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Abstract

Restrained and unrestrained aqueous solution molecular dynamics simulations applying the particle mesh
Ewald (PME) method to DNA duplex structures previously determined via in vacuo restrained molecu-
lar dynamics with NMR-derived restraints are reported. Without experimental restraints, the DNA decamer,
d(CATTTGCATC)·d(GATGCAAATG) and trisdecamer, d(AGCTTGCCTTGAG)·d(CTCAAGGCAAGCT), struc-
tures are stable on the nanosecond time scale and adopt conformations in the B-DNA family. These free DNA
simulations exhibit behavior characteristic of PME simulations previously performed on DNA sequences, including
a low helical twist, frequent sugar pucker transitions, BI-BII (ε − ζ) transitions and coupled crankshaft(α − γ)

motion. Refinement protocols similar to the original in vacuo restrained molecular dynamics (RMD) refinements
but in aqueous solution using the Cornell et al. force field [Cornell et al. (1995)J. Am. Chem. Soc., 117, 5179–5197]
and a particle mesh Ewald treatment produce structures which fit the restraints very well and are very similar to the
original in vacuo NMR structure, except for a significant difference in the average helical twist. Figures of merit
for the average structure found in the RMD PME decamer simulations in solution are equivalent to the original in
vacuo NMR structure while the figures of merit for the free MD simulations are significantly higher. The free MD
simulations with the PME method, however, lead to some sequence-dependent structural features in common with
the NMR structures, unlike free MD calculations with earlier force fields and protocols. There is some suggestion
that the improved handling of electrostatics by PME improves long-range structural aspects which are not well
defined by the short-range nature of NMR restraints.

Abbreviations:NOE, nuclear Overhauser effect; MD, molecular dynamics; RMD, restrained MD; PME, Particle
Mesh Ewald; rmsd, root-mean-square deviation.

Introduction

Improving the resolution of the structure of DNA in
solution is a major challenge which requires both ex-
perimental data and theoretical modeling. It has long
been recognized that solvent conditions profoundly in-
fluence the structure of DNA (Franklin et al., 1953)
and that the specific sequence can also play a role
in the structure and deformability of nucleic acids

∗To whom correspondence should be addressed.

in solution (Wang et al., 1979). Static structure and
dynamic deformability properties of DNA have im-
portant implications for recognition by proteins in
biological processes such as transcription, as well as
packaging and damage repair and may have appli-
cations in drug design and gene therapy. Therefore,
correctly representing the structure of DNA in solution
is paramount if understanding of these processes at a
molecular level is to be achieved.
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Defining the atomic level structure of DNA in so-
lution to adequate resolution has been difficult. NMR
is the principal method for determining high reso-
lution solution structures of DNA. However, NOE
intensities can only be observed for interproton pair
distances up to 5–6 Å, limiting our ability to define
global DNA structure accurately beyond the base pair
or base step level. Additionally, overlap of protons in
the NOESY spectrum and poor signal-to-noise ratio
can lead to the absence of data. Of the approximately
2000 interproton pairs with distances less than 6 Å in
a canonical B-DNA decamer, we can expect to ob-
serve only about 400–500, with a precision of about
0.25–1 Å. In addition, due to molecular motion in
solvated DNA, NOESY intensities are subject to av-
eraging which complicates the process of determining
accurate distances (Ulyanov et al., 1995).

For these reasons, structures based on NMR data
must include explicit a priori knowledge of chemi-
cal structure. Normally, this information is present in
the form of a force field, including explicit parame-
ters for the bond lengths, bond angles and dihedral
angles, as well as atomic charges and van der Waals
parameters for the system being studied. Typically, a
published DNA structure results from refinement of a
starting model by in vacuo restrained molecular dy-
namics (RMD) using a particular force field. In this
case, the chemical structure is maintained by the force
field, while the specific tertiary conformation of the
molecule is achieved by means of interproton distance
and torsion angle restraints (derived from NOE in-
tensities and COSY coupling constants, respectively)
added to the force field (Schmitz et al., 1995).

Because DNA is a highly charged biomolecule, ac-
curate unrestrained molecular simulations of duplexes
have been very hard to generate. Consistent improve-
ment of methodology (Beveridge et al., 1994) has
improved the quality of simulations, but obtaining sta-
ble trajectories for long time periods (> 1 ns) has been
very difficult. Recently (Darden et al., 1993; York
et al., 1993), a promising technique, particle mesh
Ewald, was developed. The PME method computes
a full representation of the electrostatic interactions
for a periodic lattice using screened real space sums
and Fourier transforms to evaluate the reciprocal space
interactions, providing an alternate method for com-
puting long-range electrostatics in nucleic acid simu-
lations. Its application has led to stable nucleic acid
dynamics trajectories of 1 ns and longer (Cheatham
et al., 1995; Louise-May et al., 1996), without need
for artificial restraints. Use of PME with the Cor-

nell et al. (1995) force field has been validated by
impressive results reproducing many of the known
conformational features of solvated DNA. Simulations
using unrestrained PME starting from canonical B and
canonical A form DNA converge to structures very
similar to experimental crystal structures, reproduc-
ing sequence-specific properties such as roll and tilt
(Cheatham et al., 1996).

To determine whether these advances in force
field and simulation methodologies could increase
the quality of DNA structures determined by
NMR, we examined the effect of PME molec-
ular dynamics simulations on a DNA decamer,
d(CATTTGCATC)·(GATGCAAAATG), and a trisde-
camer, d(ACGTTGCCTTGAG)·d(CTCAAGGCAAC
GT), both free and restrained by NMR data, and
compared the results with the in vacuo RMD simula-
tions used in the originally refined structures (Mujeeb
et al., 1993; Weisz et al., 1992, 1994). These se-
quences were chosen since they represent some of the
highest resolution NMR structures refined in our lab-
oratory. Unrestrained and restrained simulations have
been carried out, and the resulting ensembles obtained
from both types of simulations have been analyzed to
whether more accurate structures are found using the
improved methodology.

Methods

Decamer setup and equilibration

A total of five different MD simulations using the
Cornell et al. (1995) force field with PME have been
performed on the DNA decamer using the AMBER
4.1 and AMBER 5.0 suite of programs (Pearlman et
al., 1995). One long unrestrained MD run was carried
out for 2 ns. Following this, restrained PME simu-
lations starting from four different starting structures
were carried out for 100 ps each, using the distance
and torsion angle restraints of the original in vacuo
NMR refinements.

DNA decamer solvation and equilibration
A rectangular periodic box containing TIP3P water
and 18 sodium counterions was constructed using the
AMBER EDIT module to solvate and neutralize the
originally refined NMR DNA structure. The water box
extended approximately 10 Å away from any solute
atom, yielding approximately 3000 water molecules
with a box size of 52 Å by 44 Å by 45 Å, giving an ap-
proximate concentration of 16 mM DNA and 270 mM



121

sodium. PME simulations were run with SHAKE on
hydrogens (tolerance= 0.0005 Å), a 1 fs time step,
a temperature of 300 K with Berendsen temperature
coupling (Berendsen et al., 1984) with solvent and
solute coupled to a common bath, a 9 Å cutoff applied
to Lennard-Jones interactions in PME, and constant
pressure with pressure scaling (tauT = 0.2 ps, tauP =
0.2 ps). The nonbonded list was updated every 10
steps. The PME charge grid spacing was approxi-
mately 1.0 Å, and the charge grid was interpolated
with a cubic B-spline (Essman et al., 1995).

Water and solute equilibration was performed by
minimizing the water and counterions for 2500 steps
while holding the DNA fixed to its initial atomic coor-
dinates (the original in vacuo NMR structure). Next,
25 ps of non-PME dynamics were run, raising the
temperature of the system from 100 K to 300 K while
holding the DNA fixed to its atomic coordinates. Then,
1000 steps of minimization were applied, allowing
the water and counterions to move freely while the
DNA was restrained to its atomic coordinates using
a harmonic potential of 25 kcal/mol. Following this,
10 ps of non-PME dynamics were run, allowing the
water and counterions to move freely while restraining
the DNA with a 1000 kcal/mol harmonic potential.
Next, five consecutive 2000-step minimizations were
performed, decreasing the harmonic potential from 20
to 0 kcal/mol in 5 kcal/mol steps. As a final equilibra-
tion step, a 3 ps PME dynamics run with no restraints
on DNA, counterions or water, warmed the system
from 100 K to 300 K. At this point the system was
considered to be equilibrated, and production runs at
300K were initiated. As a control for the PME force
field, a long (2 ns) free PME simulation was run. The
free PME simulation, referred to as fPME in this pa-
per, remained stable and exhibited structural behavior
similar to previously published DNA free PME sim-
ulations (Cheatham et al., 1996, 1998; Young et al.,
1997). The rmsd (all atom, mass-weighted) of the av-
erage structure to the initial in vacuo refined NMR
structure is 3.23 Å (Table 1), the average twist of the
molecule is 29◦, roll is positive, inclination is slightly
negative, and has an average pseudorotation value near
120◦ (Table 2).

Original DNA decamer refinement in vacuo

The original in vacuo NMR refinement is described
in detail in Weisz et al. (1994). Following 20 ps of
RMD refinement with a 1 fs timestep at 300 K, the
restraint-minimized structure was submitted to 100 ps

of in vacuo RMD, generating the trajectory referred to
as ivRMD in this paper.

DNA decamer refinement using PME
For the DNA decamer, four independent 100 ps re-
strained PME molecular dynamics runs were per-
formed. The restraint force field utilized was kdist =
20 kcal/(mol Å2) for distance restraints and ktors =
60 kcal/(mol rad2) for torsion angle restraints. The
restraint set used was identical to the original NMR
restraint set: 100 torsion angle restraints, 398 distance
restraints, and 48 additional Watson–Crick hydrogen
bond restraints to maintain base pairing. The hydro-
gen bond flat angle restraints were 10 kcal/(mol rad2)
and the distance restraints were 18 kcal/(mol A2).
These hydrogen bond restraints were maintained for
consistency with the initial refinement. The four start-
ing structures for the runs corresponded to the initial
and final frames of the unrestrained PME simulation,
canonical A-DNA and canonical B-DNA. These sim-
ulations are referred to as RMDI, RMDF, RMDA
and RMDB. The starting structures from the free
PME simulation were already equilibrated in solvent,
while the canonical A and B forms were solvated
and equilibrated using the method described above for
equilibrating the original NMR structure.

Velocities were assigned from a Maxwellian dis-
tribution to give a temperature of 300 K. The re-
straints were identical to those used in the original in
vacuo NMR refinement. The restraint protocol is as
follows: after an initial unrestrained PME dynamics
equilibration period of 10 ps, the distance restraint
forces were ramped from kdist = 1 kcal/(mol Å2) to
20 kcal/(mol Å2) and torsion angle restraint forces
were ramped from ktors = 3 kcal/(mol rad2) to
60 kcal/(mol rad2). The target temperature remained
constant at 300 K throughout the restrained portion of
the simulation. This protocol is similar to the original
NMR refinements but had a duration of 100 ps instead
of 20 ps.

Analysis of decamer simulation trajectories
For each simulation, a representative ensemble com-
prising the final 50 ps at 1 ps intervals of the simula-
tion, and the corresponding average structure over this
range, were chosen to represent the structure and al-
low direct comparison between the simulations. These
subsets were used to eliminate bias from the early
sections of the trajectories, which were close to the
starting structure, and to select the same number of
samples from each simulation.
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Table 1. Rms deviations between pairs of average structures from the free PME, restrained
PME, and in vacuo decamer simulations. Rms deviations between pairs of coordinate averaged
structures of the decamer. Lower left is all-atom mass-weighted rms, upper right is the inner
octamer mass-weighted rms

fPMEa RMDI RMDF RMDA RMDB ivRMD Adna Bdna

fPME 1.78 1.75 1.89 2.01 2.89 2.56 3.65

RMDI 2.04 0.24 0.61 0.78 1.23 2.75 2.79

RMDF 2.02 0.25 0.60 0.76 1.28 2.73 2.82

RMDA 2.19 0.62 0.60 0.86 1.41 2.73 2.86

RMDB 2.27 0.88 0.83 0.95 1.39 2.91 2.59

ivRMD 3.23 1.35 1.39 1.46 1.58 3.18 2.68

Adna 2.87 3.23 3.22 3.25 3.40 3.73 4.73

Bdna 4.23 3.14 3.16 3.24 2.96 2.96 5.59

aAcronyms used in Tables 1, 2 and 5: fPME: 2 nsec free PME simulation of decamer DNA;
RMDI: RMD PME starting from the initial free PME conformation; RMDF: RMD PME
starting from the final free PME conformation; RMDA: RMD PME starting from canonical
A form; RMDB: RMD PME starting from canonical B form; IvRMD: RMD in vacuo (original
NMR simulation); Adna: A-DNA; Bdna: B-DNA.

To describe the conformational space sampled in
the simulations, the backbone torsion angles and heli-
cal parameters of the DNA structures were calculated
using the Dials and Windows (Ravishanker et al.,
1989) interface to Curves (Lavery et al., 1989). The
parameters were computed for each structure in an
ensemble, then arithmetically averaged. The results
of the average of the parameters is more informative
than parameters calculated from the average structure,
because coordinate averaging is subject to motion ar-
tifacts and, with the ensemble, a statistical distribution
of values is obtained rather than a single value.

The quality of fit of structures compared to the
experimental data was calculated using a sixth-root-
weighted R-factor, Rx (James, 1991). The calculation
of the Rx factor used the experimental NOESY inten-
sities with a mixing time of 140 ms and a correlation
time of 2 ns. The experimental NOESY intensities
were available for the decamer but not the trisdecamer,
so Rx has not been calculated for the trisdecamer
simulations.

For the calculation of structural energy and fig-
ures of merit, the sampling ensembles were used.
Energies of structures from the simulations were com-
puted using AMBER 5.0 with the Cornell et al. force
field applied to water- and counterion-stripped sam-
ple frames. No electrostatic cutoff was applied, and
a distance-dependent dielectric with a dielectric con-
stant of 4 was used to represent crudely the dielectric
screening by bulk solvent. Energies of the individual
members of the sampling ensembles were computed,
then arithmetically averaged. The coordinate-average

structures were computed by averaging the trajectory
subsets described above. Following this averaging,
the rmsd of all atoms with mass weighting was com-
puted for pairs of structures. The CARNAL module
of AMBER 4.1 was used for coordinate averaging and
computing rmsd.

Trisdecamer setup and equilibration

A series of different MD simulations using the Cor-
nell et al. force field and PME (Cornell et al., 1995)
have been performed on the DNA trisdecamer using
the AMBER 4.1 and AMBER 5.0 suite of programs.
One long unrestrained MD simulation using the PME
force field was carried out for 1 ns, and will be referred
to as fPME. As with the decamer fPME simulation, the
trisdecamer simulation exhibited the same structural
properties as previously published free PME simula-
tions of duplex DNA. rmsd (all-atom, mass-weighted)
to the initial in vacuo refined NMR structure is 3.17 Å
(Table 3), the average twist of the molecule is 30◦, roll
is positive, the molecule has a slightly negative incli-
nation and an average pseudorotation value near 120◦
(Table 4). Following this, restrained PME simulations
starting from four different starting structures (two
canonical A-DNA and two canonical B-DNA form
DNAs), each with a different random number seed,
were carried out for 250 ps each using the distance and
torsion angle restraints of the original in vacuo NMR
refinements. These simulations will be referred to as
RMDA1, RMDA2, RMDB1 and RMDB2. The PME
equilibration was essentially the same as the decamer
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Table 2. Average helical parameters and backbone angles of decamer simulation ensembles. Standard
angle and helical values averaged over residues, base pairs, or base pair steps (where appropriate) for
the decamer structures specified. Average values were calculated by arithmetically averaging the val-
ues calculated for the individual structures within each sampling ensemble. Standard deviations are
parenthesized

fPMEa RMDI RMDF RMDA RMDB ivRMD

Shear 0.0(0.2) 0.1(0.1) 0.0(0.1) 0.0(0.1) 0.0(0.1) 0.1(0.1)

Stretch 0.2(0.1) −0.1(0.1) −0.1(0.1) −0.1(0.1) −0.1(0.0) −0.3(0.1)

Stagger −0.2(0.2) −0.1(0.1) −0.1(0.1) −0.1(0.2) −0.1(0.1) 0.0(0.1)

Buckle −0.8(4.5) −2.1(3.3) −2.2(2.4) −1.7(2.9) −2.1(2.7) −5.0(3.0)

Propeller −11.8(3.4) −12.4(3.2) −11.9(3.1) −12.5(2.7) −11.4(2.8) −18.4(3.2)

Opening 3.8(2.3) −0.5(1.7) −0.7(1.5) −0.2(1.6) −2.1(1.5) −5.9(1.7)

Shift −0.0(0.1) −0.1(0.1) −0.1(0.1) −0.1(0.1) −0.1(0.1) −0.1(0.0)

Slide −0.2(0.1) −0.2(0.1) −0.2(0.1) −0.2(0.1) −0.3(0.0) −0.2(0.0)

Rise 3.3(0.2) 3.2(0.1) 3.2(0.1) 3.1(0.1) 3.2(0.1) 3.1(0.0)

Tilt 0.5(1.9) 1.3(1.2) 0.8(1.2) 1.2(1.1) 0.8(1.0) 1.0(0.9)

Roll 7.4(2.7) 1.9(1.5) 2.0(1.6) 1.0(1.5) 3.8(1.3) 1.0(1.4)

Twist 29.0(1.2) 33.1(0.5) 32.8(0.6) 32.9(0.6) 33.0(0.5) 36.3(0.6)

X Disp. −1.9(0.8) −1.9(0.3) −1.8(0.3) −2.0(0.3) −1.3(0.2) −1.6(0.2)

Y Disp. −0.0(0.5) −0.4(0.2) −0.4(0.3) −0.4(0.2) −0.5(0.2) −0.4(0.2)

Inclination −4.8(6.2) 4.1(2.6) 4.0(2.4) 5.7(2.6) −0.0(2.2) 6.3(2.3)

Tip −0.6(3.8) 1.4(2.1) 1.5(2.4) 1.5(2.0) 0.5(1.9) 1.2(1.7)

Axis X Disp. −0.0(0.1) −0.0(0.0) −0.0(0.0) −0.0(0.0) 0.0(0.0) −0.0(0.0)

Axis Y Disp. −0.1(0.0) −0.1(0.0) −0.1(0.0) −0.1(0.0) −0.1(0.0) −0.1(0.0)

Axis inc. 0.5(1.3) 0.8(0.8) 0.7(0.9) 0.9(0.8) −0.2(0.7) 0.4(0.7)

Axis tip 6.4(2.2) 1.9(1.0) 2.1(1.2) 1.5(1.1) 3.4(0.8) 1.5(1.0)

delta 110.7(3.3) 114.1(1.4) 113.7(1.5) 113.3(1.6) 113.2(1.9) 117.6(1.6)

epsilon 178.8(3.0) 172.3(1.6) 172.8(1.7) 172.0(1.5) 172.4(1.8) 171.3(1.5)

zeta 254.9(3.7) 256.1(1.7) 255.9(1.6) 256.4(1.6) 256.4(1.9) 255.4(1.9)

alpha 264.9(1.8) 267.0(2.5) 267.5(2.2) 277.9(1.7) 277.3(2.1) 262.8(2.9)

beta 162.5(2.7) 164.3(2.0) 164.0(1.8) 163.0(1.7) 163.2(1.5) 165.1(1.5)

gamma 61.2(2.1) 57.0(2.0) 56.8(1.7) 48.5(1.7) 48.4(1.5) 61.9(2.4)

chi 229.9(2.7) 236.8(1.8) 236.8(1.7) 237.3(2.0) 237.0(1.6) 237.3(1.6)

Pucker 114.8(9.5) 129.6(1.4) 129.3(1.4) 129.1(1.9) 128.8(1.7) 131.9(1.6)

Amplitude 40.6(1.4) 32.2(0.7) 32.2(0.9) 32.3(0.9) 32.4(0.6) 32.3(0.7)

aAcronyms are explained in the footnote to Table 1.

simulation, except in the case of the restrained simula-
tions, the first 25 ps involved non-PME dynamics and
were followed by 25 ps of PME dynamics with the
DNA held fixed in both cases before PME production
dynamics. In the production dynamics, the restraint
force constants were kdist = 20.0 kcal/(mol Å2) and
ktors = 60.0 kcal/(mol rad2). The restraints were
ramped up smoothly to 1/4 strength during the first 2–
10 ps, followed by ramping to full strength over the
next 10 ps. The time step was 2 fs. Similarly, in the
absence of artificial hydrogen bond restraints, it is nec-
essary to ramp up the restraint force constants slowly
since otherwise the structure may rapidly distort (e.g.,

by breaking base pairs) in order to instantaneously
satisfy the restraints.

Analysis of trisdecamer simulation trajectories

In each case, a representative ensemble comprising the
final 50 ps at 1 ps intervals of the simulation and the
corresponding average structure over this range was
chosen to represent the structure and allow direct com-
parison between the simulations. The conformational
properties of the trisdecamer ensembles were calcu-
lated using Dials and Windows, and the energetics and
quality of fit factors were computed using AMBER
5.0, in the same manner as for the decamer ensembles.
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Table 3. Rms deviations between pairs of average structures from the free PME,
restrained PME, and in vacuo trisdecamer simulations. Lower left is all-atom
mass-weighted, upper right is the inner decamer

fPME ivRMD RMDA1 RMDA2 RMDB1 RMDB2

fPME 2.83 3.28 3.03 2.10 1.78

ivRMD 3.17 2.90 2.42 1.48 1.85

RMDA1 3.43 3.30 0.79 2.79 3.15

RMDA2 3.15 2.76 0.92 2.37 2.79

RMDB1 2.21 1.70 2.94 2.43 0.68

RMDB2 1.89 2.10 3.26 2.84 0.72

aAcronyms used in Tables 3, 4 and 6: fPME: 1 nsec free PME simulation of trisde-
camer DNA; ivRMD: Original NMR structure; RMDA1: RMD PME starting from
A-DNA conformation; RMDA2: RMD PME starting from A-DNA conformation;
RMDB1: RMD PME starting from B-DNA conformation; RMDB2: RMD PME
starting from B-DNA conformation.

Simulation details

The decamer and trisdecamer simulations were run us-
ing the Sander module of AMBER 4.1 and 5.0 on the
Cray T3D and T3E at the San Diego Supercomputer
Center, Pittsburgh Supercomputer Center and local
computers.

Results

Unrestrained and restrained PME simulations were
run for both the DNA decamer, d(CATTTGCATC)·
d(GATGCAAATG), and trisdecamer, d(AGCTTG
CCTTGAG)·d(CTCAAGGCAAGCT). These sequen-
ces have been well defined by NMR data, with a
high number of restraints per residue. The decamer
has nearly 20 distance restraints per residue, which
are derived from the cross-relaxation matrix MARDI-
GRAS analysis of the NOE intensities. The MARDI-
GRAS bounds are extremely tight; the average flat-
well width over all distance restraints was 0.25 Å. The
tightness of the bounds is due to the MARDIGRAS
technique. A newer method for determining distance
bounds from NOE intensities, RANDMARDI (Liu et
al., 1995), would produce wider bounds which better
represented the inherent imprecision of the intensities.
However, the original distance bounds were used to
maintain consistency with the original refinement. The
trisdecamer has approximately 10 distance restraints
per residue. The results of both the decamer and
trisdecamer simulations demonstrate similar general
trends between the free and restrained simulations; for
brevity, we will focus first on the results of the de-

camer simulations in depth, then compare these with
the trisdecamer simulations.

Decamer simulations

Comparison of energies and goodness of fit between
unrestrained PME, restrained PME, and restrained in
vacuo structures
As described in the Methods, the structural energy and
goodness of fit were computed for sampling periods
from the MD simulations. Instead of computing the
structural energy and fit of the average structures, we
have computed the average structural energy and fit
from the sample structures making up the ensemble.
There is a distinct advantage in computing the average
energy of these samples from an ensemble in that the
conformational energy is not artificially high due to
the coordinate averaging process. Dynamic processes
in the simulation, such as backbone torsion angle fluc-
tuations, helix axis flexibility, and methyl rotation lead
to anomalously high bond and angle energies upon
straight coordinate averaging. Minimization is neces-
sary to eliminate these artifacts but will only move the
structure to a nearby local energy minimum. The lo-
cal energy minimum may not correspond to the global
minimum sought by RMD simulation. Therefore it is
not very informative to compare the structural ener-
gies of minimized average structures generated from
different ensembles. Even in the best case, where the
dynamics represent fluctuations around a single mean
rather than transitions between conformationally ac-
cessible substates, these energies are not particularly
informative.

Average energies computed from the simulations
are illuminating. The free PME simulation has a
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Table 4. Average helical parameters and backbone angles of trisdecamer simulation ensembles. Standard
angle and helical values averaged over residues, base pairs, or base pair steps (where appropriate) for
the trisdecamer structures specified. Average values were calculated by arithmetically averaging the
values calculated for the individual structures within each sampling ensemble. Standard deviations are
parenthesized. The ivRMD standard deviations are zero because it is only a single structure

fPME ivRMD RMDA1 RMDA2 RMDB1 RMDB2

Shear −0.0(0.1) −0.0(0.0) −0.0(0.1) −0.1(0.1) −0.1(0.1) −0.2(0.1)

Stretch 0.1(0.1) −0.2(0.0) −0.0(0.2) 0.1(0.1) 0.0(0.1) 0.0(0.1)

Stagger −0.2(0.1) 0.1(0.0) −0.1(0.1) −0.1(0.2) 0.0(0.1) −0.1(0.2)

Buckle −0.1(3.8) 0.6(0.0) −9.4(2.4) −9.4(3.3) −2.4(3.1) −0.3(2.8)

Propeller −5.8(3.8) −18.3(0.0) −3.2(3.8) −5.8(2.7) −10.6(3.2) −10.7(3.5)

Opening 2.1(1.9) −4.4(0.0) −1.6(2.3) −0.8(1.8) −2.7(1.7) −2.2(1.6)

Shift −0.1(0.1) −0.0(0.0) 0.2(0.1) 0.1(0.1) 0.0(0.1) 0.0(0.1)

Slide −0.2(0.1) 0.0(0.0) −0.1(0.1) −0.1(0.1) −0.1(0.1) −0.1(0.1)

Rise 3.6(0.1) 3.1(0.0) 3.1(0.1) 3.1(0.1) 3.3(0.1) 3.3(0.1)

Tilt 0.6(1.8) 1.4(0.0) −1.5(1.6) 0.2(1.2) 0.4(1.3) 0.4(1.3)

Roll 8.5(1.7) 3.0(0.0) 4.0(2.3) 2.7(2.0) 4.2(1.4) 4.4(1.4)

Twist 30.2(0.6) 34.3(0.0) 32.7(0.9) 33.6(0.7) 33.4(0.6) 32.8(0.6)

X Disp. −1.2(0.4) −2.4(0.0) −3.1(0.4) −3.2(0.4) −1.9(0.3) −1.8(0.3)

Y Disp. −0.1(0.4) −0.4(0.0) 0.5(0.5) 0.1(0.3) −0.2(0.3) −0.2(0.3)

Inclination −9.3(3.1) 6.3(0.0) 20.1(4.0) 21.0(3.6) 3.9(2.7) 1.0(2.9)

Tip 1.8(2.7) 0.6(0.0) −6.9(3.6) −3.7(3.0) −2.2(2.4) −2.2(2.0)

Axis X Disp. −0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0) −0.0(0.0)

Axis Y Disp. −0.1(0.0) −0.0(0.0) −0.1(0.0) −0.1(0.0) −0.1(0.0) −0.1(0.0)

Axis inc. −0.6(1.1) 0.3(0.0) −1.8(1.0) −0.5(1.0) −0.3(1.0) −0.2(1.0)

Axis tip 7.2(1.3) 2.2(0.0) 5.2(1.9) 3.5(1.6) 3.9(1.0) 3.8(1.1)

delta 114.2(2.7) 117.4(0.0) 118.7(1.3) 119.2(1.5) 119.0(1.3) 118.6(1.7)

epsilon 198.4(2.5) 178.5(0.0) 198.5(1.9) 199.2(2.0) 186.5(1.6) 185.7(1.7)

zeta 259.1(3.4) 272.1(0.0) 254.9(2.1) 256.3(1.8) 267.1(1.7) 267.3(1.9)

alpha 280.8(1.7) 291.7(0.0) 286.7(7.7) 291.2(1.9) 292.0(1.8) 294.0(2.3)

beta 171.2(2.1) 180.8(0.0) 170.3(3.3) 172.0(1.6) 176.4(1.5) 177.3(1.6)

gamma 62.3(1.7) 54.0(0.0) 43.4(2.9) 44.0(2.8) 50.7(1.6) 49.2(2.0)

chi 231.9(2.9) 244.7(0.0) 257.2(1.9) 255.3(1.8) 245.1(2.0) 244.2(2.3)

Pucker 117.8(5.8) 138.5(0.0) 141.9(1.8) 142.4(2.0) 141.7(1.5) 141.4(1.5)

Amplitude 40.4(1.3) 29.1(0.0) 28.6(0.8) 28.5(0.9) 28.8(0.8) 28.9(0.8)

aAcronyms are explained in the footnote to Table 3.

Table 5. Energies and statistics of fit for decamer simulation structures

ivRMDa RMDI RMDF RMDA RMDB free PME

Eamber 582.90 543.79 554.59 551.68 544.93 439.76

Econst 284.87 283.03 299.69 284.66 283.87 2396.33

AVDB 0.15 0.14 0.15 0.14 0.14 0.39

Rx 0.06 0.06 0.06 0.06 0.06 0.13

aAcronyms are explained in the footnote to Table 1.

slightly lower conformational energy (439 kcal/mol
vs. 540–580 kcal/mol, where conformation energy
is the sum of bond length, angle, dihedral and non-
bonded terms) (Table 5) than the restrained simula-

tions, which makes sense because the restraints tend
to move the structure simulations away from the ideal-
ized, lower conformational energy structure preferred
by the force field in an effort to minimize the artificial
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restraint energy. It is quite reasonable that the con-
straint energy of the free PME structure is significantly
higher than the constraint energy of the restrained
runs (2396 kcal/mol vs. about 280–290 kcal/mol), and
the Rx, 0.13, is much higher than for the original in
vacuo RMD structure (0.06). An Rx of 0.13 is ap-
proximately the same canonical A- (0.16) or B-DNA
(approximately 0.11), essentially a non-fit to the data.
Comparing the in vacuo RMD energies with the RMD
PME energies, we see that virtually the same Eamber
and Econstvalues, as well as AVDB and Rx, are found
for both types of restrained simulations.

No matter which type of fit we use to compare the
free MD with the RMD runs, a clear trend exists: the
free MD structures do not fit the data nearly as well as
the RMD runs. What is surprising is that all the RMD
runs, in vacuo or solvent/PME, have the same quality
of fit, independent of the force field and whether ex-
plicit solvent is included. Given the dissimilarity of the
magnitude of twist (vide infra) between the in vacuo
run and the restrained PME runs, this demonstrates
that the quality of fit is not adequate to distinguish
the absolute value of twist between the two structures.
However, the restraints are still sufficient to determine
the relative value of twists between base steps. This
is rationalized by the fact that NOEs are short range,
never giving direct information beyond the base pair
or base step. Nevertheless, if short-range distances
are determined with sufficient precision and combined
with a sophisticated force field, which accurately rep-
resents the long-range features of the molecule, the
global structure of the DNA should be accurately
defined.

Restrained PME molecular dynamics compared to
restrained in vacuo molecular dynamics: Comparison
of time-averaged helical and pseudorotation
parameters
The restrained PME simulations agree well with the
restrained in vacuo simulation when helical parame-
ters are compared (Figure 1). This demonstrates that
the restraints act independently of the force field to
determine sequence-specific variations in helical pa-
rameters. While all the different RMD PME runs
converge to identical structures, ranging between 0.25
and 0.95 Å (all atoms, mass-weighted pairwise rmsd
between average structures from the sampling ensem-
bles) as shown in Table 1, the RMD PME runs do
not find precisely the same structure as the original
in vacuo RMD simulation structure (rmsd ranging
between 1.3 and 1.6 Å).
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Figure 1. Average of helical parameters and backbone angles over
the ensemble structures from the original in vacuo RMD, free PME
and PME RMD simulations calculated with the Dials and Windows
interface to Curves. Parameters were calculated for individual struc-
tures taken from the sampling ensembles of the trajectories, and then
arithmetically averaged. The x-axis represents the base position in
the sequence and the y-axis is the parameter value. Parameters in
Å are marked (A) and parameters in degrees are marked (D). The
lines are colored as follows: Free PME (black), ivRMD (red), RMDI
(green), RMDF (blue), RMDA (yellow), RMDB (brown). Vertical
bars represent the standard deviation for the free PME simulation.

Despite the agreement in helical parameters, we
are not confident that 100 ps simulations using this
protocol represent adequate sampling; for example,
the unusualα-γ conformation at the T5pG6 step seen
in the free PME simulation is reproduced only in the
RMD simulations which started from the PME or in
vacuo structures which had that conformation initially.
The RMD simulations started from canonical A-DNA
and B-DNA, which do not have thatα-γ conforma-
tion, do not converge to the unusualα-γ conformation
in the 100 ps refinement. Moreover, careful inspec-
tion of backbone angle and helical parameters shows
RMD simulations starting from A and B tend to cluster
together and simulations starting from the in vacuo
or free PME cluster together. The lack of complete
agreement suggests incomplete sampling. This clus-
tering effect is most noticeable in theχ angle at the
G6 base and may represent a correlation between the
α-γ conformation and theχ angle at that step. Ad-
mittedly, the backbone of DNA is really not defined
by NMR restraints, with neither theα nor γ torsions
being measured by COSY. Moreover, the barriers to
rotation around these dihedral angles are likely large
enough to preclude observing transitions during short
simulations, so this probably represents a sampling
problem with MD which is exacerbated by restraints
which further inhibit sampling and by the presence
of explicit water which slows the dynamics. All of
these observations suggest the need for longer re-
strained simulations or a methodology which increases
conformational sampling by reducing energy barriers.

In spite of the lack of complete convergence, mag-
nitude and sequence-specific variations of roll and
tilt, as well as pseudorotation, are nearly identical
between the PME and in vacuo RMD simulations.
X-displacement, inclination and other helical para-
meters are in excellent agreement in both magnitude
and sequence-specific variation as well (Figure 1), al-
though some solvated simulations do not converge as
well as others. This lack of convergence also suggests

that 100 ps RMD simulations are not long enough
to adequately allow the transition to the final RMD
structure. In free PME, the A to B DNA transition
takes approximately 250 to 500 ps; whereas in the
restrained simulations there is no repuckering and lim-
ited sampling, yet an A to B transition is enforced in
50 ps. Even with restraints, the energy barrier between
the starting structure and the correct solution structure
may be high enough that longer restrained simulations
will be necessary to find the global minimum energy.

While sequence-specific variations in twist are
maintained between PME and in vacuo restrained
structures, the magnitude differs. It appears to be
‘stuck’ at an average of 33◦ (Table 2), which is be-
tween the value favored by the free PME structure
(average= 29◦) and the restrained in vacuo struc-
ture (average= 36◦). This difference in magnitude
of twist is the primary contributor to the surprisingly
high atomic rmsd (1.3–1.6 Å) between RMD PME
and in vacuo RMD structures. Naturally the question
is raised why tilt and roll converge to values so close
to the original NMR structure while twist mirrors the
sequence-specific variations but not the actual magni-
tude. If one considers the influences of NMR restraints
and the force field on a DNA structure, the logical
explanation for this derives from the combination of
the lack of explicit twist-defining NMR data and the
underestimated twist with the Cornell et al. force field.
‘Local’ (base pair step) twist is poorly defined by the
NMR data, and the ‘global’ twist of the entire mole-
cule is primarily determined by the force field. Roll
and tilt components of base pair steps are very well
defined by NMR data, primarily due to the spatial
arrangement of NOESY distances between base pairs
in a step (Ulyanov et al., 1992). This is an important
aspect of DNA solution structure that has not been
fully addressed in the literature to date.

The equilibrium twist in the restrained PME run is
balanced between the value predicted by the free PME
simulation and the value predicted by the original re-
strained in vacuo simulation. Thus, the force field
used does play a significant role in defining the global
helical parameters, even when experimental distance
restraints are added. We note that the distance re-
straints, which never extend beyond a single base pair
or base step, are not necessarily violated when twist,
tilt, and roll are modulated. There are two reasons why
this is the case. First, NOE restraints are imprecise,
i.e., upper and lower bounds define acceptable values,
and so small changes in twist may not cause the NOE
restraints to be violated. Second, compensations for



128

large changes in twist by other parameters such as
slide and displacement can avoid strong violations of
the NOEs (Ulyanov et al., 1992). Thus, it is not un-
reasonable that we can expect the force field to exert
a significant influence on the average twist magnitude.
In spite of this, NMR data still have an important role
in determining sequence-specific variations from the
mean. It is hoped that with optimization of the Cornell
et al. force field to mend the low-twist bias, a more rea-
sonable representation of the twist in these structures
can be determined.

It is important to note that the RMD PME simu-
lations do have an average twist which is close to the
helical periodicity (10.6 bases per turn, twist= 34◦)
measured in solution using an independent enzymatic
method (Rhodes et al., 1980). Additionally, we note
that re-inspection of the original decamer NMR spec-
tra reveals the absence of a cross peak between methyl
hydrogens of bases T5 and T13. In the original in
vacuo RMD structure, the methyl hydrogens are close
enough (<6 Å) that a small peak should be observable.
In the free PME and RMD PME structures, the methyl
hydrogen distances are increased, due to the decreased
bending at the T5-A8 steps, in better agreement with
the spectra. While absence of a peak does not prove
there is no intermolecular contact, it suggests that the
original model may not be as accurate as the PME
RMD models. These two observations represent im-
portant validations of the Cornell et al. force field with
the PME method for use in NMR structure refinement.

Trisdecamer results: Comparison of in vacuo RMD
with free PME and RMD PME

In contrast to the straightforward RMD PME refine-
ments of the decamer, restrained simulations of the
trisdecamer from different starting structures did not
converge as readily to a common structure (Figure 2,
Tables 3 and 6). In part, this is due to the quality of the
restraints: there are fewer restraints per residue for the
trisdecamer, and bounds are not as precise. Addition-
ally, we found it necessary to add Watson–Crick hy-
drogen bond restraints to maintain base pairing during
the simulations starting from A-DNA, since without
these, the base pairs broke to instantaneously satisfy
the ‘B-DNA’ restraints while in an ‘A-DNA’ geometry.
The simulations were run for a longer period (250 ps
instead of 100 ps) and still had trouble converging:
the A-DNA simulations still have high inclination (ap-
proximately 20◦), although the x-displacement and
pseudorotation angles are compatible with the B-DNA
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Figure 2. Average of helical parameters and backbone angles over
the ensemble structures from the original in vacuo RMD structure,
free PME simulation and PME RMD simulations calculated with
the Dials and Windows interface to Curves. Parameters were calcu-
lated for individual structures taken from the sampling ensembles
of the trajectories, and then arithmetically averaged. The x-axis
represents the base position in the sequence and the y-axis is the
parameter value. Parameters in Å are marked (A) and parameters in
degrees are marked (D). The lines are colored as follows: Free PME
(black), RMDB4 (red), RMDA4 (green), ivRMD (blue). Vertical
bars represent the standard deviation for the free PME simulation.

simulations. The average structures from the simula-
tions starting from A-DNA are 2.76 to 3.3 Å from the
original NMR structure (Table 3), and the simulations
starting from B-DNA are 1.7 to 2.1 Å from the original
NMR structure, while the simulations starting from A-
DNA are 2.4 to 3.2 Å from the simulations starting
from B-DNA.

The difficulty of converging from A-DNA to B-
DNA, despite the longer simulation, is likely due to
difficulties in conformational sampling coupled with
lower quality restraints. Adding explicit water slows
conformational transitions, and spontaneous A-DNA
to B-DNA transitions in free PME require ca. 500 ps
(Cheatham et al., 1996). This time scale, coupled with
the inhibited sampling observed with the restraints,
suggests that longer simulation times are necessary
or alternative methods need to be applied to enhance
sampling.

Mirroring the trouble we had in obtaining con-
verged structures (vide supra), the goodness of fit of
the RMD PME structures starting from A-DNA does
not fit the NMR data as well as the B-DNA start simu-
lations or the originally determined in vacuo structure.
The ensemble average Econst for the A-DNA starting
structure simulations were above 700 kcal/mol, while
the B-DNA starting structure simulations were around
230 kcal/mol and the original in vacuo simulation
around 330 kcal/mol (Table 6).

Discussion and conclusions

We have shown that unrestrained MD simulations of
DNA sequences, which have previously been charac-
terized by NMR, are stable on the nanosecond time
scale using the Cornell et al. force field with PME.
However, the sampled structures are not fully consis-
tent with the NMR data. In contrast, the restrained
PME simulations converge to a common structure
even when different starting structures are used, and

the sequence-specific properties observed in the orig-
inal in vacuo RMD simulations are reproduced fairly
well, with the exception of helical twist. Unrestrained
simulations using PME with the Cornell et al. force
field have already been observed to show a lower twist
than experimental data imply, so the lower twist in
the RMD simulations is not surprising. Moreover, the
PME RMD simulations, which converge to a struc-
ture with much lower average helical twist from the
original in vacuo refinements, manifest nearly iden-
tical structural energies and figures of merit. This
shows that NOE intensities, even in well-determined
systems, cannot accurately define the magnitude of
helical twist. Dependence on an accurate force field is
therefore necessary in DNA structure refinement using
NMR data.

Commonly, NMR refinements will use restrained
MD with several different starting structures. Conver-
gence from several different starting structures to a
single common structure (usually measured by atomic
rmsd) is treated as a measure of precision, in that the
NMR data is sufficient to guide an RMD run to a single
structure which satisfies the restraints. In this work, we
used canonical A- and B-DNA forms as starting struc-
tures and measured whether convergence was reached.
Although excellent convergence was readily achieved
using the decamer data set and A-DNA and B-DNA
forms, the trisdecamer data set was not sufficient to
drive the A-DNA and B-DNA forms to the same final
structure under the simulation conditions employed.
In particular, the trisdecamer RMD simulation that
started from A-DNA still maintained significant A-
DNA conformational features such as x-displacement
and inclination. Additionally, theα andγ torsion an-
gles at step T5pG6 of the decamer do not converge
from the simulations started from the original NMR
structure conformation or the final PME conformation
to the more typical values seen for the rest of the se-
quence and those seen in the canonical A-DNA and
B-DNA simulations.

Normally, RMD refinement utilizes a simulated
annealing approach, where the temperature of the sim-
ulation is raised to high values along with the force
constants of the experimental restraints, followed by
a cooling period where temperature and restraints are
dropped significantly. This should help guide initial
structures over large energy barriers to a region near
the correct solution structure. Simulated annealing
is challenging to implement when full solvation and
periodic boundary conditions are used, since the com-
monly used water models were not parameterized for
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Table 6. Energies and statistics of fit for trisdecamer simulation structures

ivRMDa A1 A2 B1 B2 fPME

Eamber 169.80 914.06 895.66 669.73 655.69 565.77

Econst 337.78 820.28 735.69 230.12 232.11 3553.34

AVDB 0.16 0.28 0.26 0.14 0.14 0.57

aAcronyms are explained in the footnote to Table 3.

use at high temperature, and high temperature leads
to lower water density (which could disrupt the struc-
ture) or higher pressure (which may inhibit sampling
further). However, judicious modifications to the sim-
ulation protocol, such as constant volume instead of
constant pressure as well as shorter time steps, should
allow higher temperatures during RMD runs. In the
meantime, other methods of passing over the energy
barrier of A-DNA to B-DNA interconversion need to
be used. In the current work, it was necessary to
use H-bond restraints and longer (250 ps vs. 100 ps)
simulations for the trisdecamer in canonical A-DNA
and B-DNA conformation to approach the ‘correct’ fi-
nal structure without distortion of terminal base pairs.
Since we know that free PME simulations readily
interconvert from A-DNA to B-DNA on a 500 ps–
1 ns timescale, this suggests that longer simulations,
at least 500 ps–1 ns, may be necessary when us-
ing PME RMD with explicit water. A simple way to
overcome some of these problems is to continue with
the standard, rapid and efficient in vacuo refinement
to generate a set of structures compatible with the
data followed by submitting these structures to 50–
500 ps of RMD in explicit solvent with PME and
a reasonable nucleic acid force field. Alternatively,
enhanced sampling methodologies, such as locally en-
hanced sampling, may be applied to effectively reduce
barriers to conformational transition (Roitberg et al.,
1991; Simmerling et al., 1998). It is believed that
with better nucleic acid force fields, modern simula-
tion techniques and inclusion of explicit solvent, more
reliable refinement of NMR models can be performed
to produce more realistic structures.
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