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ABSTRACT

In this Account, we focus on molecular dynamics (MD) simulations
involving fully solvated nucleic acids. Historically, MD simulations
were first applied to proteins and several years later to nucleic acids.
The first MD simulations of DNA were carried out in vacuo, but
nowadays fully solvated systems are common practice. Recently,
technical improvements have made it possible to conduct accurate
MD simulations of highly charged nucleic acids. The state-of-the-
art of MD simulations and a number of applications on various
nucleic acid systems are discussed.

Introduction

It is now 25 years since the first molecular dynamics (MD)
simulation of a biological macromolecule was published.!
The first MD studies focused on the bovine pancreatic
trypsin inhibitor protein and were carried out in vacuo.
It took several years until the first MD simulations of
nucleic acid systems were performed.?~® These investiga-
tions, which were also performed in vacuo, clearly dem-
onstrated the importance of proper handling of electro-
statics in a highly charged nucleic acid system, and
different approaches, such as reduction of the phosphate
charges and addition of hydrated counterions, have been
applied to remedy this shortcoming and to maintain stable
DNA structures. A few years later, the first MD simulation
of a DNA molecule, including explicit water molecules and
counterions, was published.” Nowadays, this is common
practice, and MD simulations of nucleic acids have
become abundant.2~*' Much of this has arisen from
accurate parametrization of the nucleic acids force fields?13
but also from algorithmic development. In this Account,
we discuss a few specific topics concerning MD simula-
tions of DNA duplexes and some RNA molecules. Because
of space limitations, the selection is somewhat subjective,
but we believe that these studies demonstrate the feasibil-
ity of MD simulations of nucleic acid systems. The
maturity of the field is further indicated by the substantial
body of recent literature!®!! on applications of MD

Dr. Jan Norberg is a researcher at the Department of Biosciences, Karolinska
Institutet in Stockholm, Sweden. He received his Ph.D. in 1995 in structural
biochemistry.

Lennart Nilsson is Professor of molecular modeling at the Department of
Biosciences, Karolinska Institutet, Stockholm, Sweden. He was born in 1952 in
Stockholm, Sweden, and received his degree in physics from the Royal Institute
of Technology in 1976. After obtaining his Ph.D. in 1983 in theoretical physics
and a postdoctoral period at Harvard University, he returned to Karolinska
Institutet in 1985. His current research interests are in nucleic acid—protein
interactions and nucleic acid structural dynamics.

10.1021/ar010026a CCC: $22.00
Published on Web 04/26/2002

[J 2002 American Chemical Society

methods to a variety of systems, including nucleic acids
and biomolecular complexes containing nucleic acids*~2?
that are not covered here: Z-DNA, triplexes, quadruplexes,
drug—DNA complexes, and the effects of base and back-
bone modifications.

Base Stacking in Single-Stranded
Oligonucleotides

Base stacking is one of the driving forces for DNA folding
and stability. Unlike hydrogen-bonded base pairing, base
stacking is sequence-dependent, and it is, therefore, a key
feature in nucleic acid secondary structure formation. To
fully understand the base stacking phenomenon, it is
advantageous to focus on nucleic acid fragments in
solution. For instance, base stacking has been investigated
by performing MD simulations of stacked and unstacked
conformations of the dinucleotide GpU?® at atmospheric
pressure and at higher pressures, 5000 atm and 12 000
atm,?* yielding results in agreement with experimental
data® on nucleic acid conformations at elevated pressures.
The all-atom root-mean-square deviations (RMSD) from
the X-ray crystal structure were between 0.8 and 1.3 A,
demonstrating the accuracy in the MD simulations. These
values are very similar to results obtained for RNA
dinucleotides using the particle mesh Ewald algorithm to
handle the electrostatic interactions in which heavy-atom
RMSD values of 0.4 and 1.02 A were found in crystal
environment and in solution, respectively.?® To further
investigate the thermodynamics of stacking, free energy
surfaces of all the naturally occurring DNA and RNA
dinucleotides have been determined.?”? In these potential
of mean force calculations, the transition from a stacked
conformation to an unstacked form was monitored using
the distance between the glycosidic nitrogen atoms of the
bases as the reaction coordinate. The base stacking
preferences were found to follow the general sequence
purine—purine > purine—pyrimidine = pyrimidine—pu-
rine > pyrimidine—pyrimidine. DNA dimers composed of
at least one purine base showed good stacking, with the
unstacked states =2 kcal/mol higher in energy than the
stacked. During the unstacking process, the purines
remain parallel until they are sufficiently far apart to be
individually solvated (Figure 1), whereas the pyrimidine
bases, except thymidine, rotate more freely, even in the
stacked conformation. For pyrimidines, significant stack-
ing propensities were, therefore, found for dimers con-
taining a thymine base and a purine base and also for
the dTdT dimer. Furthermore, the free energy barrier for
unstacking of ApA was found to decrease with increasing
temperature,?® and the entropy and enthalpy components
calculated from this temperature dependence were in
good agreement with experimental data.
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FIGURE 1. Free energy surface of the ApA dimer (—), base—base angle (a), and accessible surface area (M) versus the reaction coordinate.

Inset: ApA in stacked conformation with A-RNA geometry.

Other factors that may be important for stacking are
the backbone,?7283031 phases further away,’?3 and the
solvent.®* In simulations of a thymidine dimer with a
neutral methylene methyl imino backbone,*® the back-
bone showed several conformational transitions, and two
populations of low energy conformations with preserved
base stacking were observed. In the case of GpN vs GpNp,
a different situation was found. Barnase has low catalytic
activity toward GpN dinucleotides but significantly larger
for GpNp. This has been investigated by MD simulations
of GpA and GpAp in aqueous solution,®! in which the GpA
dimer showed a large propensity for a folded conforma-
tion with the bases stacked, but the GpAp mainly re-
mained unfolded. A hydrogen bond between the terminal
phosphate and the adenosine ribose group was the main
reason for the extended structure. The neighboring bases
influence the stacking ability to some degree, even though
the main determinant is the nature of the two bases
directly involved. Conformational free energy landscapes
of the trinucleotide ApApA® and of several tetramers®?
have been determined from potential of mean force
calculations, and it was found that flanking purines
enhance the stacking of two bases, in particular for the
case in which the two central bases in a tetramer are
pyrimidines. A comparison of the stacking free energy of
a DNA and an RNA dimer in organic solvents and in
aqueous solution shows the stacking ability to be greater
in aqueous solution than in low dielectric solvents, such
as chloroform.*

The simulation data, thus, show that nucleotide stack-
ing is an enthalpy-driven process dominated by nearest-
neighbor interactions, more pronounced in aqueous
solution than in low-dielectric organic solvents, and it is
more favorable for purines than for the smaller pyrim-
idines, which can easily become independently solvated,
even when they are close in space.
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A- and B-DNA

The most studied nucleic acid structure both experimen-
tally and theoretically is the dodecamer d(CGCGAAT-
TCGCG),, which contains the GAATTC tract that is the
recognition site for the restriction enzyme EcoRI endo-
nuclease. One of the first MD simulation studies of a
nucleic acid investigated this dodecamer in vacuo,? and
shortly after that, the first MD simulation including
counterions and explicit water molecules of a five-base-
pair DNA duplex was reported.” Since then, a large
number of both in vacuo and solution MD reports have
been published® ! with a very clear trend toward simula-
tions in explicit solvent. A recent X-ray crystallographic
determination® of the structure of d(CATCCCGGGATG),
shows it to be intermediate between the A and B forms
(Figure 2). Judging from the RMSD, it is slightly closer to
the A form, in particular if the bases of the middle six base
pairs are compared (Table 1). For comparison, Table 1
also shows that the EcoRI dodecamer®® is much closer to
the B form. The transition between the A and B forms of
DNA appears to be gradual, %7 and thus, it is a nontrivial
task to get this equilibrium and its dependence on
environment and sequence from simulations. Here, we
focus on only a few very recently published investigations.

The EcoRl dodecamer and two other DNA 25-mer
oligonucleotides were very stable in up to 15-ns-long MD
simulations,®® with only small conformational changes,
fully within the thermal fluctuations, at the ApT step of
the minor groove. The major determinant for the DNA
structure stability was attributed to electrostatic effects
arising from the hydration electrostatics, the counterion
atmosphere, the phosphate repulsions, and the groove-
bound counterions. Several other studies have also ad-
dressed ion and solvent influences on DNA structure. A
narrowing of the minor groove of DNA of the EcoRI
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FIGURE 2. View down the helix axis of the DNA dodecamer
d(CATCCCGGGATG), in (A) canonical A conformation, (B) conforma-
tion intermediate between A and B, PDB ID 1DC0,% and (C) canonical
B conformation.

dodecamer®® was found when cations interact with the
DNA bases in the minor groove to generate an internal
ion-spine of hydration and also when the ions interact
with the phosphate groups in the ApT sequence and the
water molecules, directly with the DNA bases. In MD
simulations of the EcoRIl dodecamer, three other DNA
duplexes, and one RNA duplex, in part to evaluate the
newly developed nucleic acid force field parameters®® of
CHARMM, the B form of the DNA oligonucleotides was
maintained throughout the simulations in aqueous solu-
tion, whereas in 75% ethanol, the A form of DNA was
stabilized.*® Differences in hydrogen bonding to the
solvent were also observed in simulations** of the DNA
duplex d(CGCGCG), at different temperatures ranging
from 20 to 340 K. The temperature dependence of the
amplitude of the mean square fluctuations of the DNA
atoms was linear below the glass temperature at ~230 K,
which is consistent with experiment. At this temperature,
a maximum number of hydrogen bonds between the
duplex and the water molecules was found, whereas a
decrease in average lifetime of hydrogen bonds to water
was observed for increasing temperature. In a simulation
of d(TATGGATCCATA),, which is recognized by the BamHI
endonuclease, a transformation from the initial canonical
B-DNA form to the B-like form in the X-ray structure was

observed,*? and the guanine—cytosine base pairs were
more hydrated than the adenine—thymine base pairs in
both the major and minor groove, and the residence times
of the water molecules were longer in the minor groove,
as compared to the major groove.

DNA bending has been observed in simulations of two
A-tract DNA dodecamers.*® The results agreed with both
the junction model, in which the bend on the 5' side of
the A tract was seen as a positive roll of 12°, and the wedge
model, in which the bend occurred gradually at each base
pair step of the A tract. The bend in the A tract was
stabilized by the propeller twisting of adenine—thymine
base pairs, differences in the deoxyribose puckering of
adenine and thymine, a narrow minor groove, and a
preserved hydration spine. A set of 14-base-pair B-DNA
duplexes containing the TATA element, which is bent
when complexed with TATA-box binding protein (TBP),
have been investigated,* and several parameters, includ-
ing overall flexibility, widening of the minor groove at the
ends of the TATA element, untwisting within the TATA
element together with a large roll at the ends, and
relatively low maximal water densities surrounding the
DNA, were pointed out to be essential for TBP activity.

Imperfections in the base pairing can be tolerated with
only minor disturbances to the surrounding DNA duplex,
as shown in simulations of a DNA octamer containing an
adenine bulge.* The simulations suggested a pathway for
the transition between the stacked and looped-out con-
formations, which were in very good agreement with NMR
and X-ray structures. The zipper-like duplex d(GC-
GAAAGC); has a central core of four unpaired adenines
that are flanked by sheared guanine—adenine base pairs,
and in a simulation study, the conformation of the zipper
base pairs was maintained by penetration of monovalent
ions into the hydration shell.*® Stacking of neighboring
bases was important for keeping the guanine—adenine
mismatch base pairs intact, and replacing a zipper ad-
enine with a cytosine, guanine, or thymine yielded stable
zipper conformations when purines were incorporated
into the zipper, whereas the pyrimidines showed much
more unstable structures.

Dynamical properties of DNA, relaxation times, order
parameters, and effective correlation times, were deter-
mined from MD trajectories of two DNA duplexes,*
d(TCGCG), and d(CGCGCG), and compared to NMR
relaxation measurements. For the nonterminal nucle-
otides, the T, relaxation times were in reasonable agree-
ment with experiment. The order parameters were quite
well reproduced, whereas the effective correlation times
were clearly smaller than the experimental estimates.
Later, these effective correlation times were confirmed in
MD simulations and *C NMR relaxation measurements
of (CGCAAATTTGCG), in which the calculated order
parameters were ~0.82 and the effective correlation times
~13 ps, which is in good agreement with experimental
data.*®

Recent advances in nanomanipulation methods have
sparked an interest also in theoretical studies of the
deformation of DNA molecules as a result of a forced
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Table 1. Pair-Wise RMSD (A) between the Dodecamer 1DCO03% and the Same Sequence in Canonical A and B
Forms, and between the Dickerson Dodecamer 1BNA%¢ and Its Sequence in A and B Forms

structures alla basesP backbone® all 4—9d bases 4—9 backbone 4—9 Pyre4—9 Purf4—9
ADNA vs BDNA 6.56 5.60 7.28 3.01 2.00 3.66 1.88 1.95
ADNA vs 1DCO 3.34 2.95 3.63 1.45 0.87 1.80 0.84 0.82
BDNA vs 1DCO 4.39 3.64 4.96 2.27 1.38 2.81 1.21 1.44
ADNA vs 1BNA 6.31 5.50 6.90 2.92 1.82 3.58 1.25 0.87
BDNA vs 1BNA 1.31 0.94 1.55 0.84 0.44 1.04 0.29 0.35

a All non-hydrogen atoms. P All non-hydrogen base atoms. ¢ All non-hydrogen sugar—phosphate atoms. @ The non-hydrogen atoms of
the six middle base pairs. ¢ The pyrimidine non-hydrogen base atoms. f The purine non-hydrogen base atoms.

extension. MD simulations in vacuo were used to model
the extended conformations due to the increasing mag-
nitude of the forces that were applied to the opposing 3'
ends of DNA dodecamer strands.*® The DNA strands
separated directly when the forces were from 0.80 to 1.45
nN, which is similar in magnitude to the experimentally
measured force. For forces between 0.065 and 0.090 nN,
an extension was seen, and this generated a ladder
structure with bases from one strand stacked on the bases
of the other. Potential of mean force calculations based
on MD simulations in solution have been performed to
analyze the elasticity®® of a DNA dodecamer, which was
extended without any barrier from a length shorter than
A-DNA to a length longer than 2.4 times the B-DNA
contour length. At this point, the strand—strand separation
barrier was reached, and the favorable dodecamer—
solvent interactions could no longer compensate for the
interstrand repulsion. At the separation, the calculated
force was 0.09 nN, close to the 0.13 nN estimated from
direct AFM measurements.

Molecular dynamics simulations let us follow in great
detail processes such as the A-to-B-DNA transition or the
stretching of DNA, and also allow us to begin to provide
reliable data on the importance of the hydration and ionic
atmosphere of DNA.

RNA

The range of structures and activities to investigate is
greater for RNA than for DNA, and after describing some
comparative studies of DNA and RNA helices, we shift the
focus to structures that are more characteristic of RNA
systems.

Several MD simulations have shown that double-
stranded RNA oligomers are stable A-RNA conformations
in aqueous solution. The RNA dodecamer duplex r(GC)g
was very stable at both normal pressure and 6000 atm,!
with smaller fluctuations at the higher pressure. In a study
of the RNA dodecamer r(GGACUUCGGUCC),, the focus
was on the water-mediated uracil—cytosine base pairs.>?
From the MD simulation, one conformation, which was
in close agreement with the water-mediated uracil—
cytosine pair in the X-ray structure, was observed. Here,
water has two tasks as hydrogen bonding acceptor and
donor. A second conformation was also found in which
the water molecule was connected to two donor sites.
During a short event in the MD simulation, a direct
uracil—cytosine base-pair structure was seen. These water-
mediated conformations involving water molecules with
very long residence times provide an example of stabiliz-

468 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 35, NO. 6, 2002

ing interactions, which are difficult to study experimen-
tally. Hydration, together with dynamics and counterion
behavior, has also been studied for the A-RNA r(CG);, and
r(UA);,, as well as for the B-DNA d(CG);, and d(TA):,
duplexes.5*%* The study clearly found a higher flexibility
for the DNA helix, as compared to the RNA helix, as has
previously been seen.®* The RNA duplexes had more-well-
defined hydration patterns than the DNA structures, with
the d(A—T) base pairs being less hydrated, with about 1—-2
water molecules, than the r(G=C), r(A—U), and d(G=C)
base pairs. In the first hydration shell, the residence times
of water molecules were ~0.5—1 ns, with nonsequence-
dependent hydration patterns in RNA, whereas in DNA,
long-lived sequence-dependent hydration patterns were
observed, essentially in the minor groove. Further, the
potassium counterions were mainly bound to major
groove atoms of d(GC), r(GC), and r(AU). The number of
ions in the first hydration shell was 0.5/base pair for all
duplexes. In the G,C duplexes, the K ions bound mainly
to the GC steps and not to CG.

The hairpin, a helical stem capped by a loop at one
end, is the most common structural feature in RNA.
Hairpin Il of U1 small nuclear RNA, with 5 base pairs in
the stem and 10 bases in the loop, was simulated both in
complex with the U1A protein and free in solution.'® The
loop in the free hairpin was very flexible, but the loop and
also the stem of the RNA became more ordered upon
binding to the protein. Several simulations have been
performed of hairpins with small, very stable tetraloops.
For GNRA tetraloops (where N is any base and R is a
purine), a stabilizing water molecule in the loop with
residence time approaching that of the simulation has
been reported.®>% The hairpin simulated by Sarzynska et
al,¢ the D loop of 5S rRNA, also contained an extra,
unpaired U in the stem part, and simulations were
performed with this U either flipped out into the solvent
or as part of the helical stack. Both setups gave reasonable
and stable structures, and on the basis of comparison with
experimental patterns of susceptibility to lead induced
phosphoester cleavage, it was suggested that both con-
formations would be populated in solution. The UUCG
loop sequence, which belongs to the UNCG tetraloop
family, has been simulated as part of an RNA aptamer>?
as well as in a hairpin,®”=% where conversion from an
incorrect to a correct structure was facilitated by changing
the sugars in the loop to deoxyriboses® or by using a
locally enhanced sampling method.®® The UUCG tetraloop
stability has been further characterized by free-energy
perturbation calculations showing the sequence depen-
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dence of the stabilizing effect of the 2’-OH group® and
by free-energy evaluations of snapshots from an MD
trajectory using a continuum model.%®

The first RNA for which a simulation was undertaken
was a tRNA* and since then, the tRNA structure, in
particular the anticodon hairpin, has been the subject of
several simulation studies. Hydration analysis of the
tRNAA anticodon hairpin® showed that the phosphate
oxygens had the largest accessibility to water. Water
bridges between the phosphate oxygens with long resi-
dence times were found to stabilize the RNA backbone.
For the 2'-hydroxyl groups, tertiary contacts as well as
hydration were observed. Therefore, these groups were
suggested not to be involved in stabilizing the helical
regions of the RNA molecules. Specific hydration was also
observed for some bases, with two different hydration
patterns identified for the G—U base pairs. Pseudouridine
and 1-methylguanine-37 were also stabilized by water
molecules with long residence times. These water mol-
ecules, close to specific RNA atoms, were associated
cooperatively with other RNA atoms. Two strongly favored
binding sites were predicted for NH,* ions in the anti-
codon loop. In another study®? of the complexes between
the anticodon of yeast tRNAP"¢ with cognate (UUC) and
noncognate codon (UUU) trinucleotides, small confor-
mational differences for the free and bound complexes
were observed close to the Y37 base. This base displayed
larger root-mean-square fluctuations when the UUC
codon was present. An enhanced stability in the loop was
seen when the codon was bound. The other arm of the
tRNA, the amino acid acceptor arm, has also been studied
in simulations®% of RNA minihelices that mimic the
acceptor stem of tRNAA2, which has all the determinants
for recognition by the synthetase contained in this stem.
These minihelices are hairpins closed by a tetraloop and
with a dangling A;3C74C7sA7-3' end. The simulations
showed a positive correlation of the aminoacylation
activity with the tendency of the base at position 73 to
stack on G;.%4 It was furthermore observed that the wild-
type G3/Uz, wobble base pair in the middle of the stem,
in contrast to other base pairs at this position, strongly
binds a water molecule in the minor groove,® and the
strength of this water binding also correlates with ami-
noacylation activity. A simulation of the complete yeast
tRNAA® molecule including 74 NH," counterions and
explicit water molecules showed that secondary and
tertiary contacts were well-preserved® although the base
triples in the core of the tRNA were slightly more labile.
This was suggested to be due to the “weak” hydrogen-
bonding pattern of the base triples and the different ionic
environment, in particular, the absence of Mg?" ions, in
the simulated system.

MD simulations of the hammerhead ribozyme RNA
preserved the overall structure with well-maintained base
pairs and tertiary interactions, except for the 2'-OH
groups, which were more flexible.® In the crystal structure
of this ribozyme, the region around the scissile bond is
not in a catalytically competent conformation.566” The
main findings of the simulations were an in-plane breath-

FIGURE 3. Snapshots from MD simulations of single-stranded (A)
DNA, (B) PNA, and (C) RNA oligonucleatides.

ing motion for the adenine in the two sheared guanine-
adenine base pairs and from a constrained simulation an
activating conformational change at the cleavage-site
cytosine-17, which might be affected by the structural
changes in the sugar puckering of the turn residues. A two-
metal ion mechanism with a microbridging OH~ ion
positioned between two Mg?" ions was suggested for
hammerhead ribozyme catalysis.®® The activation of the
catalysis occurred from the deep groove side of stem |
where the 2'-hydroxyl nucleophile attacks the cleavable
phosphate. A minor local change of a ribose from a C3'-
endo to a C2'-endo conformation was observed. This small
structural difference was suggested to be enough to initiate
the cleavage reaction. In another study,®® the torsion
angles of the phosphate linkage of cytosine-17 were
rotated from the cleavage site toward the solvent, and
during the simulation, near-attack conformations were
formed, with one Mg?" ion coordinated close to the 2'-
hydroxyl oxygen. The results of this study, thus, are
consistent with a one-metal ion mechanism of catalysis.
These are two carefully performed simulation studies, but
the two Mg?" ions that are used in the two-metal mech-
anism have only 50% occupancy in the PDB file, which
may indicate that they represent alternative sites, not two
simultaneously present ions.
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conditions.

PNA

PNA molecules are nucleic acid homomorphs with regular
nitrogen bases attached to an uncharged peptide back-
bone. Because they may form both double- and triple-
stranded structures with regular nucleic acids with high
affinity, PNA molecules are very interesting as drug
candidates. A few MD simulation studies of PNA mol-
ecules have been carried out, either as single strands or
in various combinations with other PNA, DNA, or RNA
strands. A recent MD study analyzed single-stranded DNA,
PNA, and RNA with the same base sequence.” The initial
base-stacked conformation in the PNA strand was main-
tained in the whole MD simulation, whereas unstacking
events were observed for the DNA and RNA strands
(Figure 3). Further findings included a decreased correla-
tion between the backbone and bases in the PNA strand
due to the weaker physical coupling compared to the DNA
and RNA forms. The largest flexibility was seen for the
RNA strand and the stiffest was the PNA strand. Backbone—
water interactions were weaker for the PNA strand as a
result of the more hydrophobic character of its backbone.

Studies of PNA-containing duplexes have shown more
B-DNA-like properties for the parallel PNA—DNA duplex,
whereas the PNA—PNA and antiparallel PNA—DNA du-
plexes showed structures in both the A and B forms.”™ The
base linker region also displayed restricted flexibility in
the PNA strands. PNA—DNA and PNA—RNA duplexes with
three different starting structures in A-like, B-like, and Pa/g-
like forms have also been studied using MD simulations,’
and here, too, the three MD trajectories of the PNA—DNA
duplex converged toward the Pg form. For the PNA—RNA
duplex, a P, form was obtained for the MD simulations
started from the A and P, forms. The PNA—RNA MD
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simulation, which was started from the Pg form, unfolded
in the first 500 ps. PNA was found to have a more flexible
backbone than DNA or RNA, but this does not affect the
stacking arrangement of the bases.

A PNA—DNA—-PNA triple helix was investigated using
three different structures as starting conformations for the
MD simulations,” which all converged to a structure
ensemble close to the crystal structure. Further, it was
observed that the hydrogen bonds among the amide
hydrogens of the PNA strand and the phosphate oxygens
of the DNA strand were changed, and instead, water-
mediated hydrogen bonds occurred. This was suggested
not to have affected the stability of the triplex, but to have
changed the groove widths. When compared to a DNA—
DNA—DNA triplex, the PNA—DNA—PNA triplex has dif-
ferent helical features but similar base stacking interac-
tions, and therefore, the driving force is due to specific
conformational preferences of the PNA strands.

Long-Range Electrostatic Effects

Electrostatic effects are very important for the stability of
highly charged nucleic acids,”* and recently, the particle
mesh Ewald method has become very popular in MD
simulation studies.”® A large number of nucleic acid
systems have been investigated using this method and
have been found to produce accurate and stable trajec-
tories,®% but other techniques have been developed for
the truncation of long-range interactions.”® A number of
truncation methods have recently been evaluated by MD
simulations of a DNA hexamer in aqueous solution.”” The
atom-based force-shift truncation method, using a 12-A
cutoff, and the particle mesh Ewald (PME) method
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produced stable and very similar nanosecond MD simula-
tions of the DNA molecule, whereas some truncation
methods using charge groups or a switching function
applied to the electrostatic energy over an interval before
the cutoff resulted in either completely collapsed or
hyperstable DNA structures (Figure 4). The choice, thus,
seems to be not between Ewald summation methods and
spherical truncation, but rather between one of the well-
behaved methods (including Ewald summation, and
several spherical truncation schemes) and the pathological
truncation schemes—perhaps not a very surprising con-
clusion, but nevertheless a useful result, since it shows
that also nonperiodic systems may be appropriately
handled. The pros and cons of the Ewald summation
method and the periodicity it imposes on the system have
been the subject of a number of studies indicating that
the artifacts are small for biomolecular systems.”® With
optimized cutoff radius and convergence parameters for
the PME summation, the CPU time requirements are
similar, but the periodic boundary conditions necessary
with standard implementations of PME makes it slower
than a spherical cutoff in a nonperiodic geometry adapted
to the shape of the system being studied.

Conclusion and Future Perspectives

Current energy functions and simulation protocols allow
stable and apparently realistic simulations of nucleic acids
over several nanoseconds, and we can obtain relevant
information about the influence of the nucleotide se-
quence and various solvent conditions on the structure
and dynamics of molecules as large as tRNA. Two key
aspects resulting from the very detailed information
obtained in simulations, giving an advantage over experi-
mental studies, is that processes such as conformational
transitions may be monitored at a very detailed level, and
the ability to follow closely the behavior of solvent
molecules and their interactions with the solute. It is
reasonable to expect that soon it will be possible to
approach problems involving large biomolecular com-
plexes with nucleic acids, as well as on a time scale of
hundreds of nanoseconds, but more complicated reac-
tions, such as RNA catalysis and folding, are also likely to
be tackled, even though they may require even more
computing power.
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