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Abstract

Accurate ab initio simulation of protein folding is a critical step toward elucidation of protein folding
mechanisms. In this report, we demonstrate highly accurate folding of the 35-residue villin headpiece
subdomain (HP35) by all-atom molecular dynamics simulations using AMBER ff03 and the
generalized-Born solvation model. In a set of twenty microsecond-long simulations, the protein
folded to the native state in multiple trajectories with the lowest C,-RMSD being 0.39 A for residues
2-34 (excluding residues 1 and 35). The native state had the highest population among all sampled
conformations and the center of most populated cluster had a C,-RMSD of 1.63 A. Folding of this
protein can be described as a two-stage process that followed a well-defined pathway. In the first
stage, formation of helices 11 and 11 as a folding intermediate constituted the rate-limiting step and
was initiated at a folding nucleus around residues Phey7 and Pro,q. The folding intermediate further
acted as a template that facilitated the folding and docking of helix I in the second stage. Detailed
descriptions of the folding kinetics and the roles of key residues are presented.
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Introduction

The greatest challenge confronting ab initio protein folding is the small amount of folding free
energy that is usually only a few kcal/mol for a typical protein, comparable to the energy of a
single hydrogen bond. The complexity of the energetic surface and the enormous number of
energy minima further underscore the need of an exquisite level of accuracy1_3. Built upon
the physical energetics of small peptide fragments, the physics-based atomistic model is
considered a promising approach that is naturally suitable to model the protein folding process.
Due to the high spatial and temporal resolutions, a successful simulation of the protein folding
with such a model can potentially provide a detailed descrligation of the process and enhance
the understanding of the mechanisms of protein folding4;

Encouraging progress has been made by many groups in the ab initio simulations of protein
folding. Highlights of the recent accomplishments included simulations of small fast-folding
proteins by a number of roup56‘17. Yet, despite the encouraging progress, with the Trpcage
being the only exception =9 ab initio simulations on all other small proteins have remained
at the level of 2-4 A C,-RMSD from the experimental structures which are generally
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considered as the so-called “native-like” states. The complete lack of observations of the native
high-resolution experimental structures in ab initio simulations on proteins of non-trivial
topology underscores the challenge confronting ab initio protein folding simulations and
reinforces the notion that direct simulations of8prote|n folding to the native state using the
physics-based models remain a “Holy Grail”!

The villin headpiece subdomain (HP35) |s a naturally existing 35-residue helical protem19
Both the NMR and X-ray structures20—22 show that its native structure forms a unique fold.
The three helices are arranged so that helix | (residues 2-11) is nearly perpendicular to the
plane formed by helices Il and 111 (residues 13-20 and 21-33, respectively). HP35 can
spontaneously fold without the assistance of disulfide bonds, metal ions, or non- natural ammo
acids. Its nontrivial topology, small size, and robust and fast folding (4.3 + 0.6 uS) 4 has
made it an ideal prototypical system to investigate the folding mechanisms. It is one of the
most studied small proteins by kinetic experiments and computer simulations17: 23-40,
Among which, the first all-atom simulation of protein folding to a microsecond with an explicit
solvent reached a native-like state 33. Based on the simulation, Lee, Duan and Kollman23
predicted the folding time of 4.2 ps which remains as the most accurate prediction of folding
time thus far. Pande and coworkers attempted to fold this protein using foIdmg@home to a
cumulated 300 ps with continuum solvation and the best C,-RMSD was close to 3.8 A35
Despite the effort, the best sampling on HP35 has been 1.29 A C,-RMSD for residues 9 32
(i.e., folded helices 11 and 111 except helix I) by Pande and coworkers in their recent work4!
and the lowest overall RMSD in the majority of other works has remained above 3.0 A. The
lack of global folding to the native state once again illustrates the level of challenge confronting
the ab |n|t|o foldmg simulations. In our previous work, the free energy landscape of HP35 was
examined#2. In this work, we focus on the folding processes.

Results and Discussion

Folding of HP35 to sub-angstrom accuracy

We now report a set of twenty simulations on HP35 (1.0 us each) in which the native state has
been consistently reached to within 1.0 A C,-RMSD in multiple trajectories to as close as 0.39
A (in this work, unless otherwise specified, the C,-RMSD refers to reS|dues 2-34, excluding
residues 1 and 35, and relative to the X-ray structure (PDB code 1YRF) ) Furthermore, the
native conformation was notably the most populated among all conformations sampled during
the simulations. Started from the fully denatured states, the protein folded to the native state
in a majority of the simulation trajectories. The C,-RMSD reached below 1.0 A from the X-
ray crystal structure in seven trajectories. In comparison, the C,-RMSD between X-ray and
NMR structures are 1.33 A - 2.18 A (see Figure S1 in supplementary material), suggesting the
level of thermal fluctuation of the molecule, particularly on helix I. In addition to the sub-
angstrom folding, C,-RMSD reached below 2.5 A in five more trajectories for a total of twelve
of the twenty trajectories.

Because of the lack of solvent viscosity in the continuum solvent model, the time scales
observed in the simulations are expected to be faster than experimental observations. Shown
in Figure 1 is the C,-RMSD from the X-ray structure?2 in a representative trajectory in which
the native state was reached within 200 ns. Notably in this trajectory, the protein remained in
the native state basin for most of the time after it reached the native state. Residues 13-31
(helices Il and I11) folded near 130 ns and stayed folded throughout the rest of the folding
trajectory. The docking of helix I to the pre-folded helices 11/111 segment resulted in folding of
the entire protein. Apparently, the folding took place in two distinct stages. The folding events
demonstrated good correlation with the change of the potential energy, solvent accessible
surface area, and the contact order value (lower panels in Fig 1).
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Shown in Figure 2 are the representative structures (i.e., the structure with most neighbors) for
four of the most populated clusters. The native conformation was consistently the most visited
among those sampled during the simulations as shown by its highest population among all
clusters. The native cluster, with a 1.63 A C,-RMSD and 10.8% population of the total
snapshots, was notably more populated than any other clusters. This 1.63 A C,-RMSD structure
is our unbiased structure prediction based on population. In contrast, the highest population of
the non-native states was only 4.3%, less than half of the native cluster. There was a native-
like cluster with 2.0% population and the center of the cluster was 3.23 A. We should note that
the simulated structures are consistent with both the X-ray structure and the NMR structure
ensemble. When the center of the most sampled conformation was compared against the
experimental structures, the C,-RMSDs were 1.63 A and 1.78 A when the references were X-
ray and NMR structures, respectively. Overall, the simulation comprised the lowest free energy
structure captured by X-ray crystallography and the dynamic features captured by NMR.

Not only the native cluster was the most populated, the population shifted progressively toward
the native state during the simulations as illustrated by the populations among the top ten
clusters shown in Figure 3 in four time frames (0-0.1 ps, 0.1-0.2 ps, 0.2-0.5 ps, and 0.5-1.0
us). During the first 100 ns, the non-native clusters were notably more populated (3.7%) than
the native (0.3%) and native-like (0.2%) clusters. In the next 100 ns, the populations in the
native and native-like clusters were slightly improved to 0.9% and 0.5%, respectively, while
the first non-native cluster was populated by 3.7%. During the 200-500 ns time frame, the
native conformation became the most populated with a population of 12.2% and the native-
like cluster reached 1.6%. In contrast, the population of the most populated non-native cluster
was only 4.9%. In the second half of the simulation, 500-1000 ns, the protein displayed similar
features as in the 200-500 ns time frame while the native cluster population grew to 14.1%
and the native-like cluster grew to 2.9% and, in comparison, the most populated non-native
cluster was 4.2%, about three times less populated than the native cluster. The growing trend
of the native cluster population, particularly in comparison to the non-native clusters, indicates
that the native state is the most stable state.

To highlight the sampling of the experimental high-resolution X-ray structure during the
simulations, the best folded structure obtained from the native cluster is overlaid with the X-
ray crystal structure and is shown in Figure 4. The close resemblance between the simulated
and the X-ray structures is readily apparent. Their C,-RMSD was 0.39 A and heavy-atom
RMSD (including side chain heavy atoms) was only 1.25 A. Remarkably, the backbones of
the two structures are almost indiscernible from each other. Some of the salient features include
identical characteristic packing patterns of the hydrophobic core where the three phenylalanine
residues are tightly packed and Pheg is sandwiched between Phe;g and Pheq7 to form the crucial
contact responsible for stabilizing the protein native structures. Other core residues, including
Valg, Leuyg, Glngs, and Leuyg, are also tightly packed against each other and almost in exactly
the same patterns as those in the X-ray structure. The majority of other side chains also adopted
the native conformations.

A two-stage folding process

Because the continuum solvent model does not account for solvent viscosity, the initial collapse
took place rather rapidly, marked by a substantial reduction in the radius of gyration, surface
area and total energy in the first 10.0 ns. Nascent helices started to form in a few nanoseconds.
Among the three helices, helix I initiated from the middle, whereas helix 11 started from its
N-terminal. Overall, helices Il and 111 were developed notably better than helix I (Figure 5).
This has important consequence in folding because helices 11 and I11 can conceivably provide
a template upon which helix I may fold. In contrast, completion of helix | mostly coincided
with the folding of the entire protein and was stabilized by the three phenylalanine residues.
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To characterize the folding process, we choose the C,-RMSD’s of two overlapping segments
A and B from the X-ray structure as the reaction coordinates, denoted as Ra and Rg,
respectively (as shown in Figure 1). Segment A encompasses helices | & Il (residues 2 to 20)
and segment B encompasses helices Il & 111 (residues 13 to 31), shown in Figure 6. By
overlapping helix Il in both segments we ensure that the native state of the entire protein is
reached when both segments are in their respective native states. To demonstrate the overall
folding events, the conformation distributions over four timeframes were constructed (Figure
7) that indicate the movement of the structural ensemble toward the most favorable state guided
by the free energy landscape. Thus, these distributions allow a qualitative assessment of the
free energy landscape which can be partitioned into four regions. The native basin (region F,
Ra <2.3 A, Rg <2.6 A) is separated from the partially folded region (region I, Ra >2.3 A,
Rg <2.6 A) by a low free energy barrier (~0.6 kcal/mol). The denatured region (region D,
Ra >2.0 A, Rg >2.6 A) is separated from the other two regions by a high free energy barrier
(~1.2 kcal/mol). The fourth region with very low population is also partially folded (region
I, Ra <2.0 A, Rg >2.6 A). Representative structures of these regions are shown in Figure 6.

Judged from the evolution of the distributions, the structural ensembles demonstrated a clear
tendency to move toward the native basin. In the first 0.1 ps, the formation of individual helices
was observed and folding was dominated by non-specific chain collapse and formation of non-
native contacts. During this period, most of the trajectories remained in the denatured region
and only one trajectory crossed the high energy barrier and reached the partially folded region
I1. The native basin was barely sampled in the first 0.1 ps. After the protein crossed the second
barrier, it started to reach the native state F in one trajectory in the time frame of 0.1-0.2 ps.
As simulations continued, an increasing number of trajectories reached the native basin leading
to growing population in the native region F which became the most populated region in the
second half of the simulations. The reduction of conformational space and the shift of
population toward the native basin indicate that the folding process was “guided” by the free
energy funnel where the folding events were depicted as a flux of the protein structure
ensemble.

The intermediate region Iy is characterized by the formation of segment B (helices Il and 111).
After region I was reached, the protein did not move to the native basin immediately. The
delay in global folding was largely due to the packing of the core (of three Phe side chains)
and the slow docking of helix | to the pre-folded segment B. In all cases, folding of the entire
protein was preceded by formation of segment B (region 1), as illustrated in Figure 6.
Therefore, region I is an obligatory on-pathway intermediate state.

On the other hand, region I, is characterized by the formation of segment A (helices | and I1).
However, formation of region I, never directly led to the folded native state in the simulation.
Therefore, 1, is an off-pathway intermediate state. At the molecular level, segment A is unstable
without the stacking interactions with segment B through the hydrophobic core residues, as
seen in experiments36. Thus, the folding of segment A requires segment B as the template, an
observation that is consistent with the cooperativity of protein folding.

The observed folding process exhibited an overall tendency to form individual helices which
were incomplete or unstable prior to final folding, as envisaged by the diffusion-collision
model43. On the other hand, the lack of stability of the individual helices before final folding
is a notable deviation from the ideal framework mechanism which envisages a hierarchical
folding scenario®4. In fact, early formation of three helices led to the unproductive off-pathway
intermediate state I, as shown in Figure 6. The conformation distribution as depicted in Figure
7 indicates that the formation of segment B (region I;) from the denatured state D needs to
cross the major free energy barrier. Paradoxically, segment B almost always folded first, largely
due to the cooperative nature of the folding process as discussed earlier. Because overall folding
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depends closely on segment B, its formation and initiation (around residues Phe;7 and Proy;)
are the rate-limiting step which is in agreement with the nucleation-condensation model
proposed by Fersht and co-workers#°.

In the laser temperature-jump kinetic experiment24, the unfolding kinetics was fitted by a bi-
exponential function, with slow (5 us) and fast (70 ns) phases. The slower phase corresponds
to the overall folding/unfolding and the fast phase was due to rapid equilibration between the
native and nearby states. This is quite consistent with our observation in which the main barrier
separates the denatured (D) state from both 1, and F states and the latter two are separated by
a minor barrier, allowing fast exchange. Thus, our simulations suggest a two-stage folding
process which is consistent with the observations by Havlin and Tyck028.

As we noted earlier, because of the lack of solvent viscosity in continuum solvent models, the
time scales observed in the simulations are expected to be much faster than experimental
observations. In addition to the very rapid initial collapse process discussed earlier, the overall
folding was 100-ns scale events and took place in the second phase when the overall average
energy decreased by 22.6 kcal/mol with atime constant of 0.11 ps. Similarly, the time constants
of the native hydrogen bonds and the native side chain contacts were, respectively, 0.12 ps and
0.21 ps. Despite the complex process marked by the intermediate states, the slow phase can
be fitted reasonably well by single exponential functions. Due to the lack of viscosity in our
simulation, the observed “folding time” from the individual trajectories ranged from 180 ns to
610 ns which were notably faster than the experimental measurements. When high viscosity
was applied in the folding studies by Pande and coworkers35, the predicted folding rate of 5
us was in excellent agreement with experimentally determined folding rate. In an earlier study,
Lee, Duan and Kollman analyzed the first microsecond folding trajectory of HP36. By
analyzing the free energy changes, they concluded that the protein crossed the folding free
energy barrier at 700 ns. They then extrapolated the free energy and were able to deduce that
the protein might take additional 3.5 pus from the point immediately after crossing the transition
state to reach the native state 23. Thus, the folding time, according to their calculation, should
be close to 4.2 ps. This was confirmed three years later by the laser-induced temperature jump
experiment of Eaton and co-workers24. In both cases, solvent viscosity was properly
accounted. Clearly, it is necessary to represent the effect of viscosity for accurate prediction
of the folding rates.

Critical residues and native contacts

Mutagenesis experiments have suggested that the three core phenylalanine residues (Pheg,
Phe1g and Phe7) play important roles in stabilizing the native structure46. Among them,
mutations of Phe;7 are most destabilizing because it is involved in most of the core contacts
between helices Il and I11 and is critical for stabilizing the protein. Consistently, the region
around Phey7 and Pro,; folded early and was quite stable. This contributed to the high stability
of segment B which, in turn, acted as the folding template for helix I. The rigid Proyy in the
linker region between helices 1l & I11 plays roles in stabilizing segment B by restricting the
movement of the two helices. Taken together, the core region around Phe;7 and Prop; was the
initiation site of the folding of the entire protein. These observations were in agreement with
the experimental findings that Proy; plays crucial roles in stabilizing the native structures 47,

Flexibility near Glyy, in the linker region between helices | and 11 likely accounts for the notable
differences between the X-ray and NMR structures20-22 and the dramatic swing of helix I in
NMR structures, as shown in Figure S1. These experimental results were consistent with the
observed flexible helix I in the simulations which caused fluctuation in C,-RMSD and other
measurements as seen in Figure 1. Similarly, Glyss increases flexibility of the C-terminal that
may lead to the formation of non-native hydrophobic contacts between the C-terminal and the
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core residues, inadvertently block the way of Pheg and Phe1q. In fact, escaping of the C-terminal
tail from the core region led to global folding in some trajectories.

Seventeen tertiary native side chain contacts were extracted from the X-ray crystal structure
among which twelve involve at least one of the three core phenylalanine residues (Pheg,
Phey, and Phe;7). Six of these contacts were separated by more than fifteen residues along
the primary chain. There was a notable correlation between the formation of the contacts and
the distances along the main chain. As shown in Fig 8, the shorter range contacts formed with
notably higher fractions than those longer range contacts, which is consistent with the contact
order theory48. Underpinning the contact-order theory is the physical principle that the
formation of contacts decreases the system entropy and is therefore subject to entropic
penalty49? 50, as exemplified by the general hierarchical folding process in which short-range
contacts form first to facilitate long-range contacts.

Our observed two-stage folding is different from other reports. In most published simulations,
a hydrophobic-collapse like mechanism was observed. Although the fast collapse phase was
also observed in this work, the distinct two-stage folding process was rather clear. The rate-
limiting step was the formation of the aromatic core in the study by Pande and coworkers3>,
while it is the formation of helix 11/111 segment in our current study. A study by Freed and
coworkers concluded that tertiary contact determined the secondary structures for HP35°L. In
contrast, we observed significantly populated individual helices with varied stability, and helix
| was stabilized by tertiary contact. The notable differences from earlier simulation results can
be attributed mainly to the different simulation force fields and solvent models. The lack of
sampling to the native state in the earlier studies could also conceivably contribute.

It has been demonstrated that simulations with explicit and implicit solvent can produce
different ensembles of structures®2; 93, In fact, simulations with different implicit solvent
models may also lead to distinct ensembles of structures. The force field FFO3 used in this
work was developed for general purpose simulation. In our previous works#2: 94-57 \ve have
successfully conducted simulations with both explicit and implicit solvent models.
Nevertheless, it is rather difficult to speculate whether FFO3 works better with either solvation
model. However, we consider it more practical at this stage to choose implicit solvation models
when it comes to ab initio protein folding for its notably reduced computational cost.

Concluding remarks

We have performed a set of twenty molecular dynamics simulations on the folding of HP35
to microsecond to the native state with C,-RMSD as close as 0.39A to the high-resolution X-
ray structure. Our predicted folded structure for HP35 was the center of the most sampled
conformation with 1.63 A C,-RMSD. The results demonstrated that ab initio folding
simulations with physics-based models are capable of reaching the native conformations of
small proteins with high accuracy. We observed a two-stage folding process in which formation
of the folding intermediate constituted the rate-limiting step. Work is also in progress to
simulate folding of other small proteins. Further advancements in the force fields>8-68
continuum solvent models69; 7 provide constant improvement in simulation accuracy. We
are optimistic that ab initio simulations of more fast-folding proteins to subatomic resolution
are achievable in the near future.

METHODS

The simulations were conducted with AMBER simulation package71? 72 The all-atom point-
charge force field FFO3 was chosen to represent the protein59. The combined Generalized-
Born (GB) 73; 74 and surface area model was chosen to mimic solvation effect (surface
tension=0.05 kcal/mol/A2). It is noteworthy that the simulation force field FFO3 was developed
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using small peptides as model systems and the parameters were published in 2003 and
distributed with AMBER simulation package in early 2004. In comparison, the experimental
X-ray structure of HP35 became available in 2005.

Starting from the extended polypeptide chain of the wild type villin headpiece subdomain,
short minimization (1000 steps) and equilibration (20 ps) were applied to the system. This
equilibrated structure was the starting point for the twenty simulation trajectories with different
initial random velocity assignment. Temperature was set to 300 K and was controlled by
applying Berendsen’s thermostat with a coupling time constant of 2.0 ps. lonic strength was
set to 0.2 M. The cutoff for both general non-bonded interaction and GB pairwise summation
were set to 12 A. Time step was 2 fs. SHAKE was applied for bond constraint. Slow-varying
terms were evaluated every four steps. The coordinates were saved every 10 ps for a total of
100,000 snapshots per trajectory.

The snapshots were clustered using a hierarchical clustering method. Two snapshots are
considered as neighbors when their pairwise C,-RMSD is below 2.5 A. The N-terminal residue
and C-terminal residues were excluded in the clustering due to high flexibility. The snapshot
with the most neighbors was identified as the center of the cluster which comprised all
snapshots neighboring the center. The process was iterated to identify other clusters from the
remaining snapshots.

A standard criterion for hydrogen bond was used in the analyses where the cutoff for donor-
acceptor distance was set to 3.5 A and the donor-hydrogen-acceptor angle cutoff was set to
120°. To monitor tertiary side chain contact, the minimum distances between each pair of side
chains were calculated and the cutoff 5.0 A was applied. All reported C,-RMSD’s, unless
otherwise stated, refer to the difference from the native X-ray structure of Chiu et al2 and the
calculation excluded the first residue at the N-terminal and the last residue at the C-terminal
due to high flexibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Time history of structural properties of a representative folding trajectory. From top to bottom,
C,-RMSD of the whole protein relative to the X-ray structure (PDB code 1YRF) and the two
structural segments, segment A encompassing helices | and 11 (residues 2—20), and segment B
encompassing helices Il and 111 (residues 13-31), potential energy (kcal/mol), solvent
accessible surface area (A2), and contact order. The X-ray structure of HP35 was used as
reference for RMSD calculations.
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Figure 2.

Representative structures for four of the most populated clusters. One native cluster (No.1),
one near native cluster (No.9), and two non-native clusters (No. 2 & 3) are shown. The center
of each cluster, i.e. the structure with the most neighbors, was chosen to represent the cluster.
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Figure 3.

Left: the population of the ten most populated clusters in four time frames (0-0.1 ps, 0.1-0.2
us, 0.2-0.5 ps, and 0.5-1.0 ps). The dominance in population for the native cluster (No. 1)
after 200 ns is clearly demonstrated. Right: RMSD for each of the top ten clusters.
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Figure 4.

Superposition of the best folded structure in the simulation (magenta) and the X-ray structure
(PDB code 1YRF, green). Backbones are represented as ribbons. The three core phenylalanine
residues (Fg, F1o and F17) are shown as sticks. The C,-RMSD is 0.39 A. The all-atom RMSD
is 1.25 A. One residue of each of the terminii was excluded in the RMSD calculations due to
the general nature of elevated dynamics.
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Figure 5.
The population of the individual native hydrogen bonds, grouped by the three helices.
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Figure 6.

Representative structures of four main states. A: a random coil structure in the fully denatured
D state. B: the on-pathway intermediate state 1; (segment B folded). C: off-pathway
intermediate state I, (segment A folded). D: fully folded native F state. Arrows indicate
transitions observed in the simulations. The segments A and B are color-coded. Segment A
includes red and green residues and segment B includes green and blue residues. The
overlapping region (green) ensures that a global folding is achieved when both A and B
segments are folded.
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Figure 7.

Population shift during the simulations. The distribution histograms are in natural log scales

for the time frames of 0-0.1 ps, 0.1-0.2 ps, 0.2-0.5 ps, and 0.5-1.0 ps. The C,-RMSD of the
two segments A (residues 2—-20) and B (residues 13-31) are used as reaction coordinates. As
simulation progressed, the population shifted to semi-folded and folded states and the overall
conformational space also shrunk.
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Figure 8.
The correlation between the occupancy of the native tertiary side chain contacts and the chain
separation of the two residues in contact.
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