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We describe a method of determining the conformational fluctuations of RNA based on the incorpo-
ration of nuclear magnetic resonance (NMR) residual dipolar couplings (RDCs) as replica-averaged
structural restraints in molecular dynamics simulations. In this approach, the alignment tensor re-
quired to calculate the RDCs corresponding to a given conformation is estimated from its shape,
and multiple replicas of the RNA molecule are simulated simultaneously to reproduce in silico
the ensemble-averaging procedure performed in the NMR measurements. We provide initial evi-
dence that with this approach it is possible to determine accurately structural ensembles represent-
ing the conformational fluctuations of RNA by applying the reference ensemble test to the trans-
activation response element of the human immunodeficiency virus type 1. © 2013 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4804301]

INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy of-
fers a variety of techniques that can provide information on
the motions of biological macromolecules.1–13 Since NMR
observables are obtained from time and ensemble averaged
measurements, it is possible to use them for determining
conformational ensembles of proteins and nucleic acids.14–26

Achieving this result for systems that are conformationally
highly heterogeneous, however, is still particularly challeng-
ing because of the great technical difficulties in the incorpo-
ration of the experimental measurements in the structure de-
termination procedures.27, 28 The use of residual dipolar cou-
plings (RDCs),29, 30 offers particularly good opportunities in
this respect.15, 17, 18, 31–33

In the approach that we discuss here, RDCs are in-
corporated as structural restraints in molecular dynamics
simulations. This strategy is convenient to describe the dy-
namics of proteins and nucleic acids, as it can provide atomic
resolution information about their structural fluctuations
by integrating numerically the equations of motions with a
bias constructed in order to maximise the agreement with
experimental observations, in a manner consistent with the
maximum entropy principle.34–36 More generally, by using
RDC measurements as structural restraints it has been shown
that accurate structural ensembles of proteins and nucleic
acids can be obtained.15–18 In this work we extend to RNA a
structure-based approach for the calculation of the alignment
tensor that has been recently introduced for proteins37, 38 and
that is complementary to a series of related methods.15, 18, 31, 32

We illustrate this approach by considering the case of the
trans-activation response (TAR) element of the human im-
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munodeficiency virus type 1 (HIV-1), a system that is well
characterised experimentally39–43 (Figure 1). Several struc-
tures of TAR have been deposited in the Protein Data Bank
(PDB), including for the free state,39 and for the states bound
to Tat40 and other small molecules.39–43 A comprehensive
study of these structures has also revealed that TAR exhibits
significant dynamics in the global orientation of the two he-
lices and local structure of the binding pocket (Figure 1). In
a series of recent studies, Al-Hashimi and co-workers have
shown that TAR binds to its partners by a conformational
selection mechanism in which bound-like conformations are
sampled during the structural fluctuations in the free state.18, 44

METHODS

Assessment of the similarity between two structural
ensembles: The S score

In order to compare the similarity between two structural
ensembles, A and B, in this work we used the S score.21, 26, 37

For a RNA molecule of N nucleotides, the S score is calcu-
lated from a N × N matrix, in which each element Sij repre-
sents the difference between the distributions PA and PB of
the distances between atoms i and j in the two ensembles to
be compared:

Sij = 1

2

∑
k

∣∣P A
ij,k − P B

ij,k

∣∣, (1)

where k runs over the bins used to characterise the distribu-
tions. The values of Sij range from 0 for identical distributions
to 1 for non-overlapping ones.26 The S matrix, thus, effec-
tively compares the similarity of the reference ensemble with
the simulated ensemble. From the S matrix, an overall S score
is calculated by averaging the Sij elements.
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FIG. 1. Schematic representation of the structure of the HIV-1 TAR element.
(a) The TAR structure comprises two helices, HI and HII, joined by a bulge
(yellow). HII is capped by 6-residue loop (blue). The bulge and the loop
residues form the binding pocket of TAR. (b) Illustration of the three Euler
angles73 for describing the conformation of TAR: rotation of HI with respect
to HII (α), rotation of HII with respect to HI (γ ) and interhelical bend angle
(β); the interhelical twist (ζ ) is defined as α − γ .

Structure-based calculation of the RDCs

For each given conformation of TAR, we calculated
the alignment tensor to obtain the RDCs using a structure-
based method37, 38 that considers the orientations of the RNA
molecule in a given conformation that are allowed by the
alignment medium.45–52

Molecular dynamics simulations and generation
of the starting conformations

All molecular dynamics simulations were performed
with GROMACS 4.5.53, 54 We chose eight structures from the
1ANR file of free TAR39 as the starting set of conformations
for the eight replicas required for the simulations. Each of
these eight structures was placed in an individual octahedron
box with sides 12 Å and solvated with TIP3P water.55 In ad-
dition to K+ neutralising ions, a 100 mM concentration of
MgCl2 was used. After an initial energy minimization, first
with steepest descent and then with conjugate gradient meth-
ods, the system was simulated for 50 ps with positional re-
straints on the RNA molecules. Subsequently, these position
restraints were removed and the system was simulated under
NVT conditions for further 20 ps and then heated to the final
temperature of 298.15 K under NPT condition for ∼100 ps.
All further simulations were continued as production runs
from these conformations.

Generation of the reference ensemble
and reference RDCs

The reference ensemble was generated using the
CHARMM27 force field56–59 by running a trajectory of 12 ns
on each replica, i.e., of 96 ns in total, using the setup described
above. As the sampling was performed on the last 0.1 ns of
each simulated annealing cycle (Figure 2), about 4000 con-
formations were sampled in total from the trajectory of each
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FIG. 2. Simulated annealing schedule used in the simulations. The variations
in the temperature (red) and relative restraint force (blue, see Eq. (3)) during
a cycle of simulated annealing are shown.

replica. Finally, about 15 000 structures with RMSD between
0.6 nm and 1.0 nm (Figure 3) from the equilibrated part of
these sampled conformations were extracted to build up the
“reference ensemble.” An alignment tensor and the corre-
sponding RDCs for 56 internuclear vectors (Figure 4) were
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FIG. 3. RMSD of the conformations sampled by the CHARMM27 simula-
tion. About 15 000 structures with RMSD between 0.6 nm and 1 nm from the
equilibrated part of these sampled conformations were selected to build up
the reference ensemble.
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FIG. 4. Summary of the 56 RDC restraints used in the simulations. (a) Illustration of the positions of these bonds within a nucleotide. (b)-(e) Illustration of the
positions of the restrained bonds. The RDCs are colour coded as C4′–H4′ (blue), C1′–H1′ (red), C1′–N1/N9 (green), and C5-C6 (pink).

individually calculated for each of these structures using the
structure-based method mentioned above.37, 38 The linear av-
erage of these RDCs was then used to obtain a set of 56 “ref-
erence RDCs” (Figure 4).

Generation of the unrestrained ensemble

The starting conformations were next simulated with
AMBER99bsc0 force field60–64 using the set up described
above and a simulated annealing protocol (Figure 2). To gen-
erate the “unrestrained ensemble,” only the temperature was
annealed. This unrestrained ensemble was used for compari-
son with the restrained simulation.

Generation of the reconstructed ensembles

As for the unrestrained ensemble, the starting conforma-
tions were next simulated with AMBER99bsc0 force field us-
ing the setup described above and a simulated annealing pro-
tocol (Figure 2). In these simulations, restraints were imposed
by adding a pseudoenergy term (ERDC) to a standard molecu-
lar mechanics force field (EMM):35, 36

ETOT = EMM + ERDC. (2)

The resulting force field (ETOT) was employed in molecular
dynamics simulations. The pseudoenergy term ERDC is given
by35, 36

ERDC = α
∑

i
(Dref − Dcal)2, (3)

where the sum is taken over the available reference RDCs
(Dref) and α is the restraint force constant. This term is used
to bias the trajectory towards conformations in which the cal-
culated RDCs (Dcal) match the reference ones. The calculated
RDCs were obtained as averages over the eight replicas of the
RNA molecule used in the simulations. As mentioned above,
for each replica the alignment tensors are independently com-
puted using a structure-based method36, 37 and are used in
Eq. (3). To enhance the sampling, annealing of both tempera-
ture and force constant for the RDC restraints37 was employed
on the system. These restrained simulations generated the “re-
constructed ensemble.”

RESULTS

The reference ensemble method

In this study, we address the problem of assessing the per-
formance of an approach in which the RDCs are implemented
as replica-averaged restraints in molecular dynamics simula-
tions of nucleic acids, and in which the RDCs are calculated
during the simulations using a method that was recently pro-
posed for proteins in which the alignment tensors are calcu-
lated from the conformations of the molecules.37, 38

To perform the assessment, we carried out the test of the
“reference ensemble”21, 26, 37 to the HIV-1 TAR element. In
this test, a reference ensemble of conformations is generated
at first by unrestrained molecular dynamics simulations using
a given force field (FF1, Figure 5, path A), in this case the
CHARMM27 force field56–59 (see Methods section). A set of
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FIG. 5. Scheme for generating ensembles of RNA structures. (A) A “reference ensemble” is generated by molecular dynamics simulations using force field
1 (FF1). RDC restraints are calculated as average values over the reference ensemble. (B) An “unrestrained ensemble” is generated in a similar manner but
using force field 2 (FF2). Then by applying the RDC restraints in conjunction with FF2 a “reconstructed ensemble” (or “restrained ensemble”) is generated. If
the restraints are applied correctly the reconstructed ensemble is closer to the reference ensemble than the unrestrained ensemble. (C) After the validation by
this “reference ensemble test,” the method can be applied using experimentally measured RDCs to determine an ensemble of conformations representing the
structural fluctuations of RNA.

“reference RDCs” is then calculated from the structures mak-
ing up this reference ensemble (see Methods section) and em-
ployed as structural restraints to generate a “reconstructed en-
semble” using a second force field (FF2, Figure 5, path B),
in this case the AMBER99bsc0 force field60–64 (see Methods
section). Although these two force fields are specifically pa-
rameterized for nucleic acids simulations, they generate two
distinct structural ensembles (i.e., the “reference ensemble”
for FF1 and the “unrestrained ensemble” for FF2, see
Methods section) because of a series of small but signif-
icant differences in their functional forms and parameters.
When, however, the RDC restraints are imposed through the
approach that we describe in this work, they bias the sam-
pling of conformational space carried out with FF2 towards
the regions consistent with the RDC values resulting from
FF1. Thus, the “reference” and the “reconstructed” ensembles
should end up being very similar.

An advantage of using the reference ensemble test is
that it allows for a stringent validation analysis in which the
atomic coordinates of the conformations in the reference en-
semble are known exactly, and therefore the accuracy of the
conformations in the reconstructed ensemble can be assessed
with great confidence (Figure 5, paths A and B). Once the
use of RDC as replica-averaged restraints in molecular dy-
namics simulations has been validated, experimental RDCs
can be used to drive the sampling of conformational space
and generate ensembles of conformations representing the
structural fluctuations of the molecules under observation
(Figure 5, path C).

Conformational sampling in the simulations

The extent of conformational sampling in the simulations
was initially verified by plotting the free energy landscapes

corresponding to the reference, unrestrained, and recon-
structed ensembles (Figure 6). Our results show that the refer-
ence ensemble, which was generated with the CHARMM27
force field, populates a region of conformational space dif-
ferent from that of the unrestrained simulations, which was
generated with the AMBER99bsc0 force field (Figure 6). By
contrast, the reconstructed ensemble, which was also obtained
using the AMBER99bsc0 force field, samples a region of the
conformational space similar to that of the reference ensem-
ble, despite the fact that the latter was generated using the
CHARMM27 force field, thus showing the effects of the re-
straints on the sampling (Figure 6).

The three ensembles were analysed in order to identify
possible structural deformations resulting from the use of the
restraints. We considered the distribution of parameters spe-
cific of nucleic acids, including dihedral angles (Fig. S1),65

helical parameters66 (Fig. S2),65 and H-bonding patterns
(Fig. S3).65 The dihedral angles and helical parameters were
calculated using a recent version of NUPARM67 and the H-
bond base pair patterns were calculated using 3DNA.68, 69

The results of these calculations suggest that the sampling in
all the ensembles is carried out without creating significant
structural distortions. This result is consistent with the recent
demonstration that the use of replica-averaged structural re-
straints in molecular dynamics simulations represents an ef-
fective way to generate structural ensembles consistent with
the maximum entropy principle.34–36 In this sense, the pro-
cedure involves the minimal possible alteration of the force
field that enables the experimental observations to be consis-
tent with the generated structures.

The convergence of the simulations for each ensemble
was verified by calculating the S scores between the con-
formations in the first and second halves of the trajectory
(Figure 7). For all the atom types considered, the S scores
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FIG. 6. Assessment of the extent of conformational sampling. Comparison
of the conformational space sampled by the reference, reconstructed, and un-
restrained ensembles (grey regions), as a function of the Euler angles β and
ζ . The starting structures (black dots) in the simulations are also shown. The
RMSD is calculated with respect to the 1ANR structure. The graphs illus-
trate that the CHARMM27 trajectory used to generate the reference ensem-
ble equilibrates to a population away from the state populated by the AM-
BER99bsc0 force field. By contrast, the reconstructed ensemble, which was
also obtained using the AMBER99bsc0 force field, samples a region of the
conformational space similar to that of the reference ensemble, which was
generated using the CHARMM27 force field, thus showing the effect of the
restrains on the sampling.

were between 0.09 and 0.11 for the reconstructed ensemble,
and between 0.10 and 0.13 for the unrestrained ensemble.
These S scores are comparable with those found in analogous
tests for proteins,26 and correspond to the statistical fluctua-
tions within an equilibrium ensemble.

Comparison of the Q factors of the unrestrained and
reconstructed ensembles

In order to further assess whether the use of restraints
helps in the reconstruction of the reference ensemble, we
compared the RDCs from the conformations in the recon-
structed and unrestrained ensembles using the Q factor.70–72

The Q factor (Eq. (4)) provides a normalised metric for agree-
ment between the reference RDCs (Dref) and the RDCs calcu-
lated from the reconstructed or unrestrained ensembles (Dcal):

Q =

√√√√√√√√

N∑
i=1

(
D

ref

i − Dcal
i

)2

N∑
i=1

(
D

ref

i

)2
. (4)

In these calculations, RDCs were back-calculated using the
structure-based method37, 38 described above (see Methods
section). The distribution of Q factors resulting from these
calculated RDCs indicates that the reconstructed ensemble
(red histograms, Figure 8) reproduces the RDCs of the ref-
erence ensemble better than the unrestrained ensemble (blue
histograms, Figure 8). This conclusion holds both for the set
of 56 RDCs (see Figure 4) used as restraints in the molecular
dynamics simulations (Figure 8(a)) and for the set of RDCs
corresponding to all the C–H, N–H, and C–N bonds in TAR
not used as restraints (Figure 8(b)). These results indicate that
the use of RDC restraints in the procedure that we describe in
this work enables one to determine ensembles of conforma-
tions with high accuracy.

Comparison of the structures of the unrestrained and
reconstructed ensembles

To assess whether the good agreement between the RDCs
of the reference and reconstructed ensembles also corre-
sponds to a better description of the conformational hetero-
geneity of the reference ensemble, we compared the global
and local orientations of TAR in the two ensembles. The TAR
global conformation can be described in terms of four
Euler angles73 (Figure 1). The distributions of these Euler an-
gles for the reference, reconstructed, as well as unrestrained
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bonds in TAR. These results show that both the RDCs that were restrained
and those that were not restrained are better reproduced in the reconstructed
ensemble than in the unrestrained ensemble.

ensembles (Figure 9) clearly show that although the recon-
structed and unrestrained ensembles are generated using the
same molecular dynamics protocol, the RDC restraints drive
the trajectory of the reconstructed ensemble towards the refer-
ence ensemble rather than following the sampling that would
result from the AMBER99bsc0 force field.

In order to further assess the similarity of the reference,
unrestrained, and reconstructed ensembles, in addition to the
nucleic acid statistics mentioned above (Figs. S1-S3),65 we
built a series of 29 × 29 S matrices26 (see Methods section).
The overall S scores for the S matrices corresponding to
different atom type contacts indicate that the reconstructed
ensemble is systematically closer to the reference ensemble
(between 1% and 25% depending on the atom type) than the
unrestrained ensemble (Figure 10(c)). For clarity, we show the
S matrices corresponding to pairs of P atoms (Figure 10(b))
and pairs of N3 atoms (Figure 10(c)) in the three ensembles.
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FIG. 10. Overall comparison of the interatomic distance distributions in the
reconstructed, unrestrained, and reference ensembles. (a) Representative dis-
tributions of the interatomic distances of P (or N3) in C19 and P (or N3) in
G32 in the three ensembles. (b) Representative S matrices of P (or N3) in
all the TAR residues. The upper part shows the S matrix for the unrestrained
ensemble and the lower part for the reconstructed ensemble. Yellow and red
colours indicate large differences between the reference and the unrestrained
and reconstructed ensembles, respectively. (c) Average S scores26 for all the
atoms in the unrestrained (blue) and reconstructed (red) ensembles.

As described in the Methods section, each element Sij of a
S matrix provides a measure of the distance distributions be-
tween atom pairs in two structural ensembles. We illustrate
these distributions for the two pairs of P and N3 atoms (Fig-
ure 10(a)) of C19 and G32.

In summary, we have found that there are differences
between the structural ensembles of TAR generated from
the AMBER99bsc0 and CHARMM27 force fields. Our re-
sults show that the use of RDC restraints reduces these dif-
ferences by providing a reconstructed ensemble closer to
the reference (CHARMM27) ensemble than the unrestrained
(AMBER99bsc0) one.

CONCLUSIONS

We have shown that the use of replica-averaged structure-
based RDC restraints in molecular dynamics simulations of
RNA molecules generates a bias in the sampling that directs
the trajectories towards the region of conformational space
compatible with the RDCs themselves. Our findings indicate
that by exploiting such a bias, even relatively short simula-
tions are sufficient to determine an ensemble of conforma-
tions that reproduces rather closely the structural features of
a given reference ensemble. Taken together, the results that
we have presented indicate that the use of RDCs as replica-
averaged structural restraints in molecular dynamics simula-
tions represents a promising strategy to calculate ensembles
of structures representing the conformational fluctuations of
RNA molecules.
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