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While solution structures of adenine tract (A-tract) oligomers have indi-
cated a unique bend direction equivalent to negative global roll (com-
monly termed ``minor-groove bending''), crystallographic data have not
unambiguously characterized the bend direction; nevertheless, many fea-
tures are shared by all A-tract crystal and solution structures (e.g. propel-
ler twisting, narrow minor grooves, and localized water spines). To
examine the origin of bending and to relate ®ndings to the crystallo-
graphic and solution data, we analyze molecular dynamics trajectories of
two solvated A-tract dodecamers: 1D89, d(CGCGA6CG), and 1D98,
d(CGCA6GCG), using a new general global bending framework for
analyzing bent DNA and DNA/protein complexes. It is signi®cant that
the crystallographically-based initial structures are converted from
dissimilar to similar bend directions equivalent to negative global roll,
with the average helical-axis bend ranging from 10.5 � to 14.1 �. The
largest bend occurs as positive roll of 12 � on the 50 side of the A-tracts
(supporting a junction model) and is reinforced by gradual curvature at
each A-tract base-pair (bp) step (supporting a wedge model). The precise
magnitude of the bend is subtly sequence dependent (consistent with a
curved general sequence model). The conversion to negative global roll
only requires small local changes at each bp, accumulated over ¯exible
moieties both outside and inside the A-tract. In contrast, the control
sequence 1BNA, d(CGCGA2TTCGCG), bends marginally (only 6.9 �) with
no preferred direction. The molecular features that stabilize the bend
direction in the A-tract dodecamers include propeller twisting of AT
base-pairs, puckering differences between A and T deoxyriboses, a
narrow minor groove, and a stable water spine (that extends slightly
beyond the A-tract, with lifetimes approaching 0.2 ns). The sugar confor-
mations, in particular, are proposed as important factors that support
bent DNA. It is signi®cant that all these curvature-stabilizing features are
also observed in the crystallographic structures, but yield overall different
bending paths, largely due to the effects of sequences outside the A-tract.
These results merge structural details reported for A-tract structures by
experiment and theory and lead to structural and dynamic insights into
sequence-dependent DNA ¯exibility, as highlighted by the effect of an
A-tract variant of a TATA-box element on bending and ¯exibility
required for TBP binding.
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Introduction

Sequence-dependent nucleic acid structure
in¯uences numerous physiological events, from
the recognition and modulation of regulatory
proteins (such as the CAP/DNA and TBP/DNA
transcription complexes) to the packaging of the
genetic material in chromatin (Bossi & Smith, 1984;
# 2000 Academic Press



644 A-Tract Bending Conformations
Struhl, 1985; Ryder et al., 1986; Snyder et al., 1986;
Gartenberg & Crothers, 1991; Kim et al., 1995).
Adenine tracts (A-tracts) are prominent examples
of such a sequence-dependent structural property
(Crothers et al., 1990). These sequences of four to
six consecutive adenine residues, ®rst observed in
fragments of the kinetoplast minicircles from Leish-
mania tarentolae, were found to generate DNA helix
bends of �18 � for each set of consecutive adenine
residues, spaced between guanine/cytosine-rich
regions, when phased with the DNA helical repeat.

The bent DNA induced by A-tract sequences
continues to be the subject of intense focus
(Shatzky-Schwartz et al., 1997; de Souza &
Ornstein, 1997; Young & Beveridge, 1998; Sprous
et al., 1999), as the origin, extent, and details of this
bending remain somewhat controversial (Crothers
et al., 1990; Hagerman, 1992; Dickerson et al., 1994,
1996; Harvey et al., 1995). To discuss these bends,
we introduce the angular quantities of global tilt
(yT) and global roll (yR); see Methods and Figure 1.{
These quantities, a function of all base-pair (bp)
step tilt, roll, and twist values, describe the bend
direction and magnitude as measured with respect
to a reference plane. This plane can coincide with a
bp or lie between two bp planes. A-tract systems,
as modeled by Crothers et al. (1990) are believed to
have an overall bend in the helical axis that is
often termed minor-groove bending; we prefer the
term negative global roll (yR < 0), since groove nar-
rowing and bending toward that groove do not
necessarily occur together. For example, the CAP
co-crystal (Schultz et al., 1991) has negative global
roll without signi®cant narrowing, while the Dick-
erson dodecamer (Wing et al., 1980) has a slightly
positive global roll but a narrow minor groove
(Figure 1).

Crystallographic A-tract oligonucleotide struc-
tures possess overall bent helical axes, primarily
characterized by a variable global tilt (i.e., bending
toward backbones). However, the helical axes
often describe bend directions that differ from
structure to structure. Speci®cally, the PDB entry
1D89, d(CGCGA6CG) (DiGabriele & Steitz, 1993)
(for brevity, called S for skewed A-tract position)
studied here exhibits yT < 0, while the structure
1D98, d(CGCA6GCG) (Nelson et al., 1987) (called C
for central A-tract position), exhibits yT > 0; both
have near-zero yR (Figure 1). However, some crys-
tallographic A-tract structures are disordered and
as such are heterogenous with respect to the bend
direction within a single crystal. For example,
1BDN, d(CGCA5TGCG) (DiGabriele et al., 1989),
exhibits both negative and positive yT; the three
forms of S display slightly different bends, all with
yT < 0 and yR 4 0. In contrast, in vitro gel mobility
{ Our procedure is more general than that described
by Ulanovsky & Trifonov (1987). The method applied
by Beveridge and co-workers only measures the angle
between the ®rst and last bp steps (Young & Beveridge,
1998; Sprous et al., 1999).
studies predict a unique bend direction along
yR < 0 at the center of each A-tract (Zinkel &
Crothers, 1987; Koo & Crothers 1988).

To explain the observed global tilt/roll discre-
pancy between solution and crystallographic
experiments, it has been suggested that the inter-
molecular forces generated in the crystal lattice
and/or the dehydrating agents used to form the
crystal in¯uence the resulting structures (Dickerson
et al., 1994, 1996; DiGabriele et al., 1989; DiGabriele
& Steitz, 1993). Yet, despite differences in the yT

and yR values of the crystallographic structures,
the A-tract units themselves are very similar and
relatively straight (Crothers et al., 1990; Dickerson
et al., 1994, 1996; DiGabriele & Steitz, 1993), with
root mean square (RMS) differences of 0.9 AÊ . The
different characteristics observed for A-tract crys-
tallographic structures, as well as the discrepancies
between these structures and predicted solution
properties, have contributed to various theoretical
models of A-tract bending (Crothers et al., 1990;
Dickerson et al., 1994, 1996; Haran et al., 1994).

With signi®cant improvements in the past dec-
ade, simulation techniques are now recognized as
valuable complementary tools to experimental data
(Schlick, 1999), with the potential to generate
insightful structural and thermodynamic detail.
Molecular dynamics (MD) simulations, in particu-
lar, can offer extensive molecular details regarding
the structures underlying A-tract bending, thereby
clarifying the differences between the crystallo-
graphic and solution structures of oligonucleotides
and evaluating theoretical bending models. Here,
we analyze intrinsic bending from nanosecond
simulations of solvated DNA dodecamers with
explicit counterions for the six-membered A-tract
systems S and C, as well as a control oligonucleo-
tide that possesses a structure close to the intrinsic
B-DNA form (Wing et al., 1980): 1BNA,
d(CGCGA2TTCGCG). We use the Cornell et al.
(1995) force ®eld implemented within the
CHARMM molecular modeling package (Brooks
et al., 1983), with both Newtonian and Langevin
dynamics protocols employed, the latter with the
ef®cient multiple-timestep method LN (Barth &
Schlick, 1998a,b; Sandu & Schlick, 1999; Schlick,
1998), as discussed in Methods.

Our analyses focus on both the structural devi-
ations as well as the similarities of our A-tract
oligonucleotide models with respect to the starting
crystallographic conformations, and their agree-
ment with other experimental data. We show that
the global bend of our MD structures (�10 � global
tilt, ÿ6 � global roll per A-tract), is achieved
through the combined mechanisms of a large posi-
tive roll at the 50 side of the A-tract and a small
level of bending between each AA dinucleotide
step; the latter bending can be characterized by
mean values of � ÿ 1 � tilt and 1 � roll per AA step.
In addition, large amounts of propeller twist at
each AT bp and a stable deoxyribose pseudorota-
tion phase-angle decrease of 15 � for the T deoxyri-
boses relative to A are stabilized by a narrow
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minor groove hydrated by a regular water spine.
Though many of these details are observed in the
crystallographic structures (Nelson et al., 1987;
DiGabriele & Steitz, 1993), the emergence of the
bend in the MD simulations occurs as a response
to the molecular environment and the inherent
¯exibility of the DNA.

The structural details of our simulated models
thus consolidate various experimental observations
on A-tract dodecamers (Crothers et al., 1990;
Dickerson et al., 1994, 1996; DiGabriele et al., 1989;
DiGabriele & Steitz, 1993; Haran et al., 1994) and
can be extended (X. Qian, D. S. & T. S., unpub-
lished results) to analyze the relationship between
intrinsic DNA bending for TATA-box variants and
TBP binding (Patikoglou et al., 1999); see the last
section of Discussion.

Results

Direction of bending

Each dodecamer undergoes motions involving
bending of the global helical axis throughout the
simulations. For example, Figure 2 shows the bent
helical axis for the C dodecamer, taken from a
snapshot at 1.5 ns. While the bends (�15 �) and the
bending ranges (�16 �) are comparable for all
dodecamers (Figure 3), the overall motion of the
control sequence reveals no clear pattern. The con-
trol dodecamer ensemble is bent 6.9 � on average
and the A-tract dodecamers are bent 14.1 � (S) and
10.5 � (C); these averages are obtained by taking
the mean of the global roll and tilt values for each
snapshot
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R

�
q

i�:

These differences have profound global effects
when viewed on larger scales, as seen from the
longer DNA models developed based on a series
of phased repeats of our dodecamers (Figure 4).

The bends resolved from the A-tract dodecamer
MD ensembles are clearly oriented as yR < 0 when
Table 1. Analysis of individual base-pair step contributions t

S

Step yT yR

2 10.7 ÿ15.9
3 9.5 0.5
4 (50) 2.1 ÿ1.6
5 (A) 9.0 ÿ11.5
6 (A) 10.1 ÿ9.4
7 (A) 12.6 ÿ8.3
8 (A) 11.1 ÿ7.9
9 (A) 11.2 ÿ6.8
10 (30) 16.3 ÿ4.2
All (2-10) 11.6 ÿ8.1

In each row, we show the resulting global angular values in de
values from Equations (1) or (2a,b). The bp steps 1 and 11 are omitte
values when the 50 ¯anking A-tract bp step is omitted (bold face).
2-10) are shown in the last row.
viewed from the geometric center of the A-tract
(Figure 3). Figure 3 shows that both the snapshot
averages (yellow) and the angular values calcu-
lated for the average structures (red) display
yR < 0. This re¯ects a departure from the starting
crystallographic structures (teal circles, Figure 3).
These results are in good general agreement with
predictions from electrophoretic mobility studies of
A-tract oligonucleotides (Crothers et al., 1990;
Zinkel & Crothers, 1987; Koo & Crothers 1988;
Haran et al., 1994).

It is interesting that the bends in both the S and
C ensembles are oriented in a slightly ``south-
easterly'' direction (i.e., yT > 0, yR < 0); Young et al.
also observed this trend in simulations of A-tracts
of length ®ve and six adenine residues (Young &
Beveridge, 1998). The 2 ns trajectories of the S and
C dodecamers display bends that oscillate among
various yT/yR regions. This ¯exibility is notable
from our simulations of the S dodecamer with
both Newtonian and LN Langevin integrators (for
enhanced sampling and computational perform-
ance) (Figure 3, lower half). The greater sampling
achieved by multiple independent trajectories
(Caves et al., 1998) and stochastic dynamics ensem-
bles (Schlick, 1998) permit a closer examination of
the S dodecamer behavior.

Bending details

As initially observed in the A-tract simulations
reported by Young et al. (Young & Beveridge,
1998; Sprous et al., 1999), the largest helical axis
bend occurs at the bp step on the 50 side of the
A-tracts (S:G4, C:C3: boxed values in Figure 5)
(Shatzky-Schwartz et al., 1997; Dickerson et al.,
1994; Nelson et al., 1987; DiGabriele & Steitz, 1993).
The average roll at this bp step (S:G4A5 and
C:C3A4 respectively) is �12 � and the motion at this
bp step occupies a range of �20-30 �, principally
oriented along the positive roll axis. This local
bend is principally responsible for the observed
south-easterly bending trend (yT > 0, yR < 0) (bold
row, Table 1). No other bp step in the interior of
o global tilt (yT) and global roll (yR)

C

Step yT yR

2 9.3 ÿ8.4
3 (50) ÿ3.2 ÿ0.8
4 (A) 7.8 ÿ9.5
5 (A) 7.1 ÿ8.8
6 (A) 9.5 ÿ7.5
7 (A) 8.2 ÿ6.5
8 (A) 8.5 ÿ5.3
9 (30) 11.0 ÿ4.2
10 7.5 ÿ4.1
All (2-10) 8.3 ÿ6.4

grees produced by eliminating the corresponding tilt and roll
d from our calculations. Note the dramatic reduction in angular
The reference values for global tilt and global roll (using steps



Figure 1 (legend opposite)
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the S and C dodecamers displays a comparably
large average bend, although the motion ranges
are similar. We note a strong positive roll in the C
crystal structure at step C3A4, but this is not
observed in the S crystallographic structure.

The second largest bend results from cumulative
internal features and the curvature of the A-tract.
The A-tract region is characterized by systematic
negative tilt and positive roll values at each bp step
within the A-tract (Figure 5). Although observed in
previous MD simulations of A-tracts (Young &
Beveridge, 1998), the signi®cance of this trend was
not discussed. Below, we discuss the structural
underpinning of this shallow bend that results from
sugar pseudorotation differences observed between
A and T deoxyriboses. The presence of this curva-
ture in both crystallographic and theoretical models
of A-tracts supports the ``wedge'' model structure
of AA-dinucleotide bp steps.

While the roll at the 50 end of both A-tracts is
approximately 12 �, a smaller roll of 8 � just above
this bend occurs at the S bp step C3G4. This bend
is qualitatively similar, both in position and mag-
nitude, to the largest bend observed in our
A-tract dodecamers. The larger overall bend
angle observed in our simulations of the S do-
decamer depends on the presence of this bend
(Table 1) and can be attributed to ¯anking
sequence dependencies.

Structural features that support bent DNA

Analyses of the deoxyribose conformations
reveal that a systematic 15 � pseudorotation angle
difference between A and T deoxyriboses leads to
an intrinsic curvature of the A-tract region, and
that the preference of the sugar on the 50 side of
the ®rst A-tract adenine for the O40-endo confor-
mation correlates to the major bend at this junc-
tion. This consistent 15 � sugar difference appears
structurally related to the large amounts of propel-
ler twist, narrow minor grooves, and a water
spine, as we discuss.
Figure 1. Macromolecular examples of global tilt (yT) and
single bp step, with bps (cyan blocks) and deoxyribose-phos
(yR > 0, left; yR < 0, right) are illustrated, oriented from the
Equation (2a, b), and the tilt, roll and twist values for each
(brown) is positioned midway in the step; the axes de®ning
and yR, de®ned by equation (2a and b), are illustrated with
ecular structures. Models are colored to identify the correspo

�
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y2

T �
q

and the end-to-end distance (normalized per bp) are indica
the reference plane and also the groove towards which bend
termed ``major-groove compression'' or ``minor-groove co
groove binding proteins like CAP (Schultz et al., 1991) and
DNA around the protein with the minor groove at the cente
bends towards the major groove such as 1BNA (Wing et a
like TBP (Nikolov et al., 1996) have yR > 0. The yT and yR va
(or S) and 1D98 (or C)) are indicated in blue; the two forms
crosses.
Sugar conformation and curved A-tracts

The deoxyriboses in the three crystallographic
structures, as well as our simulations, adopt pri-
marily ``southern'' C20-endo conformations (which
is de®ned by P � 162 �, where P is the pseudo-
rotation angle (Altona & Sundaralingam, 1972)
(Figure 6). However, in both cases, a 15 � pseudoro-
tation difference is present: P � 115 � for thymine
residues, north of C10-exo (C10-exo � P � 126 �),
and P � 131 � for adenine residues, just south of
C10-exo, on average. The control dodecamer's cen-
tral AATT section also exhibits this trend (data not
shown): the MD-ensemble averages of the P angles
for A and T are 122.1(�39.1) � and 113.7(�31.5) �,
respectively.

This puckering difference is related to the intrin-
sic curvature of the A-tract (Figure 5). The distance
between the adenine sugar's O30 and C50 atoms is
increased relative to thymine sugars (Figure 6,
model at bottom right). When this slightly
increased backbone distance accumulates over con-
secutive adenine residues, it leads to a longer path
along the helical backbone. This in turn introduces
a net curvature to the A-tract helical axis, produ-
cing an intrinsic bend characterized by an average
tilt of � ÿ 1 � and average roll of �1 � at each
AA-dinucleotide step.

The lower average P value of T sugars also dis-
places C10 atoms towards the 50 end of the strand
relative to C10 atoms of A on the opposite strand
(Figure 6, sugar model). This backbone structural
mechanism also supports propeller twisting and a
narrow minor groove (Fratini et al., 1982).

Sugar conformations at the A-tract
junction bend

The largest single bend in our modeled A-tract
structures is observed at the bp step on the 50 side
of the ®rst A-tract adenine residue (Figure 5). The
S and C deoxyriboses at this step, although ¯ex-
ible, adopt an average conformation between O40-
global roll (yR) combinations. Top: Schematic models of a
phate backbones (gray cylinders) shown. Two examples
major groove. The angles were calculated according to
example are indicated. An ``average'' reference bp plane
yT and yR lie in this plane; the rotation directions of yT

arrows. Bottom: Examples of yT and yR for various mol-
nding points. The bending angle magnitude������
y2

R�
ted for each system. The arrows indicate the position of
ing occurs. Regions of positive and negative yR are often
mpression'' respectively. Co-crystals of dimeric major-

cI repressor (Beamer & Pabo, 1992) tend to wrap the
r of curvature; yR < 0 for these structures. Structures with
l., 1980) or co-crystals of minor-groove binding proteins
lues of the two structures examined in this work (1D89

of 1D89 not examined in this work are indicated by blue



Figure 2. Representative snapshot from the C MD simulation at time 1.546 ns. The A-tract region of the DNA is
distinguished from the other nucleotides by color; the sodium ions are yellow and the water molecules are shown as
stick images. The edges of the regular hexagonal prism periodic cell used are indicated; the cell height is 65.5 AÊ and
each hexagonal side is 25.1 AÊ . The global helical axis produced by the Curves 5.2 program is shown in green (Lavery
& Sklenar, 1989, 1997). The primary helical bend at the 50 end of the A-tract is visible approximately three-fourths of
the distance towards the top of the helical axis; a smaller, transient bend is visible near the bottom of the helical axis.
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endo and C10-exo: P � 122.7 � for G4 of the S dode-
camer and 91.7 � for C3 of the C dodecamer. These
sugars are very ¯exible, spending approximately
equal time in northern and southern puckers
(Figure 6). The northern sugar conformations
extend the C10 proton towards the preceding base
on the strand (C3 and G2, respectively), resulting in
the up®eld chemical shifts observed in NMR exper-
iments (Kintanar et al., 1987; Katahira et al., 1988).
Thus, the northern conformational extensions and
the ¯exibility of this sugar appear to be a common
A-tract feature and may be correlated with the
bending observed at this dinucleotide step.

Propeller twisting in the A-tract

Substantial propeller twisting has been observed
in both crystallographic and solution NMR studies



Figure 3. Bending of the dodecamer structures as collected over all analyzed trajectory snapshots compared to the
starting crystallographic conformation (teal circle). Each snapshot, sampled at a 1 ps frequency, is indicated by one
black point. The global tilt, yT, and global roll, yR, bend angles were calculated with respect to the plane at the center
of the A-tract or the AT bp step in 1BNA (Equation (2)). Red circles indicate the average structures computed from
the trajectories (as described below). Yellow circles indicate the average global roll and global tilt corresponding to all
snapshots; these should not be confused with the values corresponding to the average structures. The average bend-
ing magnitude, the average global roll, and the average global tilt are indicated at the top of each panel in the format���������������������������

hyTi2 � hyRi2
q

�hyTi; hyRi�:
The average structures computed over four LN trajectories of the S dodecamer are indicated by the letters A-D. The
1BNA average structure was computed over the 500-2000 ps interval; the C dodecamer average structures were com-
puted from the region 290-2000 ps; the regions used in computing the Newtonian dynamics S dodecamer average
structure are 309-2000 ps. The abscissa and ordinate of each plot are yT and yR, respectively, with grid lines indicating
5 � increments. The terminal bp steps in all three dodecamers were excluded from the global tilt/roll sums.

A-Tract Bending Conformations 649
of A-tracts (Nelson et al., 1987; DiGabriele et al.,
1989; DiGabriele & Steitz, 1993; Katahira et al.,
1988). This feature is also associated with AA-dinu-
cleotide steps in statistical studies of nucleic acid
structure (El Hassan & Calladine, 1996) Such geo-
metries favor the formation of bifurcated hydrogen
bonds within the A-tract (in addition to the Wat-
son-Crick hydrogen bonds), linking the adenine
residue N6 amino group to the next thymine's
O4 group.

Initially, our crystal-based A-tract dodecamer
structures are highly propeller-twisted within the
A-tract region and less so outside it (Nelson et al.,
1987; DiGabriele & Steitz, 1993). Although decreas-
ing from the initial crystallographic values
(� ÿ 23 �), the A-tract propeller twisting persists
throughout our MD simulations, reaching an aver-
age of ÿ16 � (Figure 7). This value agrees well with
the estimated ®gure of ÿ17 � from NMR studies
(Katahira et al., 1988). The MD average distances
between the bifurcated atom functional groups
adenine N6 and thymine O4 are larger than the
crystallographic lengths (4.2 versus 3.2 AÊ ) (Nelson
et al., 1987; DiGabriele & Steitz, 1993), perhaps due



Figure 4. Large DNA models (104 bps) constructed from the dodecamer average structures to show the global
effects of intrinsic curvature. Ten base-pair-segments of the average structures (base-pairs 2 to 11 and 14 to 23 in
Figure 12) were assembled end to end and repeated ten times in phase with the helical repeat. Four additional
nucleotides were added (at bp positions 21, 42, 63, and 84) to achieve a 10.5 bp helical repeat. B-DNA geometric par-
ameters were assumed between repeats at each step of the assembly process by aligning the terminal bp of each
repeat with idealized B-DNA coordinates. Adenosine nucleotides are red; thymidine, blue; guanosine, yellow;
cytosine, green.
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Figure 5. Local tilt and roll values (per bp step) in the A-tract dodecamers and the intrinsic A-tract bend angle. The
MD ensembles and average values with one standard deviation are shown; boxed and circled values indicate the bp
steps at the 50 and 30 ends of the A-tract, respectively. The local tilt and roll values for the crystallographic structures
are indicated by teal circles; trajectory snapshots (black circles) were analyzed at a frequency of 1 per ps. The global
tilt (yT) and global roll (yR) bend angles intrinsic to each A-tract were calculated as described in Equations (1) and
(2a, b); only AA bp dinucleotide steps were included in calculating yT and yR. The bend angle of the crystallographic
structures are indicated by teal circles.
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to the explicit absence of p electron systems in the
force ®eld parameters (Cornell et al., 1995).

Narrow A-tract minor groove

A-tract crystallographic structures have notably
narrowed minor grooves (Nelson et al., 1987;
DiGabriele & Steitz, 1993), which are also associ-
ated with propeller twisting (Fratini et al., 1982).
However, the multiple A-tract conformations
present in crystallographic lattices led Steitz and
co-workers to suggest that A-tract dodecamer
structures were somewhat distorted (DiGabriele &
Steitz, 1993). Other experimental studies of sol-
vated A-tract sequences support the presence of a
narrowed A-tract groove region (Katahira et al.,
1988; Burkhoff & Tullius, 1987; Nadeau &
Crothers, 1989). Harvey, Tullius, and co-workers
have con®rmed by gel electrophoresis and
hydroxyl radical footprinting that the crystallo-
graphic dehydrating agent 2-methyl-2,4-pentane-
diol (MPD) alters A-tract structures (Sprous et al.,
1995; Dlakic et al., 1996; Ganunis et al., 1996), but
the nature of those modi®cations is not entirely
understood.



Figure 6. Phase/amplitude plots of crystallographic and MD ensembles of deoxyribose conformations. The pseu-
dorotation phase angles P and amplitudes were calculated using the method described by Altona & Sundaralingam
(1972); the endmost deoxyriboses have been disregarded in these calculations. The individual nucleotide values from
the A-tract trajectories are plotted at bottom. Adenine deoxyriboses are indicated by red circles or boxes; thymine are
indicated by green circles or boxes. A and T deoxyriboses with P values of 115 � and 130 �, respectively, are illustrated
superimposed in the molecular model at lower right; the deoxyribose structural alignment minimizes the RMS devi-
ation between the atoms C30, C40, and O40 of the two sugar molecules.
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We note that the minor groove widens slightly
during the simulations relative to the crystallo-
graphic structure (Figure 7). Moreover, all three
dodecamers have narrow minor grooves at regions
of consecutive adenine residues. The minor groove
of both A-tract dodecamers are asymmetric,
whereas that of the control dodecamer is sym-
metric. The minimum width of the A-tract dodeca-
mers is approximately 1 AÊ narrower than the
control value (Figure 7). The A-tract pattern of nar-
rowing is similar for the two dodecamers: the
narrowing increases in the 50 to 30 direction from
the ®rst to third adenine and does not widen again
until the end of the A-tract region. This pattern of
minor-groove narrowing was predicted on the
basis of NMR studies and hydroxyl radical foot-
printing of A-tract sequences (Katahira et al., 1988;
Burkhoff & Tullius, 1987; Nadeau & Crothers,
1989). Results of other MD simulations support
similar minor-groove widths and narrowing pat-
terns (Young & Beveridge, 1998; Sprous et al., 1999;
Young et al., 1997).
A-tract stabilization by minor-groove
water spine

Water spines were ®rst observed in the minor
groove of 1BNA, primarily associated with the
central AT-rich region (Drew & Dickerson, 1981).
The S crystal structure indicated the presence of
an incomplete water spine within the A-tract
(DiGabriele & Steitz, 1993), whereas analyses of
the C oligomer did not resolve a water spine, pre-
sumably due to uncompensated lattice disorder
(Nelson et al., 1987; DiGabriele & Steitz, 1993).
Water spines are known to stabilize propeller
twisting by forming bidentate hydrogen bonds
crosslinking minor-groove acceptors (Crothers et al.,
1990; Shatzky-Schwartz et al., 1997; Fratini et al.,
1982).

A water spine clearly emerges in our simulations
of the A-tract dodecamers (Figure 8). The water
spine state is well-occupied within the A-tract
regions; speci®c spine sites are occupied in 50 % to
90 % of con®gurations analyzed. We ®nd that both



Figure 7. Average propeller twist (left) and minor-groove widths (right) of the three simulated dodecamers, bars
indicating one standard deviation from the average, compared to the width of the crystallographic structure (heavy
broken line). The propeller twist was calculated using Curves (Lavery & Sklenar, 1989, 1997). The central panel pre-
sents the average of all base-pairs (``All''), all AT base-pairs (``Atract''), and all non-AT base-pairs (``NonAtract''). The
minor-groove width is calculated using the distances between cubic splines drawn tangential to the phosphate atoms
(Stofer & Lavery, 1994).
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Figure 8. Minor groove water spine of the two A-tract dodecamers as viewed looking into the minor groove. Only
water molecules in the primary hydration shell interacting within the A-tract and connecting the A-tract to the bp on
the 30 side are shown. Hydrogen bond interactions (green mesh surface) between the water molecule (oxygen, orange;
hydrogen, white) and the adenine N3 (blue) and thymine O2 (red) atoms are represented. Next to each water pos-
ition, the percentage of the 2 ns trajectory during which spine interactions were observed is indicated in red. The
average (blue) and maximum (red) lifetimes of each spine position are plotted in the lower panels. The hydrogen
bond lifetime was calculated by analyzing water molecules hydrogen bonded to both A:N3 and T:O2 atoms of
adjacent bps at a frequency of 0.1 ps. Hydrogen bonds were scored using a distance cut-off between the acceptor/
hydrogen atoms of 3.1 AÊ and an angle criterion of 90 � for the acceptor/hydrogen/oxygen atom sequence. Total
hydrogen bond times were calculated as the sum of all interactions at a given water spine position.
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the average and maximal water lifetimes increase
as the 30 end of the A-tract is approached
(Figure 8), where the minor-groove width is nar-
rowest (Figure 7). The geometrical considerations
of water spines imply that base-pairs possess a
negative propeller twist, although the precise level
of propeller twist is variable (Shatzky-Schwartz
et al., 1997).

A novel feature that emerges is that both water
spines extend in the 30 direction beyond the A-tract
to interact with one additional bp (Figure 8). In the
S dodecamer, this extension forms an interaction
between T15 and the O2 atom of C11 and, in the C
dodecamer, between T16 and G10. No extension is
observed in the 50 direction beyond the A-tract; the
large positive roll at the major A-tract bend
(Figure 5) and the widened minor groove (Figure 8)
do not favor water spine interactions. These stabi-
lizing interactions formed with the bp 30 of the
A-tract contribute to the structural features of this
bp step.
Although a consistent trend, the water
spine rapidly exchanges with bulk solvent.
While occasional water molecules form spine
interactions lasting as long as 0.2 ns, in agree-
ment with recent estimates of analogous
interactions of approximately 0.2 ns at 27 � C
(Phan et al., 1999), average spine water
molecules interact only brie¯y (less than 5 ps,
Figure 8) with T:O2-A:N3 atom pairs. The aver-
age and maximal water oxygen residence times
(de®ned by a 3.8 AÊ cut-off from the water mol-
ecule oxygen to A:N3/T:O2 atoms) are compar-
able to the calculated hydrogen bond times (data
not shown). This indicates that water molecules
are rapidly migrating to different interaction
sites or to the secondary hydration shell after
spine hydrogen bonds are broken (Figure 8).
This ¯uidity of the water structure around DNA
may be affected by dehydrating agents such as
MPD (DiGabriele & Steitz, 1993; Sprous et al.,
1995; Dlakic et al., 1996; Ganunis et al., 1996).
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Ion interactions with A-tracts

Although NMR (Hud & Feigon, 1997), crystallo-
graphy (Tereshko et al., 1999), and simulation
(Young & Beveridge, 1998; Young et al., 1997),
have suggested a tendency of A-tract and related
variants to bind cations within the minor groove,
our simulations generally indicate only weak bind-
ing events for sodium ions which did not penetrate
beyond the secondary hydration shell. An excep-
tion was one sodium ion coordinated between sev-
eral water molecules bound to the N3 atom of A5,
located at the 50 end of the S dodecamer A-tract.
This interaction was captured four times during
the 2 ns simulation, for a total time of 0.18 ns.
These four events occurred during two longer
periods (0.2 and 0.3 ns) with the ion shifting from
the primary to the secondary hydration shell and
back again. The multiple water molecules coordi-
nated with this ion form a large complex; it is unli-
kely that this complex could bind in the narrower
regions of the A-tract minor groove (Figure 7).

The position of this ion binding event at the
50 end of the A-tract resembles manganese-binding
events observed for A-tracts by NMR (Hud &
Feigon, 1997). Localization around the largest bend
site in A-tract oligonucleotides was also observed
by Young & Beveridge (1998). Our ion interactions
have a shorter duration than those observed for
1BNA (�0.2 versus 0.5 ns) (Young et al., 1997), and
a lower occupancy (�0.1 versus 0.5 fractional occu-
pancy) (Tereshko et al., 1999); A-tracts may not
provide the proper functional groups for long-term
coordination of ions in the minor groove.

Discussion

Consensus structure and properties

The relationship between crystallographic and
solution structures of A-tract DNA has been an
area of intense interest. Since the crystallographic
lattices of the S and C dodecamers are disordered,
each lattice contains multiple conformations of the
dodecamer (DiGabriele & Steitz, 1993). Disparities
regarding bend directions are expected for differ-
ent crystallographic structures (Figure 1). Despite
the lattice disorder and the differences between
bend directions, the A-tract moieties of the crystal-
lographic structures are strikingly similar, with
RMSD less than 1 AÊ (Dickerson et al., 1994;
DiGabriele & Steitz, 1993). This agreement sup-
ports the notion that A-tract oligomers in solution
possess a unique bend direction (Crothers et al.,
1990); however, a unique bend direction clearly
requires similarity extending beyond the A-tract
region. The development of this similarity during
our MD simulations merges these notions.

Our MD average structures for the two A-tract
dodecamers superimpose well upon one another
(RMS deviation less than 1 AÊ ), indicating simi-
larities extending beyond the A-tract (Figure 9).
Each such average form is characterized by yR < 0
(Figure 3), thus differing from the negative (S) or
positive (C) global tilt in combination with small
global roll associated with the initial structures.
The new global bending framework introduced
here helps clarify these bending trends; our pro-
gram MaDBend is available via our web site
(http://monod.biomath.nyu.edu).

Elements of these consensus structures include
an adenine region with a gently curved helical
axis, supported by a ``wedge angle'' of � ÿ 1 � tilt
and �1 � roll between each AA dinucleotide step.
Thymine sugar molecules in the A-tract have an
average pseudorotation of P � 115 �, while the ade-
nine sugar molecules have an average P � 130 �
(Figure 6). This difference between thymine and
adenine sugar molecules leads to a slight curvature
intrinsic to the A-tract and the tilt/roll angles at
each AA dinucleotide step. The narrow minor
groove in the A-tract region progressively
decreases in width in the 50 to 30 direction along
the adenine strand (Figure 7) and is associated
with approximately 16 � of propeller twist at each
A-tract bp, and a regular water spine (Figure 8).
The bp step immediately on the 50 side of the
A-tract possesses a roll value of approximately 12 �
and a tilt of approximately 2 � (Figure 5). In con-
trast, the roll and tilt values of the bp steps
immediately 30 of the A-tract regions are sequence
dependent.

Our ensemble averages clearly indicate a bend
direction of negative global roll (Figure 3), as pre-
dicted in solution (Crothers et al., 1990), but differ-
ing from the initial crystallographic bend
directions (Nelson et al., 1987; DiGabriele & Steitz,
1993). Still, A-tract crystallographic structures cur-
rently emerging from the Shakked laboratory dis-
play negative global roll similar to our MD
ensembles (Z. Shakked, personal communication).
The changes leading to the bend conversion we
observed are nonetheless subtle, as the average
structures superimpose upon the crystallographic
dodecamers with RMSD less than 3 AÊ (see Table 2).
Each of the two MD average A-tract regions super-
imposes to the initial crystal structures with 1.5 AÊ

RMSD, compared to a 0.9 AÊ difference between the
two initial structures. Thus, the overall RMSD from
the initial to the ®nal structure is partitioned
roughly equally between the A-tract and the non-
A-tract dodecamer regions.

The detailed quantitative comparisons of our
DNA and simulation results to experimental data,
such as by hydroxyl radical cleavage (published on
our web site http://monod.biomath.nyu.edu, see
publications) and water lifetimes deduced from
NMR (Figure 8), lend con®dence in the interpret-
ations made here regarding A-tract structure.

Interpretation of crystallographic
A-tract structures

Our observed MD conversions suggest that
small but subtle transformations have occurred
which preserve the initial crystallographic models.



Figure 9. Superimposed crystallographic (left) and MD average (right) A-tract structures comparing the S and C
dodecamers. The structures were superimposed minimizing the RMSD between A-tract regions. The blue and red
backbone ribbons distinguish the S and C systems, respectively. Average structures are derived from the following
trajectory segments: S: 309-2000 ps, C: 290-2000 ps.

656 A-Tract Bending Conformations
These small differences include a widening of the
minor grooves by �1 AÊ , some changes in average
sugar conformations, and small angular changes
for roll and tilt. Propeller twisting within the
A-tracts exhibits a larger and consistent decrease of
about 7 � from the initial average value of 23 �,
while the twist decreases by about 2 � per bp.

The overall similarity with the initial crystallo-
graphic models suggests that MPD effects are sec-
ondary and captured within the ensemble range of
structures generated during the MD simulations
(Dickerson et al., 1994; DiGabriele & Steitz, 1993;
Sprous et al., 1995; Dlakic et al., 1996; Ganunis et al.,
1996). We postulate that MPD exerts its effects
through mechanisms affecting the DNA environ-
ment, such as the disruption of ordered water mol-
ecules (as observed in the minor-groove spine) or
the chelation and removal of salt ions from sol-
ution (by formation of MPD/ion/water complexes,
as observed in other diols). Ionic effects may also
explain differences in bending magnitudes
observed for adenine-rich regions by crystallo-
graphy (e.g., emerging from the Shakked labora-
tory) and simulation results (as reported here).

Relationship to models of A-tract bending

Our structural analyses possess elements that ®t
with many bending models available, such as
``junction'' (Crothers et al., 1990; Koo & Crothers
1988; Haran et al., 1994; Koo et al., 1986), wedge
(Trifonov, 1985; Ulanovsky et al., 1986), and
``curved general sequence'' (Dickerson et al., 1994,
1996).

Common features associated with the junction
model are: (a) the A-tract dodecamers bend via
negative global roll; (b) the A-tracts have a nega-
tive inclination to the global axis (Figure 10); and
(c) the primary bend occurs at the 50 end of the
A-tract. This ®t to the model is also manifested by
the generally cooperative, nucleated structure of
the A-tract region. The possible connection



Table 2. Average structural parameters from the dodecamer trajectories obtained from data sampled at a 1 ps
frequency and deviations of MD-ensemble average structure from initial crystallographic structure

Property 1BNA S C

Avg. tilt (deg.) 0.1 � 4.8 ÿ0.1 � 4.9 ÿ0.4 � 4.9
Avg. roll (deg.) 3.7 � 7.1 2.7 � 7.9 3.7 � 7.0
Avg. twist (deg.) 31.7 � 5.5 31.8 � 8.7 32.0 � 6.6
Avg. propeller twist (deg.) ÿ11.7 � 8.8 ÿ15.3 � 10.9 ÿ14.4 � 9.3
Avg. x displacement (AÊ ) ÿ1.9 � 0.6 ÿ1.4 � 0.8 ÿ2.0 � 0.6
Avg. inclination (deg.) 2.0 � 6.7 0.5 � 8.3 2.7 � 6.6
RMSD of average structure 2.68 AÊ 2.75 AÊ 2.63 AÊ

Nucleic-acid structural parameters were calculated using the Curves program (Lavery & Sklenar, 1989, 1997). In each dodecamer
case, 9 bp steps were averaged, excluding the terminal bp steps. For the S dodecamer case, ®ve trajectories (one Newtonian,
four Langevin by LN) were averaged. Each trajectory produced 2000 snapshots. Average structures are derived from the following
trajectory segments: 1BNA: 500-2000 ps, S: 309-2000 ps, C: 290-2000 ps.
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between signs of inclination and the local A-tract
bending angles might be further explored (Z.
Shakked, personal communication).

Features that ®t with the wedge-type bending
models include: (a) the small but nearly uniform
amounts of roll and tilt at the AA-dinucleotide
steps within the A-tract; and (b) the similar bend-
ing geometry of the bp step at the 50 end of the S
and C dodecamer A-tracts.

Qualitative similarities between our results and
characteristic of the curved general sequence
model are noted from the smaller bends within
each A-tract structure with respect to the bend on
the 50 side of the A-tract. Although not large, the
A-tract unit curvature is an essential contributor to
the negative global roll bend direction. We also
observe ¯exing through roll at the junctions
between the A-tracts and the surrounding
sequence, as predicted by this model. The narrow
minor grooves and large amounts of propeller
Figure 10. Average inclination to the S (blue) and C
(red) global helical axes as computed at each base-pair
from 2000 snapshots spanning 2 ns. The mean is plotted
as a continuous line; one standard deviation is indicated
by the bars.
twist observed in our simulations and those of
Young et al. (Young & Beveridge, 1998; Sprous
et al., 1999) further concur with the curved general
sequence model. However, observations that con-
tradict the model include the similar stiffness
between the A-tract bp steps and those outside the
A-tract, and the negative inclination of the A-tract
to the global helical axis (Dickerson et al., 1994).

In conclusion, our consensus model for A-tract
structure incorporates various elements of several
proposed models (Crothers et al., 1990; Dickerson
et al., 1994, 1996; Koo & Crothers 1988; Haran et al.,
1994; Koo et al., 1986; Trifonov, 1985; Ulanovsky
et al., 1986) and extends and supports many exper-
imental and theoretical studies.

Relationship to TATA-box elements

Current work in our laboratory is revealing
additional contextual features of A-tract structure
and their effect on biological processes. One inter-
esting example under study is the selectivity of the
TATA-box binding protein (TBP) on variants of the
target DNA sequence (X. Qian, D. S. & T. S.,
unpublished results). TBP binds to many TATA-
box variants; the resulting complexes have broadly
varying levels of transcriptional ef®ciencies
(Patikoglou et al., 1999). Our simulations reinforce
the notion that the wild-type TATA-box element
50-TATAAAAG-30 (AdMLP) found in adenovirus
particles has been selected by evolution because of
its inherent ¯exibility.

Results from our simulations (to be detailed in a
forthcoming paper) indicate that the AdMLP
TATA-box element bends ¯exibly into the DNA
major groove (Figure 11) and that a relatively dis-
ordered water/DNA interface further facilitates
this motion and hence TBP binding. In contrast,
the A-tract variant 50-TAAAAAAG-30 (A29), which
could not be co-crystallized with TBP (Patikoglou
et al., 1999), has been experimentally determined to
be transcriptionally inactive. Our MD simulations
have shown not only a marked difference in the
intrinsic DNA ¯exibility of A29 relative to AdMLP,
but also a bending tendency in the opposite direc-



Figure 11. Average structures over 1.5 ns from simu-
lations of the TATA-box variants A29 (left) and wild-
type AdMLP (right) and principal component analyses
of bending. The TATA-box elements (eight bps) are indi-
cated in red (A29) and blue (AdMLP) DNA. The helical
axes of the average structures, computed by Curves
(Lavery & Sklenar, 1989, 1997), are shown in thick red
(A29) and blue (AdMLP); the ten green curves in each
case illustrate the observed range of motion along the
®rst principal component. We note that the A-tract var-
iant A29 bends towards the minor groove, while the
AdMLP wild-type variant bends ¯exibly towards the
major groove, as needed for TBP binding and activity.
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tion (i.e., into the minor groove) with respect to
that required for TBP binding.

Shown in Figure 11 is the ensemble average
structures (over 1.5 ns) of the wild-type AdMLP
sequence and the A29 variant, each with helical
axes indicating the motion associated with the
®rst principal component (groove bending). The
different bending tendencies of the wild-type
sequence (toward the major-groove) and the
A-tract variant (toward the minor-groove) are
apparent from the average helical axes. In a similar
way, the large major-groove bending motion in the
former versus the gentler minor-groove motion in
the latter is evident from the principal component
analysis. We also noted that A29, like other A-tract
sequences, has a more ordered water spine than
AdMLP and a higher concentration of counterions
in regions that interfere with TBP binding and
deformation.

Given the TATA-box consensus element octamer
of TATA(a/t)A(a/t/g)R, where R indicates a pur-
ine base and the bases at positions 5 and 7 are vari-
able, these striking sequence-dependent TATA-box
variations suggest that the easily achieved single
bp changes that convert a normal TATA-box
element into an A-tract can act as a powerful
biological regulator.
Methods

System preparation

Atomic coordinates for the DNA dodecamers 1BNA,
S, and C were obtained from the RCSB Protein Data
Bank (Nelson et al., 1987; DiGabriele & Steitz, 1993;
Wing et al., 1980; Bernstein et al., 1977). Crystallographi-
cally indicated water molecules were maintained with
each dodecamer (80, 8, and 27 water molecules included
with 1BNA, S, and C, respectively). Neutralization of
charge requires one cation per phosphate ion; sodium
ions were placed 5 AÊ from the phosphate groups along
the O1-P-O2 bisector, for a total of 22 sodium ions per
dodecamer. The S and C DNA/ion systems were over-
laid with a pre-equilibrated box containing 11,500 TIP3P-
modeled water molecules (Jorgensen et al., 1983) (as
implemented in the CHARMM molecular modeling
package, version 2.5a3 (Brooks et al., 1983)). Water mol-
ecules overlapping the DNA (de®ned as solvent with a
non-hydrogen atom within 1.8 AÊ of DNA non-hydrogen
atoms) were removed from the system. The systems
were truncated to form regular hexagonal prisms with
10.0 AÊ between the DNA and the closest boundary of
the periodic cell; this procedure generated regular hexa-
gonal prisms of 65.0 AÊ length � 26.0 AÊ side for the S sys-
tem and 65.5 AÊ length � 25.1 AÊ side for the C system.
The 1BNA system was solvated using the Insight mol-
ecular graphics package, version 97.2. Excess water mol-
ecules were eliminated to generate a regular hexagonal
prism of 65.5 AÊ length � 25.3 AÊ side. Final system sizes
are 10,869, 12,062, and 11,474 atoms for the 1BNA, S and
C dodecamers, respectively.

Minimization and simulations with the
Leapfrog integrator

Energy minimization and MD simulations use the
Cornell et al. (1995) force ®eld as implemented in the
CHARMM program (Brooks et al., 1983). While the DNA
and sodium ions in the cells were constrained in place,
the water molecules in the system were subjected to
minimization using the adopted-basis Newton-Raphson
protocol and equilibrated at 300 �C using a Leapfrog
integrator with a timestep of 2 fs. Non-bonded inter-
actions were calculated using atom-based neighbor lists
truncated at 12 AÊ ; Lennard-Jones switch and electrostatic
force shift functions were applied in the 10-12 AÊ range.
SHAKE-type constraints were applied to all bonds con-
taining hydrogen (Ryckaert et al., 1977). After equili-
bration of the initial geometry, the entire system was
minimized and reheated to 300 �C over 10 ps using
protocols as described above. The three systems were
equilibrated for 30 ps and data were collected for a
period of 2 ns. All calculations were performed on a
Silicon Graphics Power Challenge XL at New York
University.

Simulations with the LN integrator

A recently developed multiple timestepping integrator
for Langevin dynamics, termed LN, was also used to
investigate the S system. The LN integrator offers speed-
ups of between 4 and 13-fold, allowing multiple ensem-
bles or longer ensembles to be generated at a smaller
cost; this speedup advantage allowed us to improve stat-
istics and examine the S system in greater detail via four
additional independent simulations, in addition to the
Verlet trajectory. The LN integrator uses stochastic
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dynamics merged with extrapolation of slowly varying
forces and a three-cycle integration (Barth & Schlick,
1998a,b; Sandu & Schlick, 1999). The shortest timestep
represents the frequency used to evaluate the bonded
interactions: bond length, bond angle, dihedral angles
(both proper and improper), and Urey-Bradley bond
lengths. The medium timestep is the frequency of evalu-
ating non-bonded interactions within a speci®ed distance
(typically chosen in the 6-8 AÊ range). The outermost
timestep is the frequency of calculating remaining
non-bonded interactions and updating all non-bonded
interactions, determined by the truncation limit. The LN
simulations described here used inner, medium and
outer timesteps of 1, 2 and 120 fs (1/2/120 fs), respect-
ively. The medium force class was de®ned by a distance
range of 7 AÊ associated with healing and buffer lengths
of 4 AÊ each (7/4/4 AÊ ). A relatively small Langevin col-
lision parameter of g � 5 psÿ1 was chosen to couple the
S system to a 300 �C Langevin heat bath. As shown by
Barth & Schlick, a smaller g generates trajectories closer
to Newtonian trajectories; g in the 5 psÿ1 range also
ensures stability by masking resonances (Barth &
Schlick, 1998a,b; Sandu & Schlick, 1999). Four indepen-
dent replicates (Caves et al., 1998) of the S system were
initiated with different random number seeds and data
were collected for a period of 2 ns.

Trajectory assessment

All dodecamer simulations equilibrated rapidly, reach-
ing RMSD relative to the initial crystallographically-
derived conformation of approximately 3 AÊ within the
®rst 200 ps (Figure 12). The RMSD value for all dodeca-
mers compare favorably to other DNA simulations using
particle mesh Ewald techniques (de Souza & Ornstein,
1997; York et al., 1995; Cheatham et al., 1995; Young et al.,
1997). After the initial 100 ps of simulation, all trajec-
tories remain at a conformational distance of 2.5 AÊ with
respect to the initial crystallographic conformation.

Average MD-ensemble structures generated from the
trajectory are superimposable upon the original crystal
structures with RMS deviation values less than 3 AÊ (see
Table 2). As discussed below, roughly half this difference
comes from the A-tract region. Average nucleic acid
structural parameters (tilt, roll, etc.) derived from these
trajectories verify that the structures and properties of
the simulated dodecamers generated either by Newto-
nian or stochastic dynamics lie within the family of
B-DNA structures (Table 2). It is noteworthy that our
approach (a large domain in which the DNA is solvated
by a 10 AÊ layer of water, non-bonded interactions are
computed within a 12 AÊ cut-off range, and in which per-
iodic atom lists are maintained within a 14 AÊ limit)
yields stable trajectories that are comparable to a 5 ns
trajectory with the particle mesh Ewald method (Young
et al., 1997). Thus, such protocols are reliable for the
properties examined here, as are particle mesh Ewald
schemes (Darden et al., 1999).

The LN integrator used for some of the trajectories
here demonstrates the improved sampling statistics as
obtained with respect to single-timestep trajectories
using the same computation time. This sampling advan-
tage can be gleaned from Figure 3. The four pooled LN
trajectories, each of length 2 ns, took a combined CPU
time of 92 days, versus the single trajectory of length
65 days in comparison.

Although the LN simulations used the smaller inner
timestep of 1 fs as opposed to the 2 fs step size used in
the Leapfrog simulations, the LN simulations were over-
all faster than the Leapfrog simulations by a factor of
three for simulating the same total time. That is, the LN
simulations completed 1 ns in 23 days as opposed to the
65 days necessary for a Leapfrog integrator with a 2 fs
timestep or the 98 days necessary for a Langevin (BBK)
integrator using a single 1 fs timestep. An LN simulation
without SHAKE requires a smaller inner timestep, such
as 0.5 fs; a 0.5/2/120 fs multiple-timestep protocol for
LN would have a speedup factor of approximately 9.4,
completing a 1 ns simulation of the S system in 16 days
as opposed to the 151 days for a Langevin (BBK) integra-
tor using a single 0.5 fs timestep. This order of magni-
tude speedup correlates with values reported previously
(Barth & Schlick, (1998a,b; Sandu & Schlick, 1999). Other
macromolecular applications of LN to large systems can
yield greater speedups (Schlick et al., 2000). The LN inte-
grator is included in CHARMM version 2.7b1 (Brooks
et al., 1983) and is being implemented in AMBER.

Structure analysis

Generalized nucleic acid structural parameters (such
as roll, tilt and inclination) were derived using the
Curves software package, version 5.2 (Lavery & Sklenar,
1989, 1997; Stofer & Lavery, 1994). Analytical tools
within CHARMM were used to calculate various quan-
tities such as distances, angles, deoxyribose puckers and
RMS deviations of superimposed structures. Surface area
was calculated using the Lee & Richards (1971) algor-
ithm as implemented in CHARMM.

Global parameters for analysis of helical axis bend

Our procedure calculates DNA curvature by summing
the projected components of local bp step tilt and roll
angles, after adjusting for helical twist. Each term in the
sum corresponds to a bp step j. First, we derive gj, the
accumulated twist from the reference plane Nc to bp step
j; gj � �j

i � Nc

i where 
j is the twist at bp step j (de®n-

ing the rotation from bp j to bp j � 1 (Dickerson et al.,
1989). Second, we rotate the local tilt (tj) and roll (rj)
angles (de®ning the angular deformations from bp j to
j � 1 (Dickerson et al., 1989) through the angle gj; this can
be compactly expressed as the matrix/vector product
R(gj)yj, where R(gj) is the rotation matrix de®ned by gj:

R�gj� �
cos gj sin gj

ÿ sin gj cos gj

� �
;

and yj is the column vector yj � (tj, rj)
T. Writing the two

angles, global tilt (yT) and global roll (yR), as the vector
� � (yT, yR)T, we have:

� �
X

j

R�gj�yj �1�

or:

yT �
X

j

�tj cos gj � rj sin gj� �2a�

yR �
X

j

�ÿtj sin gj � rj cos gj� �2b�

In our right-handed coordinate system, the sign of twist
above the reference plane is positive, and that below the
reference plane is negative. If the reference plane lies



Figure 12. RMSD of superimposed structures from the crystallographic conformation (left) and selected structures
(right) corresponding to the initial crystallographic structure and the MD average trajectory form. The crystallo-
graphic and average structures were superimposed using non-hydrogen atoms; both structures were rotated so that
the minor groove at the A-tract (or dodecamer) center is oriented to the left. Global helical axes produced by the pro-
gram Curves 5.2 are shown at the center of each structure in black (Lavery & Sklenar, 1989, 1997). A standard num-
bering scheme for nucleotide labeling is indicated for each system (Nelson et al., 1987; DiGabriele & Steitz, 1993;
Wing et al., 1980). Note the slight bend towards the minor groove in the helical axes of the S and C average struc-
tures at right.
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midway between two bps, tj, rj and 
j are halved for the
two terms in step j � Nc. This procedure can be general-
ized to a reference plane located at any position between
two bps.

To illustrate the use of the algorithm, consider a 6 bp
oligonucleotide and a reference plane chosen at the
oligomer center (i.e., between bp 3 and 4); yT and yR are
obtained as follows:

� � 1

2
R�g3=2�y3 � R�g4�y4 � R�g5�y5

� 1

2
R�ÿg3=2�y3 � R�ÿg2�y2 � R�ÿg1�y1

If the reference plane coincides with the third base-pair,
the formula instead becomes:

� �R�g3�y3 � R�g4�y4 � R�g5�y5

� R�ÿg2�y2 � R�ÿg1�y1

Our analysis for the global angles is based on com-
puted local tilt, roll and twist angles by the program
Curves (Lavery & Sklenar, 1989). Other nucleic acid anal-
ysis programs may be used. It is well appreciated that
different programs can produce different results
(Babcock & Olson, 1994); hence, the global values can
differ.

The utility for computing the global tilt and global roll
is available from the authors and can be downloaded at
http://monod.biomath.nyu.edu

Bends in the helical axis de®ned by yR < 0 are equival-
ent to bending towards the minor groove in the local
reference frame, as seen in Figure 1; bends de®ned by
yR > 0 correspond to bending towards the major groove.
The total magnitude of the curvature is����������������

y2
T � y2

R

q
:

For our three oligonucleotides, we analyze yT and yR

in the reference plane at the A-tract center (bp steps
S:A7A8 and C:A6A7) or the central A6T7 bp step in the
control 1BNA dodecamer. The A-tract reference planes
are implied by the measurements reported by Crothers
et al. (Zinkel & Crothers, 1987; Koo & Crothers 1988).
The A-tract of the S dodecamer is located 1 bp askew
from the oligonucleotide end; hence, the reference plane
is offset by approximately 1 bp relative to the center of
the dodecamer.
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