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Molecular Dynamics of a DNA Holliday Junction: The Inverted Repeat
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ABSTRACT All-atom molecular dynamics (MD) computer simulations have been applied successfully to duplex DNA struc-
tures in solution for some years and found to give close accord with observed results. However, the MD force fields have gener-
ally not been parameterized against unusual DNA structures, and their use to obtain dynamical models for this class of systems
needs to be independently validated. The four-way junction (4WJ), or Holliday junction, is a dynamic DNA structure involved in
central cellular processes of homologous replication and double strand break repair. Two conformations are observed in solu-
tion: a planar open-X form (OPN) with a mobile center and four duplex arms, and an immobile stacked-X (STX) form with two
continuous strands and two crossover strands, stabilized by high salt conditions. To characterize the accuracy of MD modeling
on 4WJ, we report a set of explicit solvent MD simulations of ~100 ns on the repeat sequence d(CCGGTACCGG)4 starting from
the STX structure (PDB code 1dcw), and an OPN structure built for the same sequence. All 4WJ MD simulations converged to
a stable STX structure in close accord with the crystal structure. Our MD beginning in the OPN form converts to the STX form
spontaneously at both high and low salt conditions, providing a model for the conformational transition. Thus, these simulations
provide a successful account of the dynamical structure of the STX form of d(CCGGTACCGG)4 in solution, and provide new, to
our knowledge, information on the conformational stability of the junction and distribution of counterions in the junction interior.
INTRODUCTION
The DNA four-way junction (4WJ), also known as the
Holliday junction, is involved in central cellular processes
of homologous replication and double strand break repair.
Two conformations are observed in solution, a planar
open-X form (OPN) with a mobile center and four duplex
arms, and an immobile stacked-X (STX) form with two
continuous strands and two crossover strands. The STX
conformation requires adequate shielding of phosphate
charges, and is stabilized by high salt conditions. In the
course of a joint experimental and theoretical project, which
involves structure prediction of the complex between two
HU proteins and a DNA 4WJ (1), we require validation of
molecular dynamics (MD) applied to a corresponding
uncomplexed 4WJ. MD force fields have generally not
been parameterized against unusual DNA structures, and
the ability of a duplex DNA MD force field to transfer
successfully to unusual DNA structures has yet to be fully
determined. Analogous transferability to RNA structures
has been documented by Sponer and co-workers (2,3), and
is found to be quite complex.

We report herein a study of MD on 4WJs based on all-
atom, explicit solvent MD simulations of ~100 ns using
the AMBER 9 suite of programs including the recent
improvements on DNA force fields (4) and monovalent
ions (5). In this study, MD was performed on the repeat
sequence d(CCGGTACCGG)4 from two different starting
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structures, the STX structure (PDB #1dcw) and a model
built OPN structure of the same sequence, both in two
different salt conditions. Our study also includes a control
MD on the corresponding duplex DNA sequence,
d(CCGGTACCGG)2. This investigation focuses on the
dynamics of the junction with respect to conformational
stability, the transition from the OPN to STX form, and
characterization of the water and ion atmosphere of the
junction compared with corresponding results on duplex
DNA.

There are five specific questions we address in the current
study: 1), what is the dynamical stability of the MD models
obtained for d(CCGGTACCGG)4; 2), what level of agree-
ment is obtained between the MD calculated and experi-
mentally observed results; 3), what new information is
obtained on dynamics of the system, such as the thermal
dispersion of structures in the MD ensemble and the con-
formational stability of the STX and OPN forms; 4), how
does the structure of the DNA at and around the junction
compare with that of corresponding duplex DNA; and 5),
what distribution of water and mobile ions is predicted for
the junction? More specifically, our simulations aim to
address how phosphate charges in the junction are compen-
sated for by counterions, and how the MD distribution of
these ions compares with the Manning-like condensation
of counterions around duplex DNA.
Background

The four-stranded DNA junction originally proposed by
Holliday (6) has been implicated in a number of cellular
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processes including homologous recombination, DNA
repair, replication restart, and viral integration (7). Distinct
conformational forms of Holliday junctions have been iden-
tified in solution using a number of methods including
single molecule fluorescence resonance energy transfer
(FRET) (8). The solution conformation of 4WJs was
initially assessed by gel mobility (9,10), later confirmed
by FRET (11,12), and directly visualized by single-mole-
cule FRET (13). These experiments were mainly performed
on longer junctions of different nucleic acid sequence that
were immobile. Our investigations have focused on a junc-
tion composed of homologous sequences of 10 basepairs
(bp) whose structure has been determined by x-ray crystal-
lography (14). At physiological conditions the preferred
conformation of a 4WJ is generally the STX form in which
there are two continuous and two crossover strands. The
crossover at the junction results in essentially coaxial duplex
arms with an interduplex angle (IDA) of ~60� and a torsion
angle between junction arms (Jtwist) of ~40

� (15). The STX
form is capable of adopting either an antiparallel or a parallel
conformation, and the parallel conformation was predicted
to be the more biologically significant structure for homol-
ogous recombination (16). However, experimental evidence
has shown that the antiparallel conformation is the more
commonly observed solution structure (9,13,17,18). Under
low salt conditions, 4WJs typically adopt the square planar
OPN conformation in which the IDA relating the adjacent
duplex arms is ~90� and the Jtwist angle between junction
arms is presumably ~0�.

The first crystal structure of a DNA Holliday junction was
solved by Ortiz-Lombardia et al. (19) for the sequence
d(CCGGGACCGG)4 in the STX antiparallel conformation
with two G:A mismatches. There have since been a number
of x-ray crystallographic structures of Holliday junctions
reported for STX forms (20,21) and for OPN or hybrid
forms complexed with proteins (22,23). The symmetric
d(CCGGTACCGG)4 (ApC) junction and the G:A mismatch
junction served as the basis for further crystallographic
studies by Eichman et al. (14), which focused on the nature
of the conserved ACC core of the STX form adopted in
several known crystal structures. However, subsequent
studies have shown that the requirement of an ACC core
is not as strict as initially suspected (24).

The Eichman et al. crystal structure of the ApC 4WJ
(Fig. 1 A) is an antiparallel STX form composed of four
strands of DNA. The two outer strands (labeled I and III)
wrap around the outside of the structure and the two inner
strands (labeled II and IV) crossover between the pseudodu-
plexes and make an abrupt turn at the positions of strand
exchange (A16pC17 and A36pC37 of the ACC core of the
junction; Fig. 1 B). The bps between the outer and inner
strands form two pseudocontinuous DNA duplexes, each
made up of a 6 bp arm stacked on a 4 bp arm. The ~41� Jtwist
between the ApC pseudoduplexes is shallower than the ~60�

Jtwist estimation for affixed Holliday junctions obtained by
gel electrophoresis and FRET (9,11,25,26), and for 4WJ
analogs obtained by atomic force microscopy (27). Contacts
between adjacent duplexes occur around the A16pC17
and A36pC37 steps of crossover strands II and IV at the
junction, and between the phosphate oxygen atoms of C2
and G30; C22, and G10 near the ends of each arm (Fig. 1,
A and C) (14).

The essential perturbations in structures of the DNA arms
in the ApC junction are present in the backbone torsion
FIGURE 1 (A) Crystal structure of 1dcw, the in-

verted repeat d(CCGGTACCGG)4 (ApC) junction

resolved to 2.1 Å. In the center of the junction in

pink is a crystallographically resolved sodium

ion. Strands I and III are linear; II and IVare cross-

over strands. The reported Jtwist and IDA angles

between the pseudoduplexes are ~41� and ~60�,
respectively. (B) Strand sequence and numbered

base layout for the ApC junction. Junction bases

refer to A16pC17 and A36pC37 of strands II and

IV. (C) A schematic representing the canonical

stacked-X and open-X conformations of a Holliday

junction, denoted STX and OPN, respectively. The

STX form is characterized by either an antiparallel

or parallel directionality, the former of which

applies to the ApC junction. (D) Phosphate group

atoms in the junction crossover site of bases A16,

C17, A36, and C37, and the crystallographically

resolved sodium ion in pink. Distances are shown

in angstroms.
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angles between A16pC17 and A36pC37 of the crossover
strands and the low helical twist angles for the bp steps in
the crossover region. The sugar-phosphate backbone param-
eters are relatively unperturbed even where the inner strands
crossover, and compensatory rotation is instead localized
around the b (P-O50-C50-C4) torsion angles of the backbone
and the glycosidic c angles. The helical twist at the
d(G14pT15/A16*C17) bp step at the junction (denoted *)
is 34�, which is well within the range of twist values
observed in DNA duplexes (14). The bp steps flanking the
junction are overwound at the 4 bp arm and underwound
at the 6 bp arm. Thus, in this structure the overwinding at
one side of the junction is compensated for by the under-
winding of the other side such that overall B-form structure
is essentially maintained (14). The minor grooves of both
pseudoduplexes are on one face of the junction, whereas
the major groove surfaces are connected smoothly across
the junction on the other face.

The experimentally observed conformation of the 4WJ
(STX versus OPN) is highly dependent on salt concentra-
tion, with STX forms stabilized at physiological salt
concentrations, and the OPN form favored at low salt for
which there is more phosphate-phosphate separation (8–
10). In the STX form of the ApC junction, the four phos-
phate groups of bases A16, C17, A36, and C37 of crossover
strands II and IV are located within ~6�9 Å of one another
(Fig. 1 D), resulting in a strong negative region of electro-
static potential around the junction. In the OPN form, the
analogous four equidistant phosphate groups are ~27 Å
from one another, and thus require less screening for the
structure to be electrostatically stable. A peak in crystallo-
graphic electron density of the ApC junction was assigned
to a sodium ion bridging the O2P oxygen atoms of the
A16 and A36 bases of strands II and IV at the junction
(Fig. 1 D). As noted by Eichman et al. (14), the gaps
between the adjacent neighboring arms of the ApC junction
are also locations of high negative electrostatic potential,
and additional counterions are expected to be required to
counterbalance the anionic repulsions.

Plausible computational models of DNA structure and
motions based on AMBER MD simulations including
explicit solvent date back to the development of the second
generation force field by Cornell et al. known as parm94
(28). The first MD simulations on DNA using parm94
provided a successful description of the B-form double helix;
for reviews see (29) and (30). MD on DNA using CHARMM
has been reported by MacKerell and co-workers (31). An
AMBER model of DNA has been compared with both
crystallographic and NMR results on the prototype
d(CGCGAATTCGCG)2 duplex and found to be in close
accord with the experimental results (32). Subsequent appli-
cation ofMDonDNA in general can be followed in a series of
review articles (33–35), an MD on d(CGCGAATTCGCG)
has recently been extended up to 1 ms (36). A recent collab-
oration was formed to test MD on DNA and investigate
Biophysical Journal 102(3) 552–560
sequence effects on structure based on trajectories for all
136 permutations of tetranucleotide bp steps (37–39). This
collaboration characterized the stability of the simulations,
the agreement betweenMDand experiment, and investigated
context effects on bp step geometries. However, an ergodic
problem was encountered in the behavior of the a/g back-
bone in long MDs based on the parm99 force field (28,40).
This problem was subsequently remedied by Perez et al.
(4) with a modification included in the AMBER force field
parmbsc0, which is the most current force field for use in
MD on DNA. In a recent study of a DNA minicircle (41),
initial results based on the AMBER parm94 force field
showed some problems, butMDbased on the parmbsc0 force
field resulted in an improved dynamical model (42).

Molecular modeling and simulations on Holliday junc-
tions began with the elucidation of the stereochemistry by
von Kitzing et al. (43,44). An initial set of computer models
of static structures for Holliday junctions was set forth by
Srinivasan and Olson (45). Westhof and co-workers (46)
predicted metal ion binding sites for a number of 4WJs
including the ApC junction in a dielectric continuum using
Brownian dynamics, and found that Brownian dynamics
counterions were preferentially localized in the minor
groove of the OPN structures, and the major grove of the
STX structures. Yu et al. (47) reported a 6 ns MD simulation
on the ApC junction based on the CHARMM27 force field
(31), used the results to deduce conformational models for
transitions within Holliday junctions, proposed a schematic
framework for the classification of these changes, and
provided theoretical evidence for a tetrahedral OPN junc-
tion. However, these results were derived from the initial
portion of a simulation that proved to be dynamically
unstable after 6 ns.
MATERIALS AND METHODS

Three sets of MD simulations are reported herein; each with both a minimal

salt (MS) electroneutral condition, and a physiological 200 mM NaCl

condition denoted high salt (HS). The three systems are 1), the ApC

junction beginning from the STX form (crystal structure 1dcw) (denoted

STX-MS and STX-HS), 2), the ApC junction beginning from a modified

OPN model obtained from Olson and built using 3DNA (48) (denoted

OPN-MS and OPN-HS), 3), and a corresponding canonical B DNA

d(CCGGTACCGG)2 duplex (denoted CBD-MS and CBD-HS) built using

the make-NA web server (49). All six simulations were performed for

over 100 ns of MD. Five repeat MD trajectories with different distributions

of initial velocities were performed for the OPN-MS system to assure

simulations of this system are reproducible. See the Supporting Material,

section S7, for additional details.

All simulations were carried out with the PMEMD version of the

AMBER 9.0 suite of programs (50). The parm99 force field using the

parmbsc0 (4) and ions08 (5) modifications were used for DNA and mono-

valent ions, respectively. The systems were solvated in an octahedral box

of TIP3P water molecules (51), extending to a minimum boundary distance

of 12 Å from all DNA atoms. Minimization, heating to 300 K, and sub-

sequent MD of the DNA, ions, and water were carried out by standard

procedures. A 9 Å nonbonded van der Waals cutoff was employed along

with the particle mesh Ewald method treatment of long-range electrostatics
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(52,53). A constant pressure of 1 atm and the temperature of 300 K were

maintained during the MD using Berendsen coupling (54), and SHAKE

(55) was applied to fix all the covalent bonds to hydrogen atoms. A 2 fs

time step was used in all simulations.

MD stability and sampling was assessed with root mean-square deviation

(RMSD) and principal component analysis (PCA) of the covariance

matrices (Supporting Material, sections S.5.1–S.5.4). We assessed the

convergence of each simulation by calculating the RMSD of the DNA back-

bone with respect to the average structure for 25 ns blocks of trajectory

snapshots (Figs. S1–S6). The Curvesþ program of DNA analysis

(39,56,57) was used to examine bp and bp step parameters and the axis

behavior of the pseudoduplex arms. The helix axes generated using

Curvesþ were also used to calculate Jtwist values for 4WJ structures.

Average water and ion density histograms and ion occupancies were calcu-

lated using the ptraj (50,59) module of AmberTools 1.2 (Supporting Mate-

rial, section S3).

The focus of this work is an overall assessment of AMBER MD simula-

tions of the ApC junction compared with the corresponding 2.1 Å crystal

structure solved by Eichmann et al. (14). Although this crystal structure

provides the most highly resolved experimental STX structure of the

ApC junction, the MD simulations involved in this study provide a model

for the structure in solution. It should also be noted that there are no avail-

able experimental results for the OPN form of the ApC junction in solution.

Thus, the observed and calculated results are not expected to be identical,

but should be in close accord if the MD model is plausible.
RESULTS

Dynamical stability of MD on 4WJ

The junction was examined in the OPN and STX conforma-
tions under both HS and MS conditions for a total of 100 ns
for each simulation. We calculated the RMSD of OPN-HS,
OPN-MS, STX-HS, and STX-MS DNA backbone atoms
with respect to the 1dcw crystal structure for the first 30 ns
of each simulation (Fig. 2 A). All four simulations equili-
brated in ~4–8 ns and remained stable over the remainder
of their 100 ns trajectories (Fig. S7). The first two principal
components of the STX-MS simulation are displayed as
a time progression alongside their corresponding population
distribution plots (Fig. 2 B). The PCA shows a single well-
populated ensemble of trajectory snapshots for the two
STX systems (Fig. S10, A and B). The junction remained
stacked for 100 ns of MD and we found only minor salt
concentration effects. The OPN-HS and OPN-MS MD tran-
sitioned from theOPN form to theSTX form, and theHS tran-
sition is depicted in greater detail (see Fig. 5) (The PCA are
provided in Fig. S10, C and D). The starting OPN structure
and final antiparallel STX structure are shown in Fig. 2 C,
with junction bases (A16, C17, A36, and C37) shown high-
lighted in cyan. The MD average structures from the equili-
brated portions of the four simulations and the 1dcw crystal
structure are superimposed in Fig. 2 D. The four simulations
all folded into the antiparallel STX form, and are in close
agreement with backbone RMSD values of ~4 Å from the
STX crystal structure and ~1 Å from one another.

Atomic fluctuations (B-factors) are plotted as a function
of sequence for the equilibrated structures of STX-HS and
OPN-HS in Fig. 3. Bases 1–10; 21–30 correspond to linear
strands I and III and 11–20; 31–40 correspond to crossover
strands II and IV (Fig. 1 A). The largest fluctuations occur
near the ends of each arm of the junction, and the regions
corresponding to the center of the junction near bases
A16, C17, A36, and C37 show the lowest fluctuation values,
indicating the center of the STX junction is a region with
a high degree of stability. Junction bases are expected to
be well stabilized in the HS condition due to adequate phos-
phate shielding, and indeed both STX-HS and OPN-HS
simulations equilibrated to form STX structures with junc-
tion phosphates stabilized in close proximity.
FIGURE 2 (A) Backbone RMSD of OPN-HS,

OPN-MS, STX-HS, and STX-MS all referenced

to crystal structure 1dcw. End bps are omitted.

All four starting conditions converged to the

same antiparallel STX conformation, with both

OPN-HS and OPN-MS transitioning from OPN to

STX. (B) PCA of the covariance of atomic fluctua-

tion for MD on STX-MS. The time progression of

the simulation is denoted by progression through

the visible spectrum with red indicating the initial

portion of the simulation and purple the end

portion. The corresponding population distribution

plots are shown in red. (C) OPN model starting

conformation and STX ending/starting conforma-

tion. Junction bases are highlighted in cyan. (D)

Superposition of average converged structures

from OPN-HS (black), OPN-MS (purple), STX-

HS (green), and STX-MS (yellow) with the 1dcw

crystal structure (red). Backbone RMSD between

the average STX-HS structure and 1dcw is

~3.3 Å, and for the backbone of junction bases

16, 17, 36, and 37 is ~2.8 Å.

Biophysical Journal 102(3) 552–560



FIGURE 3 B-factors by sequence for OPN-HS and STX-HS averaged

from 90–100 ns of MD. The junction bases 16, 17, 36, and 37 appear

more stable, whereas the end bases 1, 10, 11, 20, 21, 30, 31, and 40 appear

most dynamic. MD calculated B-factors are atomic positional fluctuations

multiplied by (8/3)p2.
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Comparison of MD on 4WJ and duplex B DNA

A comparison of the bp helical parameters x-displacement
(XDP) and inclination (INC) for the first pseudoduplex
arm of STX-HS (STX-PDI), and the duplex DNA CBD-
HS are compared in Fig. 4. Basepair parameters XDP and
INC can be used in combination to describe the geometries
of both canonical A and B forms of DNA, and as a result can
be used to distinguish between the two forms. The bp
parameters for STX-PDI and CBD-HS closely parallel one
FIGURE 4 DNA bp parameters XDP and INC, capable together of char-

acterizing canonical B DNA or A DNA. Black squares refer to parameter

values of the equilibrated MD average for CBD-HS, and white triangles

are the parameter values of the equilibrated MD average for a STX-HS

pseudoduplex arm (STX-PDI). Standard values for B DNA and A DNA

are shown in black and gray, respectively, and junction bases are circled

on the x axis. Error bars indicate one standard deviation.
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another in the case of both XDP and INC, and in general,
fall between the canonical A-DNA and B-DNA values for
these parameters. Application of the t-tests reveal that the
differences for XDP and INC for the two MD structures
are not statistically significant (see the Supporting Material,
section S.6.2). The corresponding results for the bp step
parameters roll, twist, tilt, and rise (Fig. S11) indicate
comparable results regarding statistical insignificance
(Table S2).
MD water and ion distributions

See Fig. 6 for the MD calculated high-density water and ion
distributions for the STX-HS simulation. The 1dcw crystal
structure indicates a sodium ion at a position interior to
the junction, but more ions are expected to be present in
the regions that are not resolved crystallographically.
The MD results show two main peaks in the calculated
maximum ion density centered at distances of ~5 Å from
the ion in the crystal structure, and a number of other signif-
icant peaks in ion density around the STX structure as well.

Further analysis of the dynamical structure of ions inside
the junction is provided in terms of the calculated phosphate
oxygen-sodium ion radial distribution function (RDF), see
Fig. 7. Results on this for duplex DNA have been reported
previously and found to support the counterion condensa-
tion theory (60–62). There are four phosphate groups that
are closely involved in the structure of the stacked junction,
and the average ion occupancy within 5 Å of the phosphate
oxygen atoms is seen to compensate for ~52% of the nega-
tive charges on the DNA backbone in the region. Thus, we
do find evidence for a Manning-like counterion condensa-
tion within the junction, but with a smaller extent of charge
compensation compared to duplex DNA (60).
DISCUSSION

Our MD results show that AMBER with the latest nucleic
acid force field is capable of predicting a plausible solution
structure of the ApC 4WJ. Simulations STX-MS, STX-HS,
OPN-MS, and OPN-HS all equilibrated to the STX form of
the junction and maintained stable convergence throughout
the equilibrated portion of each 100 ns simulation (Fig. 2
and Figs. S1–S4). The average backbone RMSD between
the four average equilibrated structures is ~1 Å, and the
close agreement of within ~4 Å backbone RMSD of
the 1dcw crystal structure serves to validate the ability of
the force field to describe the dynamics of the 4WJ STX
solution structure. It should be noted, however, that the
crystal structure may differ to some extent from the solution
structure, which is dynamic and capable of undergoing
thermal breathing and fluctuations. This is evident in
Fig. 2 A, where the backbone RMSD plot reveals a small
degree of continuous fluctuation within ~1 Å of the average
structure.
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Amore thorough investigation of the convergence of each
simulation is examined using PCA, which examines the
substate sampling throughout the trajectory of the simula-
tion (see the Supporting Material, section S.5.4). PCA
results for STX-MS (Fig. 2 B) indicate a relatively narrow
sampling of individual substates over the course of the
MD simulation, with similar results having been observed
in STX-HS (Fig. S10 A). PCA results for the OPN simula-
tions displayed a similarly narrow sampling of substates,
but only after the initial transition from OPN to STX
(Fig. S10, C and D). A narrow sampling of substates is
indicative of a stable MD simulation.

The OPN to STX transition for the OPN-HS simulation is
represented in greater detail in nanosecond intervals in
Fig. 5. The progression from OPN to STX can be character-
ized by monitoring the changes in Jtwist and IDA angles over
time. This particular stacking process can be roughly
described by two main stages, a pseudoduplex formation
unbending stage (stage I), and a stacking/twisting stage
(stage II). In stage I, a decrease in the IDA angle between
arms that contain the eventual crossover strands and a
corresponding increase in the IDA angle between arms
that contain the eventual continuous strands forms the two
pseudoduplexes. As the pseudoduplexes form, they begin
to twist relative to one another, leading to an increase in
the Jtwist. In stage II the junction phosphates approach one
another and the two newly formed pseudoduplexes continue
FIGURE 5 Progression fromOPN to STX for the OPN-HS system in 1 ns

intervals for 11 ns of MD. Twist and bend angles for each interval is shown

as (Jtwist, IDA) next to their corresponding structures. Stage I roughly corre-

sponds to the bending step, and Stage II roughly corresponds to the twisting

step. The final structure is an average representative of the 11th ns, after

which the structure remains stacked with minor thermal fluctuations. The

two pseudoduplexes (PDI, PDII) are shown in two shades of gray with

the central bend axes in black.
to stack and twist relative to one another, leading to a further
increase in the Jtwist angle. This MD calculated progression
provides one possible mechanism for how a junction might
transition from the OPN form to the STX form. The reverse
of this pathway may also account for one possible unstack-
ing mechanism in solution characterized by an untwisting
step, followed by an unbending step wherein the opening
in the center of the junction is formed.

The average bp and bp step parameters XDP and INC for
STX-PDI and CBD-HS over an equilibrated portion of the
MD are examined in detail in Fig. 4 to assess how the
pseudoduplexes of the junction behave when compared to
an MD predicted structure of duplex DNA in solution.
STX-PDI is the pseudoduplex consisting of bases 1–10,
11–16, and 37–40, whereas STX-PDII consists of bases
17–20, 21–30, and 31–16. The bp parameter results for
STX-PDI and STX-PDII are statistically indistinguishable,
and so for simplicity, only STX-PDI will be used in the
comparison with the duplex DNA. A t-test indicates that
the differences in parameter data for STX-PDI and CBD-
HS are also not statistically significant (see the Supporting
Material, section S6). This implies that, despite the presence
of two crossover points connecting to a neighboring pseudo-
duplex, the dynamical structures of the 4WJ pseudoduplexes
are behaving similar to that of the corresponding duplex
DNA in solution. A second observation is that both STX-
PDI and CBD-HS parameters also tend to fall between the
values for canonical A and canonical B DNA in solution.
Together, the implications of these results are that the MD
predicted structure of the junction shows characteristic
DNA duplex behavior without specific regard to the junction
crossover point, and that any sequence effects present in
CBD-HS for this sequence are either negligible or are ex-
pressed equally in STX-PDI.

The water and ion distributions for the 1dcw simulation
shown in Fig. 6 predict details of ordered ion and water
density around the stacked structure in solution not resolved
in the crystal structure. Two peaks of ion density are consis-
tently observed throughout the equilibrated MD simulation
within ~5 Å of the ion resolved in the crystal structure. This
suggests there is likely a need for several cations near the
junction phosphates in the STX form to neutralize the
opposing negative charges enough for the junction to stack.
Fig. 7 contains RDF plots of Naþ ions with respect to
phosphate oxygen atoms for junction bases in STX and
OPN simulations, and for the CBD simulations. The six
RDF plots are similar in shape with a large peak at a distance
of ~2 Å and a smaller peak at ~4.5 Å, showing the presence
of ordered ion shell structures within ~5 Å of phosphate
oxygen atoms for both the junction and B DNA.

The center of the junction of the STX form is defined as
bases A16, C17, A36, and C37 (Fig. 2 B) of the structure,
with the two phosphates of bases C37 and C17 of the cross-
over strands separated by only ~6 Å (Fig. 1 D). A calcula-
tion of the average occupancy of Naþ ions within 5 Å of
Biophysical Journal 102(3) 552–560



FIGURE 7 Radial distribution functions for Naþ ions within 12 Å of

phosphate group oxygen atoms in junction bases A16, C17, A36, and

C37 for (A) STX-HS, (B) STX-MS, (C) OPN-HS, and (D) OPN-MS, and

for the phosphate oxygen atoms of (E) CBD-HS, and (F) CBD-MS. The

solid lines refer to the O1P oxygen atoms, and the dashed lines to the

O2P oxygen atoms. Data are taken from 80 ns of stable MD.

FIGURE 6 MD predictions for the regions of high density for (A) Naþ

ions and (B) water molecules for the equilibrated portion of MD on STX-

HS. Images are depicted in cross-eye stereo. The two regions of primarily

high ion density are within ~7 Å of one another and ~5 Å of the crystallo-

graphically resolved Naþ ion in 1dcw (Fig. 1).
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a junction phosphate oxygen is ~52%, indicating that
roughly half of the charge on the junction phosphates is
compensated for by local counterions. There are six phos-
phates encompassed within a ~10 Å region around the
center of mass of the junction crossover phosphates, and
the average number of sodium ions observed within this
region over a portion of equilibrated MD accounts for
~67% of the negative phosphate charge. The number of
observed chloride ions within 10 Å of the junction at a given
time was zero, thus the net charge of the junction is obtained
by the inclusion of phosphate groups and Naþ ions only.
CONCLUSIONS

Overall, this study indicates that MD based on the AMBER
parmbsc0 DNA force field provides a reasonable description
of the dynamical structure of d(CCGGTACCGG)4 in
aqueous solution. The simulations remained stable over
100 ns of MD, and the RMSD was ~4 Å between each of
the four junction simulations and the crystal structure, and
~1 Å between the average structures of each simulation.
The results indicate the salt concentration affected equilibra-
tion time and the transitional pathway, but the equilibrated
prediction structure for all four systems was the STX form.
The transition from the modeled OPN structure to the STX
structure for system OPN-HS was examined with respect to
IDA and Jtwist angles at 1 ns intervals for 11 ns (Fig. 5).
Biophysical Journal 102(3) 552–560
Over the course of the transition, the IDA decreased from
90� to ~60� and the Jtwist increased from 0� to ~40�, similar
to FRET data obtained for other 4WJ structures and consis-
tent with the crystal structure for the STX form.

Analysis of the water and ion atmosphere of the junction
revealed that in the STX form four of the junction phos-
phates are neutralized by ~52% and six are neutralized by
~67% by local counterion condensation. Comparison of
the 4WJ pseudoduplexes to corresponding duplex DNA in
solution returned statistically indistinguishable results for
DNA bp and bp step parameters used to characterize nucleic
acid geometry. This is consistent with what has been previ-
ously observed in 4WJ crystal structures. One notable open
issue is that the minimal salt systems STX-MS and OPN-
MS did not equilibrate to an open 4WJ structure. There is
no direct experimental determination of the low salt form
of the d(CCGGTACCGG)4 sequence, but an open form
would be anticipated from the behavior of related systems.
Subsequent spectroscopic and computational studies will
address this issue.
SUPPORTING MATERIAL
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