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Background: Molecular dynamics simulations can complement experimental measures of structure and
dynamics of biomolecules. The quality of such simulations can be tested by comparisons to models refined
against experimental crystallographic data.
Methods: We report simulations of DNA and RNA duplexes in their crystalline environment. The calculations
mimic the conditions for PDB entries 1D23 [d(CGATCGATCG)2] and 1RNA [(UUAUAUAUAUAUAA)2], and contain
8 unit cells, each with 4 copies of theWatson–Crick duplex; this yields in aggregate 64 μs of duplex sampling for
DNA and 16 μs for RNA.
Results: The duplex structures conform much more closely to the average structure seen in the crystal than do
structures extracted from a solution simulation with the same force field. Sequence-dependent variations in

helical parameters, and in groove widths, are largely maintained in the crystal structure, but are smoothed out
in solution. However, the integrity of the crystal lattice is slowly degraded in both simulations, with the result
that the interfaces between chains become heterogeneous. This problem is more severe for the DNA crystal,
which has fewer inter-chain hydrogen bond contacts than does the RNA crystal.
Conclusions: Crystal simulations using current forcefields reproducemany features of observed crystal structures,
but suffer from a gradual degradation of the integrity of the crystal lattice.
General significance: The results offer insights into force-field simulations that test their ability to preserve weak
interactions between chains,whichwill be of importance also innon-crystalline applications that involve binding
and recognition.
This article is part of a Special Issue entitled Recent developments of molecular dynamics.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

RNA and DNA molecules play an important role in many biological
processes, and an understanding of their structure and dynamics is
indispensable for a complete understanding of their function.Molecular
dynamics simulations can offer a detailed complement to experiment,
and nucleic acid simulations in a crystal environment have long been
used to test simulation methods [1,2]. A “modern” era began in the
mid 1990s with the introduction of Ewald-based methods to simulate
long-range electrostatic interactions [3]. At about that time, simulations
of Watson–Crick paired duplexes in both solution and in the crystal lat-
tice provided evidence that simulations remained stable for a fewnano-
seconds without the need for artificial restraints [4–7], and that, not
surprisingly, the duplex structure in the crystal lattice environment
t developments of molecular

.

more closely resembles the experimental crystal structures than do
simulations in a solution environment. Subsequent studies in a crystalline
lattice employed longer time scales and different force fields, reaching
broadly similar conclusions [8–13]. Advances in computing speed have
spurred a new round of biomolecular crystal simulations (mostly for
proteins [14–21]), that use larger simulation cells and pay increased
attention to the properties of the crystal lattice, aswell as to the structural
characteristics of individual chains.

Here we report results of molecular dynamics simulations of
duplexes of DNA (PDB ID: 1D23 [22]) and RNA (PDB ID: 1RNA [23,
24]) for 2.0 and 0.5 μs; both crystals are in the P212121 space group,
with four duplexes per unit cell. The periodic unit in the simulations is
a “supercell” containing 8 unit cells, so the simulations contain 32 copies
of each duplex. Parallel simulations of a single duplex inwater (neutral-
ized by Na+ counterions) are reported for comparison to the crystal
simulations. Since a large number of solution simulations of DNA and
RNA helices have previously been reported [3,25–32], our primary
emphasis here is on the properties of the crystal lattice and the ability
of current simulation methods to reproduce such behavior. The
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Fig. 1. Two three dimension views of the RNA (left) andDNA (right) packing in supercells. The supercell contains 8 unit cells in a 2 × 2× 2 arrangement; each unit cell comprises four RNA/
DNA molecules. The cyan box represents one unit cell. Image generated using Chimera.
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simulation results explore the details of stability of the duplexes and
crystal packing effects in μs dynamics; this time scale has been explored
in earlier solution simulations of DNA duplexes [30,31].

The main results of this paper are as follows: first, the average
duplex structure from the crystal simulation more closely resembles
the experimental crystal structure than the average structure in a solu-
tion simulation. Some details of the crystal structure, such as groove
widths, are averaged out in solution simulations but not in the crystal,
whereas other sequence-dependent variations are maintained. These
latter include the characteristic alternating pattern of base pair roll/
twist in alternating A–U sequences in RNA and the BI/BII pattern in
the backbone torsion angles (ε − ξ) in DNA [33–35]. As in previous
simulations, the backbone conformation presents more of a challenge
to simulations than does base positioning. However, for both DNA and
RNA, the integrity of the crystal lattice is slowly degraded, and a full
equilibration is not achieved. The interchain contacts that hold these
lattices together are less extensive than is typical for protein crystals,
and are likely to be influenced by ions inways that are poorly represent-
ed here. A partial “melting” of the crystal lattice takes place at seemingly
random points in the supercell, such that the 32 equivalent interfaces
become rather heterogeneous, with some quite close to their original
(experimental) configurations and others are displaced in ways that
are irreversible on the time scales sampled here.

2. Models and computational methods

Coordinates for the initial state of the RNA and DNA came from PDB
entries: 1RNA and 1D23. Crystal structures of the RNA and DNA crystal
were constructed according to space group P212121, where four
Table 1
Details of the simulations. Simulation speed is measured on a single NVIDIA GTX780 card
for the RNA simulations, and on a Quadro K5000 card for the DNA simulations. Ions are
Mg2+ for the DNA crystal and Na+ for the other simulations. Atom counts do not include
the “extra points” in the TIP4P/Ew waters.

DNA RNA DNA (soln) RNA (soln)

Number of waters 8578 12300 5045 7694
Number of ions 288 832 18 26
Total number of atoms 46246 65892 15785 23988
Mean internal pressure, atm 30 97 1.0 1.0
Density, g/cm3 1.433 1.446 1.044 1.034
Simulation speed, ns/day 16.7 21.5 24.3 26.9
Time analyzed, μs 2.0 0.5 0.5 1.0
symmetry-related copies of the duplex make up one unit cell. We
constructed a supercell of 2 × 2 × 2 unit cells by using the PropPDB
module of the Amber12 package [36], yielding an orthogonal box of
size 68.22 × 89.22 × 98.22 Å for 1RNA, and 77.86 × 79.26 × 66.60 Å
for 1D23. Views of the supercells are shown in Fig. 1. For the DNA crystal
simulation, Mg2+ ions were used as counterions: there are two
Mg(H2O)62+ complexes per asymmetric unit in the 1D23 crystal struc-
ture, and 7 additional Mg(H2O)62+ ions per duplex were added to neu-
tralize the 18 phosphate groups. The RNA supercell system was
neutralized with 26 Na+ ions per duplex. All counterions and water
molecules were added to the supercell using the AddToBox program in
Amber. The DNA system for the solution simulation contained one
DNA duplex and 5045 water molecules together with 18 Na+ ions in a
truncated octahedral box with periodic boundary conditions; the RNA
simulation had 7694waters and 26Na+ ions. Further simulation details
are given in Table 1.

We carried out crystal simulations using the parm99 force field [37]
with bsc0 modifications [38] for both duplexes, and added the chiOL3
modifications [39] for RNA. The water model used was TIP3P [40] for
DNA and TIP4P/Ew [41] for RNA; monovalent ion parameters were
taken from Ref. [42] and Mg2+ parameters from Ref. [43]. Simulations
of nucleic acids in solution showonly small conformational dependencies
Fig. 2. Positional RMSDs of all heavy atoms for RNA and DNA relative to the initial X-ray
structure in the course of simulation.

Image of Fig.�2


Fig. 3. Superpositions of the solution average structure (orange) and the best-fit average structure (blue) for RNA (left) and DNA (right) versus the deposited crystal structures (green).
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on the water model used. As an example, we compared our TIP4P/Ew
simulation of 1RNA in solution with results from Ref. [25], where a
TIP3P water model was used. Average value twist, roll, helical twist, pro-
peller twist, slide, x-displacement and helical rise were essentially the
same in the two simulations. We do not yet have similar comparisons
for crystal simulations.

The minimization, equilibration, and production dynamics were
performed using the pmemd module of Amber12 [36,44,45]. The
SHAKE algorithm was applied to all bonds involving hydrogen atoms.
Force calculations were performed with periodic boundary conditions,
a 9.0 Å cutoff on real space interactions, a homogeneity assumption
for long-range Lennard–Jones contributions, and smooth particle-
mesh Ewald electrostatics. An energy minimization procedure was
used first to remove any bad contacts in the starting conformation.
Next, the system was equilibrated at the experimental data collection
temperatures of 308 K for RNA and 273 K for DNA, with successive re-
straints on the RNA/DNA atoms of 10.0, 1.0 and 0.1 kcal/(mol-Å2) for a
total of 40 ns. The volume was kept fixed at the experimental value,
and the system pressure monitored. The number of water molecules
was adjusted by trial and error to obtain a simulation with an external
Table 2
Rootmean squaredeviations (Å) from thedeposited crystal structures for 1RNAand1D23.
The statistics in each box are heavy atoms, backbone atoms, base atoms RMSD of average
structure against the crystal structure. The values in parentheses exclude the terminal
residues.

All heavy atoms Backbone Base All heavy atoms (solution)

Best-fit (RNA) 0.78 (0.71) 0.87 0.59 1.38 (1.12)
Lattice (RNA) 0.93 1.04 0.74 ~
Best-fit (DNA) 0.77 (0.64) 0.89 0.56 1.83 (1.34)
Lattice (DNA) 1.12 1.23 0.95 ~
pressure near 1 atm. Finally, unrestrained production dynamics were
propagated at a 2 fs time step for 2.0 μs for DNA and 0.5 μs for RNA. A
total of 4000 equally-spaced snapshots for DNA and 2500 for RNA
were saved for subsequent analysis. Some details of the simulation are
collected in Table 1. The solution simulations followed the general
procedures of the “ABC” simulations [27–29,46], and placed a single
duplex in a truncated octahedron, neutralized by Na+ ions, which
were equilibrated in a similar fashion.

Results were analyzed using Amber cpptraj module, and figures
were prepared by Chimera and VMD molecular visualization
programs. Helical parameters throughout the trajectories were
monitored with the Curves+ program [47]. The BI and BII configura-
tions in DNA were characterized by the angles ε and ξ of the DNA
backbone or by the angle difference (ε − ξ), which is −90° for BI
and +90° for BII phosphates [35]. Interfaces were analyzed using
the PISA program [48].

3. Analysis of duplex structures and comparison with
solution simulations

The root mean square deviations (RMSDs) from the crystal
structure for all heavy atoms (of all 32 duplexes) are shown in
Fig. 2. For the curves labeled “best-fit”, an optimal translation and
rotation movement to fit the crystal coordinates was determined
for each duplex in each snapshot; these values reach an apparent
plateau of about 1.2 Å in about 200 ns of simulation. For the curves
labeled “lattice”, the duplexes were superimposed on the crystal
configuration using only the lattice symmetry parameters, with no
fitting (see Ref. [19] for a detailed explanation of these statistics).
These latter values reflect both deviations of individual duplexes
from the crystal configuration and the degradation of the lattice
itself. The latter continues for the entire trajectory, andwill be analyzed
in Section 4.



Fig. 4. Plots of major-groove width for RNA and minor-groove width for DNA in crystal and solution simulations. Widths in Å are defined by the distance between the phosphate atoms
shown at the top and bottom. Vertical bars give the standard deviations of the fluctuations seen in the simulations.

Table 3
Average α and γ angles (degrees) in crystal and solution simulations. The data in parentheses are standard deviations.

α (cryst.) α (cryst. sim. ave) α (solution sim. ave) γ (cryst.) γ (cryst. sim. ave) γ (solution sim. ave)

A11 155 279 (29.9) 281 (15.1) 178 73 (23.7) 64 (12.6)
U24 210 282 (12.9) 282 (12.4) 127 64 (9.5) 63 (9.4)
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The best-fit and solution average structures are compared to the
experimental crystal configuration in Fig. 3, and some statistics are
given in Table 2. As expected, and as seen in earlier crystal simulations,
the average structure in solution deviates much more from the crystal
configuration than does the average structure from the crystal simula-
tion. The crystal simulation deviations are larger in the backbone for
both DNA and RNA than for the bases. Some details of these differences
are provided in the following sections.
Fig. 5. Conformational substates (BII) probability in the crystal and solution simulation
along the sequence: P2 to P10 are in strand 1 and P12 to P20 are in strand 2. In the crystal
structure, P2, P7, P12, and P17 have a BII conformation, and all others have a BI
conformation.
3.1. Groove widths

The A- and B-form helices for RNA and DNA have very different
geometries, and can be monitored as groove “widths” and “depths”. In
Fig. 4, we use a simple measure groove width, based on phosphate–
phosphate distances from one chain to its complementary strand. For
RNA, the sequence dependence of the widths of the major groove is
suppressed in solution, leading to a more regular pattern of distances
than are seen in the crystal. Figs. 3 and 4 show that the major groove
widens slightly compared with crystal structure. This behavior of
solution simulations has been discussed earlier, in connection with
attempts to characterize how NMR constraints determine the details
of A-form helices in RNA [49]. Furthermore, fluctuations of the major
groove in the crystal simulation are much smaller than those in the
solution simulation.

For DNA, the minor groove width is the greatest at phosphates P7/
P8, not only in crystal structure but also in the crystal and solution
simulations. This is related to the presence of a BII phosphate conforma-
tion at positions P7 and P17 in the crystal structure. The larger minor
groove widths at positions P10 and P20 in the solution are related to
the larger fluctuations in the terminal residues that are characteristic
of solution simulations. In addition, the wide minor groove at P7 is
consistent with the large positive roll deformation (Fig. 7, below)
which compresses themajor groove and then widens theminor groove
[50]. (Because of the way steps are numbered, a wide minor groove
separation between P7 and P18 should be correlated with a positive
roll angle at position P5.)
3.2. Backbone conformations

The backbone of the 1RNA structure contains two kinks (at A23/U24
and U10/A11), which divide the whole duplex into three roughly equal
regions. The kinks result from changes in the α and γ backbone torsions
from their typical values near 280 and 70, respectively. Table 3 lists the
average values in both simulations, showing a reversion in the simula-
tion back to the canonical A-type values. This reversion suggests that
crystal packing forces are not sufficient (at least for the simulation
analyzed here) to retain the unusual crystal configuration.

The DNA backbone generally has two major sub-forms, BI and BII,
that can be characterized by the ϵ and ξ backbone torsion angles [34,

image of Fig.�4


Fig. 6. RNA base pair step parameters, translational parameters are in angstroms (Å) and rotational parameters are in degrees (°).
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35,51]. The range of ϵ and ξ torsion angles for BI structure varies from
120° to 210° and from 235° to 295°, respectively, while for BII these
vary from210° to 300° and from150° to 210°, respectively. The difference
(ε− ξ) is near +90° for BII and near –90° for BI. In the crystal structure,
P2, P7, P12, and P17 have a BII conformation, and all others have a BI con-
formation. Fig. 5 shows the fraction of BII conformation in the crystal and
solution simulations. Both P7 andP17 largelymaintain a BII conformation,
whereas P2 and P12 revert to a mixture of BI and BII conformations. The
percentages of the BII conformation at P2, P7, P12 and P17 are much
smaller in the solution simulation.

3.3. Base pair step parameters

Nucleic acid helices are commonly characterized by six helicoidal pa-
rameters (tilt, roll, twist, shift, slide, and rise) that describe the configura-
tion of base steps [52]; simulation results are given in Figs. 6 and 7. There



Fig. 7. DNA base pair step parameters, translational parameters are in angstroms (Å) and rotational parameters are in degrees (°).
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are a number of observations that can bemade. First, the shift and tilt pa-
rameters are evened out in solution for RNA; this is much less true for
DNA, and is less true for the other base-step parameters. Solution and
Table 4
The average twist (in degrees) for the RNA and DNA average structures. Twist valueswere
calculated using the program Curves+.

RNA DNA

Exp. crystal 31.7 37.3
Sim. crystal 31.4 35.7
Sim. solution 29.8 32.3
crystal simulations are in close agreement for the rise, roll and helical
twist parameters, especially for DNA. The fluctuations vary little between
steps in the crystal simulation, except for the more flexible shift, rise, tilt
and twist of the end base pair A13·U16/A14·U15 step. Second, fluctua-
tions in base step parameters in solution (green dashed bars) are much
greater than those in the crystal simulation (blue solid bars).

The twist of nucleic acid helices is an “emergent” property of
force fields, that is difficult to associate with particular interactions
or backbone torsion angle preferences. The Amber potentials lead to
slightly undertwisted helices in solution simulations [32,53]. There
are two unusual twist values (36.7 and 21.3) in the RNA duplex at
steps 5 and 10 shown in Fig. 6, which is caused by two distinguished



Fig. 8. Root-mean-square fluctuations as function of heavy atom number for RNA (left) and DNA (right). The left half of each figure represents chain A, and the right half, chain B. Light
vertical lines identify the phosphate atoms (excluding residues U1A15 for RNA and C1C11 for DNA). B-factors in 1RNA/1D23 (PDB entries) were converted to fluctuations using Eq. (1).

Fig. 9. Lattice contacts, showing the orientation of one RNA asymmetric unit relative to its neighbors. The contacts are shown as defined by PISA.

Table 5
Hydrogen bonds, van derWaals contacts and interactions between symmetry-related duplexes in RNA. The data in parentheses are standard deviations. Interface areaswere computed by
PISA.

Type Interactions Area (Å2) Atom 1 Symmetry operator Atom 2 Xtal. dist. Cryst. sim. dist.

1 Minor groove–minor groove 311.5 O2/U1 −x + 1, y − 1/2, −z + 1/2 O2′/A11 3.01 2.78 (0.20)
O2′/A28 O2/U18 3.02 2.80 (0.19)
O3′/A28 O2′/U18 3.00 3.10 (0.23)
O2′/U1 OP1/U12 3.30 4.28 (0.55)
O2′/U2 O2′/U10 2.46 4.02 (0.80)
O2′/A3 O2′/U20 3.20 3.86 (0.86)

2 Minor groove–minor groove 304.3 O2/U15 x − 1/2, −y + 1/2, −z O2′/A25 2.67 3.31 (0.96)
O2′/A14 O2/U4 2.77 2.99 (0.39)
O3′/A14 O2′/U4 3.01 3.69 (1.36)

3 Major groove–major groove 138.8 C6/U15 −x + 1/2, −y + 1, z − 1/2 O2′/U22 3.17 4.44 (0.94)
C5/U15 O3′/U22 2.80 3.75 (0.69)
O3′/A9 O5′/U1 3.53 4.10 (1.11)
O3′/A9 C5′/U1 3.30 4.26 (1.10)
OP1/U10 C5′/U1 3.32 4.19 (1.21)
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Fig. 10. The average distances of O3′/A14–O2′/U4 and O2/U15–O2′/A25 for the 32 duplexes in RNA supercell for interface 2 (red lines are standard deviations, blue lines are the distance in
crystal structure, and black bars give the average distances for every duplex).
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kinks dividing the whole duplex into three parts. However, in our
simulation, these two unusual twist values in kink regions become 29.5
(28.7 in solution) for step 5 and 31.6 (31.5 in solution) for step 10 in av-
erage structures. Table 4 shows that the average twist is larger in the crys-
tal simulation than in solution; it seems likely that the coaxial stacking
interfaces (discussed below) serve to prevent the relaxation to an
undertwisted state that is typically seen in solution simulations with
this force field [3,25–29,32]. Some steps in the solution simulations
show evidence of bimodal distributions in the twist [54]; no such behav-
ior is seen in the DNA simulations reported here. This may be due to se-
quence or crystal-packing effects, and further analysis of these points
will be a subject of future study.

3.4. Fluctuations about the average structure

Simulated B-factors can be calculated from an MD trajectory using
Eq. (1) and compared to crystallographic B-factors:

B ¼ 8π2

3
μ2

D E
ð1Þ

where μ is the root mean square fluctuation about a mean position. In
Fig. 8, the simulated and experimental B-factors for RNA and DNA are
reported. For both solution and crystal simulations, the fluctuations
are calculated by superimposing each duplex onto the crystal conforma-
tion using an optimal rotation and translation movement. The
Fig. 11.Distances of center ofmass between the interface residues for RNA, for eachof the 32 cop
the average distances between interface centers of mass.
phosphate groups show the highest deviations from the average struc-
ture, and the low points between these peaks represent base atoms.

As expected, the fluctuations in solution (green curves) are
higher than those in the crystal simulation (blue curves), not only
at the chain termini (where large fluctuations and fraying take
place in solution), but also in the centers of the duplexes. For
RNA, the fluctuations in the crystal simulation are close to experi-
ment except near the chain termini. This is also the case for the
base atoms in the DNA (i.e. at the low points between peaks in
Fig. 8), but the sugar-phosphate backbone atoms have larger fluc-
tuations in the simulation. Note that the fluctuations reported
here do not include the effects of the lattice distortion, which is
fairly large for both RNA and DNA, as shown in Figs. 2 and 15; inclu-
sion of these effects would result in fluctuations that are much larg-
er than those shown in Fig. 8 (data not shown).
4. Contacts and packing interactions

Two of the features that distinguish the present simulations
from earlier ones are the size of the supercell used and the
length of the simulations. We have 32 copies of each RNA or
DNA duplex, and hence 32 copies of each of the interactions
between duplexes. This allows us to analyze the nature of
these interactions, and the ability of current force fields and
simulation protocols to correctly describe the behavior of
these relatively weak interactions.
ies of each interface. Black lines show the value from theX-ray structure. Bold blue lines are
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Fig. 12. Same as Fig. 9, but for DNA.
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4.1. Crystal interfaces for RNA

In a crystal, each nucleic acid molecule makes several contacts with
its neighboring molecules. Generally, the size of the pairwise interface
between two neighboring molecules can be characterized by the
number of contacts or the buried interface area. PDBe PISA (Proteins,
Interfaces, Structures and Assemblies) shows three interfaces with
nearest neighbors for RNA, shown in Fig. 9 and Table 5. Two interfaces
(1 and 2 in Fig. 9) involved in the minor grooves of the symmetry
related helices face each other at their ends; hydrogen bonds stabilize
Table 6
van der Waals contacts and interactions between symmetry-related helices in DNA. The data i

Type Interactions Area (Å2) Atom 1 Sym

1 Terminal–terminal 199.9 N3/C11 x, y
O3′/G10

2 Backbone–minor groove 154.2 OP1/A3 x −
P/A3
P/T4
OP1/T4
OP2/T4

3 Backbone–backbone 102.7 OP1/A13 x −
O3′/G12
P/A13
P/G12

4 Minor groove–major groove 76.1 P/G6 −x
OP2/G6
P/G6
P/G12

5 Major groove–major groove 76.0 P/G16 −x
O3′/G10
P/G16
P/G10
both contacts. The third interface places the major grooves of two
duplexes face to face with each other. A few van der Waals contacts
and CH–O hydrogen bonds (among residues U1, U22 and A9, U10,
U15) stabilize this interface. The total surface area buried by the three
listed interfaces is 1516 Å2 (twice the total surface area of the three in-
terfaces listed in Table 5), since in the crystal each duplex participates in
two independent copies of each interface, (e.g. one on the “left” and one
on the “right”). The total surface area for an isolated duplex is 5134 Å2,
so that 29% of the surface area is buried, and 71% is accessible to water
and ions. This buried interface area is smaller than for many proteins:
n parentheses are standard deviations.

metry operator Atom 2 Xtal. dist. Cryst. sim. dist.

, z − 1 N3/G20 3.49 3.51 (0.23)
O5′/C1 3.37 3.63 (0.89)

1/2, −y + 1/2, −z O4′/A17 3.65 4.77 (1.08)
P/A17 6.49 7.59 (1.53)
P/A17 4.65 5.79 (1.93)
OP2/A17 3.88 5.83 (1.33)
O5′/A17 3.79 4.62 (0.96)

1/2, −y + 1/2, −z + 1 OP2/C9 3.90 5.24 (1.39)
O5′/T8 3.93 5.23 (1.45)
P/C9 5.15 6.65 (1.29)
P/T8 8.25 7.12 (1.08)

+ 1/2, −y, z − 1/2 O3′/G20 3.74 4.29 (1.05)
O3′/G20 2.68 3.37 (1.00)
P/G20 8.07 8.36 (1.22)
P/G6 6.28 7.71 (1.10)

+ 1/2, −y + 1, z − 1/2 O5′/C1 3.40 4.63 (1.14)
P/G16 3.93 3.96 (0.77)
P/G2 6.29 8.09 (1.03)
P/G16 8.36 7.57 (0.96)



Fig. 13. Cartoon view of the 1D23 crystal structure, showing the two identifiedMg2+ ions
as green sphereswith attachedwatermolecules (smaller red spheres). Themesh structure
shows the Mg2+ distribution from the simulation.
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for example, the triclinic form of hen lysozyme (PDB code 4LZT) has
3030 Å2 (or 46%) of its surface area in contact with other proteins. The
relatively small contact area for RNA (and for DNA, as discussed
below) may increase the likelihood that the contacts may degrade dur-
ing an imperfect simulation.

The first and second interfaces for RNA involve hydrogen bond
interactions, whereas the third interface for RNA and all interfaces
for DNA are characterized by less-specific van der Waals contacts.
Most of the contact distances become larger in the simulation
for both RNA and DNA; exceptions include most of the hydrogen
bonds in RNA interfaces 1 and 2; the longer (and presumably weak-
er) CH–O interactions in RNA interface 3 are less-faithfully main-
tained; this interface also has a much smaller buried surface area
in the crystal.

The averages shown in Table 5 hide a large amount of heterogeneity
among the 32 copies of each interface present in the supercell. As an
example, Fig. 10 shows the variation of two of the hydrogen bonds in
interface 2 for each copy. It is clear that these interactions are well-
maintained in about 22–24 copies, and completely broken in 8–10
copies. It is likely that longer simulations would result in more copies be-
coming distorted, leading to progressive distortion of the lattice, as is seen
more clearly in the longer DNA simulation discussed below. The average
distance of the molecular centers of mass of the duplexes interacting
across interface 1 increases by 0.5 Å; across interface 3 the distance de-
creases by about the same amount; across interface 2 it stays almost the
same as in the crystal (Fig. 11). Individual interfaces can deviate from
the average by up to about 1 Å, indicative of significant heterogeneity.

4.2. Crystal interfaces for DNA

The five interfaces for DNA are shown in Fig. 12 and Table 6. In
interface 1 the decamer helices are stacked one on top of another
along the z-axis leading to co-axial stacking. The second and third
interfaces are along the x axis with P3, P4 facing P17, P18, and P8
and P9 facing P12 and P13, respectively. For the fourth and fifth
interfaces, P6 and P16 are in close proximity to the inter-helix gaps
of neighboring duplexes. The surface area buried by these contacts
is 1218 Å2, which is 31% of the total surface area of an isolated
duplex.

Hydrated Mg2+ frequently mediates intermolecular contacts
between adjacent DNA molecules. Evidence from molecular dy-
namics simulations by Hartmann [35] supports that Mg2+ bound
to the DNA major groove have an effect on DNA structure and dy-
namics; hydrated Mg2+ often forms a stable intra-strand cross-
link between the two purines and increases the BII population. Li
et al. [55] have argued that the binding of Mg2+ rigidifies DNA
compared to Na+.

Two Mg(H2O)62+ clusters are identified in the DNA deposited
structure, located at G16·A17 in the minor groove and at G6·A7
in the major groove, adjacent to two of the BII sites at P7 and P17;
these are shown in Fig. 13. These sites are also highly occupied
with Mg2+ in the simulation. Additional ion sites must be present
to neutralize the total charge, but were not modeled in the depos-
ited structure. Other relatively well-localized sites for hydrated
magnesium are evident in the simulation, both in the grooves and
near phosphate positions (see Fig. 13). Almost all of the Mg2+

ions remain coordinated to six water molecules throughout the
simulation: for 0.58% of the time, the ions have 5 waters in the
first coordination shell. All of the ions have approximately the
same diffusion constant (about 3 × 10−9 cm2/s), so that the ions
initially placed in crystallographic density have the same mobility
as those randomly added to achieve neutrality. A fuller analysis of
ion distributions probably requires additional simulations, prefera-
bly with less lattice distortion than that seen here, since magnesium
ions are involved with bridging interactions between duplexes as
well.

The analysis of the deformations in the distances between the
centers of mass between the interface residues (Fig. 14) implicates all
interfaces in crystal lattice deformations. The coaxial stacking (interface
1) shows small fluctuations and a compression by about 0.5 Å, whereas
the other interfaces increase in average length by up to 0.5 Å, and
individual copies exhibit much larger variations from the mean. These
results are consistent with the larger average values and fluctuations
for individual contacts that are shown in Table 6. Deviations from the
mean behavior are much greater for DNA than for RNA (compare
Figs. 11 and 14.)

The displacements of the centers of mass from their ideal positions
(averaged over time) for each duplex in the supercell are shown in
Fig. 15. The average distance of each point from its ideal position is
0.37 Å for RNA and 1.77 Å for DNA. (For comparison, in a recent simula-
tion of lysozyme, the mean deviations of the proteins from their ideal
lattice positions was 0.27 Å.) Such large translations of some duplexes
in the supercell correspond to a significant loss of crystal symmetry,
which can also be seen in Fig. 2.
5. Conclusions

We have performed crystal simulations of 1D23 and 1RNA in the
“supercell” with 32 copies of each duplex, as well as solution
simulation of isolated duplexes. As has been seen in earlier studies,
the average duplex structures from crystal simulation match the
experimental structure much more closely than the average
structures from solution simulations with the same force field.
There is a general tendency for the solution simulation to flatten
the variations in helicoidal parameters seen in the crystal (and,
presumably, stabilized by crystal packing interactions.) Fluctua-
tions about the average structure in the crystal simulation are in
good agreement with refined B-factors for base atoms, but are
somewhat higher for the sugar-phosphate backbone atoms;
fluctuations in solution are considerably higher than in the crystal
lattice.



Fig. 14. Distances between the centers of mass between the interface residues for DNA. Black lines show the value from the X-ray structure. Bold blue lines are the average distances
between interface centers of mass.
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On the other hand, the contacts that stabilize the crystal lat-
tice are not extensive in these crystals, especially for DNA, and
our simulations show a progressive deformation of the lattice,
such that the duplexes move away from the “proper” positions
in the supercell by 1 to 2 Å. This is more true for DNA than for
RNA, perhaps by virtue of having fewer hydrogen bonds be-
tween duplexes to stabilize the lattice. Another factor may sim-
ply be the shorter simulation time for RNA. The results of the
present work represent the largest all-atom crystal “supercell”
simulations of nucleic acid to date, and provide a clearer un-
derstanding of the structural and dynamical parameters for
RNA and DNA crystals. They also offer insights into a new chal-
lenge for force-field simulations in crystals and non-crystalline
applications with weak interactions between chains. Future
studies are planned to investigate dependencies on force fields,
water models, and methods of representing ion interactions.
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