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The LYS24/29NLE double mutant of villin headpiece subdomain �HP35� is the fastest folding
protein known so far with a folding time constant of 0.6 �s. In this work, the folding mechanism of
the mutant has been investigated by both conventional and replica exchange molecular dynamics
�CMD and REMD� simulations with AMBER FF03 force field and a generalized-Born solvation
model. Direct comparison to the ab initio folding of the wild type HP35 enabled a close examination
on the mutational effect on the folding process. The mutant folded to the native state, as
demonstrated by the 0.50 Å C�-root mean square deviation �RMSD� sampled in both CMD and
REMD simulations and the high population of the folded conformation compared with the
denatured conformations. Consistent with experiments, the significantly reduced primary folding
free energy barrier makes the mutant closer to a downhill folder than the wild type HP35 that
directly leads to the faster transition and higher melting temperature. However, unlike the proposed
downhill folding which envisages a smooth shift between unfolded and folded states without
transition barrier, we observed a well-defined folding transition that was consistent with
experiments. Further examination of the secondary structures revealed that the two mutated residues
have higher intrinsic helical preference that facilitated the formation of both helix III and the
intermediate state which contains the folded segment helix II / III. Other factors contributing to the
faster folding include the more favorable electrostatic interactions in the transition state with the
removal of the charged NH3

+ groups from LYS. In addition, both transition state ensemble and
denatured state ensemble are shifted in the mutant. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2995987�

INTRODUCTION

The native structures of protein are the outcome of the
delicate balance among enthalpic and entropic forces. This
balance can be disrupted by the change in the environment
such as temperature, solvent, and salt concentration and
cause many neurodegenerate diseases.1 To a lesser extent,
mutations may affect the stability and folding process of pro-
teins. The effect of point mutations depends on both the na-
ture and position of the mutations. Generally, conservative
mutations especially on surface residues have minor effect
on protein structures, but nonconservative mutations on
deeply buried residues can have profound effect. Mutational
effects can be measured in experiments including �-value
analyses which enable a systematic assessment on the muta-
tional effects to protein stability and folding kinetics.2 How-
ever, exactly how the mutations disrupt the energy balance is
usually not well understood due to the difficulty in evaluat-
ing the energy contributions from experimental data.

Owing to the ability to dissect energy contributions and
the high spatial and temporal resolutions, computer simu-

lations have been applied to the investigations of mutational
effects. Yet, because of the enormous challenge both in
reaching the native state directly by computer simulations
from fully denatured state and in sampling the transition-
state ensemble �TSE�, most of the studies have focused on
protein stability whereby only the experimental native state
and the denatured-state ensembles �DSE� �typically repre-
sented as random coils� are needed. Using free energy calcu-
lation, Hendsch et al.3 predicted the stabilization effect of
replacing buried polar groups with nonpolar residues which
was verified in the circular dichroism experiment. Veenstra
and Kollman4 applied free energy calculation to the muta-
tions of T4 lysozyme and achieved good agreement with
experiments in both stabilizing and destabilizing mutants. In
the study of Zoete and Meuwly,5 the side chains of amino
acids were treated as “pseudoligand” and the molecular me-
chanics and generalized born/surface area �MM-GBSA� ap-
proach was applied to evaluate the contribution to protein
stability, demonstrating promising results on monomer insu-
lin. Based on molecular dynamics �MD� simulation, Santos
et al.6 proposed that the changed stability of two mutants of
�-lactamase was due to the altered van der Waals and hydro-
gen bonding network, respectively. However, because of the
lack of sampling to either the transition state or the folding
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“pathways,” these studies were limited to protein stability
and were unable to provide information on the folding
kinetics.

Complementary to the stability study by free energy cal-
culations, unfolding simulations have been exploited to
probe TSE and DSE.7,8 Examples of the work included the
studies of Pan and Daggett9 who applied free energy pertur-
bation to the hydrophobic deletion of chymotrypsin inhibitor
2 using transition-state and denatured-state structures from
unfolding simulations and reached agreement with the
�-value analysis experiment. Cregut and Serrano10 em-
ployed unfolding simulations to study the mutational effects
on the B1 domain of protein G, which agreed with experi-
ments. Eleftheriou et al.11 also applied thermal unfolding to
the W62G mutant of lysozyme and found that the mutant has
a lower stability compared with the wild type. While the
results from these studies are encouraging, they did not di-
rectly sample the folding pathways and folding processes.

Villin headpiece subdomain �HP35� is a small and fast-
folding protein which attracted many experimental and simu-
lation studies. The structure of this 35-residue helical protein
has been determined by both nuclear magnetic resonance
�NMR� and x-ray crystallography.12,13 The folding of HP35
has been investigated by experiments using unfolding, trun-
cation, T-jump, and solid-state NMR techniques.14–17 The
folding time of HP35 was determined to be around 4.3 �s
from T-jump experiment.17 HP35 was considered as a two-
state folder but this notion has been challenged by a solid-
state NMR experiment and by T-jump kinetic experiment in
which a two-stage unfolding was observed.16,17 In an effort
to further examine the “speed limit” of protein folding,
Kubelka et al. mutated the two partially buried LYS residues
�LYS24 and 29, Fig. 1� to nonpolar residues NLE �nonstand-
ard amino acid, see Discussion�. The mutant can fold with a
time constant of 0.6 �s which is very close to the theoretical
limit.18

Despite the small size and fast folding, it has been diffi-
cult to fold HP35 to its native state. In earlier works, the
folding of HP35 has been attempted by 1.0 �s simulations
with explicit solvent and by folding@home with short trajec-
tories by both implicit and explicit solvent utilizing enor-
mous computing power.19–21 Attempts have been made by
numerous groups using moderate computing power,22–29 in-
cluding the first attempt to fold HP35 using simulation with
implicit solvent model by Shen and Freed22 that reached an
C�-RMSD of 3.0 Å, coarse-grained simulation by De Mori
et al.,27 Go-model simulation by Faccioli et al.,29 and basin-
hopping simulation by Derreumaux28 and Carr and Wales.26

Jayachandran et al.21 were able to fold residues 9–32 �corre-
sponding to the helix II / III segment� to 1.7 Å. Their recent
simulations on the HP35 double mutant30 with explicit sol-
vent demonstrated diverse folding pathways and highlighted
the complexity of the free energy landscape.

In our recent work, we applied AMBER FF03 force field
and a generalized-Born �GB� model to the folding of HP35
using both conventional MD �CMD� with long trajectories
�1 �s� and replica exchange MD �REMD�.31,32 The protein
folded to the native state as shown by the lowest C�-RMSD
�0.5 Å in both CMD and REMD simulations. Based on the
simulations, we proposed a folding pathway in which the
protein goes through a folding intermediate state with well-
folded helix II / III segment followed by docking of helix I.
We also identified the primary folding free energy barrier
which was the formation of the intermediate state. In this
study, we are motivated to understand the underlying mecha-
nism of the observed mutational effects of LYS24 and
LYS29 on NLE. We apply the same strategy of using both
CMD and REMD to obtain both the time-dependent kinetic
information and temperature-dependent thermodynamic in-
formation. The ab initio folding of both wild type HP35 and
the mutant allowed a close examination of the mutational
effect.

RESULTS

In this section, we will first describe folding of the HP35
mutant to the native state. Following that, we will compare
the folding of the HP35 mutant with that of the wild type. In
the last part, we will discuss the underlying physical effects
of the mutations.

Ab initio folding of the HP35 mutant

We conducted ten simulations �1 �s each, all started
from the extended chain� with CMD on the HP35 double
mutant. In the simulations, the HP35 mutant sampled confor-
mations with C�-RMSD �3.0 Å in all ten trajectories and
C�-RMSD �2.0 Å in eight trajectories. When C�-RMSD
�2.0 Å was used as cutoff, the folding time varied from
91 to 792 ns. Five of the trajectories reached the folded state
within 500 ns �91, 146, 279, 281, and 465 ns, respectively�,
and three of the trajectories reached the folded state after
500 ns �530, 569, and 792 ns�. Furthermore, folding of
C�-RMSD �1.0 Å was observed in four trajectories and one
of them is shown in Fig. 2. In this trajectory, HP35 mutant
reached the folded state at around 91 ns and stayed in the

FIG. 1. �Color� The structure of the HP35 double mutant determined by
x-ray crystallography �PDB code 2F4K�. The backbone is shown as cartoon
and the mutated residues �LYS24NLE and LYS29NLE� are shown as sticks.
In this view, helices II �in blue� and III �in magenta� are in the plane and
helix I �in red� is nearly perpendicular to the plane.
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folded state for about 800 ns. As shown in the figure, the
C�-RMSD fluctuated between 0.4 and 3.0 Å and spent most
of the time within 2.0 Å. The observed fluctuation of
C�-RMSD was primarily due to the movement of helix I, as
discussed below.

To demonstrate the key events leading to folding to the
native state, selected snapshots are shown in Fig. 2. Starting
from an extended chain �0 ns�, the HP35 mutant quickly
collapsed into a coiled structure with a small local �-hairpin
structure �1 ns�. After 10 ns, helical turns started to form in
the helix III region. The formation of the secondary struc-
tures was completed at 70 ns, which was followed by the
repacking of the structural elements. This eventually evolved
to the folded state with a slight variation in the orientation of
helix I �two structures with C�-RMSD of 2.73 and 1.16 Å,
respectively, are shown�.

In addition to the ten CMD simulations, we also con-
ducted a set of REMD simulations, all starting from the ex-
tended chain, using 16 replicas and 240 ns for each replica.
Folding was also observed in the REMD simulations where
conformations with C�-RMSD�1.0 Å were sampled in

eight lower temperature replicas �T�353 K� and conforma-
tions with C�-RMSD�0.5 Å were sampled in five replicas
with T�310 K. For better understanding of the conforma-
tional sampling, we conducted clustering analysis on the
conformations sampled at 296 K and the results are shown in
Fig. 3. The top two clusters had very similar population
�18.8% and 18.7%� and one of them was a well-folded con-
formation �1.62 Å C�-RMSD for the cluster center�. In ad-
dition, the third cluster �5.8%� was also a folded cluster
�3.05 Å C�-RMSD for the cluster center�. Therefore, a com-
bined population of more than 24.5% of folded conformation
was sampled in the REMD simulation. In fact, all of the top
ten clusters had well-folded helix II/III segment �the interme-
diate state�, indicating the low population of the denatured
state. Ideally, the population of the folded conformations
should be greater than 50% at 296 K, which is lower than the
melting temperature �Tm=360 K from the experiment�. How-
ever, this property was not faithfully reproduced in this work,
indicating room for further improvement in the simulations,
including force field and solvation model.

Nevertheless, the ability to consistently reach the native

FIG. 2. �Color online� A representative folding trajectory from the CMD simulations of the HP35 mutant. Shown in the three panels are the C�-RMSD of the
whole protein �top, residues 2–34�, the helix I/II segment �middle, residues 3–21� and the helix II/III segment �bottom, residues 15–33�. Selected snapshots
are presented to demonstrate the complete folding process from the extended chain to the fully folded structure.

FIG. 3. �Color online� The top 5 clusters �ranked by population� from the REMD simulations of the HP35 mutant �replica T=296 K�. Two of them �cluster
Nos. 2 and 3� belong to the folded state and the other three belong to the intermediate state.
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state �as defined by C�-RMSD�2.0 Å or even lower� was
an encouraging progress. Further improvement will allow
faithful replication of the kinetic and thermodynamic prop-
erties. Judging from the fact that most of the so-called “suc-
cessful” folding simulations done by others failed to reach
the native state, our present work is clearly a step forward in
which not only the native state was consistently reached but
also good agreement was observed between simulation and
experiment in terms of certain kinetic and thermodynamic
properties.

As temperature increased, the population shifted toward
the denatured state gradually. This thermal denaturation of
HP35 mutant is shown in Fig. 4. Consistent with the thermal
denaturation experiments, there was a sharp increase in the
population of the denatured state within the 273–373 K tem-
perature range. In comparison, the increase in the radius of
gyration and the decrease in helicity was much slower.

Comparison between the mutant and wild type

In the experimental studies, the mutant has an enhanced
thermal stability with the melting temperature of Tm

=360 K which is higher than the Tm=342 K of the wild type,
an increase by �Tm=18 K. Consistent with the experiments,
we observed similar behavior in our simulations. From the
heat capacity profiles shown in Fig. 5, the mutant had a Tm

=353 K and the wild type had a Tm=339 K �the peaks of the
heat capacity profiles are identified as Tm�, an increase by
�Tm=14 K, in qualitative agreement with experiments.

In addition to the enhanced thermal stability, the muta-
tion also enhanced the folding kinetics. With a folding time
of 0.6 �s, the mutant can fold notably faster than the wild
type �4.3 �s�. Our previous simulations showed that the pri-
mary folding transition barrier of the wild type is the forma-
tion of helix II/III segment which leads to the folding inter-
mediate. Our present simulations demonstrate that folding of
helix II/III segment of the mutant was significantly faster
than that of the wild type �Fig. 6�. With a cutoff of
C�-RMSD�2.5 Å, the helix II/III of the HP35 mutant
reached 80% folded near 150 ns, while that of the wild type

only reached 50% folded near 300 ns. Thus, the mutant can
cross the folding transition state and reach the folding inter-
mediate state notably faster than the wild type.

A key difference is noted in the formation of helix III
which facilitates formation of helix II/III segment. Formation
of native hydrogen bonds is shown in Fig. 7. It is clear that a
key effect of the mutations is the improved formation of
helix III while the effect on the other two helices is marginal.
This is not surprising because both mutated residues are
within helix III. However, the effect went beyond helix III
and notably stabilized helix II/III segment.

Reduced primary folding free energy barrier due to
the mutations

Protein folding rates are mostly determined by the pri-
mary folding free energy barriers. We calculated the free
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energy profiles for the folding of helix II/III segment which
was identified as the primary barrier in the wild type folding
�Fig. 8�. It is rather clear that the free energy barrier �upper
panel in Fig. 8� of forming helix II/III segment is much
lower for the mutant ��1.0 kcal /mol� than the wild type
��2.8 kcal /mol�. To identify the source of this change in
free energy barrier, we calculated the potential energy profile
for the folding of helix II/III segment. As shown in the lower
panel of Fig. 8, the potential energy barrier was
�17 kcal /mol for the wild type and �9 kcal /mol for the
mutant. Therefore, potential energy wise it is much more
favorable for the mutant to cross the barrier to form the in-
termediate state.

Since two charged groups were removed by mutation,

there are at least two possible scenarios for the decrease in
the potential energy barrier: the mutant may either have less
charge repulsion at the transition state or may have less fa-
vorable electrostatic interactions in the DSE in comparison
to the wild type. Interestingly, the relative energy differences
between the denatured state and intermediate state were simi-
lar for both the wild type and the mutant. However, the en-
ergy of the transition state decreased significantly in the mu-
tant. What is more interesting is that the change also takes
place in the positions of the denatured and transition states
and both shifted toward higher RMSD for the mutant. This
further underscores the notion that folding kinetics can be
greatly influenced by a few mutational perturbations when
these mutations are targeted at the key sites responsible for
the stabilization of the TSE as have been revealed by the
�-value analysis experiments.

DISCUSSION

In a recent simulation work on the same HP35 mutant,
Ensign et al.30 investigated the folding rate of the mutant
using the same force field �AMBER FF03� but with explicit
solvent. Starting from various unfolded structures generated
by unfolding simulation at 373 K, the authors observed het-
erogeneous folding behavior with various folding rates. The
ones with nativelike structures in the helix I and three core
phenylalanine residues displayed the closest folding rate to
the experimentally determined folding rate. Based on this
observation, the authors suggested that those nativelike
structures may be close to the unfolded structures in the ex-
periment. Here in our work, we started all simulations from
the fully unfolded structures �the straight chain� that enabled
us to observe the complete folding process without the po-
tential bias due to selection of starting coordinates. Further-
more, since we obtained the ab initio folding of both the wild
type and the mutant using the identical simulation parameter
set, we were able to compare the difference and investigate
the mutational effect. Evidently, the explicit representation of
solvent water is ideally suitable to explore the influence of
solvent at the molecular level. Therefore, the study of Pande
et al. and our current work are complimentary to each other
with different emphases.

The mutation of LYS to NLE neutralizes the charged
side chain by replacing the NH3

+ group with an H �Fig. 9�.
The neutralized side chains are subject to a reduced penalty
when they are buried in the mutant.18 In addition, the muta-
tion may also change the local secondary structure prefer-
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FIG. 9. �Color� Structures of amino acids relevant to the LYS→NLE mu-
tation, including LYS, NLE, MET, and LEU. This is to examine the source
of the mutational effects.
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ence as illustrated by the helical propensity. Since NLE is a
nonstandard amino acid, we will infer its helical propensity
from similar nonpolar amino acids. Chemical composition
wise, NLE is similar to LEU. Structure wise, NLE is similar
to MET. We can consider NLE as a linear version of LEU or
an S→CH2 mutant of MET. Both LEU and MET have
higher helical propensity than LYS.33 Therefore we expect
the helical propensity of NLE higher than that of LYS. In-
deed, REMD simulations on the Ace-Gly-Lys-Gly-Nme and
Ace-Gly-Nle-Gly-Nme showed that NLE peptide has a
slightly higher helicity than the LYS peptide by �3%. This
should partially account for the better formation of helix III
in the mutant. When the neighboring effects are considered,
slightly higher helicity in helix III was predicted by AGA-
DIR �Ref. 34� when LYS is replaced by either LEU or MET
�data not shown�. This better formed helix III can facilitate
the folding of the intermediate state and significantly en-
hance the folding rate of HP35.

Protein folding rate is largely determined by the primary
free energy barriers. The change in the denatured state and
transition state can both affect the folding rate in a significant
manner. These effects are difficult to predict from the native
structure alone. Rather, a detailed knowledge in the folding
pathway is necessary to achieve reliable prediction of the
mutational effect. From the free energy profile of the forma-
tion of the intermediate state �Fig. 8�, it is quite clear that
both TSE and DSE shifted to larger RMSD upon mutation.
Further analyses of the TSE show that the mutation caused
substantial changes, although it is difficult to attribute the
free energy change to specific residue-residue interactions. In
fact, the charge to neutral mutations �NH3

+→H� in the two
lysine residues caused substantial structural rearrangement in
both the DSE and TSE.

Downhill folding has been a subject of great interest in
the field. In the downhill folding process, the protein shifts
between the denatured and folded states without notable ther-
modynamic barriers.35–37 For small barriers �barrier�3RT�,
the folding can be an incipient downhill process, as shown
by lambda repressor and WW domain.32 In the cases of
downhill or incipient downhill folding, the process exhibits
the characteristics of nonexponential and noncooperative be-
havior. In our study, we observed a significantly reduced
folding free energy barrier. After the double mutation, the
folding free energy barrier was reduced to �1.0 kcal /mole,
notably smaller than the wild type and comparable to RT at
room temperature �RT= �0.6 kcal /mole�. Thus, the double
mutant may be an example of incipient downhill folding.
Interestingly, we observed a cooperative folding process as
shown by the heat capacity �Fig. 5�, folding free energy pro-
files �Fig. 8�, and other measures �Fig. 4�. These observations
are consistent with experimental results.18 Thus, the double
mutant, although can fold extremely rapidly with a time con-
stant of 0.6 �s, appears to differ from the “downhill” folder
which supposes to fold nonexponentially and noncoopera-
tively as envisaged by the funnel theory.

In contrast to the prevailing side-chain/backbone para-
digm, Rose et al. proposed that protein folding starts from
the building of a set of conformations driven by backbone
hydrogen bonding which forms local helices and �-sheets.38

In a recent work by St-Pierre et al.,39 the complex folding
scenario was attributed to the formation of a set of conform-
ers before reaching the intermediate state. In the current
work, although transient formation of �-sheets was observed
in several trajectories such as displayed in Fig. 2, the forma-
tion of helical conformations was apparent even before
reaching the intermediate state �data not shown�. The frustra-
tion mostly came from two sources: the mispacking of folded
helical segments before the formation of the intermediate
state and the slow conformational search in helix I after the
formation of the intermediate state.

METHODS

The simulations were conducted with the AMBER simu-
lation package.40 The all-atom point-charge force field FF03
was chosen to represent the protein.41 The combined GB
�Ref. 42� and surface area model was chosen to mimic sol-
vation effect �surface tension=0.005 kcal /mol Å2�. The par-
tial charges for the nonstandard amino acid norleucine were
derived using an approach similar to that in FF03. The ge-
ometries of the two representative conformations �alpha and
beta� were optimized at HF /6-31G* and the electrostatic po-
tentials for charge fitting were then calculated at
B3LYP /cc-pVTZ�HF /6-31G* in a medium �ether� mimick-
ing the protein interior environment. The polarizable con-
tinuum model was used to consider the solvent effects.

Starting from the extended polypeptide chain of the
HP35 mutant, short minimization �1000 steps� and equilibra-
tion �20 ps with random seed� were applied to the system.
The equilibrated structures were the starting point for the
simulation trajectories. There were 16 replicas in the REMD
simulations43 and the target temperatures were 260.0, 271.6,
283.7, 296.3, 309.5, 323.3, 337.7, 352.8, 368.5, 384.9, 402.1,
420.0, 438.7, 458.3, 478.7, and 500.0 K. Temperature ex-
changes were attempted every 2000 steps. Temperature was
set to 300 K in CMD simulations and was controlled by
applying Berendsen’s thermostat44 with a coupling time con-
stant of 2.0 ps. The choice of thermostat has been tested in a
separate study on the B domain of protein A,45 which dem-
onstrated similar ensemble properties and even folding be-
havior for Berendsen’s thermostat and Andersen’s thermo-
stat. Ionic strength was set to 0.2 M. The cutoffs for both
general nonbonded interaction and GB pairwise summation
were set to 12 Å. The time step was 2 fs in CMD and 1 fs in
REMD. SHAKE was applied for hydrogen-connected bond
constraint.46 Slow-varying terms were evaluated every four
steps. The coordinates were saved every 10 ps in CMD and
2 ps in REMD. The simulations were run on an advanced
micro devices �AMD� cluster �4 CPU on each node�, and it
took �40 days to complete each 1 �s CMD simulation and
�30 days to complete the 240 ns REMD simulation.

Clustering was conducted on the REMD trajectories at
each temperature. The snapshots were clustered using a hi-
erarchical clustering method. Two snapshots are considered
as neighbors when their pairwise C�-RMSD is below 2.5 Å.
One residue from both termini was excluded in the clustering
and other RMSD calculations due to the high flexibility. The
snapshot with the most neighbors was identified as the center
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of the cluster. The process was iterated to identify other clus-
ters from the remaining snapshots. Heat capacity was calcu-
lated using C= ��E2�− �E�2� /RT2, where E is the potential
energy, R is the gas constant, and T is the temperature. A
standard criterion for hydrogen bond was used in the analy-
ses where the cutoff for donor-acceptor distance was set to
3.5 Å and the donor-hydrogen-acceptor angle cutoff was set
to 120°. Helicity was evaluated using a simple main chain
dihedral cutoff: �=−57�40° and �=−47�40°. We used
smaller cutoff of �30° in the previous studies.47 The larger
cutoff used here is more tolerable to the dynamic nature of
the structures. The choice of either value did not have sig-
nificant effect on the estimation of helicity �data not shown�.

CONCLUSIONS

To investigate the effect of the LYS24/29NLE mutation
on the folding of HP35, we conducted extensive ab initio
folding simulations, including a set of ten CMD simulations
�1 �s each� and a set of REMD simulations with 16 replicas
for 240 ns. Consistent with the simulations on the wild type
HP35, folding was obtained for the mutant in both CMD and
REMD simulations where C� RMSD of 0.5 Å was reached,
and the population of the folded conformation was relatively
high �	24.5% �. Consistent with the experimental studies on
the mutant and wild type, the mutant demonstrated higher
thermal stability and faster folding compared with the wild
type. The higher intrinsic helicity of NLE compared to LYS
likely contributed to the faster formation of helix III. More
importantly, the primary free energy barrier was significantly
lower in the mutant which leads to the faster folding of the
intermediate state with folded helix II/III segment. Further-
more, unexpected changes in both the DSE and TSE were
observed. In short, the simple LYS24/29NLE mutation has
profound effect on the folding of HP35.
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