to the native one appear. To test the conjec-
ture, we have displayed in Figure 5 the average number of
native contacts �nNC(T) as a function of temperature. This
quantity measures the similarity between a protein configu-
ration and the experimentally determined PDB structure
(by counting the contacts that appear in both structures).
We observe for the solvated protein at the transition
temperature TC � 490 K a pronounced increase of �nNC(T).
At high temperatures, the number of native contacts is
small (and therefore also the resemblance to the native
structure), whereas we find at low temperatures (say at
T � 300 K), configurations that have on average 75% of
the native contacts. On the other hand, �nNC(T) increases
only gradually with decreasing temperature in gas-phase
simulation. It is even at low temperature substantially
lower than found in OONS simulations: on average only
45% of native contacts are formed at T � 300 K. The
fluctuations of �nNC(T), defined by

� � ��nNC
2  � �nNC2�/N,

are displayed in the inset. Although one finds for the
OONS simulation a pronounced peak in this quantity at

the temperature TC where the specific heat has a maxi-
mum, the corresponding curve for the gas-phase simula-
tions is broader and less pronounced. This finding indi-
cates again that the peak in specific heat is indeed
correlated with a folding transition in this peptide, which
is only observed when the OONS term is added in the
simulation. We remark, however, that the transition tem-
perature of TC � 490 K in OONS simulations is still
unphysiologically high. This finding indicates limitations
of our energy function (i.e., the combination of the ECEPP/2
force field with a solvent-accessible surface term and the
OONS parameter set to approximate the protein-solvent
interaction).

How different are the configurations obtained in gas
phase from the ones in OONS simulations? Figure 6
displays the number of helical residues �nH(T) as function
of temperature. Little difference is found at high tempera-
tures; however, below the transition temperature T � 490
K, the data for both simulations diverge. Now, the helicity
grows rapidly with decreasing temperature in the OONS
simulation, whereas it stays small in gas phase. Configura-
tions in gas phase and in OONS simulations differ also in
their compactness. We display in Figure 7 for HP-36 two
quantities that measure the compactness of protein configu-
rations. The main graph is a plot of the average radius of

Fig. 3. Average energy �E(T) of HP-36 as a function of temperature. The inlet displays the specific heat C(T). The data were calculated from parallel
tempering simulations of the protein using a solvent-accessible surface term to approximate protein-water interactions.
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gyration �rgy(T) as a function of temperature. The corre-
sponding values for the total number of contacts �nTC(T)
are shown in the inset. Both plots indicate that configura-
tions in gas phase are substantially more compact than the
ones in the OONS simulation. For instance, at T � 300 K,
we find rrgy � 9.6(1) Å in gas phase compared to rrgy �
12.5(1) Å in OONS simulations. Note that even at T �
1000 K, the peptide in gas phase has a radius of gyration
rgy � 15.6(1) Å and is substantially more compact than in
OONS simulation (rgy � 19.2 Å). We conjecture that this
bias toward compact configurations inhibits the formation
of �-helices and that the low-energy states of HP-36 in gas
phase are characterized by large density and low helicity.

This conjecture is supported by Figure 8 where we
display the lowest energy configuration found in gas-phase
simulation. It is essentially a coil structure (with a small
helix between residues 23 and 28) and differs strongly
from the native one: only 40% native contacts are formed,
and the RMSD to the PDB structure is rRMSD � 7.4 Å when
only backbone atoms are counted and 9.3 Å if all atoms are
included. The single helical segment corresponds to the
third helix in the PDB structure that stretches from
residues 23–32 but is considerably shorter. A number of
other residues in the gas-phase structure have pairs of �,
	-angles that are typical for an �-helix. They also appear

at positions where the native structure has the other two
helices, but they are never in sequence and, therefore, no
further helix is formed. Although the helix content of this
gas-phase structure is much lower than in the native one,
its radius of gyration is with rrgy � 9.5 Å comparable with
the native one (rrgy � 9.6 Å). Minimizing the gas-phase
structure further reduces the radius of gyration to rrgy �
9.3 Å. Similarly, the solvent-accessible surface area is
reduced from 2943 to 2865 Å2, and the energy from
EECEPP/2 � �168.7 kcal/mol to EECEPP/2 � �209.2 kcal/
mol. For comparison, the regularized PDB structure has a
solvent-accessible surface area of 2904 Å2 and an energy of
EECEPP/2 � �176.1 kcal/mol. Hence, the gas-phase simula-
tion leads to configurations that have comparable or lower
energies than the native one but are structurally different.
It follows that the native structure is not the global
minimum configuration of the ECEPP/2 force field. This
was already observed in Ref. 7 where a new global
optimization technique was tested for HP-36. It follows
that (as expected) gas-phase simulations are not adequate
for finding the native structure of proteins of this size.
Note also that neither solvent-accessible surface area A
nor radius of gyration rrgy allow one to identify the native
structure out of an ensemble of low-energy configurations

Fig. 4. Average energy �E(T) of HP-36 as a function of temperature. The inlet displays the specific heat C(T). The data were calculated from parallel
tempering simulations of the protein in gas phase.
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(i.e., none of these quantities can serve as an “order
parameter” for folding).

In Ref. 7, an essentially correct structure was found
when a (different) solvent-accessible surface term was
added to the energy function. This seems not to be the case
in our simulations with the OONS term where we find at
T � 300 K average values for the radius of gyration of
�rrgy � 12.5(2) Å, for the solvent-accessible surface area of
�A � 3688(30) Å2, and for the helicity of �nH � 28.3(4).
These values seem to indicate that the low-temperature
configurations in OONS simulations are less dense and
have higher helicity than the native structure. However, a
careful analysis of our data reveals that two groups of
low-energy configurations are found in OONS simulations.
The predominant structure (group A) appears at T � 250
K with 80% frequency and the lowest-energy configuration
of this group is displayed in Figure 9(a). Its elongated
structure with (rrgy � 12.5 Å) has a large solvent-
accessible surface (A � 3600 Å2), and 85% of its residues
are part of an �-helix (compared with 54% in the PDB
structure). Hence, this structure has little similarity with
the native one. Consequently, the structure of Figure 9(a)
differs from the regularized PDB structure by root-mean-
square deviation (RMSD) of rRMSD � 7.4 Å when all
backbone atoms are counted (9.3 Å for all atoms).

However, a second group (B) of low-energy configura-
tions is also observed in OONS simulations and appears
with 15% frequency at T � 250 K. A typical example of
these more compact configurations is displayed in Figure
9(b). It has a radius of gyration rrgy � 9.6 Å, solvent-
accessible surface area A � 3080 Å2, and number of helical
residues nH � 24, which are similar to the native struc-
ture. All three helices are formed. The first helix stretches
from residue 2 to residue 11 and is more elongated than
the corresponding one in the PDB structure (residues
4–8). The second helix consists of residues 13–20 and is
more elongated than in the PDB structure (residues
15–18). On the other hand, the third helix (residues
26–31) is slightly shorter than in the PDB structure
(residues 23–32). The differences in length of the three
helices and the shift in the relative position of the first
helix (residues 2–11) lead to an RMSD to the PDB-
structure of rRMSD � 5.9 Å (7.3 Å when counting all atoms).
Hence, this structure has an RMSD that is comparable to
the structures found in Ref. 7 (an RMSD of rRMSD � 5.8 Å
when counting backbone atoms) and the 1-�s molecular
dynamics simulation of Duan and Kollman6 (a main-chain
RMSD of rRMSD � 5.7 Å). Residues Leu2, Phe7, Val10,
Phe11, Ala17, Phe18, Lys25, Gln26, Leu29, and Gly34,
which compromise or pack against the hydrophobic core of

Fig. 5. Average number of native contacts �nnc(T) as a function of temperature. Shown are both results of the solvated protein and in gas phase. The
inlet displays the variations of this quantity as a function of temperature.

PARALLEL TEMPERING SIMULATIONS OF HP-36 441



HP-36, are �50% solvent inaccessible. However, they are
more exposed to the solvent than in the PDB structure
where these residues are �70% solvent inaccessible. Our
structure has 79% of the native helical content (i.e., 79% of
all residues which are part of a helix in the experimental
structure are also part of a helix in our structure). In
addition, 60% of the native contacts are formed. Both
values are only slightly smaller than the results of Ref. 6
(the optimal structure of a 1-�s molecular dynamic folding
simulation had 80% of native helical content and 62% of
native contacts) and the lowest energy configuration of
Ref. 7, which had 90% of helical content and 65% of native
contacts.

The above-presented example corroborates that group B
consists of low-energy configurations that are similar to
the PDB structure. One would expect that configurations
of this group (and within this group the native structure)
are energetically favored if the energy function were
sufficiently accurate. This is not the case in our OONS
simulation of HP-36. The average energy of the predomi-
nant elongated configurations of group A is at T � 300 K
�Etot � �255(19) kcal/mol and differs little from the
corresponding value of �Etot � �250(16) kcal/mol for the
more compact and native-like configurations of group B.
Both values are comparable to the regularized PDB struc-
ture: Etot � �253.3 kcal/mol. We remark that a combina-

tion of short canonical simulations at T � 250 K with
successive minimization leads from the regularized PDB
structure to one that is very similar (the main-chain
RMSD is 0.9 Å) but has a much lower energy of Etot �
�306.2 kcal/mol. For comparison, the lowest energy found
for group A structures is Etot � �302.9 kcal/mol (�325.1
kcal/mol after minimization), and this configuration has a
backbone RMSD of 7.4 Å to the PDB structure. The lowest
energy found for configurations of group B is Etot � �299.2
kcal/mol (�337.8 kcal/mol after minimization), and that
structure has a backbone RMSD of 3.7 Å to the PDB
structure. Hence, although the combination of ECEPP/2
and OONS solvent term has as global minimum a configu-
ration that is similar to the native one (as was found also
with a different parameter set 17 by the global optimiza-
tion technique of Ref. 7), it does not differentiate folded
and other structures at room temperature. Because the
configurations of group A have a much larger entropy,
native-like configurations are also not the global minimum
in free energy. This is in contradiction to the experimental
results of Ref. 5. Although we would prefer to have a
verification of their results by independent experimental
data, we believe that our results show the limitations of
our energy function rather than experimental uncertain-
ties.

Fig. 6. Average number of helical residues �nH(T) as function of temperature as obtained from simulations of HP-36 in gas phase and solvated.
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The question arises then whether one can distinguish by
other means the native structure from misfolded ones in
finite temperature OONS simulations. For HP-36, we
notice that the PDB structure is characterized through its
compactness and high helicity. Hence, we conjecture that
in helical proteins the folded structure is the low-energy
structure with smallest volume under the constraint that
at the same time helicity is maximal (or, more general, the
lowest-energy structure that maximizes secondary struc-
ture content while minimizing volume). Assuming that
this conjecture is true, one can try to define an “order
parameter” O(i) that is a function of nH and rrgy and
maximal if the configuration i is the native structure. For
instance, defining

O�i� �
nH

�

N e��r0 � rGY�, (9)

and choosing � � 2, � � 0.5, and r0 � 9.0 Å, we find for the
regularized PDB structure Opdb � 0.41, for the structure of
Figure 9(b) (which is the one with maximal value of O(i)
found in OONS simulations) a value of OB � 0.32, and for
the structure of Figure 9(a) OA � 0.12. For comparison, the
maximal value of O(i) that we have found in gas-phase
simulations is OGP � 0.22 with the average at T � 250 K

�OGP � 0.1. Hence, our above defined quantity is able to
discriminate between native-like and other configurations
for HP-36. However, it is obvious that the definition of O(i)
is not universal and will depend on the specific proteins.
This limits the usefulness of such an “order parameter” for
structure prediction of proteins. Instead, the above conjec-
ture of the native state as one of maximal compactness and
secondary structure content may serve better as a heuris-
tic criterion to evaluate low-energy configurations in OONS
simulations.

Configurations of group A and B differ also in another
quantity: the solvent-accessible surface area. For instance,
the elongated configuration of Figure 9(a) (group A) has
with A � 3600 Å2 a considerably larger solvent-accessible
surface area than the one of Figure 9(b) (group B) with its
value A � 3080 Å2. The latter value is closer to the one of
the PDB structure where we find A � 2780 Å2. However,
the solvent-accessible surface area A alone cannot distin-
guish native-like conformers from misfolded ones because
the mis-folded structures that are found in gas-phase
simulations have similar small values. For instance, the
configuration that is plotted in Figure 8 has a solvent-
accessible surface area of 2865 Å2. Instead, we observe
that the non-polar part ANP of the solvent-accessible

Fig. 7. Average radius of gyration �rgy(T) of HP-36 as a function of temperature for both the solvated protein and in gas phase. The inlet shows the
corresponding total numbers of contacts �nc(T).
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surface area correlates better with the similarity to the
experimentally determined PDB structure. Here, we de-
fine this quantity as

ANP � �
i

����i��Ai with ���i� � �1 if �i � 0
0 if �i � 0 (10)

with �i the OONS parameter of atom i. With this defini-
tion, we find for the PDB structure of Figure 1 ANP � 1915
Å2. For the misfolded configuration of Figure 9(a), we
calculate ANP � 2425 Å2 and for the native-like configura-
tion of Figure 9(b) ANP � 1980 Å2. The latter value differs
(unlike the solvent-accessible surface area A itself) consid-
erably from the value for configuration of Figure 8 (ANP �
2210 Å2). The above results for HP-36 indicate that ANP is
a suitable criterion for evaluating protein structures in
OONS simulations. They further suggest that the OONS
parameter set can be improved by slightly raising the
values of the parameters �i of non-polar atoms [which
would increase the energy of structures such as Fig. 9(a)
that have larger values of ANP]. We are exploring currently
whether such a modified OONS parameter set will allow
more efficient structure prediction of HP-36 and similar
proteins.

CONCLUSION

We have performed parallel tempering all-atoms simula-
tions of the 36-residue villin headpiece subdomain HP-36.
Our results show that this technique allows one to over-
come the multiple minima problem in simulations of small
proteins and to sample native-like configurations provided
that the energy function is sufficiently accurate. Although
no native-like configurations are found by us in gas-phase
simulations, configurations similar to the PDB structure
appear at room temperature in simulations with an addi-
tional solvent-accessible surface term (OONS). However,
such configurations are found with only 20% frequency
and cannot be distinguished by their energies from that of
the predominant misfolded structures. Hence, the combina-
tion of ECEPP/2 force field with a solvent-accessible

surface term and the OONS parameter set is for our
protein still not accurate enough for prediction of the
native state. Furthermore, as with the global optimization
technique of Ref. 7, which relied on a different set of
solvation parameters,17 our structure predictions of HP-36
are limited to an RMSD of �6 Å. This finding illustrates
the need for improved force fields and better solvent
representations. Our results suggest modifications of the
OONS parameter set that may lead to a higher accuracy of

Fig. 8. Typical and/or lowest energy conformation of HP-36 as
obtained from a gas-phase simulation.

Fig. 9. Low-energy structures of HP-36 as obtained by a simulation
with a solvent-accessible surface term. The configuration of (a) appears at
T � 250 K with 80% frequency, whereas the native-like structure of (b) is
only observed in 15% of the measurements.
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the energy function and could increase its usefulness for
structure predictions of proteins.
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