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A theoretical model of a DNA oligonucleotide duplex featuring A-tracts
phased by a full helix turn is developed based on molecular dynamics
computer simulation. The extent to which this model agrees with rel-
evant experimental data on axis bending and the relationship of A-tracts
to bending and other aspects of helix morphology is investigated. Speci®-
cally, a series of nanosecond-level molecular dynamics (MD) simulations
have been carried out for the 25 bp duplex d(ATAGGCAAAAAATAGG-
CAAAAATGG) at various concentrations of saline solution. A 30 base-
pair sequence composed of three 10 bp repeats of the BamHI recognition
sequence ligated together, d(CGGGATCCCG �CGGGATCCCG �CGG-
GATCCCG), was simulated as a control. The MD was carried out using
the AMBER 4.1 suite of programs, and utilized the Cornell et al. force-
®eld with the electrostatic boundary conditions treated by the particle-
mesh Ewald summation protocol. The MD results show that at a
concentration of 60 mM KCl, 10 mM MgCl2 added salt plus minimal
neutralizing cations, the MD model exhibits concerted axis bending to
the extent of 15.5� per A-tract. This compares favorably with the bending
per turn of 17 to 21� inferred from cyclization experiments. The MD
model also exhibits a progressive 50 to 30 narrowing of the minor-groove
region of A-tracts, a feature inferred from DNA footprinting experiments.
Analysis of the dynamic structure of the MD models shows that the ori-
gin of the bending follows a junction-type bending model with an admix-
ture of mixed sequence effects, with A-tracts relatively straight, as in
oligonucleotide crystal structures of sequences containing A-tracts. The
results are shown to be sensitive to environmental conditions: MD on
d(ATAGGCAAAAAATAGGCAAAAATGG) in neutralizing Na� buffer
results in markedly reduced curvature, and the removal of Mg2� measur-
ably affects bending. Carrying out the simulations at experimental salt
conditions appears to be essential to obtain an accurate account of the
experimentally observed bending.
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Introduction

The effect of phased A-tracts on oligonucleotide
duplex structure is a most important and well-
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documented example of DNA sequence effects.
The behavior of proposed theoretical models of
DNA involving A-tracts is of considerable signi®-
cance in assessing the credibility of a proposed
nucleic acid force and in developing an explanation
of the structural effects of A-tracts at the molecular
level. We describe a project in which a dynamical
model of a DNA featuring phased A-tracts is
obtained using molecular dynamics (MD) compu-
ter simulation, and investigate (a) the extent to
which this model agrees with relevant experimen-
tal data on this sequence motif, and (b) how the
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dynamic model corresponds to current hypotheses
about the relationship between A-tracts and DNA
bending. MD studies of the 25 bp oligonucleo-
tide of sequence d(ATAGGCAAAAAATAGG-
CAAAAATGG) with a full complement of solvent
water and counterions have been carried out. This
sequence features two successive A-tracts spaced
by 11 bp in the sequence, in phase with a full turn
of a B-form double helix. This sequence is referred
to also as the phased A-tract sequence. The MD
simulations consider a range of counterion concen-
trations commensurate with experimental con-
ditions, and are extended into the nanosecond
regime of time. A corresponding sequence com-
posed of three repeats of the BamHI recognition
sequence, d(CGGGATCCCGCGGGATCCCGCGG-
GATCCCG), commonly employed as a marker in
gel migration experiments and lacking in phased
A-tracts, is studied as a control. No speci®c
assumptions with respect to DNA bending, the
behavior of A-tracts, or helix morphology per se
have been introduced into the MD simulation.

Background

The effect of DNA sequence on structure is a
matter of central concern in the understanding of
the structural biology and functional energetics of
informational macromolecules (Saenger, 1983). One
of the earliest observed and most notable instances
of sequence effects on structure occurs in nucleoso-
mal DNA, in which two turns of DNA are super-
coiled around an octamer of histone proteins in the
fashion of a solenoidal wrap (Luger et al., 1997;
Sinden, 1994). The base-pair sequence of the DNA
in nucleosomes was found to have a distinct fea-
ture: stretches of consecutive adenine nucleotides
(A-tracts) spaced by the number of base-pairs in a
full turn of the B-form DNA duplex (Ioshikhes
et al., 1992; Shrader & Crothers, 1990). A hypoth-
esis subsequently emerged that bending or bend-
ability is linked in some way to the individual A-
tracts in DNA sequences, and that the phasing of
A-tracts by a full helical in a DNA duplex serves to
constructively amplify the effect in a concerted
direction.

A causal link between A-tracts and DNA bend-
ing has been supported by a number of exper-
iments on DNA oligonucleotides of lengths
ranging from around just over one helical turn, to
hundreds of base-pairs (for a review, see
Hagerman, 1990). The experimental evidence for
the curvature of A-tracts was originally observed
in the minicircle kinetoplast DNA of trypanosomes
(Marini et al., 1982), and is based primarily on the
anomalous migration of A-tract DNA oligonucleo-
tides on gels (Diekmann, 1987; Hagerman, 1985;
Koo & Crothers, 1988), and the cyclization kinetics
of DNA plasmid formation (Crothers et al., 1992).
The A-tract effect has been employed in a novel
study investigating the role of DNA bending in the
mechanism of transcription regulation mediated by
the DNA-bending protein catabolite gene activator
protein (CAP) in both in vivo and in vitro prokaryo-
tic systems (Bracco et al., 1989; Gartenberg &
Crothers, 1991), and more recently in a study of
the role of bending by TATA-Box Binding Protein
(TBP) in eukaryotic systems (Kim et al., 1995). Gel
anomaly experimemts have concluded that the
macroscopic magnitude of DNA bending is
approximately 17 to 21� per A-tract (Koo et al.,
1990), and in the direction of the minor groove at
the center of the A-tract stretches (Zinkel &
Crothers, 1987).

The structural effect of A-tracts in DNA at the
molecular level and the role of A tracts in DNA-
bending phenomena is not a settled issue (Lavigne
et al., 1997; Olson & Zhurkin, 1996; Sundaralingam
& Sekharudu, 1988). The various models describ-
ing how DNA bending might relate to A-tracts can
be generally categorized as ``bent A-tract'' or
``straight A-tract'' models. In the AA wedge
model, an example of the former category
advanced by Trifonov and co-workers (Trifonov,
1980), each ApA step in a tract is bent by a small
``wedge angle''. Each ApA wedge is comprised of
a combination of base-pair roll and tilt, whereas
random-sequence DNA is straight, or at least
averages to straight. Much of the current data on
DNA bending in solution observed in gels or cycli-
zation experiments has been successfully inter-
preted by a re®ned example of an AA wedge
model, the model developed via regression analysis
(Bolshoy et al., 1991). Despite its successes, there
are subsequent indications that the reported ®t is
not unique (Y. Liu & D.L.B. unpublished results).
Analysis of the results of solution studies of A-
tracts is complicated by the fact that the properties
of A-tracts in solution have been observed to exhi-
bit noted dependencies on both temperature and
salt conditions (Diekmann, 1989). A-tract DNA is
also reported to undergo ``premelting'' structural
transitions, possibly involving bending, at close to
physiological conditions (Chan et al., 1993).

One form of a straight A tract model is the junc-
tion model, which holds that A-tracts and random-
sequence DNA are both essentially straight, and
that bending occurs at the junction of these two
forms. A speci®c form of junction model was
initially proposed by Crothers and co-workers
(Koo & Crothers, 1988). Oligonucleotide crystal
structures (Berman et al., 1992) provides extensive
data consistent with ``straight A-tracts'' and can be
viewed as being consistent with a junction model
of DNA bending (Young et al., 1995). The details of
the junction bending observed in crystal structures
of A-tract sequences are slightly different from
those proposed in the Crothers model. However,
crystal structures are available only on relatively
short oligonucleotides, and are subject to packing
effects that may (DiGabriele et al., 1989; Narayana
et al., 1991) or may not (Dickerson et al., 1987,
1991) in¯uence the results.

Subsequent variations on the idea of straight A-
tract models have been proposed (Goodsell &
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Dickerson, 1994), particularly the bent general
sequence model (Olson et al., 1993), which postu-
lates that bending occurs not just at junctions but
more generally throughout the non-A-regions of a
sequence. The evidence for this is primarily crystal-
lographic, and for the reasons noted above, is sig-
ni®cant but not totally unequivocal. Adding to the
confusion is the recent reports that ApA steps in
crystals may be sensitive to the effects of organic
solvents such as methylpentane diol (MPD), a com-
mon co-crystalizing agent in the preparation of
samples for X-ray diffraction studies (Sprous et al.,
1995). However, the nature of this effect is dis-
puted (Dickerson et al., 1996), and an explanation
as to why this should preferentially effect ApA
steps and not steps involving other nucleotides has
not yet been successfully advanced.

The study of the effects of hydroxyl radical clea-
vage on sequences with phased A-tracts has
revealed evidence for anomalous changes within
A-tracts and a progressive change moving 50 to 30
within the A-tracts of a sequence. The interpret-
ation of this result advanced by Tullius and Burkh-
off (Burkhoff & Tullius, 1987; Tullius & Burkhoff,
1988) was one of a progressive narrowing of the
minor groove, but any change that might affect
access of the OH radical to sugar or backbone pro-
tons in the minor groove could, in principle,
account for the results. A particular question of
interest is thus the extent to which the hydroxyl
radical cleavage results may be evidence for a
wedge model of bending. Footprinting experiments
support the idea that the addition of MPD converts
the behavior of A-tract from anomalous to ``nor-
mal'' (Ganunis et al., 1996).

Molecular dynamics (MD) computer simulation
has been used recently to study DNA bending in
several short oligonucleotide sequences in solution,
and provides an independent theoretical means of
investigating further the problems identi®ed above
(Beveridge et al., 1998). MD can, in principle, pro-
vide a complete theoretical description of DNA
structure and motions including solvent water and
counterions, and with the advent of supercompu-
ters is becoming a valuable independent means of
developing models and interpreting diverse exper-
imental data on DNA structure in solution
(Beveridge & Ravishanker, 1994). However, while
MD is a well-de®ned theoretical methodology,
approximations in the underlying force-®eld, the
sensitivity of results to simulation protocols and
the practical limit of MD simulations to the picose-
cond time-scale have been the source of limitations
in the development of accurate dynamical models
of DNA.

Recent advances in computer power and simu-
lation methodology have enabled the use of MD
methods to simulate DNA, including solvent water
and mobile counter-ions and co-ions for trajectories
extended well into the nanosecond region of time.
A new version of the AMBER force-®eld, proposed
by Cornell et al. (1995), including speci®c improve-
ments in nucleic acid parameters and designed for
use with full solvent has been incorporated in the
AMBER suite of programs, release 4.1 (Pearlman
et al., 1995). In addition, a treatment of long-range
electrostatic interaction potentials, the particle
mesh Ewald (PME) method (Darden et al., 1995;
York et al., 1994), has been proposed to deal with
the long-standing issue of the treatment of trunca-
tion effects in MD protocols. Independent studies
using AMBER 4.1 have demonstrated thus far that
the Cornell et al. (1995) force-®eld, used with PME,
supports an accurate model of B-form DNA in sol-
ution (Cheatham et al., 1995; Duan et al., 1997;
Young et al., 1997a, 1997b). and have provided a
basis for studies of the A to B transition in solution
(Cheatham & Kollman, 1996; Cheatham et al., 1997;
B. Jayaram, D. Sprous, M.A.Y. & D.L.B., unpub-
lished results), the propensity of a B/A/B structure
implicated in protein binding to be assumed intrin-
sically by the TATA box binding sequence (Flatters
et al., 1997), DNA/RNA hybrid structures
(Cheatham & Kollman, 1997) and novel RNA
structures (Miller & Kollman, 1997).

Here, we describe a theoretical model of a DNA
oligonucleotide duplex featuring A-tracts phased
by a full helix turn based on MD. We consider the
extent to which this model agrees with and
accounts for relevant experimental data on axis
bending. Finally, we investigate the relationship of
A-tract sequences to DNA bending and other
aspects of DNA helix morphology.

Results

The results from the MD simulations performed
in this study are summarized in Table 1. The
Curves algorithm (Lavery & Sklenar, 1989, 1996)
was used to obtain values for the curvilinear path-
length L and end-to-end distance R, assuming that
oligonucleotide end effects and fraying are mini-
mal. Here, we describe curvature in terms of both
the percentage reduction in helix path-length L/R
(shortening), and the angle between local helical
axis vectors of terminal base-pair steps (angle).
Two sets of these values are reported in Table 1.
The values on the left are calculated from a single
average structure constructed from the average
Cartesian coordinates for all atoms over the length
of each MD trajectory. The values on the right are
the ensemble averages values, or the average value
for each parameter when calculated independently
for structures sampled every 5 ps over each trajec-
tory. Hagerman (1990) and others (Prevost et al.,
1993; Schellman & Harvey, 1995) have proposed a
variety of methods for estimating the persistence
lengths of an oligonucleotide sequence given infor-
mation about the structure, but the methods are
not uniquely de®ned, and L/R and angle indices
are suf®cient for the purposes of this study.

The phased A-tract trajectory including MgCl2
(simulation (c)) was extended to 5 ns, and we pro-
vide here more details on this particular run and
examine the results to ascertain the model of bend-



Table 1. Average bend angles and helix shortening

Sequence Salt
Simulation
length (ps)

Shortening
ave str (%)

Angle ave
str (deg.)

Shortening
ens ave (%)

Angle ens.
ave (deg.)

A-tract (a) min. Na� 5000 0.4 14.7 3.7 25.9
(ATAGGCAAAAAATAGGCAAAAATGG)

A-tract (b) K�, Clÿ 5000 1.3 27.0 4.0 29.9
(ATAGGCAAAAAATAGGCAAAAATGG)

A-tract (c) K�, Clÿ, Mg2� 5000 1.4 30.0 4.2 30.8
(ATAGGCAAAAAATAGGCAAAAATGG)

BamHI K�, Clÿ, Mg2� 5000 1.2 17.8 4.9 29.9
(CGGGATCCCGCGGGA-
TCCCGCGGGATCCCG)

EcoRI Na�, Clÿ 3000 0.7 19.0 0.7 19.0
(GCGAATTCGCGCGAA-
TTCGCGCGAATTCGC)

All simulations were initiated from a canonical B-DNA starting structure, were solvated to approximately 14 AÊ beyond the DNA
in all directions, and were simulated under nPT conditions. Simulation solvent included the following concentrations of the indicated
ionic species: 60 mM NaCl, 60 mM KCl, 10 mM MgCl2, plus DNA-neutralizing cations in a ratio equal to their partial molar equiva-
lents in the added salt (ie. all Na�, all K�, or 6:1 K� to Mg2�). Ion concentrations are calculated based upon the volume of the simu-
lation cell. Further details are included in Methods.

Average structure (ave str) values are calculated from a single structure computed from the average atomic positions over the
entire MD trajectory. Ensemble average (ens ave) values are the values of each parameter averaged over values of individual snap-
shots calculated every 5.0 ps over the MD trajectory.

678 Molecular Dynamics of A-tracts
ing supported by the MD. The structural rms exhi-
bits an oscillatory behavior about the time-aver-
aged structure with magnitudes of approximately
1 to 1.5 AÊ and rests at about 7 AÊ rmsd from the
canonical B-form structure, which served as the
starting conformation for the trajectory. The BamHI
Figure 1. The 5.0 ns MD average
structure for the phased A-tract
sequence d(ATAGGCAAAAAA-
TAGGCAAAAATGG), simulated
in 10 mM MgCl2, 60 mM KCl
saline solution.
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control sequence, which was simulated in the same
ionic conditions as (c), also showed reasonable
stability and arrived at about 5.8 AÊ rms from the
canonical B-form after approximately 1 ns of MD.
The full trajectory of the control was also extended
to 5 ns. The initial drift to the observed 6 to 7 AÊ

rms over the initial �300 to 500 ps of the simu-
lations de®nes the equilibration step. The 1 to
1.5 AÊ variations in rms about the calculated aver-
age structure are thermal ¯uctuations.

Our results indicate that the average MD struc-
ture for the phased A-tract sequence at salt con-
ditions of (c) above, shown in Figure 1, exhibits
bending behavior consistent with the experimental
results obtained on this sequence at similar ionic
concentrations (Crothers et al., 1992; Gartenberg &
Crothers, 1991). The calculated bending per A-tract
is 15.4�, which compares quite favorably with the
experimentally measured value of 17-21� deter-
mined from cyclization kinetics (Crothers et al.,
1992). As shown in the time-series of the bending
behavior in Figure 3, transient ¯uctuations of the
overall helical curvature approaching 90� were
observed at multiple points during the trajectory.
Thus, under appropriate environmental conditions,
the curvature of the MD model of the 25 bp
phased A-tract sequence is in close correspondence
with the observed behavior, and at the same time
provides atomic level detail of the underlying mol-
ecular structures.

The average MD structure for the corresponding
BamHI control is shown in Figure 2. The overall
bend angle calculated for the MD average structure
of the BamHI 30 mer is 17.8�. Looking at the aver-
age conformations of each sequence, the BamHI
control sequence is considerably less bent than the
slightly shorter phased A-tract sequence, but the
helical axis of the control sequence is by no means
perfectly straight. The observation that the average
conformation for the BamHI sequence demon-
strates considerable overall curvature prompts us
to describe the nature of the bending in the two
cases in more detail. The analysis provided in
Figure 4(a) utilizes a polar plot to display both the
magnitude of global helical bend and the angular
direction of that bend. The magnitude of the helix
bend is plotted as the radial coordinate and the
direction of bending is displayed within the refer-
ence frame of the central step of each sequence. In
this convention, bending towards the direction of
the major groove (MG) at the central step of the
helix is plotted in the northern hemisphere of the
plot, and bending in the direction of the minor
groove at this step is plotted in the southern hemi-
Figure 2. The 5.0 ns MD average
structure for the control sequence
d(CGGGATCCCGCGGGATCCCG-
CGGGATCCCG), simulated in
the same saline environment as
reported for Figure 1.



Figure 3. Plot of the time evolution of axis bending in the A-tract sequence, with representative snapshots spaced
approximately 1ns along the trajectory. Quanti®cation of the direction of bending has been done by the Curves pro-
gram (Lavery & Sklenar, 1996), which reports the direction of the angle formed between the helical axis vectors for
the ®rst and last base-pairs of the sequence (contnuous line), as well as the percentage shortening of the helix end-to-
end distance/curvilinear path length (broken line). The solvent molecules have been removed from the structures for
clarity of presentation.
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sphere. Individual points are for structures separ-
ated by 10 ps throughout the course of the trajec-
tory, and viewed together comprise a probability
density. The results indicate that the direction of
bending in the phased A-tract sequence is in a gen-
erally unchanging direction over time, whereas the
direction of bending for the control sequence is
highly variable. The plots in Figure 4(b) show the
identical bending analysis displayed within the
reference frame of the 2 bp steps located at the cen-
ter of each of the two A-tracts in the phased A-
tract sequence. The results show that the overall
helix bending is concerted, and towards the minor
groove with respect to the centers of both of the A-
tracts. The phased A-tracts thus promote a con-
structive effect in the bending, which organizes the
overall bending in a direction that is fairly unchan-
ging throughout the trajectory, a quality not exhib-
ited in the control.
The bent A-tract model emerging from the MD
calculations contains a strong dynamic component,
which is evidenced by the following two obser-
vations. First, the largest difference in bending
angle observed in the phased A-tract DNA and the
control DNA is seen in a time-averaged sense
rather than in individual snapshots. This is due to
the constant bending direction observed in the A-
tract sequence, compared with the changing bend
direction found in the control. The bending direc-
tion in the latter case tends to cancel or average
itself out when averaged over time. The manifes-
tation of this difference is visible in the much stron-
ger correlation between the values of the bending
angle in the average structure and the ensemble
averaged values for the A-tract sequence as com-
pared with in the control. As shown in Table 1, the
average structure values and average ensemble
values are 30.0� and 30.8�, respectively, for the



Figure 4. Plot of the overall helix
bending direction and magnitude
for (a) the A-tract simulation and
(b) the BamHI simulation. The
bend direction was computed with
Curves (Lavery & Sklenar, 1996)
via the angle between the top and
bottom base-pair perpendicular
vectors. The bending direction is
presented in the reference frame of
the central base-pair step of each
sequence, with bending towards
the major groove (MG) plotted in
the northern direction and bending
towards the minor groove plotted
in the southern direction. (c) An
alternative plot of the overall helix
bending magnitude and direction
for the A-tract simulation. The
bending is plotted in the reference
frame of the two steps at the center
of each of the A-tracts (indicated
with an asterisk). This presentation
illustrates the unchanging direc-
tionality of the overall bend, in a
concerted direction compressing
the minor groove (south on the
plots) at the center of both A-tracts.
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phased A-tract sequence, and 17.8� and 29.9�,
respectively, for the control sequence. The second
dynamic component of the model lies in the ¯uctu-
ating nature of the bend magnitude. Figure 3 illus-
trates how the phased A-tract sequence reaches a
bend maximum at two distinct times during the
trajectory, exhibiting anharmonic ¯uctuation. Both
of these dynamic properties of the model could
have important implications in understanding cel-
lular processes involving DNA in a sequence-
speci®c manner.

The helicoidal parameters X-displacement (XDP)
and inclination (INC) and the sugar conformations
P of the nucleic acid backbone are structural indi-
ces that distinguish B-form from A-form in a right-
handed DNA double helix (Ravishanker et al.,
1989). For canonical B-form DNA, XDP � 0 AÊ ,
INC � 0� and P � 154�, i.e. C20-endo sugar pucker.
For A-form DNA, XDP � ÿ5.2 AÊ , INC � 20� and
P � 14�, i.e. C30-endo sugar pucker. Averaged over
the production portion of the 5 ns trajectory, the
phased A-tract sequence shows XDP � ÿ2.63 AÊ

and INC � 2.92�, with sugar puckers mainly in the
C20-endo/O10-exo region (�140�). The control
sequence shows XDP � ÿ2.48�, INC � 4.02�, and
similar close-to C20-endo sugars. The results indi-
cate that both structures remain closer to the B-
form values over the entire course of each simu-
lation, indicating that the dynamical structure of
the MD model of each sequence is clearly in the B
family, although the helicoidal analysis shows a
distinctly negative XDP, intermediate between
values found in canonical B and A forms of DNA.
Average values for the helicoidal parameters
ROL (roll) and TLT (tilt) as a function of base-pair
step for the phased A-tract sequence are shown in
Figure 5. The results indicate the presence of a
small but constant amount of slightly positive ROL
angles within the A-tracts, as compared with much
larger deviations from zero magnitudes, mostly on
the positive side, in the ¯anking sequences. The
TLT parameter shows small magnitude negative
values within the A-tracts, and small magnitude
positive values in the non-AA steps. Thus, the
bending model that emerges from the MD is com-
prised of relatively but not perfectly straight A-
tracts, with large axis de¯ections at the A-tract
junctions and within the non A-tract stretches. At
the base-pair step level, the principle origin of the
macroscopic bending is towards the major groove
of the helix (positive ROL) in non-A tract regions
of the sequence.

The average ROL and TLT values for each step
in the sequence as calculated from B-form struc-
tures found in the Nucleotide Data Bank (Young
et al., 1995), determined from X-ray crystallogra-
phy, are indicated in Figure 5 as a thin continuous
line. The small degree of bending within A-tracts is
a characteristic similar to that observed for A-tract
sequences in the 15 examples of A-tract sequences
in the crystallographic data base. Unlike the bend-
ing observed in the AA step, however, many of the
non-AA steps deviate considerably from the cur-
rently available crystallographic representations of
each of these steps. This discrepancy of the bend-
ing angles observed at the base-step level may be



Figure 5. Tilt and Roll values from the A-tract
sequence. Values plotted as the thick line are the ensem-
ble average �s.d. of ¯uctuation from MD simulation (c).
Corresponding average Tilt and Roll values for the B-
form DNA crystal structures; examples of each step
(from Young et al., 1995) are plotted as thin lines.

Figure 6. Minor groove widths calculated with Curves
(Lavery & Sklenar, 1996; Stofer & Lavery, 1994) for (a)
phased A-tract sequence, (b) control sequence. Vertical
bars indicate 1 s.d. The corresponding value of the
minor groove width for canonical B-form DNA is 5.89 AÊ

(indicated by the position of the x-axis).
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the result of neglecting sequence context effects
and related base-step level bendabilities in the
analysis of the crystallographic data. This result
may thus re¯ect on the inability of a dinucleotide
model to adequately predict DNA curvature in all
cases. It is possible that the bending observed in a
CA step is different when the CA step is located at
the 50 end of an A-tract compared with a CA step
located in another context.

Footprinting experiments on oligonucleotides
indicate that A-tracts are well differentiated from
random sequence DNA in diverse systems, and
show evidence of a progressive change occurring
50 to 30 within the A-tracts. Interpretation of the
data in terms of minor groove narrowing has been
advanced (Tullius & Burkhoff, 1988). In the present
study, the minor groove widths of the MD models
of d(ATAGGCAAAAAATAGGCAAAAATGG) and
d(CGGGATCCCGCGGGATCCCGCGGGATCCCG)
have been computed using the spline-®tting algor-
ithm in Curves (Lavery & Sklenar, 1989, 1996;
Stofer & Lavery, 1994), and are displayed at each
point along the helix in Figure 6. The analysis of
the MD model of d(ATAGGCAAAAAATAGG-
CAAAAATGG), presented in Figure 6(a), shows
that the structure exhibits a distinct narrowing of
the minor groove in the A-tract regions, and a pro-
gressive narrowing of the minor groove region of
the A-tracts occurring 50 to 30 in the sequence. The
corresponding results for the control sequence,
Figure 6(b), show no evidence of this effect. In
addition to the observed A-tract narrowing, a
highly conserved property of this sequence, as well
as other A-tract sequences we have studied (data
not shown), is the considerable widening of the
minor groove at the 50 end of the A-tracts, a novel
observation that is consistent with the reported
footprinting data. Thus the MD model provides,
with no prior assumption or aims to reproduce
this effect, an independent con®rmation of the
interpretation of the footprinting data on diverse
phased A-tract sequences advanced by Tullius and
co-workers (Tullius & Burkhoff, 1988). Despite the
observed progressive 50 to 30 narrowing of the
minor groove, our analysis has not found any indi-
cation of any other progressive 50 to 30 changes
occurring within A-tracts in the MD model that
could be consistent with a wedge model of A-tract
bending.
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The effects of different salt conditions on the
measured curvature of the phased A-tract sequence
are illustrated in Table 1. The statistical measures
of curvature show that overall curvature increases
signi®cantly upon changing the buffer from neu-
tralizing Na� (simulation (a)) to conditions of
60 mM added KCl (simulation (b)). This result is
consistent with an experimental report that the
addition of Na� to A-tract gel retardation exper-
iments can reduce measured anomaly (Diekmann
& Wang, 1985). The curvature increases slightly
upon the addition of divalent Mg2� to the KCl sys-
tem (simulation (c)), also consistent with exper-
iment (Diekmann, 1987; Hagerman, 1984). While
the Mg2� effect is small, it is probable that the mea-
surable affect of Mg2� would be ampli®ed in
sequences with increased numbers of A-tracts. The
magnesium ions interact with the DNA in a fully
hydrated state, consistent with experiment (Buckin
et al., 1989, 1994; Fujimoto et al., 1994).

The magnesium ions interact with sites along the
phosphate backbone, the major groove, and the
minor groove in a non-uniform and sequence-
dependent manner. A representation of the statisti-
cal Mg2� ``local reference frame'' ion distribution
Figure 7. Local reference frame probability distribution a
A-tract DNA sequence (simulation (c)). Two mesh iso-co
5� bulk (red). The solvent-accessible surface of the stereo
time of Mg2� with each atom. Interaction times are colored
interactions are mediated by at least one water molecule.
around the DNA, computed over the 5ns trajec-
tory, is shown in Figure 7. The local reference
frame distribution probability shown is calculated
by initially calculating and recording an ion-DNA
g(R), partitioning the ions using an atom-based
proximity criterion (Mehrotra & Beveridge, 1980;
Mezei & Beveridge, 1986), over the entire length of
the trajectory. The atom-based g(R) values are then
mapped onto a 0.5 AÊ 3 3D grid surrounding the
average DNA conformation in order to generate
the image presented in Figure 7. The localization of
divalent cations we observe at the 50 end of both
A-tract minor groove regions we see has been
observed via NMR with Mn2� in another A-tract
sequence (Hud & Feigon, 1997). Mg2� and K� are
also observed to interact with sites in the major
groove of the A-tract ¯anking sequences, and are
often found on the concave surface of a positive
ROL bend. Average residence times of the mobile
ions with individual DNA atoms are indicated in
Figure 7 and range from just a few picoseconds to
approximately 100 ps. The residence times were
calculated using a procedure adopted from Impey
et al. (1983). Sites with the longest residence times
with Mg2�, such as the backbone phosphate oxy-
nd residence times of Mg2� interactions with the phased
ncentration contours are plotted: 10� bulk (green) and
image pair is colored to indicated the average residence
according to the scale on the right (in ps). All DNA-Mg2�
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gen atoms, do not necessarily correlate with the
sites of highest ion probability.

Summary and Conclusions

Molecular dynamics simulations based on the
AMBER 4.1 force-®eld were used to generate dyna-
mical models for DNA oligonucleotide sequences
of greater than two full helical turns in saline sol-
ution. One sequence has two A-tracts spaced by a
full turn of a B-form double helix, and others,
which serve as controls, do not. Our results indi-
cate that at experimental salt conditions, and in
particular in the presence of divalent cations, the
MD model exhibits the full effect of phased A-
tracts on DNA bending. Thus, with no disposable
parameter applied speci®cally to DNA bending,
the MD model of d(ATAGGCAAAAAATAGG-
CAAAAATGG) gives an independent account of
the observed behavior of phased A-tracts in
nucleosomes, gel experiments and cyclization kin-
etics in terms of intermolecular forces and motions,
and behaves in a manner predicted from indepen-
dent prior interpretations of footprinting exper-
iments.

The characteristics of the MD model resulting
from the simulation are as follows: (a) the overall
bending of the phased A-tract sequence is ca 15�
per A-tract, as compared with 17 to 2� inferred
from experiment; (b) the control sequence, lacking
phased A-tracts, is instantaneously bent, but the
changing directionality of the bend causes the
time-averaged conformation to be much straighter;
(c) the bending magnitude increases as a function
of added salt, and the magnitude increases in the
presence of the divalent ion Mg2�; (d) ions are
coordinated with individual DNA atoms for
periods approaching 100 ps and magnesium ions
are observed to be localized, in a hydrated form,
around sites on the DNA with sites in both
grooves for periods exceeding 1 to 2 ns; (e) the
phased A-tract bending is oscillatory with a period
of at least 3 to 4 ns, and the period of oscillation is
decreased by the presence of salt; (f) transient
dynamical ¯uctuations reaching bends as strong as
45� per A-tract are observed during the dynamics;
(g) the overall bending of a sequence with phased
A-tract can be concerted in time, and thus ampli-
®ed by phasing with respect to the B-form DNA
helical repeat of approximately 11 bp per turn; (h)
the individual AA steps in the A-tracts are close to
straight, as observed in oligonucleotide crystal
structures, showing only a slight but consistent
bend towards the minor groove; (i) the bending in
the phased A-tract sequence is located in the non-
A-tract regions of the sequence, particularly at the
junctions of A-tracts with the ¯anking sequences,
but also to some extent within the random
sequence region; (j) the analysis shows the bending
to occur via a positive base-pair roll in the non-AA
steps of the sequence; (k) the minor groove of the
A-tract is wide relative to that of canonical B-DNA
at the 50 end of the A-tract, and narrows progress-
ively towards the 30 end, in agreement with foot-
printing data.

The results we have obtained describe the prop-
erties of A-tract DNA in a solution environment
and the structural properties we have reported rep-
resent intrinsic properties at 298 K. The sequence-
dependent deformability of DNA is another bio-
logically relevant intrinsic DNA property, and fea-
tures of A-tract DNA listed above may also be
predictive of intrinsic inducible properties of A-
tracts as well. In particular, the results shown in
Figure 4(b) indicate that there is a considerable
energetic difference between bending in the direc-
tion of the minor groove at the A-tract center com-
pared with bending into the major groove. This
suggests that it is energetically unfavorable to
curve A-tract DNA such that it bends in the direc-
tion compressing the major groove at its center,
because this type of curvature was never observed
during the A-tract DNA simulations.

For DNA sequences with A-tracts phased with
respect to a full turn of the B-form helix, MD simu-
lations support what is effectively a junction model
of bending with an admixture of mixed sequence
model. This result is derived from an MD model
that is independently validated by a series of
recent successes in describing nucleic acid structure
and motions (Cheatham et al., 1995; Young et al.,
1997a,b).

Methods

A series of four isothermal-isobaric (T,P,N) ensemble
MD simulations were performed on the oligonucleotide
duplex d(ATAGGCAAAAAATAGGCAAAAATGG) in
water, each con®gured with different species, concen-
trations, and/or starting positions of the elemental ions:
Na�, K�, Mg2� and Clÿ. In each case, a net neutral
charge on the system is maintained. The conditions
simulated include: (a) no added salt, neutralizing Na�

cations, (b) 60 mM KCl, 10 mM MgCl2 added salt, plus
neutralizing cations (K�, Mg2� in an equal ratio as in the
added salt), with the ions positioned via an in vacuo
Monte Carlo algorithm; (c) same conditions as (b), but
with random initial ion positioning (maintaining a mini-
mum 6 AÊ clearance); and (d) 60 mM KCl added salt,
plus neutralizing cations (K�). In all other matters, the
simulations were con®gured as similar to each other as
possible, although run lengths of course vary according
to the observed characteristics of each trajectory with
respect to stability (see below and Discussion). The con-
trol sequence d(CGGGATCCCGCGGGATCCCGCGG-
GATCCCG) was simulated under conditions identical
with (c) above. The calculations employed the all-atom
force-®eld described by Cornell et al. (1995), the TIP3P
model for water (Jorgensen, 1981) and were carried out
using the suite of programs AMBER 4.1 (Pearlman et al.,
1995). The van der Waals parameters for the magnesium
ions were parameterized by adapting values from Aqvist
(1990), which accurately reproduce the hydration energy
of Mg2� in a similar water model (SPC). Starting DNA
con®gurations for each case were the canonical forms of
the B-DNA double helix (Arnott et al., 1976).
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Following placement of the counterions about a cano-
nical B-form of the DNA structure, each system was con-
®gured into a rectangular prism and hydrated by TIP3P
water molecules in a pre-equilibrated con®guration. The
box dimensions were truncated to achieve a minimum
distance of approximately 14 AÊ beyond all DNA atoms
in all directions, resulting in a box size of approximately
46 AÊ � 46 � 110 AÊ for the 25-mer, solvating the DNA
with approximately 6500 water molecules in each case.
The effective concentration of the DNA sample within
the periodic box is approximately 10 mM (calculated by
volume). Prior to MD, the various starting con®gurations
were subjected to a series of energy minimizations to
relieve any local atomic clashes. All PME calculations
were carried out with a 9 AÊ cutoff for direct space non-
bonded calculations and a 0.00001 Ewald convergence
tolerance for the long-range electrostatic interactions.

Each MD was initiated with several rounds of semi-
restrained and eventually unrestrained minimizations of
the entire system followed by heating, equilibration and
unrestrained. (T,P,N) ensemble MD. Harmonic restraints
of 25 kcal/mol AÊ 2 were placed on DNA and ion atom
positions during the ®rst round of 500 steps of minimiz-
ation. The restraints were relaxed on the ions more
quickly than on the DNA atoms over the course of ®ve
subsequent 100-step minimizations. The ®nal round of
500 steps of minimization involved all atoms of the sys-
tems. Heating and initial system equilibration was per-
formed in a parallel semi-restrained fashion as follows.
First, 10 ps of heating was performed on the constant
volume system while restraining the DNA and ion atom
locations. This was followed by reducing the restraints
on the ions more quickly than on the DNA atoms up to
25 ps. Unrestrained constant volume dynamics were
continued for another 5 ps, at which time constant tem-
perature, constant pressure MD (isothermal-isobaric
ensemble) was initiated, utilizing the Berendsen algor-
ithm for temperature bath coupling (Berendsen et al.,
1984) and a 2 fs time-step. The system energy was stable
when coupled with a SHAKE constraint of 0.00001 AÊ on
all covalent bonds involving hydrogen atoms. To main-
tain the alignment of the DNA within the center of the
rectangular box, the Sander module of AMBER 4.1 was
modi®ed to remove translations and rotations of the
solute center of mass at every 100 steps of MD. The cen-
ter of mass energy removed by this procedure was
replaced by appropriately scaling the resulting solute
atom velocities to conserve kinetic energy. The MD
simulations were performed on the Cray C90 and the
T3D parallel computer at the Pittsburgh Supercomputer
Center, the SGI power challenge array and Origin2000
array at NCSA, and locally at Wesleyan on SGI worksta-
tions.
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