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Abstract

The backbone dynamics of barnase has been studied by a recently developed off-lattice Monte Carlo (MC)/Metropolis simulation
technique, where a low-resolution model (virtual-bond model) is used together with knowledge-based potentials, with the main emphasis
on its cooperative motions at different time windows. The conformations generated around the native state are analysed by time-dependent
auto- and cross-conformational correlation functions of the virtual bonds. There exists a correlation between the long time auto-correlated
behaviour of the bond rotations and the potential stability of the respective regions. The analysis at different time windows reveals that there
are cooperative motions between the bond rotations, which are only near neighbours and basically local motions at all time windows.
However, as the time window widens, a progressive increase in the number of correlated pairs, which are separated far along the sequence
and are not necessarily close in space, is observed. The structural distribution of these motions shows that the cooperative interactions are not
bi-directional and that different residues have a different role within the network of interactions. Thus, the conditions yielding global motion
coherence can be accounted for by the existence of anisotropic cooperative long-range interactions among the units in cooperation with the

short-range interactions. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Proteins in solution undergo various motions at different
time scales; a broad hierarchy of functionally significant
timescales, ranging from local atomic fluctuations and bond
oscillations to hinge bending motions, helix coil transitions
and local and global unfolding processes, which depend, in
detail, on the conformational energy landscape. To charac-
terise these dynamic motions and to understand their role in
protein function, stability and folding are of great interest.
On the other hand, the stability and the folding are strongly
associated with the cooperative interactions, which also
provide a key to understanding function and regulations of
function. The collective dynamics in relation to function
was recently reviewed [1] with references to many efforts
in this area. The consensus among many investigators is that
functionally relevant protein motions involve correlated
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displacement of many residues. For example, binding of
small [2] and other molecules [3] to proteins occur via
induced fit of concerted displacements of several structural
elements. Thus, dynamic correlations between distant sites
were shown to have important implications in the design of
protease inhibitors [4]. The normal mode analysis employed
[5] to the classical model system for allosteric regulation led
to the understanding of how the information is transmitted
from the allosteric binding site to the active site which is
60 A away. In fact, the cooperative interactions do not
extend uniformly throughout the entire protein molecule,
and so some residues have a more important role than the
others in defining the cooperativity, which is marked by the
conformational heterogeneity. The latter was evidenced
from several hydrogen exchange experiments [6—10] that
yielded heterogeneity in the magnitude of the hydrogen
exchange protection factors measured under native condi-
tions, which indicated local unfolding rather than global
unfolding. On the other hand, the secret in the stability is
the effective cooperation of intramolecular interactions,
which are individually too weak to withstand the dissipative
action of the thermal motion. The cooperativity of inter-
molecular interactions in proteins seems to be achieved
only in a molecule with a tight and unique packing of
groups, i.e. the cooperativity is the peculiarity of an
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aperiodic structure [11,12] which can provide complex
interlacing of short- and long-range interactions involving
different time-scales.

Studying the detailed mechanism of the cooperation of
the weak intermolecular forces and their ability to cooperate
is an important physical problem in current studies of the
protein research, which has a great importance in the frame-
work connecting structure, energy landscape, dynamics and
function.

Experiments do not offer direct access to an atomic
description of the correlated motions and furthermore the
experimental data need to be interpreted in the framework of
an appropriate model. Nevertheless, computational means is
more straightforward. They can be predicted from one
representative structure using a description of intramolecular
interactions at different levels of detail. Molecular dynamics
(MD) simulation is one means of generating ensembles; but
however it is not at present feasible to extend beyond the
nanosecond time scale for most cases, and furthermore it
poses sampling problems on the time scale of large
concerted motions. In those motions, multiple independent
trajectories are required rather than having only one even
long simulation trajectory, for assuring the enough sampling
of the conformational space, as pointed out in a recent study
[13] on the problem of undersampling in nanosecond MD
simulation studies. Principal component analysis (PCA)
which facilitates the study of long time protein dynamics
from MD trajectories may fail in many cases because of the
sampling errors due to the finite simulation time [14]. On the
other hand, low-resolution models and methods can be
effectively utilised to explore motions on time scales
ranging from the order of nanoseconds to milliseconds
with several independent trajectories.

In the present study, the generated ensemble of confor-
mations around the native basin of barnase, by the recently
developed coarse-grained simulation method (off-lattice
Monte Carlo (MC)) [15-18], have been analysed by
means of correlation functions. Barnase was chosen as the
subject because it was extensively studied by experiments
and simulations [19-28]. The technique employed here has
been shown to adequately simulate protein dynamics for
different time scales with results which are in agreement
with those from NMR measurements, such as order
parameters [17] and hydrogen exchange data [17,18]. It is
based on the virtual bond-model [29] with structure-derived
potential functions and geometry parameters [30,31]. The
specificity of the residues is addressed with the latter
potentials. The usefulness of the statistical potentials
was reviewed in a recent study [32]. In the present analysis,
the fluctuations of Ca atoms, the conformational auto- and
cross-correlations between rotations are calculated. The
correlations calculated at different time windows map
the interaction scheme of the structure at different
levels, which lead to the elucidation of the intricate
network of interactions laced together by short and long-
range interactions.

2. Overview of model and simulation characteristics

A given conformation of the coarse-grained model
protein, which has two interaction sites for each residue,
Ca atom and side chain centroid, is represented by a set
of 3N — 6 generalised coordinates (N is the number of
residues and thus of Ca atoms): N — 1 backbone virtual
bonds I; connecting a-carbons i — 1 and i, N —2 bond
angles 6;, the angle between [; and /4, and N-3 bond
torsional angles @; The virtual bond lengths are kept
within a value 3.81 + 0.03 A by a harmonic potential with
a force constant of 10 (mass/time?). Side chain conforma-
tion, on the other hand, is conveniently expressed by the set
{1}, 6, ¢}, I being the bond length connecting backbone
and side chain interaction sites, 6; is the bond angle between
[; and [}, and ¢; the torsion angle defined by /;_;, [; and [.
The atoms used for defining the side-chain interaction
centres for each type of amino acid are presented in
Ref. [31].

Barnase is a small, monomeric, 110-residue ribonuclease
that is secreted by Bacillus amyloliquefaciens. The solution
structure of barnase (PDB entry 1bni) [33] is used as the
starting conformation. This « + [3 protein contains four
helices followed by a five-stranded [(-sheet. In accordance
with the PDB file, the secondary structural units are named
as follows: a-helices: al(7-17), a2(27-33), «3(37-39),
a4(42-45) and B-strands: B1(52-56), B2(71-75), B3(87-
91), B4(96-99), 35(107-110). There are three hydrophobic
cores in barnase and these are depicted on the later ribbon
diagrams.

A series of low-resolution conformations or substates in
the neighbourhood of the native basin, are generated by MC/
Metropolis simulation scheme. In this technique, at each
‘step’, hereafter referred to as the ‘MC step’, each residue
is given a chance to move. A randomly chosen site, either a
Ca or a sidechain site, is subjected to a differential pertur-
bation, using a uniformly distributed random number
generator. The strength of the perturbation, Ax is controlled
by the formula Ax = k(2r — 1), where r is the random
number variable in the range 0 = r = 1, and & is a constant
‘proportionality factor’ that may be adjusted to mimic the
response at a given temperature. The new conformation is
accepted or rejected according to the Metropolis criterion
[34]. The energy of the conformation at each step is
found using database-extracted residue-specific potentials
composed of two major contributions: (i) bond rotation
and bond angle distortion energies [35] for pairwise-coupled
virtual bonds, and (ii) non-local interactions including all-
side-chain (S-S), side chain—backbone (S—B), and back-
bone—backbone (B—B) pairs separated by at least five
virtual bonds [36]. The detailed description of the simula-
tion method can be found in Refs. [15,16,37].

The analysis is carried out over 10 independent runs, the
length of each being 3000 MC steps, to ensure an efficient
conformational sampling. The root-mean-square (rms)
deviation of the simulated structure is calculated as
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Fig. 1. Mean-square fluctuations (AR?) in a-carbon positions as a function
of residue numbers for barnase. The solid curve is obtained from simula-
tions and normalised, whereas the dashed curve represents the results from
crystallographic temperature factors [33].

4+05A at the end of each run. Thus, the generated
conformations can be viewed as substates in the vicinity
of the native basin, within the resolution of the present
coarse-grained simulations.

3. Results and discussions

The mean-square fluctuations (AR?) in the position
vectors R; of the backbone sites of barnase are compared
with the results from the crystallographic temperature
factors [33] B; = 8w (AR?)/3 in Fig. 1. The results from
the simulations (solid line) are normalised to enable a direct
comparison with the experimental results (dashed line). A
satisfactory agreement for the distribution of the mean-
square fluctuations of Ca atoms between the experiments
and simulations is observed, excluding the regions between
a2 and B1, and the loop between B2 and B3, where higher
fluctuations compared to those of experiments are predicted.
In fact, MD simulations by Wong et al. [19] as well yielded
similar results.

3.1. Correlation functions

The generated conformations around the native state
during a simulation time of 3000 MC steps are analysed
by means of conformational correlation functions of the
virtual bonds. The conformation of each virtual bond is
the result of collective motions of three real backbone
bonds determined by the rotations of ) and ¢ angles in
each residue.

The time-delayed torsional auto-correlation function for
each virtual bond is defined as

Gi(7) = (cos(¢;(t) — ¢t + 7)) 6]

where ¢;(f) and ¢;(r + 7) are the rotational angles of the
virtual bond i at times ¢ and ¢ + T, respectively. The angle
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Fig. 2. (a) Time-delayed auto-correlations, G;(7), evaluated for all C*-C*
virtual bonds at 7= 50 (thick), 500 (medium) and 1500 (thin) MC steps.
The secondary structural units are given along the x-axis and the residues
belonging to these units are depicted by different symbols for clarity. (b)
Experimental @ values for the major transition state of barnase obtained by
protein engineering method [20,23].

brackets refer to the ensemble average over all initial times
t, and over all independent runs. Within a time interval of 7
from O to oo, the correlation of a bond torsional angle may
vary from 1, where there is complete correlation, to the
equilibrium correlation value, G;(c©), which may carry
any value between 0 and 1 and, which indicates the equili-
brium local characteristic differences in the conformational
behaviour of substates.

Fig. 2a presents G;(7) values of all virtual bonds for
different values of 7 (50, 500 and 1500 MC steps), which
reflect the conformational dynamic heterogeneity within the
structure. Some regions, in particular, of a1, a2 and 32, 33,
34 regions, experience long-time surviving auto-correlated
rotational motions. On the other hand, the small helices a3,
o4 and the edge strands of the (3-sheet, 31 and (35 exhibit
relatively less correlated rotational motions. These edge
strands are detected to be less stable than the central strands
by both experiment [20] and MD simulations of high-
temperature [21] and low-pH [22] denaturation. On the
other hand, in Fig. 2b, the experimental @ values for the
major transition state of barnase obtained by protein
engineering method are given [20,23]. @ value is a measure
of the stability and change in folding kinetics due to
mutation performed on a particular amino acid. The similar
behaviour in the distributions of @ values and auto-correla-
tions at long times supports the idea that stability at native
state is related to the unfolding characteristics. It is interest-
ing to note that the virtual bonds in the middle of the a2
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Fig. 3. (a) The contour map for time-delayed cross-correlations C;;(7), between the rotations of the virtual bonds i and j at 7= 50 MC steps. (b) Ribbon
diagram of barnase on which the regions displaying short-range correlations corresponding to the diagonal contours in part (a) are coloured black.

helical region carry highly correlated rotational motions
even at long times. However, the N- and C-caps of a1 and
a2 display a higher decay in their correlation values
compared to their middle residues. This agrees with the
instability of the caps seen in high-temperature denaturation
simulations [21]. The N- and C-caps of a1 are unstable even
in the room temperature MD simulation [22]. Moreover, the
loop and the turn regions between the secondary structural
elements undergo large internal motions by the least
correlated rotational motions as revealed by lower G;(1 =
1500 MC steps) values. This, on the other hand, indicates
that the time interval of 1500 MC steps is adequate for the
relaxation of the most flexible regions of the structure.
Regarding the correspondence between MC step and real
time, the relaxation time of the orientational behaviour of a
hypothetical bond that is appended perpendicular to the
vertex of two successive virtual bonds was calculated. The
latter hypothetical bond was considered for different parts of
the chain and the average relaxation time calculated is
~100 MC steps. On the other hand, average correlation
time for N-H bond relaxation in general ranges form 50
to 250 ps.
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Apparently, the relative structural stability and/or
flexibility of different parts of the protein is linked to
conformational dynamic heterogeneity and thus, an assess-
ment of which regions of the protein are most susceptible
to coming apart can be supported from the long-time auto-
correlated behaviour of the backbone bonds. Along this
line, the results in recent applications [17,18] of this
technique to other proteins further support the latter
argument.

The time dependent cross-correlations between the
rotation of the virtual bonds i and j have been evaluated
from

Cyj(1) = (AP (OAP (1 + DAGD) AP (DH (2)

C; values are normalised, hence they lie in the range
—1 =C; =1, where the upper and lower limits refer
to fully correlated and fully anti-correlated bonds,
respectively. Here, the time interval 7 within which the
cross-correlation is searched is taken as 50, 500 and
1500 MC steps, the same as the times considered in the

evaluation of the auto-correlation functions in Fig. 2a.

()

Fig. 4. (a) The contour map for cross-correlations Cj;(7), between the rotations of the virtual bonds i and j at 7 = 500 MC steps. The contours on the upper and
lower triangular portions of the correlation map are for negative and positive correlations, respectively. (b) Ribbon diagram of barnase on which the regions
displaying short-range correlations corresponding to the diagonal contours in part (a) are coloured black; and the long-range rotational cooperativities
corresponding to the off-diagonal contours are depicted by dashed lines between the two respective regions.
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Fig. 5. (a) The contour map for Cj;(7) at 7 = 1500 MC steps. The negative
and positive correlations are given together in a symmetric map and the
correlations are grouped by encircling contours. (b) Ribbon diagram of
barnase on which the regions displaying short-range correlations corre-
sponding to the diagonal contours in part (a) are coloured black. (c) Ribbon
diagram of barnase on which the regions exhibiting long-range correlations
corresponding to the off-diagonal contours in part (a) are coloured black.
Positive and negative cooperativities are depicted by solid and dashed lines,
respectively, between the two regions.

In Fig. 3a, the cross-correlation map for 7 = 50 MC steps
is displayed as contours of highest correlation. For the
diagonal when i =j, it is clear that C;; = 1 but they are
not displayed on the figure for clarity. At this short time,
the regions of high correlation lie only near the diagonal,
meaning that they are correlations in the rotations of the

bonds, which are near in sequence and thus near in space.
These regions are depicted in black on the ribbon diagram in
Fig. 3b. It is noticed that these regions comprise the residues
surrounding cores 2 and 3. The short-range correlated
rotations at this time scale serve to preserve the local
structure and may contribute to the stability of hydrophobic
cores. On the other hand, a similar pattern is not observed
for core 1. This is the major hydrophobic core formed by the
packing of a1l against the 3-sheet. This helix is capable of
forming native-like structure even in the absence of tertiary
interactions [24] and it is thought to be the major stabilising
element of barnase [25]. However, the separation of al
from the 3-sheet by their relative movement is observed
as an early event in unfolding simulations [22,26].

Fig. 4 is for 7= 500 MC steps and analogous to Fig. 3.
At this longer time, off-diagonal contours appear on the
correlation map, indicating that the virtual bonds, which
are more distant in sequence, may display cooperativity in
their rotations at this time scale (Fig. 4a). The ribbon
diagram in Fig. 4b depicts regions with short-range coop-
erative rotations coloured in black [corresponds to diagonal
contours in Fig. 4a]; and long-range cooperatively moving
units with dashed lines drawn between them [off-diagonal
contours in Fig. 4b]. Comparison with the similar diagram
for 7= 50 MC steps (Fig. 3b) reveals that cooperatively
moving regions are readjusted, yet some correlations are
sustained. The contours on the upper and lower triangular
portions of the correlation map are for negative and positive
correlations, respectively.

As 7 is further increased to 1500 MC steps, more sites,
farther apart along the sequence but not necessarily close in
space, display long-range cooperative motions. The positive
and negative correlations are given together in a symmetric
map in Fig. 5a in order to have a global view of these
interactions and enable a comparison with the mutual
perturbation/response analysis map of Hilser et al. [27].
The correlations are grouped by encircling contours that
can be gathered for the ease of presentation. It is interesting
to observe that there is a great similarity with these grouped
regions and the cooperativity given by the mutual perturba-
tion/response analysis of barnase under native conditions.
The regions corresponding to the correlations appearing on
the diagonal are shown in Fig. 5b and c as in respective parts
of Figs. 3 and 4. When all three analogous ribbon diagrams
are investigated, it is seen that there are three regions
displaying short-range cooperativity at all times: C-terminal
end of the loop connecting al and a2, a4 and the turn
between B3 and (4. These regions, being the most interact-
ing units with the other parts of the structure at 7=
1500 MC steps, may have an important contribution to the
stability of the structure, by maintaining their short range
cooperative motions at all times. In Fig. 5c, the positve and
negative long-range correlations between different regions
are depicted by solid and dashed lines, respectively, drawn
between the two regions. The regions participating in these
interactions are coloured black on the ribbon diagram. If we
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elaborate Fig. 5a, the residues 23—55 behave in a mutually
cooperative manner with themselves and with residues 78—
100, and with some residues from the N-terminus of the
structure. On the other hand, the similar behaviour is
observed with the residues 55-74, which also exhibit
mutually cooperative manner mostly with themselves.
These correlations are in accord with the definitions of the
two lobes of barnase, where lobe A: residues 23—51 and 74—
82, and lobe B: residues 50—73. However, there are some
residues in both lobes interacting with most of the residues
in the structure, in addition to C-terminal end of the loop, a4
and the turn which are mentioned above. Thus, they link the
behaviour of the two lobes, which behave in relatively inde-
pendent fashion with each other and with the rest of the
molecule. These residues are within the group 52-58
(lobe B) and 78—83 (lobe A). In a recent mutation study
[28], the residues Gly53 and Asp54, belonging to one of the
above groups, were identified as residues of vital impor-
tance to the structural integrity of barnase and its function.
Apparently, some residues are more important than the
others because of their involvement in the anisotropic
collective motions of the structure.

4. Conclusions

In the present work, a recently developed off-lattice MC/
Metropolis simulation technique has been employed to
elucidate the conformational dynamics of barnase. The
conformations generated around the native basin have
been analysed by means of time-delayed conformational
auto- and cross-correlation functions for different time
windows to study the conformational peculiarities of differ-
ent regions. There is a correlation between the extent of the
torsional auto-correlated motions of virtual bonds at long
times and the potential stability to unfolding of the respec-
tive regions. The cross-correlations between rotations of
virtual bonds investigated at different times enables us to
monitor the short- and long-range cooperativity distributed
over time as well as in space. At short times, there are only
short-range correlations between residues, which are close
in space. At longer times, long-range correlations between
residues, which are far along the sequence and which are not
necessarily close in space, appear. There are regions with
strong short-range cooperativity at all times, and those
regions are found to be participating in the long-range coop-
erative motions of the structure, as well. This indicates that
the dynamics of the local structure may have an important
role in determining the overall structural dynamics and
functional properties.

The distribution of the cooperative interactions indicates
that some residues have a more important role with respect
to the others and further that the interactions are all not bi-
directional. The global motion coherence is supported by
anisotropic collective motions, which apparently relates
the structure, energy surface, dynamics and function.
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