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In order to better understand the mechanical properties of proteins, we have developed simulation tools which enable
these properties to be analysed on a residue-by-residue basis. Although these calculations are relatively expensive with
all-atom protein models, good results can be obtained much faster using coarse-grained approaches. The results show
that proteins are surprisingly heterogeneous from a mechanical point of view and that functionally important residues
often exhibit unusual mechanical behaviour. This ﬁnding offers a novel means for detecting functional sites and also
potentially provides a route for understanding the links between structure and function in more general terms.
[Lavery R and Sacquin-Mora S 2007 Protein mechanics: a route from structure to function; J. Biosci. 32 891–898]

1.

Introduction

Why do proteins have such varied and complicated structures
and how are these structures related to the functions that each
protein must perform? Almost 50 years after the ﬁrst protein
structures were solved (Kendrew et al 1958; Perutz 1960),
these questions are still very much part of molecular biology.
While structures are clearly necessary to understand how
proteins can bind speciﬁcally to other macromolecules or to
small ligands, these interactions generally also involve some
degree of conformational change, and this is particularly
true in the case of enzymatic proteins which efﬁciently
catalyse highly speciﬁc chemical transformations. Structure
therefore needs to be complemented with information on
ﬂexibility and dynamics.
Experimentally, both of the methods for determining
high-resolution structures, X-ray crystallography and NMR
spectroscopy, also provide some help in this direction.
Firstly, it is possible to compare structures resolved with or
without interacting species, or, in the case of enzymes, to
capture intermediate conformational states using unreactive
substrate analogues. Both methods can also provide ﬁner
data on the ﬂexibility of individual residues within proteins

in terms of Debye-Waller temperature factors or order
parameters. Single molecule experiments (Lavery et al
2002) offer another route to understanding mechanical
properties by directly pulling on a protein and monitoring
when and how its tertiary structure is modiﬁed and ﬁnally
destroyed. Although these experiments were initially limited
to long multi-domain proteins and to pulling on the N- and
C-terminals, new methods are allowing the “mechanical
triangulation” of proteins with forces applied to a variety
of residue-residue vectors (Dietz et al 2006; Dietz and Rief
2006).
Many theoretical approaches have also contributed to
understanding protein conformational ﬂexibility. First among
these are all-atom molecular dynamics simulations, taking
into account the surrounding solvent (generally represented
by explicit solvent molecules, but also, potentially, with
simpler continuum representations). Such simulations
are generally limited to the nanosecond timescale and are
expensive in terms of computer resources. They are thus
generally limited to studying speciﬁc cases, although this
situation is changing today (Rueda et al 2007). Dynamic
trajectories can be analyzed to understand which parts of a
protein are the most mobile, how domains move with respect
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to one another within multi-domain structures or how much
and how fast individual amino acid side chains change their
conformational sub-states (Karplus and Kuriyan 2005;
Norberg and Nilsson 2003).
Simpler methods, notably those based on elastic network
models (Tirion 1996; Tozzini 2005), can also provide
valuable data on protein deformations, despite the fact
that these models generally ignore the difference between
individual amino acid residues and are guided only by the
proximity of residues within the 3D structure of the protein.
Thus, the so-called Gaussian network model (GNM)
which extracts normal modes from an elastic network
protein representation, has been shown to provide useful
information on the slow, large amplitude, collective motions
which characterize domain movements, allosteric effects
and enzyme activity (Bahar and Rader 2005; Chennubhotla
et al 2005). Elastic network models can also be used to
calculate the atomic ﬂuctuations. These can be converted
to temperature factors which generally show good overall
correlations with those measured crystallographically.
We started to become interested in protein mechanics
as a result of our earlier work on the mechanics of DNA
(Allemand et al 1998; Cluzel et al 1996) and the relevance
of base-sequence dependent mechanical properties for
understanding protein-DNA recognition (Lebrun et al
1997; Paillard and Lavery 2004). From the beginning of our
studies, we were interested in deﬁning mechanical properties
on the residue level since this seemed to be the easiest way
of making comparisons with data on biological function, the
impact of point mutations, differences between homologous
proteins and so on.
We were unsatisﬁed with the possibility of using
temperature factors to answer these questions, notably
because of the work of Halle which showed convincingly
that temperature factors basically reﬂect only local structure,
and, in particular, local atomic packing densities (Halle,
2002). We consequently looked for a new measure. Although
one obvious approach was to copy the single molecule
triangulation experiments cited above and test the resistance
of all residue-residue (or atom-atom) vectors, this method
has the disadvantage that it does not easily yield properties
that can be associated with individual residues. Tests on
the ease of displacing residues with respect to the centre
of mass of the protein also turned out to be unsatisfactory
because observed ﬂexibility could again be attributed either
to the probed residue or to the centre of mass (for example,
because of the movement of a ﬂexible region on the distal
side of the protein with respect to the probed residue)
(Navizet et al 2004).
We ﬁnally found that testing the displacement of each
residue with respect to the rest of the protein structure
gave the most interesting results. This involved asking how
much energy was necessary to change the mean distance
J. Biosci. 32(5), August 2007

di from residue i to all other residues j ≠ i in an N residue
protein:

di =

1 N
∑ ri − rj .
N − 1 i =l
i≠ j

Note that the position of each residue ri can be characterized
by a single atom, such as Cα. di can alternatively be obtained
by averaging over the mean distances for each atom
within each residue. If the mean distance was successively
decreased and increased, we obtained an energy versus mean
distance plot. For distance changes of the order of a few
tenths of angstroms, these plots turned out to be virtually
quadratic and could thus be characterized by the derivative
at the energy minimum, or, in other words, an effective force
constant (hereafter denoted ki) for displacing a residue i
within the whole protein structure. Note that di is a scalar
quantity. Changes in di leave all residues free to move in
their energetically optimal directions.
The studies we have subsequently carried out on a variety
of proteins (Navizet et al 2004; Sacquin-Mora and Lavery
2006; Sacquin-Mora et al 2007) show that these force
constants are a very interesting guide to protein mechanics.
They reveal the extent of the mechanical heterogeneity
induced by the complex 3D shapes of proteins and suggest
that this heterogeneity plays a signiﬁcant role in preparing
proteins for their biological functions. The present short
review summarizes the approaches that can be used for
obtaining residue force constants, gives some examples of
their application to speciﬁc proteins and speculates on future
developments.
2.

Methodology

Our earliest studies in this area used all-atom protein
models and a conventional Amber force ﬁeld (Wang et
al 2000) combined with a generalized Born continuum
solvent model (Tsui and Case 2000). An internal coordinate
minimization program based on Jumna (Lavery et al 1995)
was used to relax the protein structure and then to perturb
the Cα position of each residue in turn by constraining the
mean distance to all other Cα’s to increase or decrease. This
approach was naturally slow since it typically required four
energy minimizations (±0.1 Å, ±0.2 Å) for each residue. We
thus looked for ways of speeding up the calculation.
This was achieved in two steps. Firstly, we noted that
rather than physically constraining each residue to move
within the overall protein structure, we could simply analyze
the ﬂuctuations of the mean distance di from each residue (to
the rest of the structure) which occurred naturally within a
molecular dynamics simulation (Navizet et al 2004):

Ki =

3k BT
2

(di − di )

,
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where di is the mean distance deﬁned above, < > denotes the
average over the simulation, kB is the Boltzmann constant
and T is the temperature of the simulation. This meant
that the N residue force constants could be obtained from
a single simulation rather than from 4N+1 minimizations.
The results obtained in this way were very similar to those
derived from constrained energy minimization. However,
since all-atom dynamics simulations generally require an
explicit solvent representation to avoid deforming the initial
protein structure, the resulting computational cost was still
high.
We consequently turned to simpler elastic network
models (Chennubhotla et al 2005; Tirion 1996; Tozzini
2005) to gain time. Although we made initial trials with one
point per residue models, where each amino acid gives rise
to a single node in the elastic network (positioned on the Cα
atom), it was clear that a more reﬁned model which could
distinguish between the various types of amino acid would
be necessary if we wanted to study the impact of sequence
mutations. We consequently adopted the model proposed
by Zacharias which has two or three points per amino acid
and has already proved effective in protein-protein docking
studies (Bastard et al 2006; Zacharias 2003). In this model,
each amino acid has one pseudoatom at the Cα position.
Small side chains (excepting glycine) have a second
pseudoatom at the geometric center of the heavy atoms
of the side chain, while larger side chains (Arg, Gln, Glu,
His, Lys, Met, Trp, Tyr) have a pseudoatom at the center of
the Cβ-Cγ bond and a third pseudoatom at the geometrical
center of the heavy atoms of the side chain atoms beyond Cγ
(Zacharias 2003).
With this simpliﬁed protein representation, the force ﬁeld
is also simpliﬁed to a set of quadratic springs placed between
all pseudoatoms lying below a chosen cutoff distance. We
chose a distance of 9 Å. All springs had identical force
constants of 0.6 kcal mol-1 Å-2 (note that changing this
value simply acts as an overall scale factor on the ﬁnal
results). In this case, it is appropriate to replace Newtonian
dynamics with stochastic Brownian dynamics (BD) which
ignores inertial effects and treats solvent only through its
hydrodynamic drag. Details of these simulations can be
found in an earlier publication (Sacquin-Mora and Lavery
2006).
3.
3.1

Results and discussion
Force constant “spectra”

We have chosen to illustrate our calculations using a soluble
epoxide hydrolase (Argiriadi et al 1999). The structure of
this dimeric protein, PDB 1CR6 (Berman et al 2000), has
been solved to a resolution of 2.8 Å in the presence of a
dialkylurea inhibitor. Figure 1 shows a cartoon version
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Figure 1. Cartoon representation of a murine liver cytosolic
epoxide hydrolase, PDB 1CR6 (Argiriadi et al 1999). The two
monomeric units are coloured red and brown and the dialkylurea
inhibitors are shown in blue. All the molecular graphics in this
article were prepared using VMD (Humphrey et al 1996).

of this α/β-fold protein with its two monomers coloured
red and brown. Note that each monomer contributes two
strands to the β -sheet forming the centre of the structure.
Each monomer consists of two domains and the inhibitors,
shown in blue in ﬁgure 1, are bound within the C-terminal
domains. The substrate binding pocket involves residues
Asp-333, Trp-334, Tyr-381, Tyr-465 and His-523, with
Asp-333 serving as the catalytic nucleophile. Phe-256 and
Phe-385 play secondary roles interacting with the Asp-333
and Tyr-465 side chains respectively (Argiriadi et al 1999).
This protein is also interesting in that it has a vestigial active
site in the N-terminal domain, which, by homology with
haloacid dehalogenase, involves the residues Asp-9, Lys160, Tyr-166 and Phe-182.
The force constants calculated for this protein, by
analyzing the ﬂuctuations from a BD simulation on a 2-3
point representation, are shown in ﬁgure 2. The inhibitor was
not represented by elastic network points and consequently
has no impact on the force constant calculation. The reader
is referred to our earlier publications which show that very
similar results are obtained whether the force constants are
calculated by energy minimization or BD simulations and
also that bound ligands generally have very little effect on
the results (Navizet et al 2004; Sacquin-Mora and Lavery
2006; Sacquin-Mora et al 2007).
The ﬁrst striking observation concerning these results is
that the force constants are highly variable and often change
sharply from one residue to the next. Here the values range
from 3 to 243 kcal mol–1 Å-2 with a standard deviation of
176 around an average of 26 kcal mol–1 Å–2 (note: 1 kcal
J. Biosci. 32(5), August 2007

894

Richard Lavery and Sophie Sacquin-Mora

Figure 2. Force constant plot for epoxide hydrolase. The residues are numbered consecutively and the two monomeric units follow one
another along the abscissa. Force constants in ﬁgures 2-4 are in units of kcal mol-1 Å-2.

mol-1 Å–2 = 0.07 nN Å–1). In ﬁgure 2, the force constants for
the two monomers follow one another and giving rise to the
horizontally repeating pattern. Figure 3a shows the results
for the ﬁrst monomer in more detail. It can be seen that the
largest force constants occur for residues in the centre of the
monomer. Their location is illustrated graphically in ﬁgure
3b (in green) for the residues in the upper (red) monomer.
It can be seen that these residues lie at the junction region
between the N- and C-terminal domains of the monomer and
also at the β-sheet junction between the two monomers. In
contrast, no residues with high force constants are found in
the active site pocket, as can been seen in ﬁgure 3a, where
the circles indicate the values corresponding to the seven
key residues cited above.
This behaviour is common to most multi-domain
proteins and reﬂects the fact that domain movements
leave the residues at the junctions virtually undisturbed.
This leads to high force constants in our approach, since
the mainly rotational movements of the domains do not
modify the distances of other residues to these hinge
points (Sacquin-Mora and Lavery 2006). Similar ﬁndings
have been observed with normal mode analyses of elastic
network models (Bahar and Jernigan 1999; Isin et al 2002).
To avoid this effect, we have developed a so-called domain
separation approach. This consists of simply calculating
force constants for changing the mean distance for a given
residue to the subset of other residues belonging to the same
domain. Note that this change does not inﬂuence the elastic
network representation which still includes all residues from
all domains.
J. Biosci. 32(5), August 2007

The results of this procedure are shown for the Cterminal domain of a single monomer in the plot in ﬁgure
4a and illustrated graphically in ﬁgure 4b. It is now seen
that the residues with the highest force constants (in green)
lie near the centre of the C-terminal domain, top right in
ﬁgure 4b, and close to the inhibitor binding site. Five of the
seven key residues, indicated by circles in ﬁgure 4a, now
lie within force constant peaks and the catalytically active
residue Asp-333 has second highest force constant within
the domain (371 kcal mol–1 Å–2). It is interesting to note that
after domain separation the residues forming the vestigial
active site in the N-terminal domain also become visible. As
shown by the triangles in ﬁgure 4a, three of these residues
are in force constant peaks, namely Asp-9, Lys-160, and
Phe-182 and the conserved Asp-9 (which is equivalent to
the catalytically active Asp-8 in haloacid dehydrogenase)
(Argiriadi et al 1999) has the highest force constant in the
N-terminal domain.
3.2

Predicting active sites

The example of epoxide hydrolase turns out to represent the
general behaviour of mechanical properties of enzymes. In
a recent study, we looked at a group of almost 100 enzymes
containing proteins belonging to all the main enzymatic
families. In the vast majority of the cases studied, the active
sites of these residues, as deﬁned in the Catalytic Site Atlas
database (Porter et al 2004) or in an earlier elastic network
study (Yang and Bahar 2005), turned out to be amongst the
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Figure 3. (a) Force constant plot for the ﬁrst monomer of
epoxide hydrolase. Circles indicate the active site residues (from
left to right: Phe-256, Asp-333, Trp-334, Tyr-381, Phe-385, Tyr465, His-523). (b) Backbone diagram of the protein. Within the
ﬁrst monomer (red), residues with high force constants are shown
in green.

most strongly ﬁxed residues within the protein structures
(Sacquin-Mora et al 2007). During this study, bound ligands
or inhibitors where again ignored and the domain separation
approach was applied to proteins with non-symmetric
domains and more than one active site.
Since the range of force constants varies with the size
of each protein (being in general larger for larger proteins)
we normalized their values by converting them to Z-scores,
that is, units of standard variation σ(k) with respect to the
mean <k>:

k′=

k− k
,
σ (k )
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Figure 4. (a) Force constant plot for the ﬁrst monomer of epoxide
hydrolase after domain separation. Circles indicate the active site
residues in the C-terminal domain (from left to right: Phe-256, Asp333, Trp-334, Tyr-381, Phe-385, Tyr-465, His-523) and triangles
indicate residues forming the vestigial active site in the N-terminal
domain (from left to right: Asp-9, Lys-160, Tyr-166, Phe-182). (b)
Backbone diagram of the protein. Within the ﬁrst monomer (red),
residues with high force constants are shown in green.

where both σ and <k> are calculated protein by protein.
Using these values, it turns out that active site residues are
generally associated with force constants well above the
mean. By setting a cutoff at k’ = 0, the residues with force
constants above the average represent 28% of the total set
(the overall distribution is highly skewed to lower values).
This set is very highly enriched in active site residues,
containing 78% of all such residues, and only 25% of other
residues. Consequently, rigidity within the overall protein
structure seems to be a good guide to catalytic activity.
This is a somewhat surprising result, given that active site
J. Biosci. 32(5), August 2007
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residues are often assumed to be amongst the most ﬂexible,
ﬂexibility being necessary for them to carry out their
catalytic functions (Daniel et al 2003). However, the reverse
has already been found by an analysis of temperature factors
(Bartlett et al 2002; Yuan et al 2003; Yang and Bahar 2005)
and by looking at the residue ﬂuctuations associated with
the low frequency normal modes representing collective
motions (Yang and Bahar, 2005). These results are supported
by our ﬁndings.

(a)

3.3 Architectural signatures
Most of the proteins studied to date show high force
constants for a number of residues other than those in the
active sites. In some case, these residues are simply close
to the active site residues and presumably play a role in
maintaining its overall rigidity. However, in other cases, the
residues are far from the active site. One such example, seen
in our study of hemoproteins (Sacquin-Mora and Lavery
2006), involved two pairs of highly-conserved residues at
the junction between two α-helices within proteins of the
cytochrome c family. These residues have been identiﬁed
as playing key roles in the folding of such proteins (Ptitsyn
1998). This might suggest that mechanical properties
reﬂect to some extent the protein folding pathways, but
more data are needed to test this hypothesis. Lastly, in
some cases, high force constants are a signature of the
overall protein structure, as in the case of residues lying
at the centre of each β-strand within β-barrel domains
(Sacquin-Mora and Lavery 2006). Obviously, much remains
to be studied in this area. One possibility is that such
“architectural signatures” can be deﬁned for each family
of protein folds and then removed from the overall force
constant spectra, making it still easier to detect active site
residues.
Finally, it is also possible to study the build up of
mechanical properties by taking a protein apart. This is
illustrated for our example of epoxide hydrolase in ﬁgure
5. In this case, we have calculated the change in force
constants (after normalisation by conversion to Z-scores,
see methods) in passing from a single monomer to the full
dimeric structure. Note that here, in contrast to the domain
separation technique, we are actually changing the elastic
network representation being studied (monomer or dimer).
The plot in ﬁgure 5a shows that moving from a monomer to
a dimer does not simply lead to a general increase in force
constants, since both increases and decreases are seen. The
location of the changes is illustrated in ﬁgure 5b where it
is observed that force constants understandably increase
at the β-sheet formed between the two monomers, but,
more surprisingly, decrease in the C-terminal domain, in a
region not far from the substrate binding site. We have seen
complex, and not easily predictable, changes such as this in
J. Biosci. 32(5), August 2007

(b)

Figure 5. (a) Changes in normalized force constants (units
of standard deviation) in passing from a single monomer to the
dimeric protein. (b) Backbone diagram of the protein showing the
residues with signiﬁcantly increased force constants in pale blue
and residues with signiﬁcantly decreased force constants in pale
green.

other proteins, both as the result of conformational changes
or as a result of point mutations.
4.

Conclusions

The complex structures of proteins appear to lead to
equally complex mechanical properties. The approach
described here makes it possible to analyse such properties
on a residue-by-residue basis using simple, coarse-grain
representations. The results suggest that proteins are very
heterogeneous in mechanical terms and that active sites, and
possibly other functionally important residues, have unusual
properties, generally being associated with above average
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force constants. Although more work remains to be done
to understand how mechanical heterogeneity is actually
generated, this property seems well worth while studying in
a more systemic way.
Acknowledgements
This work was supported by funding from the CNRS. RL is
grateful to the Indian Institute of Science and, in particular,
to the Molecular Biophysics Unit, where a postdoctoral stay
in the group of G N Ramachandran introduced him to the
fascinating world of biological macromolecules.
References
Allemand J F, Bensimon D, Lavery R and Croquette V
1998 Stretched and overwound DNA forms a Pauling-like
structure with exposed bases; Proc. Natl. Acad. Sci. USA 95
14152–14157
Argiriadi M A, Morisseau C, Hammock B D and Christianson D W
1999 Detoxiﬁcation of environmental mutagens and carcinogens:
structure, mechanism, and evolution of liver epoxide hydrolase;
Proc. Natl. Acad. Sci. USA 96 10637–10642
Bahar I and Jernigan R L 1999 Cooperative ﬂuctuations and
subunit communication in tryptophan synthase; Biochemistry
38 3478–3490
Bahar I and Rader A J 2005 Coarse-grained normal mode analysis
in structural biology; Curr. Opin. Struct. Biol. 15 586–592
Bartlett G.J, Porter C T, Borkakoti N and Thornton J M 2002
Analysis of catalytic residues in enzyme active sites; J. Mol.
Biol. 324 105–121
Bastard K, Prevost C and Zacharias M 2006 Accounting for loop
ﬂexibility during protein-protein docking; Proteins 62 956–969
Berman H M, Westbrook J, Feng Z, Gilliland G, Bhat T N, Weissig
H, Shindyalov I N and Bourne P E 2000 The Protein Data Bank;
Nucleic Acids Res. 28 235–242
Chennubhotla C, Rader A J, Yang L W and Bahar I 2005 Elastic
network models for understanding biomolecular machinery:
from enzymes to supramolecular assemblies; Phys. Biol. 2
S173–S180
Cluzel P, Lebrun A, Heller C, Lavery R, Viovy J L, Chatenay D
and Caron F 1996 DNA: an extensible molecule; Science 271
792–794
Daniel R M, Dunn R V, Finney J L and Smith J C 2003 The role
of dynamics in enzyme activity; Annu. Rev. Biophys. Biomol.
Struct. 32 69–92
Dietz H, Berkemeier F, Bertz M and Rief M 2006 Anisotropic
deformation response of single protein molecules; Proc. Natl.
Acad. Sci. USA 103,12724–12728
Dietz H and Rief M 2006 Protein structure by mechanical
triangulation; Proc. Natl. Acad. Sci. USA 103 1244–1247
Halle B 2002 Flexibility and packing in proteins; Proc. Natl. Acad.
Sci. USA 99 1274–1279
Humphrey W, Dalke A and Schulten K 1996 VMD: visual
molecular dynamics; J. Mol. Graph. 14, 33–38

897

Isin B, Doruker P and Bahar I 2002 Functional motions of inﬂuenza
virus hemagglutinin: a structure-based analytical approach;
Biophys. J. 82 569–581
Karplus M and Kuriyan J 2005 Molecular dynamics and protein
function; Proc. Natl. Acad. Sci. USA 102 6679–6685
Kendrew J C, Bodo G, Dintzis H M, Parrish R G, Wyckoff H and
Phillips D C 1958 A three-dimensional model of the myoglobin
molecule obtained by x-ray analysis; Nature (London) 181
662–666
Lavery R, Lebrun A, Allemand J-F, Bensimon D and Croquette V
2002 Structure and mechanics of single biomolecules: experiment
and simulation; J. Phys. (Cond. Mat.) 14 R383–R414
Lavery R, Zakrzewska K and Sklenar H 1995 JUMNA (Junction
Minimization of Nucleic-Acids); Comput. Phys. Commun. 91
135–158
Lebrun A, Shakked Z and Lavery R 1997 Local DNA stretching
mimics the distortion caused by the TATA box-binding protein;
Proc. Natl. Acad. Sci. USA 94 2993–2998
Navizet I, Cailliez F and Lavery R 2004 Probing protein mechanics:
residue-level properties and their use in deﬁning domains;
Biophys. J. 87 1426–1435
Norberg J and Nilsson L 2003 Advances in biomolecular
simulations: methodology and recent applications; Q. Rev.
Biophys. 36 257–306
Paillard G and Lavery R 2004 Analyzing protein-DNA recognition
mechanisms; Structure (Camb.) 12 113–122
Perutz M F 1960 Structure of hemoglobin; Brookhaven Symp. Biol.
13 165–183
Porter C T, Bartlett G J and Thornton J M 2004 The Catalytic
Site Atlas: a resource of catalytic sites and residues identiﬁed
in enzymes using structural data; Nucleic Acids Res. 32
D129–D133
Ptitsyn, O. B. (1998) Protein folding and protein evolution:
common folding nucleus in different subfamilies of c-type
cytochromes?; J Mol Biol 278 655–666
Rueda M, Ferrer-Costa C, Meyer T, Perez A, Camps J, Hospital
A, Gelpi J L and Orozco M 2007 A consensus view of protein
dynamics; Proc. Natl. Acad. Sci. USA 104 796–801
Sacquin-Mora S, Laforet E and Lavery R 2007 Locating the active
sites of enzymes using mechanical properties; Proteins 67
350–359
Sacquin-Mora S and Lavery R 2006 Investigating the local
ﬂexibility of functional residues in hemoproteins; Biophys. J.
90 2706–2717
Tirion M M 1996 Large amplitude elastic motions in proteins from a
single-parameter, atomic analysis; Phys. Rev. Lett. 77 1905–1908
Tozzini V 2005 Coarse-grained models for proteins; Curr. Opin.
Struct. Biol. 15 144–150
Tsui V and Case D A 2000 Molecular dynamics simulations of
nucleic acids with a generalized born solvation model; J. Am.
Chem. Soc. 122 2489–2498
Wang J M, Cieplak P and Kollman P A 2000 How well does a
restrained electrostatic potential (RESP) model perform in
calculating conformational energies of organic and biological
molecules?; J. Comput. Chem. 21 1049–1074
Yang L W and Bahar I 2005 Coupling between catalytic site and
collective dynamics: a requirement for mechanochemical
activity of enzymes; Structure 13 893–904
J. Biosci. 32(5), August 2007

898

Richard Lavery and Sophie Sacquin-Mora

Yuan Z, Zhao J and Wang Z X 2003 Flexibility analysis of enzyme
active sites by crystallographic temperature factors; Protein
Engg. 16 109–114

Zacharias M 2003 Protein-protein docking with a reduced protein
model accounting for side-chain ﬂexibility; Protein Sci. 12
1271–1282

ePublication: 5 July 2007

J. Biosci. 32(5), August 2007

