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ABSTRACT: DNA bending is critical for DNA packaging, recognition, and
repair, and occurs toward either the major or the minor groove. The anisotropy
of B-DNA groove bending was quantified for eight DNA sequences by free
energy simulations employing a novel reaction coordinate. The simulations
show that bending toward the major groove is preferred for non-A-tracts while
the A-tract has a high tendency of bending toward the minor groove. Persistence
lengths were generally larger for bending toward the minor groove, which is
thought to originate from differences in groove hydration. While this difference
in stiffness is one of the factors determining the overall preference of bending
direction, the dominant contribution is shown to be a free energy offset between
major and minor groove bending. The data suggests that, for the A-tract, this
offset is largely determined by inherent structural properties, while differences in
groove hydration play a large role for non-A-tracts. By quantifying the energetics
of DNA groove bending and rationalizing the origins of the anisotropy, the calculations provide important new insights into a key
biological process.

■ INTRODUCTION

While DNA is a stiff molecule, its bending is critical to its
biological function.1 To fit inside the cell, DNA is supercoiled
and highly bent by packaging proteins in prokaryotes, and
histones in eukaryotes.2 Bending is also essential for DNA
looping, an important regulation mechanism for gene
expression that brings together sites that are distant in
sequence.3−5 DNA bending plays a key role in the
thermodynamics of protein−DNA binding, and has been
shown to strongly modulate binding affinities.6−8 It is also
important for DNA repair, where DNA bending reduces the
energetic barrier for base flipping.9 In recent years, DNA
bending has received renewed interest, spurred by the
observation that the cyclization of short, 94 base pair DNA
strands appeared much more facile than predicted by the
worm-like chain model.10 Since the worm-like chain model11

well-describes DNA bending at the long length scale (that is,
for strands longer than the DNA persistence length of ∼500 Å
or ∼150 base pairs),1,12 these cyclization results were
surprising, and subsequently followed by a large number of
experimental and theoretical studies. While some of these
confirmed the increased flexibility of DNA at the short length
scale,13−21 others saw no anomalous behavior,22−25 and the
debate on the short length scale behavior continues.7,25

Here we consider the anisotropy of B-DNA groove bending.
B-DNA is the most common and physiologically relevant form
of DNA, consisting of a right-handed helix with a pitch of 10
base pairs and two types of grooves: the major groove with a
width of ∼22 Å in straight B-DNA, and the minor groove with
a width of ∼12 Å (Figure 1a).26 Bending can proceed toward
either groove, but since the grooves are not equivalent, the
energetics and resultant shape will depend on the direction of

bending. While a few theoretical models incorporated the
anisotropy of groove bending,27−29 with some explicitly
favoring bending toward the major groove over bending
toward the minor groove,30−32 or vice versa,33 direct
experimental evidence for the anisotropy is scant. Since the
direction of bending is hard to control in AFM, magnetic bead,
or other pulling experiments, most experimental information on
the anisotropy of DNA bending comes from inferences based
on statistical analyses of DNA and protein−DNA structures. An
early statistical analysis of 11 structures showed preference for
minor groove bending for AG, AT, CG, and CT steps, and
major groove bending for AA, GA, GG, TC, TT, and CC
steps.34 A subsequent analysis of 66 B-DNA structures showed
a preference for major groove bending for CG, AA and GG
dimer steps, a preference for minor groove bending for the GC
step, and lesser directional preferences for other steps.35 An
analysis of 86 protein−DNA complexes showed that DNA
bends were mostly due to roll angles36 (the rotation of a base
pair along the long axis,37 Figure 1b), with most rolling at
pyrimidine-purine steps and toward the major groove,
suggesting favorability of bending toward the major groove.36

Average rolling toward the major groove was found for all
dimer steps in large statistical analysis of protein−DNA
structures,38 while another analysis found a tendency for
major groove bending for purine-pyrimidine steps and minor
groove bending for pyrimidine-purine steps in B-DNA
duplexes.39 Special attention has been given to A-tracts, DNA
sequences with four to six consecutive adenines.40 Intrinsic
curvature of A-tracts was first deduced from anomalously slow
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electrophoretic mobilities.41,42 A-tracts have a narrowed minor
groove,40 and gel mobility43 and solution state studies44−46

showed a tendency for bending toward the minor groove.
These structural analyses have been complemented by

modeling and simulation studies. Early empirical energy models
showed that DNA bends toward the grooves rather than the
backbone, with a preference for minor groove bending for
purine-pyrimidine steps, and preferred major groove bending
for pyrimidine-purine steps.47 This tendency was also found in
Monte Carlo simulations of DNA hexamers in implicit
solvent.48 Energy minimizations in implicit water using
superhelical symmetry restraints showed a preference for
minor groove bending for A4T4CG, while T4A4CG showed a
weak preference for minor bending direction;49 positive rolls
were observed at TA and CG steps and negative roll at AT
steps. Energy minimizations in implicit solvent using a screw
axis restraint showed a preference for bending toward the
minor groove.50 This preference was strong for the A-tract and
the recognition sequence of human and bovine papillomavi-
ruses E2 proteins, but for an alternating AT sequence the
tendencies for bending toward the minor and major groove
were nearly equal. A molecular dynamics (MD) simulation of
the CGCGA6CG and CGCA6GCG A-tract sequences showed
preferred bending toward the minor groove;51 the structure,
curvature, and solvation of A-tracts has been subject of a
number of MD studies.52−62 A systematic MD study of all
tetranucleotide steps of B-DNA in explicit water showed a
preference for positive roll angles for pyrimidine-purine and
GG steps, and negative roll for GC, GT, AT, and AA
steps.63−66 Significant conformational shifts due to next-nearest
neighbor effects were observed, however.65,66

While these studies have provided important but somewhat
conflicting information, the minimization studies were limited
by the exclusion of temperature effects and the implicit
representation of the solvent, and the MD studies were limited
by sampling. Sampling can be significantly enhanced by the use
of biasing techniques,67,68 which allow for the crossing of
energy barriers and sampling of high energy states. Such free
energy simulations have been used to study DNA bending
without regard to the direction of bending, in both
bare19,20,69,70 and protein-bound DNA,71−73 while directional
bending was studied for the A-tract using a screw axis
restraint.50 The latter study confirmed the preference for
minor groove bending, in agreement with the energy
minimization studies using the same restraint,50 but free energy
curves were only reported as a function of the overall bending
angle and no other sequences were studied.
To gain more insights into the anisotropy of DNA bending,

we performed free energy simulation studies of eight DNA
dodecamers in explicit water and complemented this
information by a statistical analysis of protein−DNA structures.
The simulations used a new biasing restraint based on the
Madbend definition of the bending angle,51 which allowed for
biasing in a specific direction. The anisotropy in bending was
quantified by free energy curves and persistence length
analyses, and the origins of the anisotropy were investigated.
Marked differences between the A-tract and other sequences
were revealed, with a high tendency for bending toward the
minor groove for A-tracts and major groove bending for non-A-
tract sequences. Our simulations highlight the importance of
solvation for preferences in the direction of DNA bending.

■ METHODS
PDB Analysis. Protein Data Bank structures of all protein−DNA

complexes were downloaded, and structures with nicks, gaps, single
strands, flipped bases, and modified or damaged nucleotides were
removed. To avoid the occurrence of multiple centers of bending, all
structures were visually inspected, and only structures in which the
protein either bound to the major or to the minor groove were
retained, leaving a total of 628 structures (Tables S1 and S2 of the
Supporting Information). Reference planes for Madbend51 analysis
were chosen in the center of bending based on visual inspections of
the structures.

Simulations. While a number of methods to calculate DNA
bending angles have been proposed,36,50,51,62,74−79 we chose the
Madbend procedure51 for its robustness80 and ease in distinguishing
the direction of bending. According to this procedure DNA bending
angles are calculated from roll (ρ), tilt (τ), and twist (Ω) angles. These
angles describe the relative orientation of base pairs in a DNA dimer
step (i.e., two adjacent base pairs), and are depicted in Figure 1b.37

Nonzero roll and tilt bend DNA,36 but as dimer steps are naturally
twisted, and the overall bending angle is affected by twist. The DNA
bending angle is therefore obtained from the tilt and roll angles while
adjusting for twist. Total tilt (ΘT) and roll (ΘR) are obtained by
rotating the tilt and roll angles through the accumulated twist: ΘT =
Σj(τj cos γj + ρj sin γj) and ΘR = Σj(−τj sin γj + ρj cos γj), where the
summation is over all dimer steps. γj is the accumulated twist from the
reference step (NC): γj = −Σi = NC+1

j Ωi for j ≥ NC or γj = Σi = 1
NC−1 Ωi

otherwise. NC typically corresponds to the center of the DNA (also
here). When NC is fractional, step j = int(NC) is split into two virtual
steps, and ρj, τj, and Ωj are fractionally distributed over the virtual

steps. The DNA bending angle follows from φ = Θ + ΘT
2

R
2 ,

where ΘR > 0 indicates bending toward the major groove, and ΘR < 0
bending toward the minor groove (Figure 1c). More details on the
Madbend procedure can be found in the original paper.51

Figure 1. DNA grooves and DNA bending. (a) Major and minor
grooves of DNA, and relative orientation of bases with respect to the
grooves. (b) Rotational step parameters. (c) DNA configurations at
(ΘR, ΘT) = (±60°, ±60°). In (a) and (c), two side views are shown for
each conformation. Polar atoms at the major groove side of the first
and last base are shown in orange, polar atoms at the minor groove
side in dark blue.
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Two-dimensional free energy surfaces (F) as a function of ΘR and
ΘT were obtained from umbrella sampling81 simulations. The original
definitions of roll, twist and tilt angles require root-mean-square fits
with idealized base pairs,37 which would complicate and slow down the
calculation of the biasing forces. Instead, we used our recently
developed method to calculate step parameters from local
coordinates.82 This method bypasses overlays, yields analytical forces,
shows good correlations with the original definitions (correlation
coefficients of 0.998, 0.891, and 0.997 for roll, twist, and tilt,
respectively), and is highly efficient. Integration of the two-
dimensional free energy surface at constant values of φ gave the
one-dimensional free energy profile for DNA bending:

∫φ = − Θ Θ
φΘ +Θ =

− Θ Θ
⎛
⎝⎜

⎞
⎠⎟F kt( ) ln e d dF kT( , )/

R T
R

2
T

2
R T

By restricting this integration to positive ΘR values, the free energy
profile of DNA bending toward the major groove was obtained. In a
similar way, the free energy profile of DNA bending toward the minor
groove was obtained by limiting the integration over negative ΘR
values.
A total of eight double strand DNA (dsDNA) sequences were

studied: (1) CGCGAATTCGCG, (2) CGCGCGCGCGCG, (3)
CCCTGTTCGGCG, (4) GATTGCGCAATG, (5) GCTATAAA-
AGGC, (6) TATCCGCTTAAG, (7) CGTAGATCTACG, and (8)
GCGATCGATCGC. Sequence 1 is the Dickerson dodecamer
sequence;83 its center two base pairs are mutated to CG in sequence
2. Sequences 3 and 4 were chosen from sequence similarity clustering
of the PDB database and correspond to the most common core
sequence that binds protein to the minor groove and bends toward the
major groove (sequence 3), or binds the major groove and bends
toward the minor groove (sequence 4), flanked by a CG base pair on
each terminus. Sequences 5 and 6 correspond to the core DNA in
specific examples of the database, with protein binding to the minor
and DNA bending toward the major groove in the crystal structure of
the human TATA binding protein complexed to DNA (PDB ID
1CDW84) for sequence 5; and binding to the major and bending
toward the minor groove in the crystal structure of the Escherichia coli
HipB transcriptional regulator bound to DNA (PDB ID 4YG185) for
sequence 6. While sequence 5 is bent toward the major groove in the
protein−DNA crystal structure, the sequence is an A-tract, which are
known to have a high preference for bending toward the minor
groove.40,43−46 Sequences 7 and 8 are known to maintain a stable B
conformation.86 While only a small number of sequences could be
studied due to computational costs, the systems were selected to form
a fair representation.
Unbent structures were built with X3DNA,87 solvated into rectangle

TIP388 water boxes of 0.15 M KCl, with a solvent layer of 18 Å in each
direction. After minimization, the systems were gradually heated from
120 to 300 K over 1 ns, and then equilibrated for 1.2 ns. In these
simulations, harmonic restraints with a mass-weighted force constant
of 1 kcal/(mol Å2) were applied to all heavy atoms of the DNA. The
restraints were subsequently reduced to 0.5, 0.25, 0.1, and 0.01 kcal/
(mol Å2) in stages of 0.2 ns each, followed by a short unrestrained
equilibration. The equilibrated structures were taken as starting points
for 2D umbrella sampling simulations using the biasing potential

−= Θ Θ + Θ − ΘW k k( ) ( )R
1
2 R

des 2 1
2 T T

des 2, where ΘR/ΘT indicate the

instantaneous values of the total roll and tilt angles, ΘR
des/ΘT

des the
desired values, and k = 0.04 kcal/(mol deg2). Because of possible
fraying, the first and last two base pairs were not included in the
biasing. A total of 289 windows were used per sequence, with ΘR and
ΘT each varying between −80 and 80° in steps of 10°. The first runs
started with ΘR

des/ΘT
des values closest to the ΘR/ΘT values at the end of

the unrestrained equilibration; neighboring windows (with ΘR
des 10°

higher or lower, or with ΘT
des 10° higher or lower) were run next, and

so forth. Each umbrella sampling simulation started with a 0.1 ns
equilibration, followed by a 0.5 ns production run. The equilibration
end point was also used as the initial conditions for the equilibration of
the neighboring windows. Step parameters are only defined with

respect to hydrogen bonded base pairs;37 to ensure hydrogen bonding,
a flat bottom harmonic biasing potential was applied to the distance
between the purine N3 and pyrimidine N1 of the base pairs. The force
constant for this potential was 10.0 kcal/(mol Å2) for distances larger
than 3.3 Å, while no force was applied for distances below 3.3 Å.
Analysis showed that the flat bottom biasing potential was rarely active
and had no effect on the results.

All simulations were performed with an in-house modified version
of the CHARMM program89 that allowed for umbrella sampling in ΘR
and ΘT. A detailed comparison of the CHARMM-embedded Madbend
procedure with X3DNA87 and Madbend51 postprocessing is presented
in the Supporting Information: results show excellent overall
correlation, with a correlation coefficient of 0.973, and an inherent
error of 5°. All simulations used the CHARMM 36 force field,90 which
includes the Beglov and Roux parameters for the ions.91 The leapfrog
integrator was used with a time step of 2 fs, snapshots were saved
every 2 ps, SHAKE92 was applied to all covalent bonds involving
hydrogen atoms, the temperature was controlled with the Nose−́
Hoover thermostat,93 and long-range electrostatic interactions were
handled by the particle mesh Ewald method.94 For the Lennard−Jones
interactions, a shifted potential cutoff of 11 Å was used. All free energy
surfaces were calculated by the multistate Bennett acceptance ratio
(MBAR) estimator after decorrelation of the trajectories.95 Errors in
the free energies were estimated from the MBAR uncertainty
expressions.95

While kinking is an important DNA deformation and can lead to
strong localized bends,1,36 the effect of kinking is excluded from our
study since the biasing force is distributed over all but the terminal two
base pairs.

Persistence Lengths. Persistence lengths (A) were calculated
from the one-dimensional free energy profiles of DNA bending by
Mazur’s procedure.23 According to this method, the persistence length
relates to the curvature of the free energy surface in the following way:

= − =
φ φ

∂
∂ −

∂
∂ −A L P L

kT
Fln

(1 cos ) (1 cos )
, and can be obtained from fitting

F(φ) as a linear function of (1−cos φ). Here L indicates the contour
length, P the probability distribution of bending angles, k the
Boltzmann factor, and T the temperature. Contour lengths were
obtained from the distance between the centers of mass of the terminal
base pairs of the energy minimized DNA structures. Since DNA was
slightly bent at equilibrium in the simulations (see below), fits were
taken for bending angles past the equilibrium bending angle.

Hydration Analysis.Water molecules within 5.5 Å from the major
groove edge atoms of the bases (Figure 1a) and on the major groove
side were considered to be in the major groove, while water molecules
within 5.0 Å from the minor groove edge atoms of the bases and on
the minor groove side were considered to be in the minor groove. The
terminal bases were not included for the hydration and residence time
analyses. These definitions were verified graphically, and shown to
work well for small and intermediate deviations from the equilibrium
bending angle. Larger bending angles were not considered, since these
led to significant deviations of the grooves (Figure 1c), which become
harder to define.

■ RESULTS

Typical simulation snapshots are shown in Figure 1c for the
CGCGCGCGCGCG sequence; snapshots for the other
sequences were similar. At positive ΘR values, DNA was bent
toward the major groove; the major groove was compressed,
while the minor groove was widened. Bending toward the
minor groove, accompanied by a compression of the minor and
widening of the major groove, was observed for negative ΘR
values. Figure 2 shows the two-dimensional free energy surface
of DNA bending as a function of ΘR and ΘT. Error bars are not
shown, but were less than 0.4 kcal/mol in all cases. Contour
lines were concentric ovals, with the centers generally offset to
ΘR = 10° and ΘT = −10°, and principal axes on diagonals.
These results indicate that the equilibrium structure of most
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sequences is slightly bent toward the major groove. A notable
exception was the A-tract sequence, for which the free energy
basin had its minimum at (ΘR, ΘT) = (0°, −10°), indicating a
higher preference for minor groove bending than the other
sequences.
Integration of the two-dimensional surfaces led to the one-

dimensional free energy curves of Figure 3. Shown are the free
energy cost of bending toward the minor and major grooves as
a function of the overall bending angle (φ), as well as the
overall free energy cost of bending irrespective of the direction
of bending. For clarity, error bars are not shown, but in all

cases, errors in the free energy were less than 0.2 kcal/mol at
small and intermediate bending angles and less than 0.5 kcal/
mol at large bending angles. As observed in previous
studies,19,20 the free energy of DNA bending was quadratic in
bending angle for small and intermediate bending angles but
became linear at large bending angles (>50−60°), indicating a
significant deviation from behavior predicted by classical elastic
models. In addition, Figure 3 shows several other interesting
general features. The free energy curve for bending toward the
major groove was generally lower than the curve for bending
toward the minor groove (by a few kcal/mol), and
consequently the free energy curves for overall bending and
bending toward the major groove largely overlap. This
observation indicates that bending toward the major groove
is preferred. An exception was the A-tract, which showed
overlap of the minor and major bending curves (a difference of
0.3 kcal/mol, which is within thermal energy). This is in
agreement with experimental data, which shows that A-tract
sequences easily bend toward the minor groove.40,43−46

Integration of the two-dimensional free energy maps (Figure
2) led to a small shift in the location of the minima: while the
minima of the two-dimensional map for non-A-tracts
corresponded to an overall bending angle of ∼14°, the minima
in the one-dimensional map (Figure 3) corresponded to an
overall bending angle of ∼20°. The location of the minima
indicates that the strands preferred to be slightly bent, by about
20° for major groove and overall bending, and by ∼15° for
non-A-tract minor groove bending. While these bending angles
seem somewhat large, which may partly be due to the way
angles are calculated in the Madbend procedure, and partly be
due to the integration, the magnitudes observed in the
simulations are in line with what was observed in the PDB
database (see below).
Apart from the shift in the position of the minimum, the

curves for major and minor groove bending were similar in
shape. The black curves in the insets of Figure 3 show how the
difference in free energy between minor and major groove
bending changes with the overall bending angle; this free
energy difference will be denoted by ΔF(φ) = Fminor(φ) −
Fmajor(φ). For sequences 1 and 6, ΔF(φ) was nearly constant,
and equal to the difference between the minimum free energy
of the minor and the minimum free energy of the major groove
bending curves. This latter free energy difference will be
denoted by ΔFeq = Fmin

minor − Fmin
major, and is shown in gray in the

insets of Figure 3. For the A-tract and sequences 7 and 8,
ΔF(φ) ≈ ΔFeq for most of the bending (up until ∼60°). For
sequence 2 and 3, ΔF(φ) increased slowly with φ, but never
exceeded 2ΔFeq, while for sequence 4 ΔF(φ) increased slowly
to 2.5ΔFeq. This shows that ΔF(φ) is largely dominated by
ΔFeq for most of the bending.
To further quantify the differences in bending, persistence

lengths were calculated. By basing these calculations on three
free energy curves, persistence lengths for overall bending as
well as bending toward the major and minor groove could be
obtained. These results are tabulated in Table 1; the fits are
shown in Figure S2 of the Supporting Information. In general,
the calculated overall persistence lengths agreed well with the
experimental value of ∼500 Å.1 As shown previously,20,96 the
observed increased flexibility at high bending angles for the
short length scale did not imperil agreement with the worm-like
chain model for the long length scale, because the Boltzmann
probability of high bending is so small. In further agreement
with experimental data,97−99 sequence 2 was the stiffest with

Figure 2. Free energy surfaces of DNA bending as a function of ΘR
and ΘT. Index and sequence of the various strands as indicated.

Figure 3. Free energy cost of DNA bending as a function of the overall

bending angle (φ = Θ + ΘR
2

T
2 ). Curves are shown for bending

toward the minor and major grooves, as well as overall bending (i.e.,
irrespective of the direction). Insets show the difference in free energy
for bending toward the minor and major grooves as a function of the
bending angle (ΔF(φ)). This is shown for bending angles ≥ 20° (past
the minimum free energy configurations). Shown in gray ΔFeq = Fmin

minor

− Fmin
major; the difference between the minimum free energy for minor

groove bending and the minimum free energy for major groove
bending. Index and sequence of the various strands as indicated.
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the largest observed persistence length, and the A-tract had the
lowest persistence length. In general, the persistence length for
bending toward the minor groove was larger than the
persistence length for bending toward the major groove,
which indicates that bending through a given Δφ is least costly
toward the major groove. However, the relative difference in
persistence length was small: 12.7% on average, with a
maximum of difference of 25.3%.
Our calculations suggest that for non-A-tract sequences

bending toward the major groove is more favorable because of
two factors: (1) the free energy offset ΔFeq, which signifies that
in equilibrium, DNA is slightly bent toward the major groove,
and (2) higher stiffness for bending toward the minor groove
than bending toward the major groove. While both factors
contribute, our analysis indicates that for most of the bending,
the free energy offset is the most important factor. The
persistence length for minor groove bending was on average
only 12.7% larger than the persistence length for major groove
bending, and ΔF(φ) was dominated by ΔFeq for most of the
bending. Thus, our data contributes a larger role to the free
energy offset: bending toward the major groove is preferred,
largely because DNA is slightly bent toward the major groove
in equilibrium. The A-tract is different from the other
sequences by having a free energy offset ΔFeq ≈ 0, with a
high tendency to be bent toward the minor groove in
equilibrium.
The preference for major or minor groove bending is due to

a combination of inherent structural properties of the DNA and
solvation. Bending toward the major groove leads to a
compression of the major and a widening of the minor groove
(Figure 1c). One would therefore expect that major groove
bending forces water out of the major and allows more water to
enter the minor groove, and that the opposite occurs when
DNA is bent toward the minor groove. Figure 4 shows that this
was indeed observed in most of the simulations. The figure
shows the number of groove waters as a function of the overall
bending angle for bending toward the minor or major grooves.
Since the grooves become hard to define when DNA becomes
significantly bent, values are only shown for bending angles
between 10 and 30° (about ±10° from equilibrium). Within
error the major grooves gained water when bending toward the
major groove was decreased or bending toward the minor
groove was increased, while major groove water was lost when
bending toward the major groove was increased or bending
toward the minor groove was decreased. The opposite occurred
for the water in the minor groove. While a few anomalies were
seen, notably for CGTAGATCTACG (sequence 7), the
hydration numbers generally followed the expected pattern.
Differences in hydration properties of the minor and major

grooves are well-established; it is known that minor groove

water molecules have higher residence times and lower
mobilities.100−107 Higher minor groove residence times were
also observed in our simulations. Figure 5 shows the average
residence times for water molecules in either groove. These

Table 1. Calculated Persistence Lengths for Overall Bending and Bending Towards the Major and Minor Grooves

sequence Aoverall (Å) Amajor (Å) Aminor (Å) ΔA (%)a

1 CGCGAATTCGCG 538.5 539.5 551.1 2.2
2 CGCGCGCGCGCG 590.6 581.3 625.5 7.6
3 CCCTGTTCGGCG 536.1 533.4 623.7 16.9
4 GATTGCGCAATG 541.7 547.5 659.6 20.5
5 GCTATAAAAGGC 473.1 456.9 533.1 16.7
6 TATCCGCTTAAG 512.0 511.1 506.1 −1.0
7 CGTAGATCTACG 478.6 474.0 594.0 25.3
8 GCGATCGATCGC 557.3 555.7 627.8 13.0

aΔA = 100 (Aminor − Amajor)/Amajor.

Figure 4. Hydration of the major and minor grooves upon bending.
The number of waters in each groove are reported as a function of the
overall bending angle, but separated for major and minor groove
bending. Number of water molecules in major groove shown in red,
minor in blue. The thick lines show averages, the vertical lines show
the observed standard deviations. Index and sequence of the various
strands as indicated.

Figure 5. Average residence time of water molecules in the major
(red) and minor (blue) grooves, reported as a function of the overall
bending angle, but separated for major and minor groove bending
directions. Index and sequence of the various strands as indicated.
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were averaged over all observed residence times in each groove,
from the long residence times (tens to hundreds of ps108−110)
of water molecules deep in the groove, to the short residence
times of the waters near the surface of the groove that
frequently enter and leave. The lower residence time of water
molecules in the major groove (Figure 5) indicates that these
waters are easier to displace than water molecules from the
minor groove. This was echoed in the average per-water
interaction energies between DNA and the groove water
molecules, which were more favorable for water in the minor
than water in the major groove (Figure S3 of the Supporting
Information).
Since water is more easily exchanged from the major than the

minor groove, the major groove likely also more easily loses
water molecules upon bending. Solvation would therefore favor
bending toward the major groove, which releases more easily
exchangeable major groove water molecules rather than the
more confined minor groove waters. This has two important
implications. First, the smaller persistence lengths for major
groove bending are likely due to this solvation effect. This also
means that bending of the A-tract, for which the persistence
length is also smaller for major than for minor groove bending
(Table 1), is affected by solvation in the same way as the other
sequences; in fact, its larger persistence length in the minor
groove direction is consistent with the presence of a low
mobility spine of hydration in the minor groove of A-
tracts.108−110 The second implication is that for the non-A-
tract sequences the preference for major groove bending is
likely largely driven by solvation. In contrast, for the A-tract, the
high tendency for minor groove bending is driven by its
inherent structural properties (for example, the preference for
negative rolls at the A-tract junction),40 which affect ΔFeq.
Solvation plays a role when bending an A-tract away from
equilibrium, leading to slightly less resistance in the major
groove direction, but at equilibrium a high proportion of A-
tracts is bent toward the minor groove.
Aspects of our calculations could be verified by performing a

statistical analysis of DNA bending in protein−DNA structures
from the Protein Data Bank. Figure 6 shows the distribution of

Madbend bending angles for proteins that bend DNA toward
the minor and major grooves. The figure shows a higher
population at large bending angles for DNAs that bend toward
the major groove, which indicates that bending toward the
major groove might indeed be less costly. In agreement with
the simulations, the distributions also showed a preferred
bending angle between 10 and 20° for major groove benders.
As observed in the non-A-tract simulations, the preferred
bending angle for minor groove benders is shifted to a lower

value than that for major groove benders, but the PDB statistics
showed a preference between 0 and 10° instead of the 15°
found in the simulations. The statistical analyses revealed some
other notable aspects as well. While proteins that bind to the
major groove indeed tend to bend DNA toward the minor
groove, and vice versa,51 a significant number of exceptions
were found, especially for proteins that bind to the major
groove. Of the proteins that bind to the major groove, 63%
were seen to bend toward the minor groove and 37% toward
the major groove. For proteins that bind the minor groove, the
vast majority (84%) was observed to bend toward the major
groove, while a minority (16%) bent DNA toward the minor
groove.

■ CONCLUSION
The anisotropy of B-DNA bending toward the major and
minor grooves was quantified by a new free energy simulation
approach for eight different sequences. The simulations showed
that non-A-tract sequences preferably bend toward the major
groove, while the A-tract has a high tendency to bend toward
the minor groove. An overall tendency for major groove
bending was also observed in protein data bank structures of
protein−DNA complexes. For non-A-tract sequences, bending
toward the major groove is favored because of two factors: a
free energy offset ΔFeq, which favors equilibrium structures that
are slightly bent toward the major groove, and a smaller
stiffness for major groove bending. Both factors are highly
affected by differences in groove hydration. The relative ease by
which the major groove loses water upon bending reduces
resistance toward major groove bending, and is likely the
determining factor of the smaller persistence length for major
groove bending and the origin of the free energy offset for non-
A-tracts. For the A-tract, stiffness toward major groove bending
is also smaller than for minor groove bending, but the free
energy offset favors equilibrium structures that are bent toward
the minor groove. This is likely due to inherent structural
properties of the A-tract. Overall, the free energy offset is the
dominant factor in determining toward which groove DNA is
more easily bent.
Our studies hint at how proteins might use dehydration to

aid DNA bending, and imply a role for hydration in selecting
the bending angle in protein−DNA complexes.73 In conlusion,
this study provides important new insights into the energetics
of DNA bending, which is critical to a large number of life
processes.
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