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NMR spectroscopy and computer simulations were used to examine
changes in chemical shifts and in dynamics of the ribonuclease barnase that
result upon binding to its natural inhibitor barstar. Although the spatial
structures of free and bound barnase are very similar, binding results in
changes of the dynamics of both fast side-chains, as revealed by 2H
relaxation measurements, and NMR chemical shifts in an extended β-sheet
that is located far from the binding interface. Both side-chain dynamics and
chemical shifts are sensitive to variations in the ensemble populations of the
inter-converting molecular states, which can escape direct structural
observation. Molecular dynamics simulations of free barnase and barnase
in complex with barstar, as well as a normal mode analysis of barnase using
a Gaussian network model, reveal relatively rigid domains that are
separated by the extended β-sheet mentioned above. The observed changes
in NMR parameters upon ligation can thus be rationalized in terms of
changes in inter-domain dynamics and in populations of exchanging states,
without measurable structural changes. This provides an alternative model
for the propagation of a molecular response to ligand binding across a
protein that is based exclusively on changes in dynamics.
© 2007 Elsevier Ltd. All rights reserved.
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Introduction

Propagation of signals between distant sites in
proteins contributes in a fundamental way to their
role in living cells.1 Examples include allosteric
regulation of enzymes, signal transduction through
membrane receptors and folding events. A common
feature is that functionally important changes are
observed at sites distant from the position of the
initial perturbation caused, for example, by ligand
binding, phosphorylation or a point mutation. For
over 40 years, our understanding of long-range
communication in proteins has evolved from the
classical allosteric theory, which considers an in-
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duced switch between two states2,3 to the landscape
paradigm,4–6 in which a protein under native condi-
tions undergoes both small and large-scale thermal
excursions to conformational states having similar
energies. The resulting ensemble defines the native
state.7,8 Local perturbations, such as ligand binding,
can lead to a net shift in the populations of con-
formers of the ensemble by coupling distant
structural sites. These changes in populations may
have little or no effect on the three-dimensional
structure that can be observed by X-ray crystal-
lography or NMR spectroscopy. Yet a transition to a
functionally different state occurs, which does not
necessarily replace the original ground state in the
ensemble; instead, it may simply redistribute the
populations of often sparsely populated but func-
tionally important states.9–11

NMR spectroscopy provides a unique tool for
studying various types of long-range communica-
tion in proteins. Apart from the detection of
structural changes, the method allows the detailed
characterization of the effects of binding or chemical
d.
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modification on internal motions and on the popu-
lations in the ensemble of inter-converting states.
The observed NMR chemical shifts and residual
dipolar couplings are averages over the structural
ensemble of the native state, and can be sensitive to
even small changes in populations of this ensemble.
Propagation of perturbations that do not affect the
structure in a measurable way were recently
observed experimentally in several protein systems
as changes in side-chain dynamics,12,13 residual
dipole couplings,14,15 and chemical shifts.16

For several decades, the barnase–barstar system
has been thoroughly investigated by biophysical,
biochemical and computational techniques. Nota-
bly, X-ray studies of barnase in the free and barstar-
bound forms establish that there are very few
differences in structure.17 An extended network of
thermodynamically linked residues was suggested
for barnase on the basis of the results of computer
simulations aimed at an exhaustive sampling of
the effects of mutations on the distributions of
conformational states.18 For this small and overall
“typical” globular protein, several hydrophobic
cores19 and dynamic domains20,21 were proposed.
In this work, we examine the effects of binding of the
extracellular ribonuclease barnase (12.4 kDa) to its
natural inhibitor barstar (10.2 kDa) using 1HN, 15N,
13Cα, 13Cβ and methyl chemical shift perturbation
analysis, and 2H NMR relaxation measurements.
Changes in these NMR parameters for 11 residues
could not be explained by barstar binding or by the
small structural differences between the free and
bound forms. Supported by several computational
approaches, a number of dynamic domains are
characterized, and it is proposed that their relative
motion provides an intrinsic mechanism for cou-
pling between structurally distant sites in barnase.
This type of dynamic coupling, which is not
detected in experimentally determined structures,
may represent an alternative mechanism for the
propagation of signal between distant sites in
proteins.
Results

In an effort to understand how binding with
barstar affects the structural ensemble of extracel-
lular ribonuclease barnase, we have combined
detailed NMR analyses of binding-induced changes
on both side-chain dynamics using 2H relaxation
measurements and on chemical shifts of 1HN, 15N,
13Cα, 13Cβ andmethyl 1H, 13C nuclei with molecular
dynamics calculations and other computational
approaches. We refrain from the analysis of back-
bone dynamics using 15N NMR relaxation measure-
ments, since the mobility of the backbone in the
rather rigid dynamic domains (see below) is likely
less affected by binding than side-chain motions,
and because the analysis of 15N relaxation data for
the complex is not accurate enough due to tran-
sient dimerization involving barstar molecules (see
Materials and Methods). Much of the analysis relies
on high-resolution X-ray structures of free and
bound barnase, which characterize the binding
interface but show very little variation in the barnase
structure apart from the immediate vicinity of the
binding interface.

Changes in side-chain dynamics and chemical
shifts in barnase upon binding with barstar

Side-chain dynamics of free barnase and its
complex with barstar were studied by 2H relaxation
measurements performed on all 49 side-chain
methyl groups. For each methyl group, four deuter-
ium quadrupolar relaxation rates were measured at
magnetic fields of 11.7 T, 14.1 T and 18.8 T; namely,
the decay of longitudinal, RQ(Dz), transverse in-
phase, RQ(D+), transverse anti-phase, RQ(D+Dz+
DzD+), and quadrupolar order, RQ(3Dz

2-2).22 The
resulting 2H relaxation rates were analyzed on a per
residue basis using the model-free approach.23,24
Specifically, the motion of each side-chain methyl
group in barnase was described by: (i) an order pa-
rameter of picosecond time-scale motions Saxis

2 quan-
tifying mobility of the methyl rotation axis; (ii) a
correlation time characterizing the time-scale of
internal motions τe; and (iii) an effective overall
rotation correlation time τR

eff, which includes con-
tributions from both overall molecular tumbling and
nanosecond time-scale internal motions.
Figure 1 summarizes the extracted model-free

parameters for 41 and 38 of 49 methyl groups of
free and barstar-bound barnase, respectively, that
show good fits of 2H relaxation data according to χ2

statistics (using a 5% probability cut-off) and have
uncertainties in Saxis

2 and τe values below 20%. The
order parameters Saxis

2 and correlation times τe span
ranges of 0.2–1 and 10–110 ps, respectively. This
variation is in line with results reported for other
proteins.25,26 Both Saxis

2 and τe were used to monitor
the changes in methyl dynamics in barnase upon
binding barstar. Statistically significant differences in
either Saxis

2 or τe (i.e. with a probability of 5%or less of
obtaining the observed difference by chance accord-
ing to Z-statistics) were found for five methyl groups
shown in color in Figure 1 and listed in Table 1.
Chemical shift differences between free barnase

and its barstar-bound form were measured for a
total of 456 nuclei, including backbone 1HN, 15N,
13Cα, 13Cβ and side-chain methyl 1H, 13C spins. For
each nucleus type, the chemical shifts in free and in
bound barnase were compared and standard devia-
tions calculated; differences in chemical shifts on an
individual basis were considered statistically sig-
nificant if they exceeded two standard deviations.
The 26 residues for which significant differences
were observed are listed in Table 1.
Changes of both methyl dynamics and chemical

shifts in barnase upon binding barstar are summa-
rized in Table 1. Statistically significant differences,
as defined above, in either side-chain dynamics or
chemical shifts were observed for a total of 28
residues. These residues can be separated into three
groups on the basis of their positions in the structure



Figure 1. Parameters resulting from the model-free analysis: (a) The axial order parameters (S2axis) for free barnase
(open bars) and the barnase–barstar complex (filled bars). (b) The correlation time of internal motions (τe) for free barnase
(open bars) and the barnase–barstar complex (filled bars). Methyl groups showing statistically significant changes in
corresponding dynamic parameters are highlighted in color: blue for those close to the barstar-binding interface or located
in regions with significant differences in the X-ray structures of free and bound barnase; red for other methyl groups.
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of barnase. The first group, denoted by B in the
Position column of Table 1, consists of 14 residues
adjacent to the binding interface, i.e. with atoms
within 6.5 Å of any heavy atom of barstar. These
residues are sufficiently close to barstar to be
affected directly by changes in environment and
local structure upon complex formation. The second
group of three residues (S in Table 1) exhibits
measurable atom displacements upon binding, i.e.
differences in atom positions in free and complexed
barnase exceed by a factor of at least 2 the variations
observed for different structures of free and com-
plexed barnase. The differences in dynamics or
chemical shifts between free and bound barnase for
these residues can be attributed to local conforma-
tional changes caused by complex formation. The
remaining 11 residues (BR in Table 1), including
three of the five methyl groups with significant
changes in side-chain dynamics, are located far from
the binding interface (>7.5 Å) and exhibit no
significant structural change upon binding. The
differences in side-chain dynamics and chemical
shifts observed for these residues are due to long-
range changes induced by barstar binding that
cannot be explained on the basis of static three-
dimensional structures. Indeed, differences in the
order parameters predicted for these methyl groups
from static X-ray structures, based on a method
developed byMing and Bruschweiler that calculates
order parameters on the basis of local atom density
and the number of dihedral angles between the
methyl group and the protein backbone,27 were an
order of magnitude smaller than those measured in
this work.
Molecular dynamics (MD) simulations of free
and barstar-bound barnase

MD simulations can provide additional clues to
understanding how binding might induce long-
range effects in side-chain dynamics and in NMR
chemical shifts. To this end, a pair of 30 ns MD simu-
lations were generated, one for free barnase and one
for the barnase–barstar complex. Figure 2 shows
root-mean-square deviations (RMSDs) between all
barnase structure pairs for each of the two MD
traces, illustrating that both trajectories were stable.
Note that somewhat lower RMSD values were ob-
served in the MD trajectory of the complex as com-
pared to that for free barnase (average RMSD
of 0.8 Å and 1.3 Å, respectively).
Calculation of order parameters Saxis2 for side-

chain methyl groups of barnase from the MD
trajectories can be used to establish the consistency
between MD simulations and NMR experiments.
The correlation coefficients for the methyl order
parameters between the experiment and the MD
simulations are about 0.55 for both free and com-
plexed barnase, in line with similar comparisons
reported for other globular proteins.28 A detailed
comparison between experiment and MD is beyond
the scope of the present work, especially considering
the limited success of MD to predict these order
parameters in general.
Themain goal of theMD simulations is to correlate

the differences in collective dynamics of free and
barstar-bound barnase observed in the simulations
with changes in experimental parameters. To reveal
concerted motions in the MD runs of free barnase



Figure 2. Pair-wise root-mean-square deviation (RMSD)
for 300 structures taken on each 100 ps of the 30 ns MD
trajectories for free barnase (upper triangle) and the com-
plex (lower triangle). The RMSDs for barnase structures
are calculated using N, C′, Cα, and Cβ atoms for residues
5–110.

Table 1. Residues in barnase exhibiting significant
changes in chemical shifts and/or methyl dynamics
upon binding with barstar

Residue

CS
p(χ2)a

(%)

Dyn
p(χ2)a

(%)
Distanceb

(Å) Positionc
Atom
named

Secondary
structuree

59 0.14 3.2 B Cβ

37 <0.1 <0.1 3.7 B Cβ

85 <0.1 4.2 B H, N, Cα

60 <0.1 4.3 B Cα

84 <0.1 4.4 B N
104 <0.1 4.5 B Cβ

82 0.7 4.7 B Cα

103 <0.1 4.9 B H
83 0.3 5.0 B H
102 <0.1 5.0 B H, Cβ

27 <0.1 5.0 B H, N,
Cα, Cβ

α2

58 <0.1 5.3 B Cβ

86 <0.1 6.4 B H
101 3.6 6.5 B N
36 0.9 8.5 S H, Cβ

41 <0.1 8.5 S H
43 16.5 <0.1 13.7 S α3
24 2.9 13.2 BR(1) Cβ β1
25 3.3 68.9 12.6 BR(1) N β1
51 <0.1 0.1 7.6 BR(2) Cα, Cβ,

Cδ1
β2

52 3.9 9.4 BR(2) Cα β2
54 0.2 7.7 BR(2) H, Cα, N β2
71 3.5 8.8 BR(3) Cβ β3
72 3.9 9.7 BR(3) Cα β3
73 2.9 7.6 BR(3) Cβ β3
88 7.5 0.2 11.9 BR(4) β4
89 0.1 0.4 10.7 BR(4) N, Cα β4
90 2.8 13.1 BR(4) Cα β4

a Values of p(χ2) <5% indicate that the change in chemical shifts
(CS) or in model-free parameters describing side-chain methyl
dynamics (Dyn) is statistically significant. Only the residues
exhibiting at least one statistically significant change with p(χ2)
<5% are listed.

b Distance between the atom in barnase showing significant
changes in NMR parameters and the nearest heavy-atom in
barstar (if several atoms in the residue exhibit significant changes,
the one with the lowest value of p(χ2) is chosen).

c Grouping of residues: Changes that can be explained by
proximity to the barstar-binding interface or by noticeable changes
in the structure of barnase upon binding, are indicated by B or S,
respectively. Residues belonging to one of the bending regions
between the dynamic domains obtained in MD simulations and
normal mode analysis (Figure 3) are identified by BR(n), where n
is the number of the bending region.

d Atom(s) showing statistically significant changes in chemical
shifts.

e Secondary structure identifications are given in the legend to
Figure 3.
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and of the barnase–barstar complex, we have per-
formed a principal component analysis (PCA).29

The approach decomposes the complex picture of
atomic motions in the protein molecule that are
observed in MD simulations into a set of indepen-
dent principal modes. Each of the two MD traces
was divided into ten 3 ns segments that were used
independently as input for PCA. The fluctuations
along the resulting highest-amplitude modes can be
represented as motions of dynamic domains. There-
fore, the three first PCA modes from each segment
were analyzed using the approach described by
Hayward and co-workers with the goal of finding a
minimal set of relatively rigid so-called dynamic
domains, separated by bending regions.30,31 Figure 3
shows five stretches of residues in the amino acid
sequence of barnase, denotedM1 toM5, whichmove
as relatively rigidmodules (residues 6–23, 25–51, 54–
74, 75–87, and 90–107, respectively). These modules
were consistently revealed in analyses ofmodes in all
of theMD segments for free and bound barnase (total
10×3×2 PCA modes; see Materials and Methods for
details). In the three-dimensional structure, these
modules can be grouped into a smaller number of
relatively rigid dynamic domains. The picture of
dynamic domains varies somewhat between differ-
ent modes and MD segments. The modules M1 and
M2 are always associated with two different do-
mains. In some cases, modules M3 to M5 form a
single dynamic domain together with M1. In alter-
native situations, moduleM4 joinsM2 in forming the
second domain, while the first domain consists of
modules M1, M3 and M5. Residues in the bending
regions allow for motions of the dynamic domains.

Other computational approaches

Collective motions over a wide range of time-
scales extending beyond the limits accessible for MD
simulations were characterized using an extension
of the Gaussian Network Model (GNM).32,33 In
GNM, an elastic network is built on the basis of
inter-residue contact topology using positions of Cα

atoms from a PDB structure as input. Subsequently,
collective motions in the network are analyzed by
normal mode analysis. The location of the bending
regions defined by GNM using the barnase struc-
tures (Figure 3) is in agreement with the borders
between the modules M1–M5 obtained from MD.
Similar modules for barnase were obtained in pre-



Figure 3. Localization of rigid modules and bending regions (shown in yellow) in barnase as defined by different
computational methods. MD(30ns), results of analysis of 30 ns traces for free and barstar-bound barnase; five rigid
modules, M1–M5, are shown in different colors.MD(Nolde et al.) andMD(Giraldo et al.), two dynamic domains are shown
as reported in previous MD studies of free barnase;20,21 the domains (blue and red) may consist of one or several modules.
GNM, definition of the bending regions from the GNM analysis. GA, six modules as defined in a published geometric
analysis of the barnase crystal structure;34 the modules are shown in different colors. HC, residues forming three
hydrophobic cores in barnase:19 HC1(blue), HC2(red) and HC3(green). At the top of the Figure, elements of secondary
structure in barnase are identified. The annotated rectangles BR1–BR4 (β-strands β1–β4; residues 24–25, 50–55, 71–75,
and 87–91, respectively) indicate the bending regions assumed in this work. Regions uncharacterized by a given method
are shown in gray.
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vious studies of free barnase using geometrical
analysis34 and shorterMD simulations (Figure 3).20,21

Inter-domain motions and bending regions

The results of the MD simulations and the normal
mode analysis presented here, along with those
reported in previous work, demonstrate consistently
that collective motions in barnase can be represented
by changes in the populations of various states
adopted by the five modules M1–M5, which in turn
may be grouped into several relatively rigid
dynamic domains. The modules are connected by
four short bending regions. While their position
varies slightly, depending on the different methods
of calculation (Figure 3), these bending regions are
always part of the four short β-strands β1–β4, which
form an extended β-sheet in barnase.
A major result of the present study is that this

extended β-sheet, which is located far from the
binding site, also contains the 11 residues with
significant binding-induced changes in NMR chemi-
cal shifts and side-chain dynamics that cannot be
explained by proximity to the binding interface or by
differences in spatial structures of free and barstar-
bound barnase (Table 1). In the complex, barstar
interacts with modules M2 and M3–M5 of barnase,
which belong to different dynamic domains. The
binding event can then be propagated to distal sites
in the protein through the bending regions, men-
tioned above. As we describe below, this can lead to
changes in relative populations of the ensemble that,
in turn, result in the observed changes in NMR para-
meters between apo and ligated protein, without af-
fecting the observable three-dimensional structures.
Discussion

Significant changes in side-chain dynamics para-
meters and/or chemical shifts that accompany
barstar binding are listed in Table 1 and illustrated
by Figure 4. Changes for about two-thirds of the
residues can be attributed to the proximity to barstar
or to structural differences that are apparent from the
crystallography (Figure 4(a)).17 However, changes
for the remaining 11 residues cannot be understood
on the basis of the static picture provided by the
experimentally determined three-dimensional struc-
tures of the free and bound states of barnase.
Remarkably, all of these residues are located in the
bending regions, which form an extended interface
between the dynamic domains (Figure 4(b)). It is of
interest that the pattern of dynamic domains in
barnase corresponds roughly to the localization of
three independent hydrophobic cores, HC1, HC2
and HC3, described previously (Figure 3).19,35 For
example, hydrophobic core HC1 is formed by
residues from M1, M3, and M5; HC2 comprises
residues ofM2; andHC3 is formed by residues ofM3
and M5. In what follows, we discuss how both
chemical shifts and methyl 2H relaxation of residues
distant from the binding site can be sensitive
reporters of binding, what the underlying reasons
for changes in these parameters might be, and why
such changes are restricted to the linker regions
between the dynamic domains. Finally, the arrange-
ment of the bending regions between the dynamic
domains in barnase can be compared to networks of
coupled residues described for other proteins,1,36

allowing one to speculate on the possible roles of
motion in dynamic domains in such networks as
well.

Explanation of changes in experimental
parameters

Chemical shifts observed in NMR spectra are
population-weighted averages over all members of a
structural ensemble (provided that the rates of inter-
conversions are faster than the frequency differences
between the states). Model-free order parameters



Figure 4. Mapping of changes in the NMR experimental parameters on the barnase structure (see Table 1). Spheres
depict residues with significant differences. Those corresponding to altered methyl dynamics are annotated. The bending
regions (defined in Figure 3) are shown in yellow. (a) Orange spheres indicate changes that can be explained by “structural
factors”. The red transparent surface shows barnase residues within 6.5 Å from any heavy atom of barstar. Regions distant
from barstar but showing significant differences in the X-ray structures of free and bound barnase are highlighted in dark
blue. (b) Residues for which changes cannot be explained by structural factors are shown as blue spheres. All these
residues are located in β-strands β1–β4, which form the interface between the dynamic domains of barnase obtained in
MD simulations and normal mode analysis. The three hydrophobic cores in barnase are depicted by transparent blue
surfaces and annotated as HC1, HC2 and HC3. The structure is rotated clockwise relative to that shown in (a) by 140o if
viewed from the top.

1084 Propagation of Dynamic Changes in Barnase
and correlation times of methyl groups, on the other
hand, reflect amplitudes and rates of conformational
transitions in the sub-nanosecond time-scale;
motions with characteristic times longer than a few
nanoseconds are effectively filtered out by overall
molecular rotation and are not observed directly
in the relaxation analysis. However, changes in
motions on slower time-scales (but still in the fast
exchange limit) can lead to changes in the pattern of
the model-free relaxation parameters, since Saxis

2 and
τe values are ensemble averages, in a manner similar
to chemical shifts and residual dipolar couplings.
The sensitivity of these parameters to binding-
induced changes in populations of the conformers
of the ensemble depends on the distributions of their
values among members within the ensemble. Nota-
bly, a number of computational studies indicate that,
similar to chemical shifts, methyl dynamics can be
sensitive to local spatial structure, thatmost certainly
varies among interconverting conformers.25,27,28,37
MD simulations of free barnase and the barnase–
barstar complex have established that collective
motion does occur on nanosecond time-scales and
beyond, where the relaxation parameters are aver-
aged similarly to chemical shifts. In the complex,
barstar interacts with different dynamic domains in
barnase, affecting collective motions.17 Apart from
the binding interface, the largest variation in local
environment is expected where the domains contact
each other, i.e. in the inter-domain interfaces. There-
fore, it is not surprising that changes in NMR
parameters are observed in the contact interfaces
between the relatively rigid dynamic domains rather
than within the domains. Moreover, the observed
changes in model-free parameters can be explained
by a re-distribution of the population of conformers
within the ensemble, where the conformers have
different side-chain mobilities, rather than differ-
ences in fast picosecond time-scale side-chain
dynamics between free and bound states of barnase.

Relations between dynamic domains, stability
and activity of barnase

Collective motions have been shown to have an
important role in the long-range propagation of
conformational changes across proteins.9,38 In bar-
nase, collective motions were correlated to stability
and function, and it is interesting to try to extend
this correlation to changes in experimental NMR
parameters observed here. A number of mutational
studies have demonstrated that residues located
in the bending regions play essential roles for
stability of barnase.19,39,40 For example, substitu-
tions of Gly52 and Gly53 with alanine were the
most destabilizing for the protein, while the muta-
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tion Ile51Val produces the largest destabilization
among conservative substitutions of isoleucine or
leucine with valine.19 Hilser et al. showed with com-
puter simulations of the equilibrium ensemble of
protein conformations that residues 87–91 (bending
region BR4, Figure 3) form a key energetic link in
barnase.18 Moreover, binding with GpAp that
bridges the same residues in barnase as barstar in-
fluences significantly the collective motions that
foster interactions with key catalytic residues.21

Relation to previous NMR results

There are a number of examples where long-range
effects observed by NMR could not be explained on
the basis of static structures. For example, binding of
a target peptide to the PDZ domain from human
tyrosine phosphatase 1E led to changes of methyl
mobility in regions distant from the binding site
without significant perturbation of the three-dimen-
sional structure.12 Methyl dynamics in the pico–
nanosecond time-scale were perturbed at positions
far from single-residue mutations in the B1 domain
of protein L.13 Similarly for the nucleotide binding
domain (NBD) of the heat shock cognate chaperone
protein (Hsc70), 14 different X-ray structures, which
superimpose to within experimental error, could not
explain changes of chemical shifts at remote sites
upon binding with different ligands,15 nor are they
consistent with residual dipolar couplings measured
in solution.
While the sensitivity of methyl dynamics to local

structure is documented in a number of cases, the
mechanism by which dynamic coupling between
distant sites occurs in proteins remains unclear. A
mechanistic model describing the dispersion of side-
chain dynamics within a protein was suggested in
an early methyl relaxation study.26 In the model,
which found support also in later studies, perturba-
tions propagate through a network of adjacent side-
chains having close van der Waals contacts. Clark-
son & Lee reported that residues with side-chain
dynamics affected by point mutations in the serine
protease inhibitor eglin C form a contiguous surface
or scattered in the protein structure up to 1.6 nm
away from the position of mutation.41,42 In the PDZ
domain from human tyrosine phosphatase 1E,
residues exhibiting significant changes in side-
chain dynamics upon protein binding to a target
peptide form two contiguous surfaces that can be
linked to the binding site via short chains of van der
Waals contacts.12

Collective motions and thermodynamic coupling
networks in proteins

The direct link between collective motions and
long-range propagation of binding-induced changes
in barnase established in this work provides insight
into themechanism bywhich distant sites in proteins
are coupled. Networks of energetic coupling are an
essential property of protein structures, and are
related to allostery and protein stability.1 The net-
works have several common features including:36

(i) only a relatively small fraction of the protein
residues is involved; (ii) residues are often arranged
in contiguous surfaces or clusters and appear as
chains of van der Waals contacts; (iii) signal pro-
pagation through the network may or may not be
accompanied by noticeable changes in protein
structure; and (iv) the coupling may be asymmetric,
so that a perturbation at one site propagates to the
other but not necessarily back. These observations
are descriptive; the present study provides some
indication, at least in the context of the barnase–
barstar system, as to why certain residues are se-
lected to contribute to the transduction of perturba-
tions, while the rest of the protein is not involved.
Groups of residues exhibiting long-range changes

in side-chain dynamics and/or chemical shifts, such
as those found here for barnase or previously for the
PDZ domain, often overlap with those that form
thermodynamically coupled networks within pro-
teins.18,36,43 Similar contiguous networks of thermo-
dynamically coupled residues were identified using
multiple gene sequence alignments for the serine
protease and hemoglobin families as well as in the
G-protein-coupled receptors.44 In the latter case, the
network of inter-helical van der Waals contacts links
the ligand-binding pocket with the G-protein-inter-
action site.
Conclusions

We have shown that changes in methyl 2H NMR
relaxation parameters and in 1H, 15N and 13C chemi-
cal shifts provide very sensitive measures of subtle
binding-induced changes in the conformational en-
semble of barnase, which remain undetected in the
static pictures of the protein in its free and barstar-
bound forms. Thus, with the use of NMR spectro-
scopy, we have characterized long-range changes in
four β-strands of an extended β-sheet in barnase,
which is remote from the binding site. These bending
regions naturally form a network coupled through
hydrogen bonds and arranged as a surface. This
surface provides a mobile interface between rela-
tively rigid dynamic domains, as revealed by MD
simulations and normal mode analysis, that can
“react” in a very sensitive manner to the ligand-
binding event. It is tempting, therefore, to speculate
that interfaces between rigid modules of proteins
provide pathways for communication between dis-
tant sites, and that variations of ensemble popula-
tionsmay be a generalmechanism for propagation of
signals throughout the protein structure.
Materials and Methods

NMR sample preparation

Uniformly (15N, 13C)-enriched, 40% fractionally deute-
rated barnase was prepared as described.45 A barnase–
barstar complex was generated by adding aliquots from a
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12 mM solution of purified barstar to a 1.3 mM barnase
solution until monomer signals disappeared in 1H-15N 2D
heteronuclear single quantum coherence spectra, which
resulted in a final barnase to barstar molar ratio of 1:1 and
a final complex concentration of 1.17 mM (based on
amount of barstar added). A fraction of this sample was
diluted to produce another sample of the barnase–barstar
complex with a concentration of 0.17 mM. All experiments
we performed in 10 mM potassium phosphate buffer at
pH 6.5 (H2O/2H2O, 9:1 (v/v)).
Chemical shift assignment of barnase in the complex;
comparison with free barnase

Assignments for free barnase have been reported
(BioMagResBank deposition code 4964);45 assignments
for the complex were obtained by transferring those from
free barnase. A number of ambiguities and differences in
signal positions between apo and ligated barnase were
resolved using HNCACB, CBCA(CO)NH, (H)CC(CO)
total correlated spectroscopy and H(CC)(CO)NH- total
correlated spectroscopy spectra recorded on a Varian
Inova 500 MHz spectrometer using standard BioPack
(Varian Inc.) pulse sequences. Spectra were processed and
analyzed using XEASY software.46

Differences in peak positions in the spectra of free and
barstar-bound barnase were calculated for HN, N, Cα, Cβ

atoms. In addition, combined chemical shift differences,
Δδ(CHmet), were calculated for methyl groups as:

DyðCHmetÞ ¼ ½ðDyCppm
met =4Þ2 þ ðDyHppm

met Þ2�1=2 ð1Þ
where ΔδHmet

ppm and ΔδCmet
ppm are chemical shift differences

(measured in ppm) for methyl protons and carbon atoms,
respectively. Chemical shifts for each nucleus type were
compared between free and bound barnase, and the differ-
ences in shifts were considered significant if they exceeded
twice the standard deviation calculated between data sets.
NMR relaxation experiments

All relaxation experiments were performed at 30 °C on
Varian Inova spectrometers using an interleaved scheme
for data acquisition and temperature control procedures
described elsewhere.47 The spectra were processed and
quantified using NMRPipe,48 MUNIN,49 and DASHA50

software packages as described.51
15N relaxation measurements

15N longitudinal (R1) and transverse (R2) relaxation
rates were measured for free barnase and the barnase–
barstar complex at 500 MHz (spectrometer 1H Larmor
frequency) using pulse sequences described previously.52

Additionally, R1 and R2 experiments (600 MHz) were
performed for a dilute barnase–barstar complex (0.17 mM
concentration). Uncertainties in R1 and R2 were estimated
as described,47 with the lowest error set to 2%.
2H relaxation measurements

2H spin relaxation experiments for the quantification of
side-chain methyl groups were performed by recording a
series of 13C-1H correlation maps using pulse sequences
described previously.22 Four relaxation rates were mea-
sured for both free barnase and the barnase–barstar
complex at 500 MHz, 600 MHz and 800 MHz, including
RQ(Dz) (longitudinal magnetization), RQ(D+) (transverse
in-phase magnetization), RQ(3Dz

2-2) (quadrupolar order),
and RQ(D+Dz+DzD+) (transverse antiphase magnetiza-
tion). Uncertainties in the deuterium relaxation rates were
estimated as described,47 with the lowest boundary set to
3%. Out of a total of 55 methyl groups, correlations from
two pairs (V3γ2 and V36γ2, I4δ1 and I109δ1) were
overlapped in 1H-13C correlation spectra of both apo and
ligated barnase, and peaks derived from Ile88γ2 and
T100γ2 are overlapped for free barnase, and rates were
measured for the remaining 49 methyl groups.
Consistency of 2H relaxation data

Up to five independent relaxation rates can be mea-
sured for a spin I=1 nucleus, such as a deuteron.22 These
rates are defined by values of the spectral density function
at only three frequencies, 0, ωD, and 2ωD, where ωD is the
deuterium Larmor frequency. Thus, it is possible to verify
the consistency of individual measurements before any
analysis, which typically requires a number of assump-
tions for extraction of the dynamics parameters.22 In
particular, the following inequalities must hold:

5=3RQðDþDZ þDZDþÞzRQðDþÞ
z5=3RQð3D2

Z � 2ÞzRQðDZÞ
ð2Þ

Figure 5 shows the experimental relaxation rates
measured at 500 MHz that have been multiplied by the
prefactors indicated in equation (2) and the predicted set
of inequalities are found to hold for data measured on
both free and bound barnase. An additional relation that
must hold if the data are consistent is (equation 13 of
Millet et al.22):

RQðDþDZ þDZDþÞ ¼ RQðDþÞ � 2=3 RQð3D2
Z � 2Þ ð3aÞ

and Figure 6 shows that the experimentally derived rates
RQ(D+DZ+DZD+), R

Q(D+) – 2/3 RQ(3DZ
2 −2) follow this

expected correlation very well. To quantify the correlation
further, the following χ2 value was calculated:

v2 ¼
X
i

ðRQ
i;L � RQ

i;RÞ2

ðDRQ
i;LÞ2 þ ðDRQ

i;RÞ2
ð3bÞ;

where Ri,L
Q (ΔRi,L

Q ) andRi,R
Q (ΔRi,R

Q ) are linear combinations of
experimental relaxation rates (estimated errors), given by
the left-hand and right-hand sides of equation (3a), and the
index i corresponds to different methyl groups. A data set
was assumed to be self-consistent if p(χ2) >5% (49 degrees
of freedom=number of considered methyl groups). All of
the six data sets (three magnetic fields, samples of either
apo or ligated barnase) were consistent with equation (3a).

Model-free analysis 23,24 of 2H relaxation rates

Dynamics parameters were extracted using DASHA
software (version 4.1),50 which was adapted for the
analysis of methyl relaxation data. Parameters of side-
chain methyl dynamics (S2axis, τe, τR

eff) were derived on a
per-residue basis fromminimization of the loss function of
the form:

F ~ð Þ ¼
XN
i¼1

ðGth
i ð~Þ � G

exp
i Þ2

ðDGexp
i Þ2 ð4Þ



Figure 5. Plot of four experimental 2H relaxation rates (500 MHz) as a function of residue (a) free barnase and (b)
barnase in the complex. The rates, 5/3RQ(D+DZ+DZD+), R

Q(D+), 5/3R
Q(3DZ

2 –2), and RQ(DZ) are shown as open circles,
filled circles, open squares and filled squares, respectively.

Figure 6. Consistency relationsRQ(D+)− 2/3RQ(3DZ
2−2)

versus RQ(D+DZ+DZD+) for the experimental 2H re-
laxation rates at 500 MHz: (a) free barnase; and (b) the
barnase–barstar complex.

1087Propagation of Dynamic Changes in Barnase
where Γi
th and Γi

exp are the calculated and experimental
relaxation rates, respectively, and the index i distinguishes
each of the 12 independent relaxation rates measured for
each protein sample (three fields, four rates), and ΔΓi

exp is
the estimated error in the experimental relaxation rate i.We
have used expressions for Γi

th(ζ) given in equation (1) of
Skrynnikov et al.,53 along with a deuterium quadrupole
constant (e2Qq/h) of 167 kHz and a spectra density
function defined as:

JðxÞ ¼ 1
9
S2axis

seffR
1þ x2ðseffR Þ2

þ 1� 1
9
S2axis

� �
s

1þ x2s2

1=H ¼ ð1=H eff
R Þ þ ð1=H eÞ

ð5Þ

where τR
eff is the effective correlation time for overall

molecular tumbling, τe is a correlation time for internal
motions that includes both rotation about and of themethyl
3-fold axis and Saxis

2 is an order parameter describing the
amplitude of motion of the methyl axis. The factor 1/9 in
equation (5) takes into accountmethyl rotation about its axis
of symmetry. Fits are successful if p(χ2) >5% (nine degrees
of freedom) and the uncertainties in the derived order
parameters do not exceed 20% of their values. It is worth
noting that equation (5) does not explicitly take into account
motions on the nanosecond time-scale. If these motions are
present, values of the correlation times and order para-
meters depend on the actual dynamics parameters in
complex ways.54 In our study, however, we focus on
identification of differences in barnase dynamics between
free and barstar-bound forms, while avoiding quantitative
interpretation in terms of specific dynamic models.

Overall tumbling

Rotational correlation times were calculated both from
ratios of 15N R1 and R2 values,

55 and from the model-free
analysis of 2H relaxation rates using data from all resolved
peaks in the spectra. Corresponding apparent molecular
correlation times τR were calculated as averages over
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values for individual amides or methyl groups. A value of
<τR

eff>=5.3(±0.8) ns, as averaged over all methyl groups,
was obtained from the 2H relaxation data on free barnase
that matches the value obtained from the backbone 15N
relaxation measurements, 5.8(±0.02) ns. Although τR

eff

values for each methyl group were not significantly higher
than average, values for six methyl groups, A1β, V3γ1,
I55δ1, I96δ1, T105γ2 and T107γ2, are below the average by
more than one standard deviation. All these methyl
groups are found on the protein surface and may undergo
nanosecond motions. Excluding these six residues from
the average give <τR

eff>=5.6(±0.4) ns, even closer to the
value derived from the 15N data.
Rotational correlation times calculated for the barnase–

barstar complex from 15N and 2H data are also in good
agreement, 12.5(±0.08) ns and 11.9(±1.4) ns, respectively. It
should be noted, however, that while free barnase shows
no signs of aggregation under the sample conditions used
in our experiments, barstar tends to dimerize, and there
is approximately 20% dimer formed at the millimolar
protein concentrations used here.56 Sites responsible for
barstar dimerization and for the interaction with barnase
do not overlap and one can anticipate that the barnase–
barstar complex would also dimerize with a binding
constant similar to that obtained for free barstar. Indeed,
τR values of 10.7(±0.1) ns and 12.5(±0.08) ns were obtained
from 15N R1 and R2 measurements on dilute (0.17 mM)
and concentrated samples of the complex, respectively.
This indicates a concentration-dependent aggregation,
which complicates the model-free analysis,57 and in-
creases errors in the dynamic parameters extracted from
relaxation data for the complex. The concentration-
dependent fraction of the barnase–barstar dimer, ν, was
estimated using the equation:

ν ¼ ðH R � H M
R Þ=ðH D

R � H M
R Þ ð6Þ

where τR is the apparent rotational correlation time
obtained from 15N relaxation measurements, and τR

D and
τR
M are theoretical estimates of the correlation times of

dimer and monomer respectively. These values were
calculated using the following equation (equation 42 of
Daragan & Mayo58):

H N
R ¼ ð9:18� 10�3=TÞ expð2416=TÞN0:93 ð7Þ

where N, the number of amino acid residues, equals 199
and 398 for the monomer and dimer barnase–barstar
complexes, respectively, T is the temperature (in K) and all
correlation times are in nanoseconds. In this way, the
dimer concentration is estimated at 8(±8) % and 27(±8) %
for concentrations of 0.17 mM and 1.17 mM (used in the
experiments here), which is consistent with expectations
based on the dimerization constant for free barstar.
In order to estimate possible errors in the analysis of

methyl dynamics that are introduced by the partial
dimerization of the complex, we have carried out
additional simulations based on a formalism that includes
exchange between monomer and dimer (e.g. see equations
5.134, 5.135 of Cavanagh et al.59). Synthetic 2H relaxation
rates were generated for exchange extending from fast to
slow, for dimer fractions up to 27%, and for axial order
parameters and internal correlation times systematically
sampled in the ranges 0.1–1.0 and 10–100 ps, respectively.
Overall rotational correlation times of 11 ns and 22 ns were
assumed for the barnase–barstar complex and dimer of the
complex, respectively. The extracted rates were subse-
quently fit in amanner analogous to the experimental data,
and the highest systematic errors in S2 and τe were 7% and
4%, respectively. In practice,we expect smaller errors, since
magnetization from the dimer will decay more efficiently
during the significant magnetization transfer steps in the
experiments, effectively reducing the contribution of the
dimer fraction to themeasured relaxation rates. To account
for these and other systematic errors in our analysis, we set
lower bound on uncertainties for S2 of 4% and 7%, and for
τe of 3% and 4% for free barnase and its complex,
respectively. Additionally, the methyl group of A11β was
excluded from analysis due to its very high apparent τR
value in the complex.
Differences in dynamics

Changes in dynamics upon ligand binding were
identified using a statistical Z-score.60 The Z-score is cal-
culated as a ratio of the difference in dynamic parameters
(Saxis

2 or τe) and the corresponding experimental error,
estimated as a geometric sum of the experimental errors
for measurements on free barnase and the complex. We
assume that a difference in dynamics is statistically sig-
nificant for an individual methyl if at least one of the two
Z-scores calculated for Saxis

2 and τe exceeds 1.96, which
corresponds to the 5% probability cut-off. No statistical
correction was done to account for multiple comparisons
for different methyl groups.
MD simulations of free barnase and of the
barnase–barstar complex

Two MD runs of 30 ns each were performed on free
barnase and the complex of barnase and barstar(C40,82A)
in water. The parallel version of the Gromacs package,61,62

the all-hydrogen force field OPLS-AA/L63,64 and the
TIP4P65 water model were used for the simulations. The
following crystal structures from the Protein Data Bank
were taken as starting points: entry 1A2P (structure B) for
the free barnase run and entry 1B27 (structures A and D)
for the simulation of the barnase–barstar (C40,82A)
complex. The initial structures with crystallographic
water molecules were solvated in rhombic dodecahedrons
such that the minimal thickness of the explicit water layer
around the solute was 9 Å. This resulted in 5769 and 11003
watermolecules in the systems containing free barnase and
the complex, respectively. Charges of the protein amino
acids were chosen to mimic an experimental pH value of
6.5. His102 of barnase and His17 of barstar were
considered neutral. A positive charge was assigned to
His18 of barnase, which had been shown to have an
anomalously high pKa.

66 In order to neutralize each of the
protein systems, water molecules with the most favorable
electrostatic potential were replaced by ions. Three Cl− and
three K+ were required to compensate the positive charge
of free barnase and the negative charge of the complex,
respectively. The systems were equilibrated before and
after insertion of ions. The equilibration protocol included
an energy minimization followed by a 50 ps dynamics
trajectory with harmonic position restraints on all protein
heavy-atoms (force constant of 1000 kJ mol−1nm−2).
MD simulations of the systems were then performed

under the following conditions: all bonds with hydrogen
atoms were constrained by the LINCS algorithm,67

allowing time-steps of 2 fs; temperature and pressure
were controlled using Berendsen weak coupling68 at 300 K
and 1 bar with coupling times of 0.2 ps and 2 ps,
respectively; a neighbor list for non-bonded interactions
based on a cutoff of 9 Å was used and updated every five



Figure 7. Two average rotation–orientation matrices
(depicted above and below the diagonal) for barnase in the
free and bound forms. The matrices were calculated as
averages of those obtained for individual MD segments
and PCA modes (see the text for details). Positive (black)
and negative (white) values are associated with approxi-
mately parallel and anti-parallel motions of the two
residues, respectively. Five rigid modules (M1–M5, see
the text) separated by four bending regions are shown
above the plot.
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steps; Coulomb interactions were computed with the PME
method;69,70 all simulations were run with periodic
boundary conditions; atomic coordinates were stored for
analysis every 0.5 ps. Intervals of 3–33 ns for the trajectory
of free barnase and 1–31 ns for the trajectory of the
complex were used for analysis. Overall molecular
motions were removed by superimposing MD trace
structures with the corresponding average structures.
Only backbone atoms from rigid parts of barnase were
used for superposition, i.e. from residues 5–36, 41–56,
69–76, and 85–110. All calculations were performed on a
Linux cluster with 48 AMD Opteron 2.4 GHz processors
and Infiniband communication.

Calculation of order parameters from MD trajectories

The whole MD trajectory was split into several time
segments of the length L=500 ps. Order parameters Saxis

2 (L)
were estimated from distributions of the directions of
methyl rotation axes. The order parameters Saxis

2 (L) were
calculated using a slightly modified form of equation 3.17
from the review by Korzhnev et al.47:

S2axis Lð Þ ¼ 1
N2

XN
i¼1

XN
j¼1

P2 lilj
� �* +

segments

ð8Þ

where μ is a unit vector directed along the methyl 13C-13C
axis,N is the number of snapshots in one segment, and the
indexes i and j run over all snapshots in the segment.
Angular brackets denote averaging over all segments in
the MD trace. Uncertainties of the Saxis

2 (L) values were
estimated as the standard deviation of order parameters
obtained independently with the above procedure for each
of the six consecutive 5 ns fragments of the 30 ns MD trace.
Although the MD order parameters are calculated using
time segments of length L=500 ps, the correlation
coefficients between the experimental and MD order
parameters do not change significantly when varying L
from 100 ps to 1000 ps.

Dynamic domains

High-amplitude correlated motions of barnase were
extracted from the MD traces using PCA with a mass
weighted covariance matrix.29 The two 30 ns MD traces
for both free and bound barnase were divided into ten
3 ns segments each and the PCA was performed for
individual segments. The covariance matrices for the
segments were calculated and diagonalized using the
Gromacs program.62 N, C′, Cα and Cβ atoms for residues
5–110 of barnase were used when computing the
covariance matrices; the first four N-terminal residues
were excluded because of their high flexibility. Before the
analysis, overall rotations and translations were filtered
out from the individual MD segments by superimposing
the snapshots with the last structure of the corresponding
segment using backbone atoms (N, C′ and Cα) from
residues 5–36, 41–56, 69–76, and 85–110 (i.e. excluding
flexible parts). In further analyses, we used the three PCA
modes with the largest eigenvalues obtained for each of
the 10×2 segments.
Dynamic domains were identified using an approach

described previously,30,31 and implemented in the Dyn-
Dom software (version 1.50). The method allows one to
represent the transition between two different protein
structures as rotations and translations involving only a
few rigid modules. As input, it accepts two protein spatial
structures (since N, C′, Cα and Cβ atoms are needed,
pseudo-Cβ positions are assumed for glycine residue). A
pair of the most different structures was selected from the
MD trajectory segment, which was modified so that only
motions along a particular PCA mode are present. On
output, DynDom produced rotation vectors for small
segments (five residues) centered at individual residues.
These vectors describe the transformation necessary to
superimpose a given fragment from the first structure to
the same fragment in the second structure. Positive and
negative inner products of these vectors for different
residues indicate approximately parallel and anti-parallel
motions of these residues relative to each other. The inner
products for all pairs of vectors define a symmetric
rotation-orientation matrix. Visual analysis of 30×2
matrices (ten MD segments, three PCA modes for free
and barstar-bound barnase) reveals five rigid modules:
M1, residues 6–23; M2, residues 25–51; M3, residues
54–74; M4, residues 75–87; and M5, residues 90–107, and
bending regions between them in the protein amino acid
sequence (Figure 3). The modules are seen in Figure 7,
which shows two rotation-orientation matrices (depicted
above and below the diagonal) for barnase in the free and
bound forms (see also Figure 3). The matrices were
calculated as averages over matrices obtained for indivi-
dual the MD segments and PCA modes. The modules can
be grouped into dynamic domains based on their relative
motions. For example, rotation vectors from the modules
M1 and M2 show clear anti-correlation (Figure 7), which
proves that these modules belong to different dynamic
domains.

Characterization of collective motions using the GNM
approach

Collective motions over a wide range of time-scales
spanning beyond the limits accessible for MD simulations
were characterized using an extension of the GNM. The
model is described in more detail elsewhere,32,33 and is
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implemented in the GNM_V1.3.1 software.† In short, an
elastic network was built using positions of Cα atoms,
which the software extracted from the PDB structure of
free barnase (PDB code 1A2P). The normal mode analysis
was performed using harmonic potentials with a single
force constant accounting for pair-wise interactions
between all Cα atoms within a 7 Å distance cut-off. The
Debye-Waller factors (B-factors) predicted in our GNM
analysis correlate well with the values found in the
barnase crystal structure (correlation coefficient is 0.72),
providing confidence in the computation. Bending
regions between relatively rigid modules (Figure 3)
were obtained using two GNM eigenvectors correspond-
ing to the lowest frequencies as described in reference.71

Similar locations of the bending regions were obtained
for other barnase structures; namely, barnase in the
complex with barstar (code 1BGS) and the set of 20 NMR
structures (1BNR).
Data base codes

The experimental data for free and barstar-bound
barnase are deposited together with parameters of fast
methyl dynamics in the BMRB database (deposition codes
7139 and 7126, respectively).
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