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ABSTRACT: Hen lysozyme is an enzyme characterized by the presence of two
domains whose relative motions are involved in the mechanism of binding and
release of the substrates. By using residual dipolar couplings as replica-averaged
structural restraints in molecular dynamics simulations, we characterize the breathing
motions describing the interdomain fluctuations of this protein. We found that the
ensemble of conformations that we determined spans the entire range of structures
of hen lysozyme deposited in the Protein Data Bank, including both the free and
bound states, suggesting that the thermal motions in the free state provide access to
the structures populated upon binding. The approach that we present illustrates how
the use of residual dipolar couplings as replica-averaged structural restraints in
molecular dynamics simulations makes it possible to explore conformational
fluctuations of a relatively large amplitude in proteins.

Protein molecules undergo complex conformational fluctua-
tions on time scales ranging from picoseconds to seconds

and beyond.1−13 The accurate determination of such motions is
key to understanding the biological properties of these
molecules. In recent years, significant advances have been
made toward this goal using nuclear magnetic resonance
(NMR) spectroscopy.5−18 Particularly promising results have
been obtained by methods based on the analysis of residual
dipolar couplings (RDCs),19,20 which provide information on
the structure and dynamics of proteins on the range of time
scales relevant for biological processes.9,16,21−23 Several
methods have been proposed to use these parameters to derive
structural ensembles representative of the dynamics of
proteins.24−30 The conformational fluctuations of ubiquitin
have been determined through this approach,24,25,27 enabling
the molecular-recognition mechanism of this protein to be
characterized.27 In a related strategy, using RDCs as replica-
averaged structural restraints in molecular dynamics simu-
lations,24,25 with the RDCs being calculated from the shape and
charge31−38 of each individual structure in the ensemble,39,40 it
has been possible to characterize the conformational substates
populated by ribonuclease A in its native state.39

In this work, we apply this approach to characeterize the
conformational fluctuations of hen lysozyme, an enzyme that
catalyzes the hydrolysis of 1,4-β-linkages of cell-wall peptido-
glycans41 that has been studied by a range of different methods,
including X-ray crystallography,42−44 NMR spectroscopy,45−47

and molecular dynamics simulations,48,49 and whose native
structure can be divided into two domains, an α domain
(residues 1−38 and 86−130) and a β domain (residues 39−85)

that contain primarily α-helical and β-sheet secondary
structures, respectively.42−44

The method that we adopted here in which NMR parameters
are used as replica-averaged structural restraints, which is an
approach that has a long history in structural biology,24,25,50−57

provides a convenient way to generate structural ensembles
according to the maximum entropy principle and hence to
translate experimental measurements into Boltzmann distribu-
tions that reveal the equilibrium properties of a protein
molecule.58−60

■ METHODS

Molecular Dynamics Simulations with Replica-Aver-
aged RDC Restraints. Molecular dynamics simulations with
replica-averaged RDC restraints were implemented in the
GROMACS package.61 In this approach,39,40 the structural
information provided by RDC measurements is imposed to
restrain the molecular dynamics simulations by adding a term,
ERDC, to a standard molecular mechanics force field, EMM

= +E E ETOT MM RDC (1)

The resulting force field, ETOT, is employed in the integration
of the equations of motion. In this work, we used as EMM the
Amber99SB62 force field, and the restraint term, ERDC, is given
by24,25,29
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where α is the weight of the restraint term, and Dexp and Dcalc

are the experimental and calculated RDCs, respectively. The
RDC of a given bond vector is calculated as40
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where m runs over the M replicas and Dm is the RDC of replica
m, which is given by40

∑ φ φ= ⟨ ⟩D D A cos cos
ij

ij i jmax
(4)

where φi and φj are the angles between the internuclear vector
and the molecular reference frame, i and j run over the three

Cartesian coordinates, x, y, and z, and ⟨Aij⟩ is the (i,j)
component of the alignment tensor. The alignment tensor is
calculated from the shape and charge of the protein
molecule31−38 using a procedure recently described.39,40 We
adopted such an approach here rather than the more
commonly used singular value decomposition (SVD) method63

because in the presence of conformational fluctuations of
relatively large amplitude, such as those exhibited by hen
lysozyme, the SVD method, when used in combination with the
replica-averaging procedure of eqs 1−4, is less effective in
capturing the motions of a protein.39,40 The reason is that the
SVD method does not necessarily provide the actual alignment
tensor of a given structure but rather the alignment tensor that
generates the RDC values in closest agreement with the
experimental ones and hence is less well suited in describing the
specific differences between the structures considered in the
averaging procedure in eq 3.

Figure 1. Free-energy landscape of hen lysozyme as a function of the radius of gyration, rgyr, and the pincer angle, θ. The free energy is calculated as
F = −kBT log H(rgyr, θ), where T is the temperature, kB is the Boltzmann constant, and H is the observed frequency of the values of rgyr and θ
sampled during the simulations. The pincer angle is calculated from the centers of mass of the Cα atoms from three protein regions: region 1 (in the
α domain) spans residues 28−31 and 111−114, region 2 (in the hinge) spans residues 90−93, and region 3 (in the β domain) spans residues 44−45
and 51−52. Three representative structures characterized by large, intermediate, and small values of θ, respectively, are shown as ribbon diagrams.
The pincer angle, θ, is shown on the structures as red chevrons.
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The use of experimental measurements as replica-averaged
structural restraints has the following justification.58−60 Given
the unavoidable approximations present in any given force field
EMM, an ensemble of structures generated by molecular
dynamics simulations will not correspond to the true
Boltzmann distribution of the system, which is unknown.
Therefore, the calculation of the equilibrium value of any
observable will provide results that will not match exactly the
values measured experimentally. One can address this problem
by using a given set of experimental measurements as replica-
averaged structural restraints, which corresponds to making the
minimal possible changes to the force field to obtain a match
between the calculated and experimental values, at least for the
specific set of measurements used as restraints. In this sense,
the use of replica-averaged structural restraints represents an
efficient maximum entropy method,58−60 at least in the limit in
which the number of replicas, M, and the weight, α, of the
restraint term are very large.58−60 As we have previously shown,
it is possible to effectively achieve this limit even if the values of
M and α remain relatively small and thus obtain conformational
ensembles that provide a good agreement between exper-
imental and calculated observables.29,39,40,58 Following these
procedures,29,38−40 we used here M = 16 and for the weight, α,
we first carried out an initial equilibration simulation at 300 K,
during which the agreement between the calculated and
experimental data was allowed to converge by gradually raising
α to the largest possible value that did not generate numerical

instabilities. Subsequently, we performed a series of 20 cycles of
simulated annealing between 300 and 500 K to sample the
conformational space. Each cycle was carried out for a total of
250 ps (125 000 molecular dynamics steps) with an integration
step of 2 fs.
This approach has been shown to provide an accurate

description of the conformational fluctuations of ubiquitin,40

and it was further validated in the case of ribonuclease A, a
protein with a two-domain structure (as is the one studied in
the present work), by showing that the differences between two
structural ensembles resulting from molecular dynamics
simulations carried out with two different force fields could
be essentially eliminated by imposing the RDCs back-calculated
from the first ensemble as replica-averaged structural restraints
in the molecular dynamics simulations with the second force
field.29

■ RESULTS AND DISCUSSION

The structural ensemble of hen lysozyme that we have
determined in this work, which was obtained using RDC data
measured in charged and neutral bicelles,47 illustrates how the
thermal fluctuations of this protein are dominated by large
breathing motions between its α and β domains. These motions
can be described by the first eigenvector of the principal
component analysis of the structural ensemble (Figure S1a).
Indeed, the first and the second eigenvectors, which involve a
twisting motion of the α domain (Figure S1b), represent more

Figure 2. Validation of the hen lysozyme structural ensemble determined in this work. (a) Comparison of experimental and calculated RDCs. Black
and red dots indicate RDCs measured in the presence of neutral and positively charged bicelles, respectively. The calculated RDCs match the
experimental values with a Q factor of 0.09. (b) Comparison of experimental (black) and back-calculated (red) 3J(Hα−HN) couplings. The standard
deviation between the calculated and experimental value is 0.67 Hz. (c) Comparison of experimental (red line) and calculated (black line) S2 order
parameters. The absolute values of the differences of the sets of S2 order parameters are shown at the bottom of the plot. Hen lysozyme is shown as a
ribbon diagram with the regions of residues 21−23 (orange) and 103−107 (red) highlighted to indicate that they exhibit the largest deviations
between the calculated and experimental S2 order parameters. In these regions, the RDC ensemble described here captures the dynamics on the
microsecond to millisecond time scales, in agreement with the large T1/T2 ratio of 4.18 for G22 (the mean ratio for the protein as a whole is 3.32).

Biochemistry Article

dx.doi.org/10.1021/bi4007513 | Biochemistry 2013, 52, 6480−64866482



than 70% of the overall backbone dynamics of the enzyme.
Such collective motions, which influence the shape of the
catalytic pocket located at their interface by altering the mutual
orientation of the two domains, can be followed by defining a
‘pincer’ angle, θ, which is calculated from the centers of mass of
Cα atoms from the α-domain, the hinge region, and the β-
domain (Figure S2). The free energy projected onto the pincer
angle, θ, and the radius of gyration presents a relatively broad
basin (Figure 1), indicating that under the effect of thermal
fluctuations the protein explores a relatively broad range of
interdomain orientations on the millisecond time scale by
rapidly interconverting between conformations and without
crossing major free-energy barriers.
The hen lysozyme ensemble satisfies closely the RDCs that

were used as restraints47 (Q factor = 0.09, Figure 2a) as well as
other sets of RDCs available from the literature46 (Figure 3). As
a further validation, the 3J couplings back-calculated from the
ensemble are in very good agreement with the corresponding
experimental values,64 with a standard deviation of only 0.66 Hz
(Figure 2b). The calculated S2 order parameters are in good
agreement with the values determined from 15N relaxation
experiments45 except for two spatially close regions on the
protein (residues 21−23 and 103−107, Figure 2c,d).
These results suggest that such residues exhibit motions of

significantly larger amplitude on the millisecond time scale

compared to those on the nanosecond time scale monitored by
the experimental S2 values. The elevated T1/T2 ratio of residue
G22 (4.18 on an average of 3.32 for the whole protein) are
consistent with local dynamics on time scales of microseconds
to milliseconds. These slow fluctuations are thus captured by
the present RDC ensemble and are outside of the range of
dynamics covered by 15N relaxation experiments.
An analysis of the structures of ligand-free hen lysozyme

available in the Protein Data Bank (Figure 4, blue histogram)
provides a relatively narrow distribution of the pincer angle, θ
(Figure 4b, green histogram). By contrast, the structures of the
ligand-bound hen lysozyme in the Protein Data Bank cover a
wider range of interdomain motions (Figure 4b, orange
histogram). This difference may suggest an induced-fit
mechanism6 for protein recognition in which the binding
process is associated with an alteration of the native
conformational space of the protein in the free state. By
considering, however, the distribution of the values of the
pincer angles in the conformational ensemble that we
determined in this work for the free state of hen lysozyme,
one finds a range of values that cover all of those corresponding
to the bound states, suggesting the presence of a conforma-
tional-selection mechanism6,65 analogous to that previously
observed for ubiquitin,27 a protein characterized by conforma-

Figure 3. Validation of the hen lysozyme structural ensemble determined in this work using Q factors for N−H RDCs measured on seven
independent alignment media that were not used as restraints in the simulations.46 The distributions report individual Q factors obtained by fitting
individual X-ray structures with the SVD method. In each panel, the arrows indicates the ensemble Q factor of our hen lysozyme ensemble. The Q
factor values are (a) 0.171, (b) 0.142, (c) 0.138, (d) 0.184, (e) 0.221, (f) 0.159, (g) 0.219, and (e) 0.196. The alignment media are46 (a) 7.5% esters/
CTAB, (b) 5% esters, (c) ether/CTAB, (d) ether/La3+, (e) CpBr/hex/NaBr, (f) C12E6/hex, (g) 7% acrylamide gel, and (h) Pf1.
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tional fluctuations of considerably smaller amplitude than those
considered here.

■ CONCLUSIONS
We have described a procedure to incorporate RDC data as
replica-averaged structural restraints in molecular dynamics
simulations to determine a highly heterogeneous conforma-
tional ensemble of a protein. Although the present investigation
has been focused on the conformational properties of hen
lysozyme, the method that we have discussed is general and can
be used to study the equilibrium dynamics of other proteins on
the millisecond time scale. This type of approach should
therefore be capable of providing an accurate representation of
the conformational fluctuations of a variety of proteins in
solution under a range of different conditions.
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