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A computational method independent of experimental protein structure information is proposed to
recognize key residues in protein folding, from the study of hydration water dynamics. Based on all-atom
molecular dynamics simulation, two key residues are recognized with distinct water dynamical behavior
in a folding process of the Trp-cage protein. The identified key residues are shown to play an essential role
in both 3D structure and hydrophobic-induced collapse. With observations on hydration water dynamics
around key residues, a dynamical pathway of folding can be interpreted.

� 2010 Elsevier Inc. All rights reserved.
Introduction

With a series of experiments by residue mutation [1,2], it is now
recognized that a few key residues in a protein sequence play key
roles in the function, stability and folding of proteins. Meanwhile,
many theoretical approaches have been proposed to investigate
and even to predict key residues which are important in a structure
of protein. Generally speaking, these theoretical studies can be
summarized in two categories [3]. The first is based on sequential
or structural alignments, under the argument that structurally or
functionally important residues are highly conserved, which has
been shown to depend on the known homolog information among
proteins [3]. The second strategy aims at identifying key residues
using contact or interaction energy evaluated by ab initio quantum
chemical calculation [3], or studying on residues vibrational fluctu-
ation pattern based on Gaussian network model or molecular
dynamics (MD) simulation [3–5]. The latter mainly considers the
key residues in folded protein structure stability analysis or in spe-
cific transition states of folding. However, there were few attempts
to investigate key residues during a folding process, which are
important to the understanding how proteins produce the correct
3D structure. A recent study by our group identified four key resi-
dues in the folding of the Trp-cage miniprotein (20 amino acid
residues) using all-atom molecular dynamic simulation, which
led to a proposal of key residue-dominated reconfiguration mech-
anism, in addition to spontaneous reconfiguration mechanism in
protein folding [5]. However in that study, the experimental infor-
mation, i.e. NMR structure, is needed as a reference to calculate a
criteria function for key residues [5].
ll rights reserved.
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In most previous studies of key residues, a problem deserving
more attention is the water–protein interaction. Until recently,
the role of hydration water as an active component in the structure
and the folding process of proteins has become accepted [6]. In
fact, hydrophobic interactions have been shown to be the main
driven force in protein folding [6]. More specifically, local hydra-
tion dynamics around key residues have cooperative effects with
protein dynamics, and thus can provide information for protein
structure and dynamics [7]. In a recent study by our group on wild
type and mutant a-lytic protease differing by only one amino acid,
we demonstrated that there are obvious distinctions in dynamic
behaviors of hydration water [8]. Therefore, in such a hydropho-
bic-induced folding process, hydration dynamic behaviors is key
to the understanding of water–protein interplay, and can be used
to identify key residues.

In this paper, we present a computational method based on
hydration water dynamics to recognize key residues in protein
folding; the new method has the advantage of being independent
of experimental protein structure information. Using data from
all-atom MD simulations, two key residues are determined for
the Trp-cage protein from their distinct water dynamical behaviors
in the folding process. The key residues are shown to play an essen-
tial role in both structure and folding. With observations on hydra-
tion water dynamics around key residues, a dynamical pathway of
folding can be interpreted.
Materials and methods

All-atom simulations. All analyses here are based on data of 4-ls
folding trajectories from our previous work [5] for the Trp-cage
system (PDB entry 1l2y), which was simulated using the GROMACS
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package [9] (Version 3.3) with the OPLS/AA force field and SPC
water model. Starting from a partly unfolded configuration with
randomly selected initial velocities, totally 40 simulations of the
folding processes are performed in parallel at 282 K for 100 ns.
The trajectories are saved every 10 ps, and then about 4,00,000
conformations are collected for analysis in this paper. There are 7
among 40 trajectories reaching the folded state.

Coarse-grained Gō-model simulations. To study the role of key
residues in the folding kinetics of Trp-cage, coarse-grained simula-
tions are performed with scaling of the interactions within a given
residue pair or a contact group by a factor a. A similar strategy has
been used in simulations of the coupled folding-binding process of
intrinsically disordered proteins [10]. Herein, the Gō-model with
coarse-grained Ca chain representation is used, and the potential
model applied here is similar to that of the ‘‘without-solvation”
model in [11]. Other parameters used here are set the same as in
[11]. Langevin dynamics is used in dynamic simulations.

Results and discussion

Determining key residues without NMR information

To identify key residue, parameters such as RMSD and number
of native contact have been used in previous studies. However, due
to the need of a reference structure, the methods deploying those
parameters are seriously dependent on the experimental informa-
tion (e.g., NMR structure data). In the present study, we use the
parameter Rg, radius of gyration (for all heavy atoms), to describe
protein folding state, which can provide the fundamental informa-
tion of protein collapse process without need for pre-known pro-
tein 3D structure. First of all, we classify all configurations
collected in protein folding trajectory into 20 bins according to
its Rg values. Then, taking Rg as a reaction coordinate, free energy
may be calculated by

DGi ¼ �kBT lnðZiÞ ð1Þ

where i is the index of 20 bins, Zi is the probability of the system
staying at the bin i, calculated by the percent of configurations in
which Rg stays, and kB is Boltzmann constant, T is Kelvin tempera-
ture, here taken to be 282 K.
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Among the 20 bins characterized by Rg, the one where protein
stayed with highest probability and hence with lowest free energy
is defined as the reference set C*. Herein the state C* means a stable
state and protein in the state C* has collapsed structures. Then, the
configurations with greater Rg are recognized as less collapsed, and
are classified into four subsets by their Rg according to their free
energy level. The subset classification schema is illustrated in
Fig. 1A, and named from the most extended state to the most col-
lapsed one with C1, C2, C3, C4, to C*.

It has been argued that the hydration state of a protein shows
the hydrophobic-driven protein collapse process [7]. Herein we de-
fine a parameter Nhw, the number of water molecules around a gi-
ven residue side chain within a hydration shell (see below), to
describe the hydration state of protein in folding process. By count-
ing water molecules within the hydration shell around a given side
chain along folding trajectory, then changes of Nhw can be mea-
sured for all residues in all trajectories. For Trp-cage in the current
study, the hydration shell is defined to be 0.55-nm-thick with an
irregular shape which covers all heavy atoms (non-hydrogen
atoms) surface side chain, so that there will be no more than two
layer of water molecules in the hydration shell. If oxygen atom of
a water molecule is within 0.55 nm from any heavy atom of a given
side chain, it will be regarded as one water molecule around this
residue’s side chain. During a protein collapse, some other residues
take the places of water molecules which initially surround the
center residues, and Nhw around the center residue then decreases.
So, Nhw should be a sensitive measure to the residue which is lo-
cated at the core center during a collapse process. In other words,
the large fluctuation of Nhw will be an indicator of key residues in
protein folding process, especially in hydrophobic-driven protein.

To measure the fluctuation of Nhw in a protein collapse process,
we define the sensitivity, Sni(k), of given residue k by

SniðkÞ ¼
hNhwðkÞiCi

hNhwðkÞiC�
ð2Þ

here Ci represents the set C1, C2, C3 or C4. Apparently, Sni(k)
shows the relative value of Nhw around residue k when protein
stays at a non-native state Ci relative to the near-native state C*.
Thus, when protein collapse from C1 to C4, some residues are
packed more closely, and their Sn will decrease from a greater va-
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lue to 1; whereas other residues show little change in their packing
and their Sn will keep around 1. Residues packed closely in the
folded state while exposed in the unfolded state are usually recog-
nized as key residues in the folding process. Here, these key resi-
dues can be recognized easily by their Sn.

With the change of Sn along C1, C2, C3 and C4 in the current case,
we can see that two residues, Trp6 and Pro19, among the 17 resi-
dues of Trp-cage, show distinct sensitivity to change of global pro-
tein collapse (as shown in Fig. 1B). More specifically, Sn of both
Trp6 and Pro19 are significantly greater when protein is extended,
and decrease quickly to 1 when protein collapses. That is to say,
Trp6 and Pro19 are highly exposed with about 1.6–1.7 times water
molecules than at stable state when Trp-cage is relatively loosely
packed, while they are packed more closely and far from water
after the protein collapse to a similar hydration state. On the con-
trary, Sn of other residues are about 1, showing few changes with
protein collapse. So from Fig. 1B, one may draw a conclusion that
change of water molecules around Trp6 and Pro19 shows a much
closer correlation to Trp-cage folding process with the hydropho-
bic-induced collapse, thus these two residues should be identified
as key residues in protein collapse process.

Role of key residues in structure and folding dynamics

The above results show that our computational method can
identify key residues without any experimental structure informa-
tion. We now investigate the role of identified key residues in both
structure and folding of Trp-cage. It should be noticed that besides
Trp6 and Pro19, two other residues, Tyr3 and Leu7, were also rec-
ognized as key residues in previously published work based on the
analysis of side chain relaxation pattern [5], but do not show any
remarkable difference from others in the present study (Fig. 1B).
This suggests that residues Trp6 and Pro19 are involved in both
the protein–water interaction process and side chain relaxation
process, whereas Tyr3 and Leu7 only in the latter. Although all four
residues are constituents of the hydrophobic core of the protein,
they act differently. In fact, NMR experimental structure of
Trp-cage has shown that Trp6 happens to be the center of the
hydrophobic core, while Pro19 is one of the C-terminal (Pro)3-unit
coupling with Pro12 and Tyr3 to complete hydrophobic cluster
[12]. Such a structure responsible for the stability of Trp-cage has
been already noticed in previous work [5,12,13]; the present work
provides a confirmation through computational analysis.

Furthermore, by examining the initial trajectories start from the
partially unfolded structure, where Pro19 instead of Trp6 stays at
the center, we found that, to achieve the correct configuration,
C-terminal should bring Pro19 out of the center position, so as to
loosen the wrong hydrophobic cluster and to put Trp6 back to
the center position as a hydrophobic core. Then, Pro19 would pack
on the upper face of the indole-ring of Trp6. During this process,
repacking of Pro19 and Trp6 is a very important step for modifying
the wrong hydrophobic cluster, and thus the two residues are the
most sensitive ones to the global protein collapse. In fact, in all
hydrophobically driven proteins, encapsulating of certain key res-
idues are the main correlated events with the global protein
dynamics; hence, the sensitivity measure related to the water
dynamics may be of general interest. Moreover, the above scenario
of exchanging of Pro19 and Trp6 during the folding process of Trp-
cage further supports the argument that water–protein interplay is
essential in leading to a native state in a hydrophobic-induced
folding process.

Note that in the above definition of the sensitivity, we have
used all trajectories to define the free energy other than part of
them folded to native state, due to the premise that the method
needs not a reference native structure. To show this treatment does
not depend on folded trajectories and thus is robust, we use a
subset of trajectories classified as not reaching a folded state by
Yao and She. [5] to calculate Sn for each residue. The same strategy
as above is used here to classify the sets C1, C2, C3, C4, and C*, except
that configurations used here are all produced from unfolded tra-
jectories. The results present almost exactly the same trend as
Fig. 1B, with Trp6 and Pro19 significantly more sensitive than oth-
ers (data not shown). Therefore, even when protein does not reach
the folded state, our method still works well on recognizing key
residues in folding dynamics. Moreover, it indicates a direction in
which some residues are gradually packed in protein collapse pro-
cess rather than only in the final folded state, so these residues are
important in the whole protein collapse process, while are identi-
fied as key residues here.

To study the role of identified key residues during the folding,
herein we employ the Gō-model by mutating contact energy be-
tween residues. For a given residue, we use two mutation strate-
gies by (i) adjusting contact energies of all pairs formed by the
residue with others, and (ii) adjusting contact energy of single pair
formed by the residue with another one. The former strategy aims
to show how given residue acts in the whole protein structure and
folding rate, while the latter compare effect of different contact
pairs separately. As illustrated in method, here a is used to quantify
the change of the contact energies: a = 0.5 is a decrease by half and
a = 2 is a twofold increase. At each a, 400 trajectories are created to
get an average folding time ts (for a = 0.5) or tq (for a = 2). Then, a
ratio ts/tq is used to measure the effect of mutation on folding
dynamics; a significant change of ts/tq implies a big effect of a par-
ticular residue or residue-pair during the protein folding. The com-
putational results show that the mutation on contact energies with
Trp6 indeed leads to the biggest change of folding time. As shown
in Fig. 2A, increasing on all contacts energies with Trp6 have a
remarkable effect on folding time ratio (ts/tq > 3). Mutation on con-
tact groups with Pro19 also shows a similar increase (ts/tq > 1.6),
although not as significant as Trp6. This may be partially due to
the fact that Pro19 has fewer contacts than Trp6. On the other
hand, mutations on contact group with other residues, such as
Leu2, Tyr3, Asp9, Gly11, Arg16, Pro17, Pro18, also have some effect
on folding time. Our explanation is that Trp6 or Pro19 forms a na-
tive contact network with a certain number of residues, so an
adjusting of the contact energy with Trp6 or Pro19 alone may bring
remarkable change on folding time (Fig. 2B). The present calcula-
tion of the folding time ratio implies an effective way to reveal
such a network, and the heterogeneousness of the peptide in which
20 amino acid residues do not play equal role in its folding. It is
clear that Trp6 and Pro19 play more important roles in the folding
dynamics of the Trp-cage protein.

Describing folding process by key residue Trp6

We then take Trp6 as an example to show how water dynamics
around key residues can form an effective description for the
dynamical steps of Trp-cage folding. Two key-residue-based order
parameters, the number of water around Trp6 denoted by Nhw-6

and the side chain dihedral angle of Trp6 by Trp6-v2, are used here
as reaction coordinates to calculate free energy landscape. In the
region 70� < Trp6-v2 < 90� on free energy landscape (Fig. 3), which
has been recognized by our previous work as native states for
Trp6-v2 [5], we found two stable states, I and II, which correspond
to a fewer and a greater number of water around Trp6, and which
illustrate the packed state and exposed state, respectively (Fig. 3).
In fact, as observed on simulation data, Pro19 closely packs with
Trp6 in the state I, whereas Pro19 leaves Trp6 so that Trp6 is ex-
posed to water in the state II. To judge the extent to which Nhw-6

and Trp6-v2 describe folding events, herein we employ the folding
sets determined in previous work by using native structure as
reference [5]. Interestingly, configurations corresponding to
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folding states spread at the region of state I (Fig. 3), showing that
Trp6-v2 and Nhw-6 act as good reaction coordinates.

Using a typical folding trajectory, a dynamical pathway of fold-
ing can be interpreted through free energy landscape (Fig. 4A). At
first, the protein stays at a state around -180� < Trp6-v2<�150�
and 10 < Nhw-6 < 15; then a rapid conformational change happens
with Trp6-v2 turning to (50�, 100�) (close to state II), resulting in
Trp6’s exposure to water. During this process, Trp6 and Pro19
are separated for dozens of picoseconds, leaving a possibility for
water molecules to move towards Trp6. Immediately after, there
is a decrease of Nhw-6 to (8, 12), and a slight change of Trp6-v2.
So, the protein reaches the state I from the initial state in two
steps: a first step of great conformational change of Trp6-v2 and
a second step of a remarkable change of Nhw-6. It is obvious that
the interplay between water molecules and side chains of key res-
idues accomplishes the repacking of hydrophobic cluster; this
explains why Trp6 and Pro19 are identified as key residues in both
two different strategies based on side chain relaxation [5] and
water dynamics in the present study. After the state I, the packing
between key residues Trp6 and Pro19 opens again and Trp-cage
reaches the state II and stays there for about 20 ns, then Pro19 re-
packs with Trp6 and the protein returns to the state I (Fig. 4B). The
free energy barrier of the transition between the state I and II is
very low (�1�kBT), thus, the initial state does not lead to the state
I directly, but via an intermediate state around the state II. This
is because at the initial state, limited by Trp6-v2, it is difficult to
destroy the wrong packing between Trp6 and Pro19. When Trp6-
v2 reaches (50�, 100�), protein oscillates between the state I and
II at a low free energy barrier, which shows increasing flexibility.
A limited space of Trp6 side chain provides the possibility that pro-
tein moves between hydrophobic collapse and solvation configura-
tions at low free energy cost. So the correct packing between key
residues Trp6 and Pro19 becomes possible. The observation on
the transition between the two states provides support for the
argument that the native state of a protein is dynamic rather than
static [14]. In summary, using properties of key residues as reac-
tion coordination, we are able to show important dynamical steps
on free energy landscape and demonstrate the effect of key resi-
dues and hydration water on global protein dynamics.

Conclusion

It has been known that a small number of key residues are suf-
ficient for understanding the structure, stability and folding of a
protein. However, the challenge is to develop an effective method
for determining key residues, in view of the state-of-the-art
approaches mainly reckoning on known homolog or structural
information. In this paper, we present a computational method
to recognize key residues in protein folding by studying hydration
water dynamics. The method has an advantage in being indepen-
dent of experimental protein structure information. The results
demonstrate how capable the hydration water dynamics describes
protein folding process, and reveal the heterogeneousness of a gi-
ven peptide in which amino acid residues do not play equal role
in its folding. Taken the Trp-cage protein as an illustration, two
predicted key residues are an essential part of the hydrophobic
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core and form nontrivial contacts with other residues, and are
shown to have quite distinct water dynamics in the folding process
by hydrophobic-induced collapse. Moreover, these two key resi-
dues are important hydrophobic residues that induce protein col-
lapse. We further show important transition steps via free energy
landscape, which demonstrates the interplay between key residues
and hydration water strongly correlated with global protein
dynamics.

Determining how a protein folds is a central problem in struc-
tural biology. However, it will be a formidable task in MD simula-
tion to trace every residue in protein folding process even for a
miniprotein like Trp-cage with 20 amino acids. The heterogeneous-
ness of dynamics along the peptide implies that the residues play-
ing important role on folding should be paid more attention to in
sufficient details, whereas those less influence may be simplified
in a way. That is to say, key residues acting in such important roles
in protein folding may facilitate understanding protein folding
mechanism by offering a reduced key-residue-based phase space
analysis [15]. Therefore it is very important to determine key res-
idues in folding for a protein, while the present study suggests a
possible prospective solution to it. Above all, by investigating
hydration dynamics, key residues can be identified without any
pre-known experimental structure information. The MD simula-
tion may be performed starting from a compact or stretched dena-
ture state of protein. With an ensemble average over all
trajectories in simulation, key residues have distinct pattern of
hydration water dynamics around their side chains. It is worth not-
ing that even when those trajectories do not lead to a native state,
our method still works well on recognizing key residues in folding
dynamics. That means the simulation does not have to be per-
formed for a long working time to the native state for protein.
Finally, with predicted key residues, our work suggests a possible
new route to design a solvent scheme: the explicit solvent model
is used for key residues while the implicit solvent model for other
residues. That seems to be very helpful to design a smart and faster
MD simulation scheme.
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