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ABSTRACT

NMR analysis and molecular dynamics simulations
of d(GGTAATTACC)2 and its complex with a
tetrahydropyrimidinium analogue of Hoechst 33258
suggest that DNA minor groove recognition in
solution involves a combination of conformational
selection and induced fit, rather than binding to a
preorganised site. Analysis of structural fluctuations
in the bound and unbound states suggests that the
degree of induced fit observed is primarily a conse-
quence of optimising van der Waals contacts with the
walls of the minor groove resulting in groove
narrowing through: (i) changes in base step para-
meters, including increased helical twist and
propeller twist; (ii) changes to the sugar–phosphate
backbone conformation to engulf the bound ligand;
(iii) suppression of bending modes at the TpA steps.
In contrast, the geometrical arrangement of
hydrogen bond acceptors on the groove floor
appears to be relatively insensitive to DNA conforma-
tion (helical twist and propeller twist). We suggest
that effective recognition of DNA sequences (in this
case an A tract structure) appears to depend to a
significant extent on the sequence being flexible
enough to be able to adopt the geometrically optimal
conformation compatible with the various binding
interactions, rather than involving ‘lock and key’
recognition.

INTRODUCTION

The bis-benzimidazole-based ligands are the archetypal family
of A tract minor groove binders. Hoechst 33258 (H33258)
(Fig. 1) is widely used as an anthelmintic (1,2) and has shown
some activity against L1210 and P388 leukemias (3), while
several analogues have shown potent activity against a number
of microorganisms, including those that lead to AIDS-related
opportunistic infections (4–6). Many analogues, usually with
replacements for or substituents on the piperazine and phenol
rings, have been synthesised, introducing such functionalities

as aniline mustard groups for DNA alkylation (7) and di- or
trihydroxy phenols which coordinate metal ions with the
capacity for cleaving DNA (8). The bis-benzimidazole family
of DNA-binding ligands therefore provides a good starting
point for rational drug design as well as good models with
which to investigate the factors affecting DNA sequence
recognition and minor groove binding.

We have focused our investigations on an analogue of
H33258 with modified structural features designed to enhance
minor groove recognition through direct hydrogen bonding via
a 1,3,4,5-tetrahydropyrimidinium (tp) ring replacement for the
N-methylpiperazine of H33258 (Fig. 1) (9). Our initial model-
ling studies suggested that in its most stable half chair confor-
mation the tetrahydropyrimidinium NH is directed towards an
adenine N3 on the floor of the groove, offering, in part, an
explanation for the increased stability of the complex (9), but
also suggesting enhanced A-T base selectivity. Indeed, it
seems likely that this analogue does not possess the G-C toler-
ance of H33258 as a result of both the reduced steric bulk and
the incompatibility of the hydrogen bond donor with the 2-
amino group of guanine protruding into the groove. Here we
examine in detail the structure of the decamer duplex
d(GGTAATTACC)2 and its complex with H43254 using a
combination of NOE restraints and molecular dynamics (MD)
simulations employing an explicit solvation model (10–14).

In earlier work we described preliminary NMR studies of the
structure of the drug–DNA complex in which we identified the
site of binding and the nature of the interaction of the novel
tetrahydropyrimidinium ring of this Hoechst analogue with the
floor of the minor groove (15). The data supported our conclu-
sion of enhanced AT specificity for this analogue of H33258
due to additional hydrogen bonding to the floor of the minor
groove. We have developed the MD simulation protocol and
have shown that the structure of the DNA dodecamer duplex
alone converges to a common structure from A- and B-DNA
starting stuctures over a period >500 ps (16). Analysis of the
time-dependent conformation over the course of the MD simu-
lation shows evidence for significant fluctuations between
wide and narrow minor grooves. Here we have refined our
earlier structure of the drug–DNA complex using a larger
number of NOEs. We have identified detailed structural and
conformational features of the complex and the nature of the
interaction with the drug and have carried out long MD
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simulations to examine the effects of the drug on fluctuations
in the DNA conformation. Our starting point for this was 1 ns
of NOE-restrained dynamics to give us a good quality starting
structure, which was extended by a further 1 ns of MD simula-
tion with the NOE restraints removed. This allows the complex
to explore conformational space and permits natural thermal
deformation modes to be identified over a long simulation
period. We have used principal component analysis (PCA) and
novel methods of groove width analysis to identify specific
dynamic processes (helical twisting and bending at the TpA
steps), which we compare with MD data on free DNA to iden-
tify the effects on DNA conformation of ligand binding. In
short, we have examined all aspects of the conformations and
dynamics of the free DNA and its drug complex and have
drawn conclusions regarding the extent to which drug binding
induces changes in these various parameters. We describe the
mechanism by which these conformational changes are likely
to occur. Our results establish that minor groove recognition in
solution involves a combination of conformational selection
and induced fit, rather than binding to a preorganised site. We
suggest that effective recognition of DNA sequences (in this
case an A tract structure) appears to depend to a significant
extent on the sequence being flexible enough to be able to
adopt the geometrically optimal conformation compatible with
the various binding interactions, rather than involving ‘lock
and key’ recognition.

MATERIALS AND METHODS

The preparation of materials, the NMR methodology and
general aspects of the MD simulation protocol used have been
described in detail previously (15,16). H43254 was a gift from
Hoechst (Frankfurt, Germany) and was used without further
purification after checking by NMR. All simulations were run
on a Silicon Graphics Origin 200 server interfaced with an O2
workstation using the particle mesh Ewald method with
AMBER software (17).

Free DNA simulations

The NOE-restrained B-DNA (BR) dynamics simulation was
run over 1 ns. An average structure and the root mean square
deviation from the average structure were calculated over the
final 700 ps of the trajectory using the CARNAL module of
AMBER. Final average NOE restraint violations were 0.031 Å.
An analogous set of calculations were performed but without
any NOE distance restraints (BU). The BR and BU simulations
converge to very similar final structures (root mean square
deviation < 1.8 Å), as described previously (16). Most of the
conformational features identified in BR, including patterns of
helical twist and roll at the TpA steps, are reproduced in the
unrestrained structure (BU). We see no anomolous distortion,
such as bending into one or other groove, as a consequence of
the distribution of NOE restraints, suggesting that the AMBER
force field is reproducing structural features (base stacking
interactions) consistent with the NOE data.

Drug–DNA complex

Point charges for H43254 were calculated by a semi-empirical
approach within Spartan 3.1 (Wavefunction Inc., USA) using
the AM1 method (18,19). Generation of starting structures of
the complex was performed as described previously (15), with

MD simulations extended to 1 ns. A full list of drug–DNA
NOE restraints is provided in the Supplementary Material. Auto-
correlation analysis was used to determine the equilibration
period of each nanosecond trajectory. An average structure
from the NOE-restrained simulation of the complex (CR) was
calculated over the final 400 ps. To assess the impact of the
NOE restraints on the structure the simulation was continued
for a further 1 ns with the restraints removed gradually over the
first 100 ps. The final 600 ps of the unrestrained simulation
(CU) were subsequently analysed. Helicoidal parameters over
the course of the trajectories were analysed with CURVES
(20) and the mean structure calculated over the equilibrated
periods. Root mean square deviations between starting and
final energy minimised structures were calculated using
MOLMOL (21). At the end of the restrained trajectory (CR)
very few restraints were violated, just 21 of the total of 361,
and none by >0.5 Å. The fit at the end of the unrestrained
trajectory (CU) was not as good, with 39 restraints being
violated out of the total of 361, 10 of them by >1 Å. Many of
these correspond to DNA–DNA NOEs for base steps at or
close to the ends of the sequence, consistent with some relax-
ation of the structure and greater dynamic fluctuations. A
number of intermolecular NOEs were also violated; 15 of the
total of 50, with 10 of these <0.5 Å and five ∼1 Å. The majority
of the latter violations corresponded to weak NOEs (>4 Å),
particularly between the drug and upper walls of the groove.
Notably, the majority of the strong intermolecular NOEs
(<3.5 Å) largely corresponding with interactions with the floor
of the groove and the concave edge of the drug were not
violated, indicating that the position of the drug in the groove
and the interactions stabilising the complex are closely similar
to those in the NOE-restrained complex CR. This is clearly
evident from the hydrogen bonding interaction data presented
in Tables 1 and 2 and from visual inspection of the structures
and CURVES analysis of the various structural parameters.
Details and some comparisons between CU and CR are
discussed subsequently. We can conclude that the unrestrained
MD simulation is realistically representing the solution struc-
ture determined in the presence of NOE restraints.

The dynamical and time-averaged characteristics of the
response of the sugar–phosphate backbone to ligand binding
were evaluated using a local cylindrical coordinate scheme we
have developed (22). Defined with reference to the two N1/N9
to C1′ vectors of a base step, the angular coordinate of the
phosphorus atom (θp) captures that component of the sugar–
phosphate backbone’s mobility that most directly affects
groove width. It also decouples this contribution from that due
to changes in base step parameters (e.g. twist and roll). For
canonical B-form DNA θp is 64°. An increase in θp correlates
with a movement in the phosphorus atom position that will
tend to reduce the width of the minor groove, and vice versa.

PCA was performed on the equilibrated portions of the unre-
strained trajectories of the complex and free DNA (CU and BU)
using methods described elsewhere (23). It is important to
emphasise that the unrestrained simulations were used here to
eliminate the effects of NOE restraints damping DNA defor-
mation modes. In NOE-restrained structures of the complex
this is likely to arise because of the different distribution of
restraints, not from within the DNA, which is similar in both
cases, but that involve ligand–DNA interactions. Briefly, the
all-atom coordinate covariance matrix was constructed from
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each trajectory and diagonalised to give a set of eigenvectors.
Each eigenvector describes a mode of correlated motion in the
trajectory, whose relative importance (contribution to the
overall motion observed) is given by the corresponding eigen-
value. The eigenvectors were animated and analysed visually
using VMD (24). The similarity between eigenvectors
obtained for the free DNA and those obtained for the complex
was assessed by calculating their correlation coefficient (the
dot product of the vectors). An ‘artificial’ eigenvector
describing the conformational transition required to convert
the time-averaged structure of the free DNA to the time-
averaged structure of the complex was also calculated from the
corresponding coordinate covariance matrix.

RESULTS AND DISCUSSION

Structural analysis by NMR

The C2v symmetry of the palindromic DNA duplex is lifted by
the interaction of the ligand with the minor groove. This is

clearly evident in the thymine methyl region, where six methyl
resonances are identified, suggesting that the drug is bound at
a single, high affinity site. In NOESY spectra of the 1:1
complex a number of chemical exchange cross-peaks are iden-
tified between corresponding protons on the non-equivalent
strands of the decamer, indicating that the drug is dissociating
slowly from the complex and is able to rebind in a 180° related
orientation with a rate of exchange which we estimate to be
1.2–2.5 s–1 at 298 K (25–28). A detailed NMR analysis of the
complex illustrating the quality of the data and describing reso-
nance assignments and sequential assignment pathways has
previously been presented (15). Further refinement of the data
has identified 50 intermolecular NOEs from data sets collected
in both D2O and H2O solutions. This exceeds the numbers seen
in previous related studies and locates the drug with some
precision in the A-T tract. For example, methylene protons on
the tetrahydropyrimidinium ring define one end of the binding
site through NOEs to A4* H1′ and A8 H2, while hydrogens on
the methoxybenzyl ring are identified close in space to A4 H1′
and A8* H2 at the other end of the A-T tract. Of particular note
are NOEs from the solvent-exposed convex edge of the drug to

Table 1. Intermolecular hydrogen bonding distances (Å) and ligand torsion angles in degrees (α1, α2 and α3) in the d(GGTAATTACC)2 + H43254 complex

Proton–heavy atom hydrogen bond distances and ligand torsion angles are shown for the mean structure together with one standard deviation from the mean in
parentheses.
aCR, restrained simulation, mean (±SD) calculated over final 400 ps.
bCU, unrestrained simulation, mean (±SD) calculated over final 600 ps.

Hydrogen bonding interactions

bz2 NH–A5 N3 bz2 NH–T7* O2 bz1 NH–T6* O2 bz1 NH–T6 O2 tp NH–T7 O2 tp NH–A5* N3

CR
a 2.26 (0.22) 2.33 (0.20) 2.72 (0.19) 1.87 (0.10) 2.42 (0.34) 2.36 (0.28)

CU
b 2.52 (0.30) 2.41 (0.24) 2.18 (0.23) 2.41 (0.27) 2.56 (0.41) 2.48 (0.28)

Bound conformation of H43254

α1 α2 α3

CR
a 0.3 (4.2) 10.0 (4.1) 18.9 (6.4)

CU
b 0.8 (4.0) 1.3 (4.0) 7.0 (7.7)

Table 2. Distances (Å) between hydrogen bond donors (adenine N3 and
thymine O2) on the floor of the minor groove

For BR, CR and CU mean values are indicated together with one standard
deviation from the mean.
aX-ray structure of Teng et al. (29).

Figure 1. (A) H33258, (B) tetrahydropyrimidinium analogue of H43254 with
torsion angles and ring nomenclature indicated and (C) nucleotide numbering
scheme for the d(GGTAATTACC)2 decamer duplex.
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deoxyribose H4′, H5′ and H5′′, NOEs that have not generally
been resolved in earlier studies. Their presence implies a deep
and narrow minor groove that envelops the bound drug mole-
cule.

MD simulations

The MD simulation protocol described has already demon-
strated that the decamer duplex d(GGTAATTACC)2 can
undergo a complex conformational transition from both canon-
ical A and B starting structures to converge to a B-like
conformation (root mean square deviation < 1.5 Å) on a time
scale of 500–1000 ps (16). Using a full set of NOE restraints
we have carried out a 1 ns simulation from the canonical B
starting structure (BR) and have analysed the structure and
dynamics to assess the impact of ligand binding. A second 1 ns
simulation has also been performed without NOE restraints
(BU). BR and BU show a high degree of convergence, with both
simulations reproducing similar structural features, as
described previously (16; see Materials and Methods).

Initial MD simulations on the d(GGTAATTACC)2 complex
employed a subset of key drug–DNA NOEs applied to three
different starting conformations of the complex to identify the
drug binding site unbiased by starting structure (15). One
structure was selected for refinement using a full set of 351
drug–DNA and DNA–DNA NMR-derived distance restraints,
applied over a period of 1 ns (CR). An average structure was
calculated from the final 400 ps of the trajectory. The simula-
tion was continued for a further 1 ns without restraints (CU).
While our NOE-restrained structure has highlighted detailed
static features of the drug–DNA recognition process consistent
with the experimental NOE data, a further 1 ns simulation in
the absence of restraints has enabled us to probe principle
thermal deformation modes (in the complex and free DNA)
undistorted by any differences in the distribution of NOE
restraints between the two structures (largely involving the
bound ligand).

Drug–DNA recognition at the TAATTA site

The overall structure of the complex determined from the
NOE-restrained simulation (CR) is shown in Figure 2 as a
family of overlaid snapshots from the final 100 ps. The drug is
bound within the AT-rich region of the minor groove lying in a
unique binding site covering the central AATT base pairs. The
drug is insulated from the terminal GC base pairs by the inter-
vening TpA steps (TAATTA), with the N-methylpiperazine
ring at one end and the phenol ring at the other end of the
ligand located close to these steps. There are a number of
single and bifurcated hydrogen bonding contacts with the floor
of the groove, as illustrated in Figure 3 and summarised in
Table 1. We describe a more detailed dynamic analysis of
these contacts below. Previous X-ray structures of H33258
complexes containing the CGAATTCG sequence have also
shown the drug to bind symmetrically across the dyad axis
(Fig. 3) with a very similar pattern of interactions to those seen
here (29–32). The drug is located in the narrowest region of the
AATT groove and this appears to be a primary determinant of
binding specificity. In longer A tract structures (containing
CAAATTTG) there is some evidence for displacement by 1 bp
along the sequence (33,34), resulting in an ATTTG binding
site, locating the N-methylpiperazine of H33258 away from the
narrowest region of the minor groove.

The torsion angles α1, α2 and α3 (Fig. 1) define the confor-
mation of the bound ligand. Average values were determined
over the equilibrated portion of the dynamics simulation and
are presented in Table 1 (with data for the unrestrained
complex CU). In all cases the rings are close to co-planar, the
largest average deviation from this being ∼19° for α3
(connecting the tetrahydropyrimidinium ring to benzimida-
zole). Such small deviations from co-planarity allow the drug
to adopt the optimal isohelical fit between the walls of the
minor groove while optimising the register of hydrogen
bonding interactions with the groove floor.

Analysis of DNA structure and effects of ligand binding

Plots of base pair roll, helical twist and propeller twist are
shown for the restrained simulations BR and CR in Figure 4 in
order to compare and contrast changes in DNA conformation
induced by ligand binding. The structure of the ligand-free
duplex is significantly unwound across the A tract (overall
average helical twist ∼30°) compared with canonical B-DNA
(∼36°). There are, however, distinct sequence-dependent
conformational features associated with the TpA and flanking
GpT steps. The helical twist at the GpT (ApC) steps are notice-
ably larger, while there is a distinct positive roll into the major
groove at the TpA step to minimise cross-strand steric clashes
between purine bases, which appear to have some influence in
widening the minor groove (see below). The sequence has a
uniform small negative propeller twist (approximately –8°)
which appears to correlate with a wider minor groove (Fig. 5).

In contrast, the ligand appears to lock the A-T tract into a
higher twist conformation close to that of canonical B-DNA
(∼36°) in order to maximise isohelical complementarity with the
curvature of the groove and maintain the phasing of hydrogen
bonding interactions with the edges of the base pairs. The TpA
steps are slightly over-twisted, in contrast to the marked under-
twisting seen at these two steps in BR. However, the two flanking

Figure 2. A family of overlaid snapshots of the complex of H43254 taken from
the final 100 ps of the restrained MD simulation (CR).
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G2-T3 and A8-C9 base steps are quite underwound (23° and
25°, respectively), perhaps to compensate for the overwinding in
the centre. The pattern of roll angles are quite different at the
TpA and GpT steps, indicating that this parameter is particularly
sensitive to the effects of ligand binding.

Propeller twist values show marked differences between the
complex and the free DNA. Whereas the free DNA structure
has a fairly uniform small negative twist (approximately –8°),
the A4-T7*, A5-T6* and T6-A5* (but not T7-A6*) base pairs
of CR are highly negatively twisted (–21°, –12° and –21°)
precisely where the phenol and benzimidazole rings are
located. This feature is consistent with all X-ray structures of
related bis-benzimidazole–ligand complexes reported to date.
Negative propeller twisting is known to correlate with a
narrowing of the minor groove (35), but in this case it appears
to be the result of a drug-induced effect to optimise drug–DNA
recognition.

The mechanics of induced fit recognition and changes in
minor groove width

An important difference between the simulations lies in the
impact of the bound ligand on the average width of the minor
groove and its dynamic fluctuations. The average groove width
measured from the Pi – Pj + 3 distance between strands (where i
and j are hydrogen bonded bases) during the course of the
simulations of BR and CR (not shown) shows that the average
minor groove width of BR is not particularly narrow, with
significant fluctuations during the course of the trajectory that
indicate that the structure is sampling conformations with both
wide and narrow minor grooves. It is clear that the structure is
not highly predisposed to ligand binding by having a narrow
minor groove across the central A-T tract, as is also evident
from the analysis of propeller twist and helical twist (Fig. 4).
These conclusions are in general agreement with those from a

number of earlier MD simulations on AATT-containing
duplexes (13,14). In contrast, the average groove width in the
complex (CR) is much narrower throughout the dynamics
simulation. Moreover, the amplitude of fluctuations is also
significantly smaller, reflecting the impact of the drug
molecule in restricting conformational freedom or ‘groove
breathing’, indicating a deeper energy well in which the
complex resides.

To what extent the NOE restraints are restricting the confor-
mational dynamics has been examined in a further 1 ns simula-
tion of the complex under identical conditions but without
distance restraints (CU). Although the DNA conformation
changes slightly, the groove width across the A-T tract remains
narrow, with only small amplitude fluctuations from the mean
structure. The groove narrowing observed across the AATT
tract in both the restrained (CR) and unrestrained structures
(CU), together with that of BR and the X-ray structure of Teng
et al. (29) with H33258 bound in a similar position across the
AATT site, are illustrated in Figure 5. A similar analysis of the
amplitude of fluctuations in groove width in the unrestrained
simulations (BU and CU) shows very similar characteristics to
their restrained counterparts (data not shown). Thus, in
comparing CR and CU the energetics of the interactions of the
ligand with the minor groove (such as hydrogen bonds) appear
to significantly restrict the dynamic fluctuations of the DNA,
rather than the NOE restraints per se. The simulations suggest
that a considerable degree of induced fit is involved in drug
recognition; the drug appears to stabilise a flexible minor
groove rather than fitting into a preorganised binding site. Two
snapshots from the BR simulation, illustrating the view down
the canyon of the minor groove, show fluctuations between
both wide and narrow conformations (Fig. 6). Similar views of
the complexes (CR and CU) are also illustrated, showing that

Figure 3. Schematic representation of intermolecular hydrogen bonding interactions in the H43254 complex with d(GGTAATTACC)2 (A) and in the X-ray struc-
ture of H33258 bound to d(CGCGAATTCGCG)2 (29) (B), showing both ligands binding across the central AATT sequence.



698 Nucleic Acids Research, 2001, Vol. 29, No. 3

the walls of the groove engulf the bound ligand to optimise van
der Waals interactions.

Changes in the sugar–phosphate backbone engulf the
bound ligand

The relationship between groove width and local base step
parameters involves a highly complex correlation between a
large number of sugar–phosphate torsion angles. MD simula-
tions have shown that the phophodiester backbone of DNA,
although highly flexible, has highly anisotropic motions whose
movements affect the width of the minor groove (22). Defined
with reference to the two N1/N9 to C1′ vectors of a base step,
the angular coordinate of the phosphorus atom (θp) describes

the sugar–phosphate backbone’s mobility and how it affects
groove width (see Materials and Methods).

For further insight into the effect of ligand binding on the
structure and flexibility of the walls of the minor groove the θp
values for each phosphorus atom were monitored over the
equilibrated portions of each dynamics simulation (BR, CR and
CU). Figure 7 plots the average values of –[θp(i) + θp(j + 3)],
since this allows direct comparison with standard groove width
plots (e.g. Fig. 5). In the free DNA the sugar–phosphate back-
bone conformation tends to produce a narrower minor groove
in the central A tract region. The presence of the drug clearly
causes movements of the backbone that would tend to result in
an increase in minor groove width. This is particularly evident
in the case of the unrestrained simulation of the complex. The
patterns of groove wall adjustment that this analysis reveals
differ markedly from the final overall picture of the true minor
groove width, which decreases on binding (Fig. 5). This is
because the θp analysis eliminates the contribution that altera-
tions in base step parameters makes to changes in groove
dimensions. We can conclude that binding of the ligand
induces changes in base step parameters that would tend to
reduce the minor groove width. These are then actually
partially offset by changes in sugar–phosphate conformation.
Interestingly, this pattern of base step and sugar–phosphate
conformational adjustments is the exact opposite of that
observed in the analysis of crystal structures of the Dickerson–
Drew dodecamer and its complexes with minor groove binding
ligands (22). In that case ligand binding induces changes in
base step parameters that tend to increase the groove width and
the sugar–phosphate backbone adjusts to close the groove up
again and clasp the ligand. In the X-ray structures the free
DNA is much more preorganised for ligand binding, already
possessing a narrow minor groove with high propeller twist
and helical twist. To what extent these features arise as a
consequence of crystal packing interactions is a matter of
conjecture. On the other hand, NMR/MD simulations of free
DNA (restrained or otherwise) generally show the DNA struc-
ture to be much more dynamic and significantly more
unwound (13,14,16,36). To what extent these features are
force field driven or represent a more realistic model of short
DNA duplexes in solution at low dilution is again a matter for

Figure 4. Plots of propeller twist (°) (A), helix twist (°) (B) and roll (°) (C) for
free d(GGTAATTACC)2 (BR) and its complex with H43254 (CR) (filled bars,
free DNA; open bars, complex); bars indicate mean values calculated over the
equilibrated portions of the dynamics simulations, with error bars indicating
one standard deviation from the mean.

Figure 5. Minor groove width (Å) calculated from Pi – Pj + 3 distances for BR,
CR, CU and the X-ray structure of the H33258 complex of Teng et al. (29). The
x-axis indicates the P–P pair used to calculate distances; the X-ray structure is
aligned as shown in Figure 3.
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discussion. Interestingly, low helical twist is observed in a trig-
onal crystal (36), the type least likely to be affected by crystal
packing forces.

Hydrogen bonding in the minor groove

Hydrogen bond distances between the drug and DNA bases
were analysed in detail over the equilibrated portions of the
simulations (Table 1). The hydrogen bond distances from bz2
NH (to A5 N3 and T7* O2) and from tp NH (to T7 O2 and A5*
N3) are consistent with bifurcated interactions during both
restrained and unrestrained simulations, as shown in Figure 3.
However, the wide range of distances (from the optimal
proton–heavy atom hydrogen bond distance of 1.8 to ∼3 Å)
indicates that in each case, rather than a fixed bifurcated inter-
action there is considerable oscillation between the hydrogen
bond donor and acceptor pairs involved in each bifurcated
interaction. The hydrogen bond from bz1 NH to T6* O2 and
T6 O2 shows similar values and ranges to the other two in the
unrestrained simulation, again indicating oscillation between
the two hydrogen bonds, but in the restrained simulation (CR) a
bifurcated interaction is not seen; the NOE restraints indirectly
restrict this interaction to a single hydrogen bond to T6 O2.

We have examined the extent to which the arrangement of
hydrogen bond acceptors on the floor of the minor groove are
preorganised for ligand binding by measuring their geomet-

Figure 6. Views along the canyon of the minor groove across the AATT tract. (Top) Two snapshots taken from the simulation BR showing two conformations with
different groove widths (see text). (Bottom) Snapshots taken from the simulations CR (left) and CU (right) showing the change in groove shape to optimise inter-
actions with the bound ligand (also shown).

Figure 7. Average values of –[θp(i) + θp(j + 3)], where i and j are hydrogen
bonded bases, from the MD simulations of d(GGTAATTACC)2. Results are
shown for free DNA (BR) and both the restrained (CR) and unrestrained (CU)
simulations of the complex. More negative values correspond to sugar–phosphate
conformations that will tend to reduce the width of the minor groove.
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rical relationship in the free DNA simulation (BR), in canonical
B-DNA (BCAN), in the complexes CR and CU and from X-ray
structures of H33258 bound to an AATT site (29; Table 2).
BCAN is unable to accommodate the bound ligand with the
correct phasing of hydrogen bond acceptors because the cross-
strand N3–O2 and O2–O2 distances are >1 Å longer than the
optimum, as suggested previously (37). In contrast, in our
calculated structure of free DNA (BR) these distances are not
very different from the optimal distances found in the
complexes (CR and CU) and in the X-ray structures. These
observations suggest that initial binding to the floor of the
groove is facilitated by a predisposed arrangement of hydrogen
bond acceptors but that subsequent conformational changes are
required, mainly to increase helical twist and propeller twist,
that optimise van der Waals interactions while leaving the
relative positioning of hydrogen bond acceptors largely
unaffected.

Ligand-induced changes in correlated motions of DNA

PCA was carried out on unrestrained simulations of the free
DNA and complex (BU and CU). The free DNA trajectory
revealed three major modes or correlated motions; the two
TpA steps show uncorrelated bending motions (roll into the
major groove), while the third mode is a helical twisting and
untwisting motion. Having calculated the eigenvector that
describes the conformational transition between the time-
averaged structures of the free and ligand-bound DNA, the

similarity between this motion, required for drug binding, and
the natural thermal modes of motion of the free DNA was
assessed (see Materials and Methods) (23,24). We find that
both bending modes contribute to the conformational transi-
tion. The reason for this is clear from examination of anima-
tions of the bending modes. These show that bending also
affects the width of the minor groove in the locality of the TpA
steps; the groove narrows as the bend is reduced. The overall
narrow minor groove required for drug binding thus requires
both TpA steps to straighten. In contrast, we see that the helix
twisting eigenvector shows little correlation with the structural
change vector, indicating that ligand binding does not involve
distortion of the DNA structure in this direction, despite the
fact that this is a naturally ‘soft’ mode of deformation.

The procedure was then repeated to examine how the natural
thermal modes of motion of the complex relate to those of the
free DNA. By calculation of dot products between eigen-
vectors for the free DNA and the complex the major mode of
deformation of the complex is seen to resemble the major
mode of deformation of the free DNA (not shown), i.e. it
involves bending at one of the TpA steps. However, while the
modes are similar, the range of values sampled is somewhat
different, the bend in the complex tending to be reduced. In
contrast, the bending motion at the second TpA step appears to
be suppressed in the complex. The TpA step that remains flex-
ible is that close to the charged tetrahydropyrimidinium end of
the ligand. We suggest that as this end of the molecule is more
hydrophilic, there is not the same requirement for the minor
groove to clamp around the ligand to optimise van der Waals
and hydrophobic interactions as is the case at the meth-
oxyphenyl end. Specific solvation effects on the charged tetra-
hydropyrimidinium ring may also play some role in
determining local conformational preferences.

The results have been used to generate a conceptual model of
how the dynamic flexibility of the oligonucleotide responds to
drug binding (Fig. 8). Conformations of the DNA suitable for
optimum drug–DNA interaction are generated thermally only
infrequently, since they require simultaneous straightening of
the two TpA steps, whose bending motion is uncorrelated. Drug
binding to any number of different DNA conformations is not
excluded, but subsequent optimisation of interactions through
induced fit may proceed as follows. Once bound, the drug
‘locks’ the bending motion at one TpA step, but the same
bending motion, but over a different range of angles, is still
possible at the other TpA step, resulting in some variability in
minor groove width in this region. The analysis emphasises the
degree to which optimisation of the drug–DNA binding inter-
action, at least in this system, involves a significant component
of induced fit, and which principal components of DNA flexi-
bility are perturbed in this optimisation process. The extent to
which these ligand-induced perturbations to DNA dynamics
can be equated with entropic changes on binding remains to be
established.

CONCLUSIONS

The majority of X-ray structural analyses of A tract DNA
duplexes, together with their drug–DNA complexes, suggest
that the conformation of the minor groove is largely preorgan-
ised for binding bis-benzimidazole-based ligands (33). In a few
cases an exceptionally narrow groove has been identified,
requiring groove expansion to accommodate a bound ligand

Figure 8. Schematic representation of the flexibility of the DNA and its
response to drug binding, derived from PCA analysis of the MD data. In the
absence of the drug (top) bending at the TpA steps causes each end of the
minor groove to fluctuate independently between wide (W) and medium (M)
widths. Conformations in which both halves of the minor groove are at their
narrowest (M–M) are optimal for drug binding, although ligand binding can
occur to any one of these DNA conformations, with subsequent optimisation of
the interaction through induced fit, as follows. Once the complex has formed,
the TpA step close to the methoxyphenyl end of the ligand becomes narrow
and inflexible (N) in order to maximise interactions with the ligand, while the
TpA step closer to the positively charged end of the drug remains flexible,
allowing the minor groove width in these lowest energy structures to vary
between medium (M) and narrow (N).
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(38). This is exemplified by the accommodation of distamycin
and synthetic polyamide side-by-side dimers within the minor
groove (39,40), demonstrating an intrinsic groove flexibility.
The extent to which crystal packing forces influence DNA
conformation has been addressed recently by comparison of
structures of the same sequence crystallised in different space
groups (41), suggesting that lattice forces may have a signifi-
cant influence on DNA conformation. The crystal environment
is entirely different to that found in solution, with the latter
permitting intrinsically larger amplitude fluctuations in
conformation. MD simulations allow the time-dependent
features to be examined and, as reported here, paint a picture of
the drug modulating the structure and dynamics of duplex
DNA as a consequence of (cooperative) interactions with the
floor of the groove. The data suggest that the degree of induced
fit observed is primarily a consequence of optimising van der
Waals contacts with the walls of the minor groove, resulting in
groove narrowing through: (i) changes in base step parameters,
including increased helical twist and propeller twist;
(ii) changes to the sugar–phosphate backbone conformation to
engulf the bound ligand; (iii) suppression of bending modes at
the TpA steps. The geometrical arrangement of hydrogen bond
acceptors on the groove floor appears to be relatively insensi-
tive to conformation since the low helical twist, low propeller
twist conformation for the free DNA gives very similar
distances to those found in the complexes which, in contrast,
are DNA conformations with larger helical twist and a large
A-T propeller twist. Effective recognition of DNA sequences
(in this case an A tract structure) appears to depend to a signif-
icant extent on the sequence being flexible enough to be able to
adopt the geometrically optimal conformation compatible with
the various binding interactions, rather than necessarily having
a preorganised conformation that permits ‘lock and key’ recog-
nition. It has already been established from NMR and X-ray
analysis that the position and orientation of H33258 and
analogues within the minor groove is sequence dependent (see
references above; 33,38,42) and that binding affinities for
some A tract sequences are greater than for others (43). The
extent to which the differences in binding affinities are a
consequence of sequence-dependent variations in DNA
dynamics, rather than in static structural features, has not been
addressed by the body of structural data available. The degree
to which the conformation of DNA is ‘preorganised’ for ligand
binding seems likely to impact significantly on the energetics
of the binding interaction.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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