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ABSTRACT A coarse-grained dynamic Monte
Carlo (MC) simulation method is used to investigate
the conformational dynamics of chymotrypsin in-
hibitor 2 (CI2). Each residue is represented therein
by two interaction sites, one at the a-carbon and the
other on the amino acid side-chain. The energy and
geometry parameters extracted from databank
structures are used. The calculated rms fluctuations
of a-carbon atoms are in good agreement with crys-
tallographic temperature factors. The two regions
of the protein that pack against each other to form
the main hydrophobic core exhibit negatively corre-
lated fluctuations. The conformational dynamics
could efficiently be probed by the time-delayed ori-
entational and conformational correlation func-
tions of the virtual bonds: the active site loop,
excluding the active site bond, the turn region, and
the N-terminal of the a-helix are relatively more
mobile regions of the structure. A correlation is
observed between the hydrogen/deuterium (H/D)
exchange behavior and the long-time orientational
and conformational autocorrelation function values
for CI2. A cooperativity in the rotations of the bonds
near in sequence is observed at all time windows,
whereas the cooperative rotations of the bonds far
along the sequence appear at long time windows;
these correlations contribute to the stability of the
secondary structures and the tertiary structure,
respectively. Proteins 1999;37:454–464.
r 1999 Wiley-Liss, Inc.
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INTRODUCTION

The low-resolution models and methods to characterize
protein conformational dynamics are of great interest to
explore motions of the order of nanoseconds to millisec-
onds that cannot be spanned by conventional fully atomis-
tic molecular dynamics (MD) simulations. Motions of these
time-scales are generally collective conformational changes:
a) the correlated fluctuations between sequentially distant
but topologically coupled residues, b) the spatial reorgani-
zation and/or structural transition of secondary structure
units, c) the cooperative changes in the tertiary contacts,
and d) the larger-scale motions such as domain move-
ments, all of which contribute to the eventual disruption of

the folded structure. Conventional MD simulations with
all atomic coordinates with full hydration are feasible only
for the near-native fluctuations of small proteins at early
stages of unfolding but at the cost of excessive computa-
tional times. Further, MD simulations of nanosecond
calculations are still far from converged for pair correla-
tions of low-frequency motions because of the problem of
undersampling. On the other hand, simulations on a
coarse-grained scale became efficient and physically sen-
sible with the use of knowledge-based potentials extracted
from the x-ray– and NMR-elucidated protein structures to
study the collective motions. Original single-site-per-
residue model and potentials1,2 have been followed by more
detailed potentials at which the distance3,4 and direction5–7

dependence of nonbonded interactions and the torsional
preferences of backbone bonds were included.8,9

In general, the low-resolution models and parameters
have been used for exploring the equilibrium properties of
proteins, such as discriminating between correct and
incorrect folds in threading experiments,10–12 predicting
the effects of amino acid substitutions on stability,13 and
recognizing peptide-binding sites on proteins.14 On the
other hand, the dynamics of proteins, using low-resolution
models, have been attempted by a few studies only, after
the pioneering work by Levitt and Warshel.15 Most of the
later studies have been in the form of on-lattice simula-
tions.16–23 Yet, some studies in recent years depict the
utility of off-lattice simulations.23–29

In the present study, a recently developed off-lattice
dynamic Monte Carlo (MC) simulation technique30 using a
coarse-grained model and energy parameters developed by
Bahar et al.4,9 has been used to explore the dynamics of a
small monomeric protein, chymotrypsin inhibitor 2 (CI2).
This protein has been addressed previously by both experi-
mental31,32 and simulation studies.33 The twofold objective
of the present study is to show the applicability of the
present simulation technique by comparing some of the
results with those of MD simulations and experiments and
to further complement the findings accumulated by the
latter studies with comparably longer simulation trajecto-
ries at much less computational time.

CI2, also known as barley serine proteinase inhibitor 2,
is an eighty-three–residue protein from the albumin frac-
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tion of barley seeds. The coordinates of the first nineteen
residues are not resolved by either x-ray crystallography
or 2D NMR. It is known that these residues do not
contribute to the stability and activity of the protein. In
this work, the atomic coordinates of CI2 determined by
x-ray crystallography34 to 2.0-Å resolution were obtained
from the Brookhaven PDB, and the residues were renum-
bered beginning from one for the twentieth residue to
exclude the disordered N-terminal region. The original
numbering is also given in parenthesis for ease of compari-
son with previous studies on CI2.

The secondary structure of CI2 consists of a single
a-helix with twelve residues 12–24 (31–43) and four
b-strands: b1 residues 28–34 (47–53), b2 residues 45–52
(64–71), b3 residues 61–64 (80–83), and an extended
strand b4 at the N-terminal [residues 3–5 (22–24)] run-
ning antiparallel to b3. There is a broad loop between
strands 1 and 2 that contains the reactive site bond,
between Met40 (59) and Glu41 (60). A ribbon representa-
tion of the structure is shown in Figure 1.

In this article we summarize the coarse-grained model
with its energy functions and the simulation method in
Model and Method. In Results and Discussion, the mean-
square auto- and cross-fluctuations of a-carbon atoms and
orientational and conformational correlation functions of
the virtual bonds are presented and discussed with analo-
gous observations from experiments. Conclusions follow.

MODEL AND METHOD

In the simplified model used, every residue is repre-
sented by two sites, its a-carbon atom and a sidechain

interaction center Si specific to the amino acid type.7 The
backbone of the protein is represented by the virtual bond
model originally proposed by Flory and collaborators.35

Accordingly, the backbone of a protein of n residues
consists of n-1 virtual bonds connecting successive a-car-
bons. The conformation of the backbone is thus defined by
3n-6 variables: n-1 virtual bond lengths, li, connecting the
a-carbons i-1 and i, n-2 virtual bond angles ui at the ith
a-carbon, and n-3 dihedral angles fi describing the tor-
sional rotation of the bond li. The side-chain of the residue
is represented by a single interaction site, Si, which is
selected on the basis of specific properties of the amino acid
type. Si is found from the centroid of either all side-chain
atoms or a few specific atoms, depending on the hydropho-
bicity or polarity of the amino acid. Details are in Bahar
and Jernigan.4,7

The energy of the conformation F is found from additive
contributions of short-range interaction potentials ESR5F6,
between covalently bonded units along the chain sequence,
and long-range interaction potentials ELR5F6, between non-
bonded residues that are close in space.

E5F6 5 ELR5F6 1 ESR5F6 (1)

Here ELR5F64 is calculated from the following expression:
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where rij is the distance between sites i and j in conforma-
tion 5F6. WSS(rij) is the potential between side-chains i and
j, WSB(rij) is the potential between the side-chain and
backbone sites of the ith and jth residues, and WBB(rij) is
the potential between two backbone interaction sites i and
j. Here, the interacting sites are separated by at least five
intervening virtual bonds.

The short-range conformational energy was calculated
as described by Bahar and collaborators9 using the formu-
lation
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The first summation in the formula refers to the poten-
tial associated with the stretching of the virtual backbone
bonds, approximated by a stiff harmonic potential with a
force constant of 10 RT/Å2. The second term is to account
for distortion of bond angles, and the third is for the bond
torsions, in which f1

2 and fi
1 refer to the rotational angles

of the virtual bonds preceding and succeeding the ith

Fig. 1. Ribbon representation of the main-chain fold of CI2. The
diagram is based on the crystal structure with PDB code 2ci2 determined
to 2-Å resolution.34 The residues were renumbered to begin with 1 instead
of 20 for ease of comparison with previous studies on 2ci2. The residues
forming the secondary structure elements are indicated in paranthesis
according to this numbering scheme.
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a-carbon, respectively. The other terms account for the
pairwise interdependence of the torsion and/or bond angle
distortions.

The protein structure is allowed to move by differen-
tially perturbing a randomly chosen backbone or side-
chain interaction site. The perturbation causes a move
given by the formula

Dx 5 k(2r 2 1) (4)

where r is a random number generated between 0 and 1
and k is a proportionality factor. This proportionality
factor chosen controls the strength of perturbation and is
chosen as 0.8 Å, which allows the protein to move only in
the neighborhood of the original conformation. The move is
accepted or rejected according to the Metropolis criterion.
One MC step is composed of N 5 64 moves; this may be
viewed as the average time for all N residues of CI2 to have
a chance to move. In the present simulations, eight indepen-
dent runs of 4,800 MC steps each have been carried out.
The lengths of MC trajectories were observed to lead to an
rmsd of the final structure from crystal structure coordi-
nates of an average of 4.0 Å. Each run requires not more
than 2 hours CPU time on a Silicon Graphics R4400
Challenge Workstation and that is faster by about two
orders of magnitude compared with the time required for a
comparable MD trajectory. The average acceptance rate is
60%. The coordinates of backbone and side-chain interac-
tion sites were recorded every eight MC steps. The subse-
quent analysis of the trajectories was made over 600
snapshots of each run, and the results were averaged over
all runs.

RESULTS
Mean-Square Fluctuations in Atomic Coordinates

The mean-square fluctuations 7DRi
28 in the position vec-

tors Ri of the a-carbon atoms around the crystal coordi-
nates, averaged for eight independent simulations, are
shown together with those calculated from crystallo-
graphic temperature factors in Figure 2. The results are
normalized so that the area under the curve equals unity,
to make possible a direct comparison. The simulation
predicts the fluctuations at the minima and at the peaks in
the reactive site loop [residues 34–45 (53–64)] and in the
turn [residues 52–55 (71–74)] regions. Yet, the fluctuations
of a-carbon atoms in the a-helix are found to have lower
values than those measured. The same kind of discrepency
was also observed in the MD simulations of Li and
Daggett.36 However, it is also notable in the latter study
that the MD-derived average structure of the protein does
not fall entirely within the envelope defined by the 20
NMR structures, especially in the loop region, which is
successfully predicted with the present simulations. This
discrepency was attributed36 to the single MD simulation,
which might not be adequate. The high mobility of the
C-terminus is consistent with the high-amplitude fluctua-
tions measured by an NMR study of Ludvigsen et al.,37 in
which the N- and C-termini and the loop region of the

protein were reported as having the highest mean-square
fluctuations.

Cross-Correlations Between Residue Motions

Equilibrium cross-correlations between residue motions
were evaluated using the quantity Cij 5 7DRi · DRj 8/(7DRi

287D
Rj

28)1/2. Being normalized by the mean-square fluctuations
of individual residues, Cij gives an estimate of the orienta-
tional correlation between the motions undergone by sites
i and j, eliminating the effect of the amplitude of motion.
Figure 3 displays the residue pairs exhibiting negative
correlations in the range 21 # Cij # 20.3 (upper triangle)
and positive correlations in the range 0.3 # Cij # 1 (lower
triangle). The ordinate and abscissa represent the residue
indices i and j. The regions of secondary structural ele-
ments are depicted on both axes.

The b-strands 1 and 2 are positively correlated with
each other and with the reactive site loop, and negatively
correlated with the a-helix. This suggests that these two
strands and the loop form a group that undergoes nega-
tively correlated fluctuations with the a-helix. In fact, Li
and Daggett36 divided the protein into two regions: the
first region consists of the N-terminus and the a helix
(residues 1–23), and the second region consists of the
b-sheet and the loop (residues 23–64). These two regions
pack against each other to form the hydrophobic core. They
found that the packing of the two regions was destabilized
and the core was weakened in the early stages of unfolding
in their MD simulations. The negative correlation ob-
served in the present simulations between these two
groups also suggests that they make fluctuations in oppo-
site directions, which would cause them to move apart in
an unfolding process and weaken the hydrophobic core.

Furthermore, the residues in the C-terminus of the
a-helix are positively correlated with each other. They are
found to make cooperative fluctuations in the same direc-

Fig. 2. The mean square fluctuations 7DRi
28 in a-carbon positions as a

function of residue numbers for CI2. The solid and dashed curves depict
the results from simulations and from experimental crystallographic
temperature factors, respectively. The results are normalized.
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tion, which means this terminus is more stable in this
structural element. No correlation between the neighbor-
ing residues in the N-terminus of the a-helix is observed.
However, the N-terminus displays positive correlations
with the turn region. These two elements can make
cooperative motions that will cause the top of the b-sheet
to move away from the loop in any case of unfolding
process, as observed in the MD simulation of Li and
Daggett.36 The negative correlation between the loop and
turn regions also supports this idea.

Orientational and Conformational Correlations

The time-delayed correlations between the conforma-
tional states of residues are evaluated by analyzing the
evolution of rotational states of backbone virtual bonds.
The torsional autocorrelation function is defined as

Gi(t) 5 7cos[fi(t 1 t) 2 fi(t)]8. (5)

Where fi(t 1 t) and fi(t) are the rotational angles of the ith
bond at respective times t 1 t and t. The ‘‘ith bond’’ refers
to the virtual bond between ith and i 2 1th a-C atoms.
Figure 4a depicts Gi(t) values at t 5 400, 1,200, and 2,000
MC steps. The three curves are similar in character,
although the losses of conformational correlations become
more pronounced at longer times. Residues belonging to
the same secondary structure are indicated by the same
symbol for clarity.

The virtual bonds at the a-helix and b-sheet are ob-
served to be highly autocorrelated, compared with those of
the loop and turn regions. The N-termini of the a-helix and
the b-strands are more mobile than their C-termini, and
they all have a mobile residue in the middle that enhances
the rotational mobility of the virtual bond at that point.
Although the N-terminal residues of the a-helix are known
to form the folding core,38,39 the relationship between the
folding and hydrogen exchange pathways is question-
able.40 Neira et al.40 found that all the residues in the first
two turns of the helix undergo local exchange, which
indicates that they are rotationally mobile and exhibit
local structural fluctuations. This agrees with the results
displayed in Figure 4, which illustrate that the N-terminal
of the a-helix is mobile and shows an unwinding tendency.

On the other hand, the virtual bonds of the loop and turn
regions between the a-helix and the b-strands show a fast
decay in rotational autocorrelations. Especially the
N-terminal portion of the loop and the turn between
strands 2 and 3 are remarkably mobile, in agreement with
MD results.36 It is interesting to note that the active site
bond in the loop is less mobile than the rest of the loop, and
that the loop is separated into two portions by the active
site, the N-terminal portion being more mobile than the
C-terminal portion. This accords with the 15N relaxation
data measurements of Shaw et al.41 These authors pointed
out that the N-terminal portion of the loop becomes

Fig. 3. Correlation map for the fluc-
tuations of a-carbon atoms in CI2. The
axes represent residue indices 1 # i #
N and 1 # j # N, where N 5 65. The
equilibrium cross-correlations are
found from Cij 5 7DRi · DRj 8/(7DRi

287D
Rj

2)1/2. The diagonal and the lower
triangular parts display the regions
exhibiting positively correlated fluctua-
tions, and the upper triangular portion
refers to negatively correlated (or anti-
correlated) pairs of residues.
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disordered whereas the C-terminal region remains rela-
tively ordered upon cleavage of the active site bond.

The two regions of the protein that pack against each
other to form the main hydrophobic core are connected to
each other by the residues between the a-helix and the
b-sheet 1. These residues have high conformational mobil-
ity, which may be the result of negatively correlated
motions of these two regions (Fig. 3). Daggett et al.36

discussed how this turn is extended in the transition state
to accommodate the movement of the a-helix away from
the core.

The experimental free energy changes, DG, for hydrogen/
deuterium (H/D) exchange in CI240 are displayed in Figure
4b. A correlation is observed between the H/D exchange
data and long-time conformational and orientational auto-
correlation function values, the results of the latter func-
tions being presented below. Thus, the local flexibility

induced by the torsional motions emerges as a property
that affects the rate of H/D exchange. As far as the
long-time behavior is concerned, because the time in MC
simulations is tentative, to have an analogous sense of the
real-time scale, the relaxation time of orientational behav-
ior (correlation time of a second order correlation function,
the second order Legendre polynomial) of a hypothetical
bond that is appended perpendicular to the vertex of the
two successive virtual bonds was calculated. The latter
hypothetical bond was considered for different parts of the
chain, and an average value of 100 MC steps was obtained
for the relaxation time. Thus, long-time refers to 20 times
the time necessary for a local relaxation—it should be
pointed out here that a virtual bond comprises three real
bonds in the structure—and to a trajectory of 48-fold for a
statistically reliable analysis. On the other hand, the
average correlation time of an N-H bond for the most
constrained regions of CI2 was calculated as 160 ps in an
MD study by Li and Dagget.36 Consequently, it can be
concluded that 100 MC steps, as being the characteristic
time for a local relaxation that involves a segment of six
real bonds (two successive virtual bonds), apparently
represent a time scale greater than at least 160 ps.

The time-delayed orientational autocorrelation function
of the virtual bond is expressed as

Mi(t) 5 7li(t) · li(t 1 t)8. (6)

Where li(t) is the unit vector along bond i at time t. The
results for all virtual bonds for time intervals of t 5 400,
1,200, and 2,000 MC steps are depicted in Figure 4c. The
results are qualitatively similar to those of torsional
autocorrelations. This is expected, because the torsional
motions affect the orientation of the virtual bonds. How-
ever, the decay of the orientational correlation functions is
slower than that of the torsional correlation functions. In
particular, the N-termini of the a-helix and b-strands 1
and 2 do not lose their bond orientations as fast, although
they were found to undergo rapid torsional motions. This
suggests the existence of cooperative torsional angle rota-
tions that localize the motion. This property has also been
observed for polymers in dense media.42

The most mobile part of the protein according to the
losses of rotational correlations is the loop region, but it
seems likely that the bonds in this region undergo some
cooperative rotations because they preserve to some extent
their original orientations (compare the ordinate values
for bonds in the loop region in parts a and c of Figure 4), as
will be elaborated in Cross-Correlations Between Bond
Rotations, and the splitting of N- and C-terminal portions
cannot be observed.

On the other hand, the turn between b-strands 2 and 3 is
a mobile region of the protein that loses both its torsional
and orientational correlations rapidly. This type I turn
observed in the crystal structure was found to be not well
defined in the solution structures by the NMR studies of
Ludvigsen et al.37 Their solution structure calculations
showed that this region has some minor violations of both

Fig. 4. (a) Time-delayed conformational autocorrelations,
7cos[fi(t 1 t) 2 fi(t)]8, for the rotations of all virtual bonds in CI2 at t 5
400 (solid thin), 1,200 (solid thick), and 2,000 (dashed) MC steps. The
bonds belonging to secondary structural elements are indicated by
different symbols for clarity. (b) H/D exchange data from Neira et al.40 as a
function of residue index. (c) Time-delayed orientational autocorrelations,
7li(t) · li(t 1 t)8, for the virtual bonds in CI2. The curves are for the same MC
steps as in part (a).
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the angular and the distance boundaries. Upon these
observations, they suggested that this region may contain
two or more conformations in the solution structure. These
findings support the results that show that this region has
a high mobility and would lose its orientational correlation
even faster than the loop region. This mobile turn, the
residues of which exhibit highly correlated fluctuations
with those of the loop and a-helix, may have an important
role in the overall cooperative motions of the protein, as
will be emphasized in the cross-correlations of the rota-
tions as well.

The cross-correlations between the bond rotations, which
will be analyzed next, give some insight into the cooperat-
ivity in the rotations of the backbone bonds.

Cross-Correlations Between Bond Rotations

The time-delayed cross-correlations, Cij(t), between the
rotational angles of the virtual bonds are calculated by
using the expression

Cij(t) 5 7Dfi(t)Dfj(t)8/(7Dfi(t)281/27Df j(t)281/2) (7)

where Dfi(t) and Dfj(t) are the changes in the rotational
angles of the virtual bonds i and j within the time t.

The pairs of bond rotations having cross-correlations
greater than 0.25 or less than 20.25 are depicted in Figure
5. The filled and open symbols refer to negative and
positive cross-correlations, respectively. The strongly corre-
lated pairs shown in a for smaller t values (400 or 1,200
MC steps) are close to the diagonal, which means that they
are neighboring virtual bonds. Strong correlations be-
tween the rotations of the virtual bonds that are separated
far along the sequence can be observed at longer t values
(2,000 MC steps). This implies that coupled rotations at
short time scales contribute to the stability on a local scale
along the backbone. However, tertiary structure is sup-
ported by correlated rotational motions at longer time
scales, as will be elaborated below.

Table I lists the pairs that exhibit correlated rotations
with Cij . 0.20 and Cij , 20.20 at t 5 400 MC steps. The
large number of correlated pairs explains why the orienta-
tional bond correlation functions of virtual bonds (Fig. 4a)
have higher values compared with the correlations of
torsional angles (Fig. 4b) at this time interval. The same
pairs are observed to be correlated also at longer time
intervals.

Figure 6a displays the time history of the torsional
angles of the negatively correlated pair 13-14. These two
bonds rotate in opposite directions to preserve the second-
ary structure by localizing the motion. This is also illus-
trated in Figure 4 by the significant difference between the
torsional and orientational functions at all t values of the
N-terminus of the a-helix. For further illustrative pur-
poses, the time history of rotational angles for the virtual
bonds of 40, 42, and 44 in the binding loop are presented in
Figure 6b. Rotations of bond 42 are highly negatively
correlated with those of bonds 40 and 44. The negatively
correlated rotations of these bonds localize the motion and

cause the orientational autocorrelation functions to decay
slower than the torsional autocorrelation functions of the
rest of the bonds of the loop region (Fig. 4). The other
negatively correlated bond pairs in this region are virtual
bonds 35–37 and 43–45.

To illustrate the localization of the motion by the coopera-
tive nature of the bond rotations for pair 13-14, a sche-
matic diagram of the protein structure in the neighbor-

Fig. 5. Correlation map for the virtual bond rotations in CI2. Strongly
correlated pairs at (a) t 5 400 (squares) or 1,200 (diamonds) MC steps.
(b) t 5 2,000 (circles) MC steps. The open symbols are for positively
correlated pairs (Cij(t) . 0.25), and the closed symbols depict the
negatively correlated (Cij(t) , 20.25) virtual bond pairs.
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hood of this pair is drawn in Figure 6c. In this simplified
diagram, two snapshots at t 5 2,448 and t 5 2,592 MC
steps, presented by vertical dashed lines in Figure 6a, are
superimposed. The torsional angle values for bonds 13-14
are indicated on the Figure for both snapshots. Despite the
large amplitude rotations of these two virtual bonds, the
localized motion does not lead to changes in the rest of the
structure.

On the other hand, the long-time cross-correlations
appearing between virtual bond pairs that are separated
by at least two and usually by more than several virtual
bonds along the sequence are the result of surviving
collective rotational motions of several bonds. A 3D ribbon

Fig. 6. (a) Time evolution of bond rotations for the
virtual bond pair 13-14. The strong anticorrelation
observed indicates the cooperative nature of bond
rotations at the N-terminal of the a-helix in CI2. (b)
Time evolution of bond rotations for the virtual bonds
40, 42, and 44. Rotations of bond 42 are negatively
correlated with those of bonds 40 and 44. (c) Sche-
matic representation of a segment that includes the
virtual bond pair 13-14. Snapshots of the structure at
t 5 2,448 MC steps (thin line) and t 5 2,592 MC steps
(thick line), are superimposed. The torsional angle
values for this bond pair at these two snapshots are
indicated on the Figure.

TABLE I: Pairs of Bonds Exhibiting Strongly
Correlated Rotations in CI2, (Cij G 0.20 and

Cij F 20.20) at t 5 400 MC steps

Negatively correlated pairs Positively correlated pairs

13-14 (a) 6–7
29-31 (b1) 25–26
31-33 (b1) 28–29(b1)
33-35 (b1) 8–53
35-37 (loop)
40-42 (loop)
42-44 (loop)
43-45 (loop)
48-50 (b2)
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diagram on which most of the residues involved in corre-
lated rotational motions are labeled is presented in Figure
7 to facilitate the understanding of their interactions. The
cross-correlated rotational motions of the bonds revealed,
in general, that the turns and the reactive site loop, in
general, exhibit correlated motions among themselves.
The N- and C-terminals of a-helix and N- or C-terminus of
some b-strands are together with the adjacent turns in
those correlated motions. Moreover, some bonds from
a-helix, b1, and b2 are involved in the correlations as well.

To ease the discussion on the cross-correlations which
appeared, the bonds exhibiting correlated rotations are
grouped in regions as: (I) the turn between b4 and a-helix
and N-terminus of a-helix, (II) the turn between a-helix
and b1 and C-terminus of a-helix, (III) the loop (reactive
site) between b1 and b2, and (IV) the turn between b2 and
b3, C-terminus of b2 and N-terminus of b3. The residues
that participated in the correlation motions belonging to
the same regions are depicted with the same color. Table II
depicts the correlated bond pairs (Cij . 0.25 and
Cij , 20.25, Fig. 5b) that lead to the intercorrelated
motions of the regions I–III, I–IV, II–IV, and III–IV at long
times. Table 2 also depicts the correlated pairs involving
the sites that are not defined in the latter regions. The
sense of the correlations in the Table are depicted as (1)
and (2) for the respective positive and negative rotational
correlations. Region IV seems to be the only one in
interaction with all three of the other regions. Region II is
in interaction with IV only. Bond 49 in b2 depicts relatively
strong correlations with bonds 11(I), 55(IV), and 45(III),
the latter being the strongest correlation observed in the
present analysis. In addition to the interregional correla-
tions defined above, correlated rotational motions are
observed for the following pairs: 25 (C-terminus of a-helix)-
51(b2), which strengthens the interaction of II with the
rest of the structure; 8(I)-23(a-helix); 8(I)-51((b2); and

Fig. 7. A ribbon diagram of CI2 in which the bonds
exhibiting highly coupled rotations at long time windows
(see Table II) are labeled. The regions grouped in the
text are colored as follows: I, red; II, green; III, cyan; IV,
blue. The bonds that are not included in any of these
groups are colored magenta.

TABLE II. Pairs of Bonds Exhibiting Strongly Correlated
Rotations in CI2, Cij G 0.25 (1) and Cij F 20.25 (2),

at t 5 2000 MC Steps

I-III I-IV II-IV III-IV Others

7-42 (1) 8-53 (1) 26-56 (1) 36-54 (1) 8-23 (2)
7-44 (1) 8-54 (2) 26-57 (1) 36-55 (1) 8-51 (2)

11-36 (1) 11-56 (2) 28-57 (2) 36-60 (2) 11-14 (1)
11-42 (1) 12-62 (2) 28-58 (1) 42-55 (1) 11-49 (1)
14-36 (1) 14-56 (2) 42-56 (2) 13-16 (1)
14-42 (1) 14-62 (1) 45-55 (1) 13-32 (2)

14-54 (1) 25-51 (2)
36-42 (1)
37-42 (2)
49-55 (1)
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13(I)-32(b1), which provides an interaction to I to some
extent with a-helix, b1 and b2. On the other hand, correla-
tion of bond pairs of 11–14 and 13–16, which might be
viewed as short-range as well, appears strongly at long
times in the N-terminus of a-helix. Further, in region III,
which is the largest loop of CI2, in addition to short-range
(nearest neighbor or next nearest neighbor pairs) correla-
tions at short- and long-time windows, very strong in-
traloop correlated motion by bond pairs 36–42 and 37–42
appears at long times along with interregional correla-
tions.

As an overall view from the analysis, it is notable that
the rotational correlation of the bonds that are separated
far along the sequence at long times do not necessarily
have to be close in space; i.e., it is possible to observe a pair
relatively far from each other but still in interaction via an
another bond that is close in space and rotationally
correlated to both bonds in the pair. For example, 55 is
correlated with 36 and 42, 36 being much closer in space
than 42. However, a strong correlation also exists between
36 and 42; consequently, a correlation is observed between
55 and 42. Additional examples are the interactions among
45, 49, and 55; 14, 36, and 42; 11, 36, and 42; and so forth.

To depict the cooperative rotations of some bond pairs,
time histories of rotations for the bond pairs 36-42, 45-49,
8-51, and 14-36 are given in Figure 8a–d. Except for 8-51,
which depicts negatively correlated rotations, the other
pairs show positively correlated rotations at long time
windows. A better understanding of the sense of the
cooperativity in the rotations can be gained from the
Figures by remembering that the long-time behavior corre-
sponds to the change of the torsional angle of each bond in
the pair in 250 snapshots. Therefore, the trend of the
curves in that time scale should be followed.

The appearance of some correlations between the differ-
ent regions of the structure is expected at long time
windows because this type of pair-correlation is incorporat-
ing the collective motions of several residues in the vicinity
and is consequently low-frequency motion in nature. Inas-
much as long-time behaviors are concerned, enough sam-
pling of the occurrence of correlations is important for
reliable analysis, as pointed out in a recent study43 on the
problem of undersampling in nanosecond MD simulation
studies. The averaging over eight independent runs in the
present simulations ensure the covering of the whole
conformational space in addition to a relatively long
simulation trajectory.

CONCLUSIONS

We draw the following conclusions from the off-lattice
MC simulations of inhibitor CI2.

A good agreement is obtained between the mean-square
fluctuations in the position vectors of the a-carbon atoms
and the experimental crystallographic temperature fac-
tors. The minima regions and peaks at the active site loop
and the turn are satisfactorily predicted. The simulation
predicts lower fluctuation values for the a-carbon atoms in

the a-helix compared with those measured by experi-
ments. This is in accordance with the MD simulation
results.

The equilibrium cross-correlations between the fluctua-
tions of the residue pairs permit identification of the units
that are correlated. The two regions of the protein that
pack against each other to form the main hydrophobic core
exhibit negatively correlated fluctuations. This will cause

Fig. 8. Time history of rotations for some bond pairs that exhibit highly
correlated torsions at long time windows. (a) 36-42, (b) 45-49, (c) 8-51,
and (d) 14-36. Except for 8-51, which depicts negatively correlated
rotations, the other pairs show positively correlated rotations.
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the hydrophobic core to be weakened in an unfolding
process.

The conformational dynamics could be probed efficiently
by the time-delayed conformational and orientational auto-
correlation functions. In particular, the bonds of the active
site loop, turn region, and N-terminal of the a-helix depict
high-amplitude rotational motions. The active site bond is
less mobile in this sense compared with the rest of the loop.
The relaxation of the rotational motions of the bonds in the
N-terminal portion of the loop is relatively faster than the
relaxation of those in the C-terminal portion. In general,
the conformational correlation functions decay faster than
the orientational correlation functions because of the
cooperativity between the rotations of the bonds.

A correlation exists between the H/D exchange data and
the long-time conformational and orientational autocorre-
lation function values for C12. It may be concluded that
the flexibility associated with the torsional motions affects
the rate of H/D exchange.

Time-delayed cross-correlations between the bond rota-
tions reveal the pairs of bonds that exhibit correlated
rotational motions. The cooperativity in the rotations of
bonds that are near neighbors along the sequence is
observed at all time windows, which ensures the localiza-
tion of the motion along the backbone and thus the
stability of the secondary structures, whereas cooperative
rotations of bonds that are far along the sequence, but
close enough in space, are observed at longer time win-
dows, which ensures the stability of the tertiary structure.
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