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High-accuracy ab initio folding has remained an elusive objective
despite decades of effort. To explore the folding landscape of villin
headpiece subdomain HP35, we conducted two sets of replica
exchange molecular dynamics for 200 ns each and three sets of
conventional microsecond-long molecular dynamics simulations,
using AMBER FF03 force field and a generalized-Born solvation
model. The protein folded consistently to the native state; the
lowest C�-rmsd from the x-ray structure was 0.46 Å, and the C�-
rmsd of the center of the most populated cluster was 1.78 Å at 300
K. ab initio simulations have previously not reached this level. The
folding landscape of HP35 can be partitioned into the native,
denatured, and two intermediate-state regions. The native state is
separated from the major folding intermediate state by a small
barrier, whereas a large barrier exists between the major folding
intermediate and the denatured states. The melting temperature
Tm � 339 K extracted from the heat-capacity profile was in close
agreement with the experimentally derived Tm � 342 K. A com-
prehensive picture of the kinetics and thermodynamics of HP35
folding emerges when the results from replica exchange and
conventional molecular dynamics simulations are combined.

ab initio protein folding � replica exchange

Despite decades of effort, high-accuracy ab initio protein
folding has remained elusive to the simulation community.

Most existing ab initio protein folding simulations have typically
been at the 3–4 Å level based on the best C�-rmsd compared with
the experimental structures. When heavy-atom rmsd is used, a
much larger rmsd (�5 Å) would be common. Yet, crystals of
small proteins that can diffract only at 5-Å resolution are not
considered of acceptable quality. Thus, most of the ab initio
folding simulations have never reached the native states despite
the enormous effort, underscoring the challenge. Because of the
lack of accuracy in those simulations, it is impossible to obtain
the crucial information on the folding pathways to the native
states. This renders great ambiguity to the interpretation of the
folding mechanisms. In this work, we demonstrate consistent ab
initio protein folding to the native state of HP35.

Villin headpiece is an F actin-binding domain that resides in
the far C terminal of the super villin (1, 2). The 35-residue
C-terminal subdomain HP35 can fold autonomously without the
assistance of disulfide bonds or metal ions and has a melting
temperature of Tm � 342 K, which is surprisingly high for a
protein of its size (3–5). HP35 is arguably the smallest native
occurring protein with the features of much bigger proteins,
where multiple secondary structures (three helices) are bound
together by a well packed hydrophobic core (three phenylalanine
residues and other hydrophobic residues). As such, unveiling the
folding mechanism of HP35 will augment our understanding of
protein folding.

The unique structural architecture of HP35 was revealed by
using both NMR and x-ray crystallography (5, 6). However, the
elucidation of the folding mechanism of HP35, remains a
long-standing endeavor. In a laser-induced temperature-jump
experiment, the quenching of Trp23 by the engineered His27
revealed a 4.3-�s fast folding (4), which was later confirmed by
NMR line-shape analysis (7) and loop-formation dynamics (8).

Two kinetic phases, with the time constant of 70 ns and 5 �s,
were observed experimentally (4), indicating hidden complexi-
ties in the folding process. Mutagenesis experiments on the three
core phenylalanine residues (9) and the Pro21-X22-Trp23 motif
(10) demonstrated the contribution from interior and surface
residues to the stability. Studies of the HP35 fragments showed
that the individual helices are largely unstructured, whereas the
fragment with the first two helices displayed significant structure
(11). In a solid-state NMR study, three residues (Val9, Ala16, and
Leu28) from the three helices exhibited distinct behavior during
the denaturation process, and a two-step folding mechanism was
proposed (12).

Because of its small size and fast folding, HP35 has attracted
much attention from the biomolecular simulation community.
HP35 folding was first studied by a microsecond all-atom
simulation (13, 14) that did not reach the native state. Subse-
quently, Shen and Freed (15) performed a 200-ns simulation
with an implicit solvent and also reached a semifolded state.
Pande and coworkers (16–18) adapted distributed computing
and pushed both the continuum and explicit solvent simulations
to an aggregated millisecond time scale. Other notable studies
include the implicit solvent simulations by Pak and coworkers
(19), Scheraga and coworkers (20), and Herges and Wenzel (21).
In addition, a variety of advanced techniques have been applied
to facilitate the sampling of the native state (22–24). Nonethe-
less, the best C�-rmsd sampled during those simulations was
typically �3.0 Å, and the average C�-rmsd of the most sampled
conformations was significantly higher. Thus, despite the effort,
simulations have so far failed to reach the native state of HP35.

Replica exchange molecular dynamics (REMD) method has
emerged as an efficient sampling tool (25, 26). In this method,
a set of simulations are performed independently at different
target temperatures, and exchanges are attempted according to
the Metropolis criterion, therefore permitting random walks in
the temperature space and escape from local energy traps.
REMD has been successfully applied to the folding studies of
�-hairpin (27), three-strand �-sheet (28), helical peptides (29),
and small proteins (30, 31). Hansmann and coworkers (32–34)
have conducted a series of REMD simulations on HP35 with
either temperature or Hamiltonian exchange. Despite the state-
of-art sampling ability of REMD, the C�-rmsd in those simula-
tions could not cross the 3.0-Å barrier, again underscoring the
challenge.

In this study, we report two sets of REMD and three sets of
conventional molecular dynamics (CMD) simulations on the
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folding of HP35 to the native conformation starting from the
fully extended structure. The protein was modeled by using
AMBER FF03 force field that we developed a few years ago
(35). In this work, the native state of HP35 was consistently
reached when the temperature was below the melting temper-
ature of this protein. The high-accuracy folding allowed further
investigation of the protein folding landscape and the thermo-
dynamic properties of HP35, including the folding pathways to
the native state.

Results

Starting from the fully extended polypeptide chain of HP35, we
conducted two sets of 200-ns REMD and three sets of 1.0-�s
CMD simulations. Similar features were observed in both sets
of REMD simulations. For clarity, we report the results mainly
based on one REMD set. We applied a generalized-Born
model (36) to represent the solvation effect. The temperature
of the 20 replicas ranged from 273 K to 500 K. Folding was
examined by the closeness of the simulated structures to the
x-ray crystal structure (6). Subangstrom folding was consis-
tently achieved at temperatures �360 K, with the lowest
C�-rmsd between 0.46 Å and 0.80 Å (excluding terminal
residues Leu1 and Phe35). The best folded structure at 300 K
with 0.46 Å C�-rmsd (all-atom rmsd 1.59 Å) is shown in Fig.
1. The finer characteristic features of HP35, including the exact
boundaries of the secondary structures, were reproduced well
in the simulations. In addition to a high degree of resemblance
between the backbone structures, the packing patterns of the
hydrophobic core are almost identical; the three phenylalanine
residues and other core residues, including Val9, Leu20, Gln25,
and Leu28, are tightly packed against each other and are in
nearly the exact same patterns as those in the x-ray structure
to form the crucial contacts responsible for stabilizing the
protein native structures.

To visualize the folding landscape, we constructed two-
dimensional profiles from the simulations using C�-rmsds of
two segments as the reaction coordinates. Segment A encom-
passes helices I and II, segment B encompasses helices II and
III, and their C�-rmsds are denoted as RA and RB, respectively.
The topology of HP35 dictates that the concurrent folding of
both segments ensures global folding. For comparison, we
performed three additional sets of CMD simulations at 300,
340, and 360 K for, respectively, 20, 10, and 5 trajectories and

1.0 �s for each trajectory (for a combined total of 35.0 �s). The
folding landscapes derived from CMD and REMD bear close
resemblance at the corresponding temperatures (Fig. 2). At
300 K, both folding landscapes showed a highly populated
folded state in a restricted region, a well populated but widely
distributed intermediate state, and a marginally populated
denatured state. The folding landscapes from CMD at 340 and
360 K were also similar to the corresponding landscapes from
REMD, with a highly populated denatured state and sparsely
sampled folded state. The consistency in the folding land-
scapes from REMD and CMD is quite encouraging.

The folding free energy landscape of HP35 at 300 K was
constructed from the population landscape of REMD at 300 K
shown in Fig. 2. The free-energy landscapes (Fig. 3) can be
divided into four distinct regions: the folded region F (RA �2.3
Å and RB �2.6 Å), the denatured region D (RA �2.3 Å and RB
�2.6 Å), a major intermediate region I1 (RA �2.3 Å and RB �2.6
Å), and a minor intermediate region I2 (RA �2.3 Å and RB �2.6
Å). The lowest free energy in the F region centered at (RA � 1.1
Å, RB � 0.9 Å) was chosen as the reference point. The minimum
in the I1 region centered at (RA � 4.5 Å, RB � 1.5 Å) had

Fig. 1. The best folded structure (red) from REMD with 0.46 Å C�-rmsd (1.59
Å heavy-atom rmsd) compared with the x-ray crystal structure of HP35 (purple,
Protein Data Bank ID code 1YRF). Both terminal residues were excluded from
rmsd calculations. Fig. 2. The folding population landscapes of HP35 from REMD and CMD at

300 K, 340 K, and 360 K. The axes are the C�-rmsds of segments A and B.

Fig. 3. The folding free-energy landscape of HP35 at 300 K from REMD.
Representative structures of the four states are shown on the figure, including
the folded state (F), denatured state (D), major intermediate state (I1), and
minor intermediate state (I2).
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comparable free energy (0.0 kcal/mol). The minimum in the D
region centered at (RA � 4.3 Å, RB � 3.7 Å) had slightly higher
free energy (0.18 kcal/mol). In contrast, the minimum in the I2
region centered at (RA � 1.1 Å, RB � 4.1 Å) had much higher
free energy (2.22 kcal/mol). Overall the free-energy landscape
was rather smooth, and the span of free energy was only �4.10
kcal/mol. In comparison, the landscapes of the potential energy
and those of the extrapolated entropy were much more rugged,
and the span of energy was �90 kcal/mol (data not shown). This
is consistent with the notion that small folding free energy is the
result of the cancellation of large enthalpy and entropy contri-
butions.

We observed two barriers that partitioned the primary folding
free-energy landscape into three regions (excluding the minor
intermediate I2 region). As seen in Fig. 3, the protein first needs
to cross a major barrier from the denatured state (D) to the
major intermediate state (I1) by folding segment B and then a
minor barrier to reach the native state (F) by folding segment A.
As shown in Fig. 4 Top, the major barrier is 2.8 kcal/mol, and the
minor barrier is 1.3 kcal/mol. This is consistent with the biex-
ponential fitting to the (un)folding signal observed in the
laser-induced temperature-jump experiments by Hofrichter and
coworkers (4), which may be interpreted as a two-step folding
process.

As temperature increased, the population of the denatured
state increased monotonically (Fig. 4 Middle). We performed a
fitting on the population profile based on a two-state assumption
with only the denatured state and the general folded ensemble
(including F and I1, discussed later). The fitting gave a folding
transition temperature of Tm � 336 K, in good agreement with
the experimentally derived Tm � 342 K, and an unfolding
enthalpy �H � 15 kcal/mol, which is compared with �H � 27
kcal/mol from the experiment in ref. 4. Alternatively, heat
capacity is a direct measure of the thermodynamic properties in
protein folding. We calculated heat capacities at each of the 20
temperatures from the energy variances. It is shown in Fig. 4
Bottom that the heat capacity of HP35 peaked at 339 K, which
indicated the melting temperature that is in close agreement with
the experimentally derived melting temperature of 342 K (4).

To examine the effect of the selection of reaction coordinates,
we also conducted a principal component analysis (PCA) based
on the C� coordinates and constructed the free-energy profiles
using the first two principal components as the reaction coor-
dinates (Fig. 5). Although it is difficult to decouple the motions,

the first principle component largely corresponded to the swing
of the first helix, and the second principle component largely
corresponded to the packing/unpacking of the hydrophobic core.
At 300 K, there are three highly populated regions on the PCA
map centered near (�18, 6), (�15, �9), and (32, �25). The
corresponding representative structures are shown on the right.
Although the overall C�-rmsd varied for those representative
structures (1.75, 5.92, and 4.03 Å), the segment B in all three
structures were well folded, further indicating the importance of
segment B in the folding of HP35.

Because of the enormous reduction in the dimensionality
when a free-energy profile is constructed from the multidimen-
sional dynamics, any two-dimensional map presents an incom-
plete picture of the folding scenario. Alternatively, clustering
analyses can potentially provide complementary information to
represent this multidimensional process. At temperatures �348
K, the most populated clusters were consistently the folded
clusters with C�-rmsd ranging between 1.6 Å and 2.6 Å (Fig. 6).
Thus, the native folded conformation was the most favorable at
the respective temperatures. The population of the most popu-
lated cluster decreased from 34.0% at 283 K to 1.2% at 348 K.
The gradual dispersion of the conformational space at higher
temperatures indicates the entropic effect in temperature-
induced protein unfolding.

Fig. 4. Thermodynamic properties obtained from REMD simulations. (Top)
Free-energy profiles of HP35 from REMD at 300 K based on C�-rmsd of the two
segments A and B. (Middle) Population of the denatured state as a function of
temperature. (Bottom) Heat capacity as a function of temperature. The first 50
ns of the simulation trajectories were excluded from the analysis. The error
bars of the heat capacity were obtained by dividing the trajectories into two
blocks (50–125 ns and 125–200 ns).

Fig. 5. The folding population landscape of HP35 projected to the first two
principle components. Representative structures of the three highly popu-
lated regions are shown on the right.
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Fig. 6. C�-rmsd (Left) and population (Right) of the no.1 clusters at different
temperatures. The first 50 ns of the simulation trajectories were excluded from
the clustering analysis. Hierarchical clustering scheme was adopted and pair-
wise C�-rmsd of 2.5 Å was chosen as the cutoff for clustering. The clusters were
ranked by the populations at the specific temperature.
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We further examined the 10 most populated clusters at 300 K
[structures shown in supporting information (SI) Fig. 7]. As
shown in Table 1, the most populated cluster (C�-rmsd � 1.8 Å)
and two other clusters (8 and 9) were folded clusters. Clusters 2,
3 ,and 4 were partially folded, with a low C�-rmsd for segment
B (I1 state). Based on the clustering analysis, the C�-rmsd of the
folded state was �1.8 Å, and the C�-rmsd of the major inter-
mediate state was �4.6–5.4 Å. The population of folded cluster
1 was 29.8%, whereas the population of cluster 5 (denatured) was
2.3%. Based on the population, the free-energy difference
between the folded and denatured cluster was �1.5 kcal/mol,
and the native state was the most favorable conformation. In
comparison, the potential energy of the system was not a good
indicator of the folding because it did not include the entropic
effect. As we can see from Table 1, the average potential energy
of cluster 2 (partially folded) was the lowest (�645.8 kcal/mol).
Highly compact denatured clusters 5 and 6 also had slightly lower
potential energies (both near �643.5 kcal/mol) than folded
cluster 1 (�642.6 kcal/mol). Therefore, the folded conformation
was enthalpically less favorable (�H � 0.9 kcal/mol) but en-
tropically more favorable (T�S � 2.4 kcal/mol) than the dena-
tured conformation. This underscores the entropic contribution
in protein folding. Further examination of the low-energy de-
natured conformations showed that secondary structures were
well formed, and overall structures were more compact than the
native state. The over-packing rendered the favorable energy but
also the much unfavorable entropy.

We conducted a second set of REMD to test the convergence
and observed consistent subangstrom folding below melting
temperature. The folding landscapes changed similarly when
temperature increases. Furthermore, a similar heat capacity
profile was also observed. Although differences in finer details
did exist, the two sets of REMD simulations were reasonably
consistent with each other.

Discussion

CMD and REMD are complementary. Because of its signifi-
cantly enhanced sampling, equilibrium may be better achieved in
the REMD for a comparable simulation effort, and some
(semi-)quantitative thermodynamic information may be ob-
tained from (long-time) REMD simulations. For example, free-
energy landscapes obtained from the REMD allows for the
calculation of the free-energy difference among the states and to
identify plausible pathways. The REMD also allows for direct
characterization of the temperature-dependent properties such
as the melting curve and the heat capacity, which provide
valuable avenues for direct comparisons with experiments. Yet,
because the time-course information obtained from each tra-

jectory of REMD includes transitions among replicas, it is rather
difficult to obtain the information about the sequence of the
events that are free from these nonphysical transitions. In a
sense, the pathways identified from REMD (and from other
free-energy calculations) are thermodynamic pathways. In com-
parison, the CMD allows the time course of the folding events
to be traced, and multiple long-time trajectories can potentially
provide an adequate sampling for qualitative descriptions of the
folding landscapes of small proteins. Therefore, kinetic infor-
mation is better obtained from the CMD. A more complete
picture of the folding process emerges when the results from the
CMD and REMD are combined.

From Fig. 3, it is clear to see that the primary thermodynamic
folding pathway identified from the REMD simulations con-
nects the denatured state and the native folded state through a
major intermediate state (i.e., D3 I13 F). Because the barrier
separating the native folded state from the major intermediate
state was only 1.3 kcal/mol (Figs. 3 and 4), the native state and
the major intermediate state can be readily exchanged. In this
way, formation of the major intermediate state may directly lead
to the native state. In the CMD simulations, all global folding
leading to the native folded state went through the major
intermediate state I1 before global folding. Therefore, the major
intermediate state (I1) was an obligatory on-pathway folding
intermediate. In comparison, the intermediate state I2 was
poorly populated in the REMD simulations. The free-energy
barrier between I2 and the native state was too high, so it was
never sampled during the simulations. Therefore, I2 was an
off-pathway intermediate. This is in agreement with the CMD
simulations in which I2 was poorly sampled at 300 K and never
led to the native state.

The highest free-energy barrier on the folding pathway (D3
I13 F) was the barrier separating the denatured state from the
major intermediate state I1 (2.8 kcal/mol). The REMD suggests
that the rate-limiting step in the folding of HP35 is to form the
folding intermediate state. This is also in close agreement with
the CMD results. An important structural feature of the major
intermediate I1 was the formation of segment B (helices II and
III). Both CMD and REMD simulations suggest that the for-
mation of segment B is the rate-limiting step. Detailed analyses
on the CMD trajectories revealed that the linker region around
Pro21 folded early and was quite stable, contributing to the high
stability of segment B. Therefore, the rigid Pro21 in the linker
region between helices II and III plays a crucial role by restricting
the movement of the two helices and is the initiation site of the
folding of segment B. These observations are in agreement with
the experiments, which suggests that Pro21 plays crucial roles in
stabilizing the native structures (10).

We examined the roles of the solvent by conducting a set of
simulations with an explicit solvent (data not shown). In the two
30-ns simulations starting from the x-ray structure, both dis-
played good stability with the rmsd mostly f luctuating between
0.5 Å and 2.0 Å. We further selected five representative clusters
from the REMD simulation at 300 K (clusters 1, 2, 5, 7, and 9
as shown in SI Fig. 7) for 30-ns stability tests with an explicit
solvent. The protein was stable for three of the conformations,
with a well folded segment B (clusters 1, 2, and 9), as judged by
the rmsd and the radius of gyration. However, the other two
conformations, which lacked the folded segment B, displayed
significant fluctuation. Consistent with the simulations with the
implicit solvent, this again demonstrated the importance of
segment B on the folding and stability of HP35. We expect that
the further adjustment of the semifolded conformations (clusters
2 and 9) may take a much longer time, which is beyond the scope
of our current study.

The calculated �Gfolding was smaller than the experimentally
derived �3.1 kcal/mol (4). Although accuracy of the underlying
model (including both the force field and the solvation model)

Table 1. Properties of the top 10 clusters from REMD at 300 K

Cluster ID Population, % rmsd, Å* RB, Å† Epot, kcal/mol‡

1 29.8 1.783 0.783 �642.649
2 11.6 5.388 1.520 �645.803
3 2.6 4.471 1.350 �638.750
4 2.4 4.455 1.428 �639.321
5 2.3 3.986 3.512 �643.405
6 2.1 5.004 3.757 �643.635
7 1.9 6.138 3.836 �636.651
8 1.7 2.987 0.902 �637.025
9 1.7 3.100 0.604 �635.968

10 1.4 6.162 3.591 �641.322

*C�-rmsd compared with the x-ray crystal structure, excluding one residue
from each terminus.

†C�-rmsd of segment B (residues 15–33) compared with the x-ray crystal
structure.

‡Total potential energy, including the terms of MM � GB � SA.
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could contribute to the difference, the two-state assumption in
experiments [which is inconsistent with other experiments (12)]
may also be a factor. The lack of high resolution in experiments
further hinders the interpretation of the results. For example, the
CD signal measures the average main chain helicity, which may
include partial helical structures. Clearly, better consensus on
the folding mechanisms will be reached with the continuous
development in both experiments and simulations.

Conclusions

We have conducted ab initio folding of HP35 by two sets of
REMD and three sets of CMD simulations. Consistencies were
observed between the REMD and CMD simulations, and the
combination provided time-dependent kinetics and tempera-
ture-dependent thermodynamics on the folding of HP35.
Subangstrom folding was achieved when temperatures were
below melting temperature with the C�-rmsd as close as 0.46
Å to the x-ray structure, and the most populated clusters were
the folded clusters. Four states were identified from the
folding landscape, including the folded state, denatured state,
and two intermediate states. At 300 K, the typical C�-rmsd of
the folded state was �1.8 Å, and the typical C�-rmsd of the
major intermediate state was �4.6–5.4 Å. The temperature-
dependent folding of HP35 was demonstrated by the shift of
the folding landscape and the change of the folded population.
The folding transition temperature (339 K) estimated from the
heat-capacity profile agreed with the experimentally measured
melting temperature (342 K).

Methods

We chose the AMBER FF03 force field (35) to represent the
protein and a recently developed generalized Born model (36) to
represent the solvation effect. The FF03 was developed based on
quantum mechanical calculations in an organic solvent with a
continuum solvent model. It has been successfully applied to the
folding of a few helical peptides and proteins (37–40) as well as
a series of studies on �-sheet aggregation (41–43). Through this
series of tests, FF03 demonstrated improved performance com-
pared with previous versions of AMBER force fields. It should
be noted that the FF03 force-field parameters were released in
2003 (35), more than a year before the release of the x-ray HP35
structure, and the refinement of the generalized Born model
parameters were performed independently by another group
using a different set of charges (36), suggesting transferability of
the models.

All simulations were performed by using the AMBER 8.0
simulation package (44, 45). The ‘‘sander’’ program was used

for the CMD simulations, and the ‘‘multisander’’ was used for
REMD simulations. The generalized-Born model was selected
by setting IGB � 5 with 0.2 M salt concentration and default
surface tension of 0.005 kcal/mol/Å2. The nonbonded interac-
tions were truncated at 12.0 Å. The initial conformation was
the extended chain of the wild-type HP35 polypeptide. After
1,000 steps of minimization and a 20-ps equilibration at 300 K,
the conformation was then taken for the production simula-
tions of the CMD and REMD. There were 20 replicas in the
REMD, and the targeting temperatures were: 273, 283, 293,
300, 307, 313, 319, 325, 332, 339, 348, 360, 374, 390, 406, 422,
440, 460, 480, and 500 K. The time step was set to 1.0 fs.
SHAKE was applied to constrain the bonds connecting hy-
drogen atoms (46), and the temperature was regulated by
Berendsen’s thermostat (47). In the first 1.0 ns, each replica
was equilibrated at the target temperature. In the subsequent
simulations, exchanges between neighboring replicas were
attempted every 2,000 steps. Coordinates were saved every
2,000 steps. The simulations were performed for 200 ns for
each REMD set (for an aggregated 8.0 �s) and for 1.0 �s for
each CMD trajectory.

The x-ray crystal structure of HP35 (Protein Data Bank ID
code 1YRF) was used as a reference for the calculation of rmsd.
The C�-rmsd of the whole protein (excluding terminal residues
Leu1 and Phe35) was used to evaluate its global folding. The
folding landscape was constructed by using two convenient
reaction coordinates: the folding of segment A (residues 3–21)
and segment B (residues 15–33) as measured by their respective
C�-rmsds. By overlapping helix II in the two segments, the global
folding is ensured when both segments are folded.

Clustering was applied to detect populated conformations at
each target temperature. Pairwise rmsd of 2.5 Å (C� only) was
chosen as the cutoff for hierarchical clustering. Heat capacity
was calculated at each temperature by C � (�E2	 � �E	2)/RT2,
where E is the energy, R is the gas constant, and T is the
temperature. The program ‘‘ptraj’’ in the AMBER package was
used in the PCA.
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