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A “key-residue” hypothesis that a few residues’ characteristics contain the essential dynamics of the
whole protein is proposed for the study of side-chain relaxation near native states. Molecular dynamics
simulation is performed on the folding of Trp-cage, and four key residues are discovered and shown to be
highly sensitive to the change of state of the protein away from the native state. Order parameters that
characterize the geometrical properties of key residues are shown to form valuable phase plane on which
one distinguishes different reaction pathways. Furthermore, one of the key residues, Trp6, is observed to
display two reconfiguration processes, in which one is induced by an unconstrained torsion of the side-
chain of Trp6, with a rate faster by almost an order of magnitude than the other one described by Kus-
sell’s model. The faster process seems to occur more frequently in our simulation and thus represent a

significant mechanism in folding dynamics.

© 2008 Elsevier Inc. All rights reserved.

Despite numerous efforts, the mechanism of protein folding is
still not completely understood [1]. Most theoretical studies of pro-
tein folding have been restricted in coarse-grained protein models
and in the mechanism of backbone folding. For example, a lattice
protein model is used by Dill [2] to study the thermodynamic prop-
erties of protein, such as the phase-transition temperature and the
dependency of stability on chain length. Shakhnovich et al. [3,4]
have studied the nucleation-condensation mechanism of protein
folding using both lattice and off-lattice models. Using a lattice
model, Li et al. [5] have found the correlation between the symme-
try of protein structure and the high designability of sequences. A
comprehensive review of theoretical models for protein folding can
be found in [1]. In principle, the models mentioned above are un-
able to deal with dynamical motions around native or near-native
state, in which the atomic details of side-chains play a dominant
role. At present, a satisfying theory accounting for both long-time
behavior and sufficient atomic details of protein motions is still
missing.

The side-chain dynamics and relaxation is recognized as a cor-
nerstone of protein folding [6-9]. Actually, the excluded-volume
effect, for which the exact organization of atoms is of particularly
importance, is one of the key determinants of protein’s tertiary
structure [10]. Using Monte Carlo simulation, Kussell et al. have
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found that there are a large number of side-chain conformations
compatible with a given native backbone, with 20% of y angles in
a non-native state for an average repacked conformation [7]. This
result indicates that the relaxation process of side-chain is
significant.

For side-chain relaxation, a completely different idea of coarse-
graining may be derived by focusing on dynamical roles of hetero-
geneous residues: some residues are sensitive to the evolution of
state of the protein and so are more relevant to the identification
of proper reaction pathways, while the others are relatively insen-
sitive. For the former category, which may be called “key residues”,
a detailed description of atomic dynamics is required to obtain an
accurate folding picture; for the other “non-key residues”, a simpli-
fication in both structure and interaction may be introduced. Pres-
ent work based on all-atom molecular dynamics (MD) simulation
has discovered four key residues for a small peptide called “Trp-
cage” [11], using a simple classification rule. Based on key residues,
the folding kinetics of Trp-cage is studied and two kinds of recon-
figuration processes with significantly different reaction rates are
discovered.

Materials and methods

The Trp-cage system is prepared from the NMR structure (PDB
[12] entry 112y). A 3-ns unfolding (T =380 K) simulation is per-
formed at first, after which the protein reaches a compact dena-
tured state: the radius of gyration for all heavy atoms (Rg) and
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the root mean square deviation (RMSD) for all Co atoms (denoted
by Cy-RMSD) compared to the NMR structure are 0.79 and
0.38 nm, respectively. An important characteristic of the denatured
state is that the six hydrophobic residues (Tyr3, Trp6, Leu7, Pro12,
Pro18, and Pro19) that form the hydrophobic core in the NMR
structure are incorrectly packed. Using the denatured state as ini-
tial conformation, the protein is then solvated in a box of SPC (sim-
ple point charge) water molecules, which contains 10,372 atoms in
total. Before the production of data, an energy minimization pro-
cess is carried out, followed by 1-ns equilibration for water mole-
cules. Forty simulations of the folding process are performed in
parallel, with the same initial conformations but with randomly se-
lected initial velocities. The GROMACS package and OPLS/AA force
field [13] are employed in conjunction, and the covalent bonds
associated with hydrogen atoms are constrained using LINCS algo-
rithm [14], allowing an integrating step-size of 2fs. Both Van de
Waals’ and electrostatic interactions are treated using cut-off
method (r=1.2nm). All simulations are performed under the
NPT (282 K, 1 atm) condition. The trajectory is saved every 10 ps,
and after 100-ns integrations 10,000 conformations is collected
for analysis in each simulation. To study the properties of the na-
tive state of the protein, a 40-ns simulation with the initial confor-
mation being the NMR structure is also independently performed,
denoted by native-MD.

Results and discussion
Detection of folding and mis-folding events

The native state of Trp-cage is characterized by the following
four quantities: (i) Co-RMSD; (ii) the radius of gyration of the
hydrophobic core, denoted by HC-Ry; (iii) a stability score of back-
bone hydrogen bonds (HB) within the N-terminal a-helix, denoted
by HBg helix; and (iv) the side-chain dihedral angle ¥, of Trp6, by
Trp6-).. The stability score of HB is defined by % x 100% and is
calculated by running a sliding window (length =500 ps) over
the temporal trajectory, where N is the total number of conforma-
tions within the window and nyg is the number of conformations
in which the HB exists. Only the second backbone HB (i.e., between
Tyr3 and Leu7) of the N-terminal a-helix is considered in the cal-

A

culation because it is found (in the native-MD) to be relatively sta-
ble (average HBgpeiix > 50%) compared to other HB. Empirical
statistics of all above quantities are derived from the native-MD,
which are wused as criteria to identify folding events:
Co-RMSD < 0.32 nm, HC-Rg < 0.48 nm, HBg heiix > 53.5% and 52° <
Trp6-y, < 105°.

Multiple folding events are discovered from simulations using
above criteria, and the fold conformations show close topology to
the NMR structure (Fig. 1A). An interesting result is the observation
of a “mis-fold” state, which has very similar characteristics to the
true native state except for an incorrect placement of the side-
chain of Trp6 (Trp6-y, is about 180° difference between fold and
mis-fold states, as shown in Fig. 1B). Note that previous study
[15] has also found a similar “pseudo-native” state for Trp-cage;
it seems that this protein may not be as stable as previously recog-
nized by experiment [11].

In total, we have detected seven folding events and three mis-
folding events, and the collections of corresponding trajectories
are used to identify key residues, and to study the folding/mis-fold-
ing kinetics as well.

Identification of key residues

The present working hypothesis is that the high-dimensional
folding process of Trp-cage can be understood by inspecting only
the state of some key residues. We assumed that the key residues
must be stable with little fluctuation in the native state while very
unstable in non-native states, so that their temporal fluctuation
patterns can clearly differentiate among the native and non-native
states.

The relative position between Cy and an “end” atom is used to
represent the orientation of the side-chain. The end atom is defined
for all amino acids (excluding Gly) as following: Ala-Cy, Arg-Nna,
Asn-Ngp, Asp-Osp, Cys-Sy, GIn-Ngy, Glu-Ogy, His-Ngy, lle-Cs, Leu-
Cs2, Lys-N;, Met-Cg, Phe-C;, Pro-Cy, Ser-Oy, Thr-Cy;, Trp-Cra,
Tyr-On, and Val-Cy,. A deviation (D) from the NMR structure is de-
fined for a residue in a given structure using the two representative
atoms,

1
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Fig. 1. View of five representative fold (A) and mis-fold (B) snapshots (red) superimposed on the NMR structure of Trp-cage (blue). The snapshots are taken from trajectories
that reach fold and mis-fold state, respectively. The side-chain of Trp6 (yellow) is represented as thick bonds while other residues are represented as lines. Only heavy atoms
are shown for clarity. (For interpretation of color mentioned in this figure the reader is referred to the web version of the article.)
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Fig. 2. Sensitivity of each residue to the change of state of the protein. The
definition of sensitivity can be found in the text. The non-native state is further split
into sub-ensembles according to the Co-RMSD of each structure compared to the
NMR structure, and for each sub-ensemble the sensitivities of all the 20 residues are
calculated. Four residues, Tyr3 (star), Trp6 (triangle), Leu7 (plus) and Pro19 (cross)
have clearly higher sensitivities than other residues (dot) for all sub-ensembles, and
so the former are recognized as “key residues” and the latter as “non-key residues”.
The average sensitivity (with error bars) of each category is also calculated for each
sub-ensemble.

where r is the atomic position after superimposition onto the
NMR structure using all Cq atoms and r° is the position in the
NMR structure. D is a measure of the “stableness” of each residue.

The “sensitivity” score of each residue with respect to the
change of state of the protein is defined by

S — < Di>non—active
=
< Di>native

(2)

where i is the residue index and the average is taken on the
ensemble of non-native and native conformations, respectively.
The non-native state is further split into sub-ensembles according
to the Co-RMSD of each conformation compared to the NMR struc-
ture; this allows to reveal systematic variation of sensitivities de-
fined above with respect to conformations of variable distances
from the native state.

Fig. 2 shows the comparison of sensitivities of the 20 residues as
a function of Cy-RMSD distances. There is a clear separation of
symbols: the top four residues have persistently higher sensitivity
score than other residues; the former consists of Tyr3, Trp6, Leu?,
and Pro19, and are now recognized as key residues of Trp-cage.
Fig. 2 also shows that the average sensitivity of key residues is lar-
ger than 2.0 for almost all Co-RMSD sub-ensembles. On the con-
trary, the average sensitivity of “non-key” residues is generally
below 2.0. Note that all four key residues are constituents of the
hydrophobic core of the protein; this can be understood by the fact
that Trp-cage is intentionally designed as a hydrophobic-force-dri-
ven folding protein [11].

Characterization of folding and mis-folding kinetics

The four key residues discovered above form a sub-system
which is now characterized by a pair of order parameters: (i) the
average distance between Cy atoms of key residues, denoted by
Liey, and (ii) Trp6-y. In this consideration, we take into account
both translational and rotational aspects. The free energy land-
scape is calculated in the phase plane of Li.y and Trp6-%,, as shown
in Fig. 3A. On the landscape, the fold (labeled by “d”) and mis-fold

(“d’) states are clearly separated, locating at the positions (Liey,
Trp6-7,) = (0.65 nm, 80°) and (0.65 nm, —110°), respectively. Both
states have an energy level approximately —8kgT, where kg is the
Boltzmann’s constant and T is the temperature, indicating that
the two states have equivalent stabilities.

The states explored by ensemble-averaged folding and mis-
folding trajectories, represented by red and blue dots in Fig. 3A
respectively, reveal quite different pathways for the two reactions.
Specifically, the folding and mis-folding processes pass through
different intermediate states, which are denoted by “b” and “b™”,
respectively. Both intermediate states have an energy level of
—6kgT, indicating that they are meta-stable compared to the fold
or mis-fold state. The snapshots of structure taken along the reac-
tion paths (Fig. 3C) indicate that in both “b” and “b"", the four key
residues form a non-native hydrophobic cluster.

For both folding and mis-folding processes, there is an on-path
transition state, denoted by “Ts” and “Ts’” respectively, as shown in
Fig. 3A. The temporal direction of the reaction, as indicated by the
arrows shown in Fig. 3A for each path, shows that there is a signif-
icant increase of L.y after passing the transition state, and then the
protein reaches the “c” (or “c’) state. The increase of Ly, corre-
sponds to a particular dynamical event, which involves the loosen-
ing of local backbone of key residues. This event can be understood
by inspecting the structure shown in Fig. 3C: the temporarily
formed non-native hydrophobic cluster limits the state space that
Trp6-y, can access due to the excluded-volume effect; only the
destruction of the cluster, and then the increase of Lyey, can make
room for Trp6-y, to rotate into the native (or mis-fold) state.

Fig. 3A indicates that the loosening of backbone may undergo
quite different dynamics at different state of Trp6-y,. For
120° < Trp6-y, < 210° (—150°) and —10° < Trp6-y < 10°, a little in-
crease of Lyey Will cost a relatively large amount of energy, and so
the local backbone is stable; these regions are named as “con-
strained” as shown in Fig. 3A. On the other hand, for
—150° < Trp6-y < —130° and 100° < Trp6-y, < 120° the contour
of free energy is stretched along L.y, and so the backbone can eas-
ily loosen without costing too much energy; these regions are
named as “unconstrained”. The classification of “constrained”
and “unconstrained” regions in the free energy landscape indicates
a significant correlation between the dynamics of Trp6-y, and Liey,
and this is investigated in the following section.

For comparison, we have also calculated the free energy land-
scape and the folding/mis-folding pathways using two traditional
order parameters: the radius of gyration of all heavy atoms (de-
noted by Rg) and the fraction of native contacts (FNC). In our defi-
nition of contact, the pair of residues must be three-residue apart
in the sequence and the smallest distance between any pair of hea-
vy atoms from the two residues is less than 0.6 nm. Compared to
Fig. 3A, both the reaction paths and the equilibrium states are dif-
ficult to distinguish between folding and mis-folding in Fig. 3B,
indicating that the two traditional order parameters are unsuitable
to represent the dynamics. The dynamics involves subtle place-
ment of side-chains of key residues as dominant effects during mo-
tions near the native state, and hence are critical to the
construction of proper order parameters.

Side-chain-induced reconfiguration

The apparent difference between the free energy distribution in
“constrained” and “unconstrained” regions indicates that the state
of Trp6-y has a significant effect on the statistical dynamics of
Liey. A study of the correlation between the dynamics of Trp6-y,
and Lyey is carried out by calculating following two time periods.
The first is a time that Trp6-y, stays in the “constrained” region
from the beginning of simulation, as defined by At. = t.—t;,, where
ty is the first passage time (FPT) that Lyey < 0.65 nm and t. is the FPT
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Fig. 3. Free energy landscapes and folding/mis-folding pathway. (A) Free energy landscape calculated using key-residue-based order parameters. The regions denoted by
“constrained” and “unconstrained” are explained in the text. The folding and mis-folding pathways are represented by red and blue dots, respectively, and the temporal
direction of each reaction is indicated by arrows. The key states that each reaction passes by are indicated by specific labels. Inset shows the amplified local region around the
state “Ts”. (B) Free energy landscape calculated using the radius of gyration of all heavy atoms (Rg) and the fraction of native contacts. Both landscapes of (A) and (B) are
calculated based on an ensemble of conformations with Co-RMSD < 0.45 nm. (C) Snapshots of structure taken along the folding and mis-folding processes with key residues
colored in yellow. Only heavy atoms are shown for clarity. (For interpretation of color mentioned in this figure the reader is referred to the web version of the article.)

that Trp6-y, leaves the “constrained” region. From Fig. 3A, we
empirically derive Liey = 0.65 nm, which serves as a natural crite-
rion for the collapse of the backbone of key residues. The second
is a time for the backbone of key residues to loosen, as defined
by Aty = ty—tn, where ty is the FPT that Lyey > 0.70 nm. Note that
Lyey = 0.70 nm represents the critical distance beyond which the
backbone of key residues loosens significantly. To reduce noise,
the temporal trajectories of both Trp6-y, and Ly, are filtered by
a sliding window (length = 100 ps), and the calculation of the times
is performed for all 40 trajectories, as shown in Fig. 4.

It is clear that At. and Aty are strongly correlated, as shown in
Fig. 4, with a correlation coefficient to be 0.98. However, we can in-
fer that as At. increases to be very large, the linear relation be-
tween the two parameters will deviate: in the extreme situation,
Trp6-7, is absolutely locked in the “constrained” region and so
the loosening of backbone is dominated by spontaneous thermal
fluctuation, in which the At will reach an equilibrium value de-
noted by At,™. In particular, the quantity 7¢= 1/At,™ is named as
“spontaneous” reconfiguration rate. On the other hand, the loosen-
ing of backbone due to the torsion of Trp6-y, will be called “side-
chain-induced” (abbreviated by “induced”) reconfiguration, and its
rate is determined by t; = 1/Aty, where Aty is far smaller than At>
and is specifically associated with At.. The distribution of At dis-
plays an exponential tail, as shown in the inset of Fig. 4, which
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Fig. 4. Correlation between At. and At. The definition of At. and Aty can be found
in the text. p is the correlation coefficient, and the data for all 40 trajectories are
shown. Inset is the distribution of At. (grey bar) with its first-order exponential fit
(the black curve). Trajectories are classified into “induced” and “spontaneous” by
At.=7.5ns, which are used to study the rates of the corresponding two reconfig-
uration processes, respectively (see text).
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indicates that in most cases the variation of Trp6-y, and then the
“induced” reconfiguration occur in very short time.

For a quantitative study of the rates of above two reconfigura-
tion processes, we have classified trajectories into two categories
as following: one is that At. < 7.5 ns and represents an ensemble
of the “induced” reconfiguration, while the other with At. > 7.5 ns
is used to approximate the “spontaneous” reconfiguration, and the
criterion At. = 7.5 ns is derived empirically from the inset of Fig. 4,
where we find a clear separation of the pattern of distribution. In
total, 8 “spontaneous” and 32 “induced” reconfiguration processes
are discovered, and their reaction rates are ¢ =1/<At>r=1/
14.59~0.07 ns~! and 1;" = 1/<At>; = 1/2.07~0.48 ns~!, where <>;
and <>; means taking ensemble average for “spontaneous” and “in-
duced” processes, respectively. Note that t;" is faster than t; by al-
most an order of magnitude.

The “spontaneous” reconfiguration is explicitly postulated in
Kussell’s “breathing” model [8]. In this model, the state of side-
chain is constrained by the collapse of backbone and can relax only
when backbone undergoes thermal fluctuation. Kussell’s model
predicts a very slow dynamics for the side-chain relaxation which
resembles the processes that are observed in glass transition. How-
ever, their work based on a simplified model of side-chains, seems
to lack sufficient atomic details to cover all forces properly, and
therefore may miss important processes. Indeed, the present work
shows that a possible faster reconfiguration may exist, in which
the freely movable side-chains of specific key residues play a dom-
inant role.

Conclusions

The concept of “key residues” was previously proposed to de-
scribe the formation of “key contacts” in specific transition states
of folding as a critical step to trigger “downhill” backbone collapse
[3,16]. Bendova-Biedermannoval et al. [17] have also proposed the
term “key residue” in the study of stability of Trp-cage. The latter
found that Trp6 plays a central role in stabilizing the native state
of Trp-cage and so recognized it as the “key residue”. In present
work, we have proposed that there are a few key residues that
are highly sensitive to the evolution of molecular configuration.
Our “key-residue” hypothesis is more general; all-atom MD simu-
lations of the folding of Trp-cage near the native state have identi-
fied four key residues (out of 20) whose parameters better describe
the free energy landscape of the system. The new order parameters
associated with key residues seem to be more efficient in differen-
tiating among folding and mis-folding states, compared to the tra-
ditional parameters such as the radius of gyration and the fraction
of native contacts. The significance of the new order parameters
indicates the critical importance of the side-chain packing at sites
of key residues.

Furthermore, the study of one of the key residues, Trp6, shows
that there are two kinds of reconfiguration processes, side-chain-
induced and spontaneous; the former has a faster reaction rate
than the latter by almost an order of magnitude. The latter process

was also observed in simplified models such as Kussell’s model, for
which the essential atomic details are missing. We find that these
details are critical to recovering all proper forces and to represent a
true folding process.

Compared to previous proposals, the key residues in our work
are associated with the whole dynamical process of the protein
and can offer a reduced key-residue-based phase plane analysis.
This is of a general nature, since our work suggests a possible alter-
native way for coarse-grained description of the protein dynamics:
only a few key residues are represented in sufficient atomic details
while other residues are simplified. This method is now under
development.
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