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Abstract

Deciphering sequence information from sugar-phosphate backbone is finely tuned through
the conformational substates of DNA.  BII conformation, one of the conformational sub-
states of B-DNA, is known to play a key role in DNA-protein recognition.  BI and BII are
identified by the ε-ζ difference, which is negative in BI and positive in BII.  Our analysis of
MD and crystal structures shows that BII conformation is sequence specific and dinu-
cleotides GC, CG, CA, TG, TA show high preference to take up BII conformation, while TT,
TC, CT, CC dinucleotides rarely take up this conformation.  Significant changes were
observed in the dinucleotide parameters viz. twist, roll, and slide for the steps having BII
conformation.  Interestingly, the magnitude of variation in the dinucleotide parameters is
seen to depend mainly on two factors, the magnitude of ε-ζ difference and the presence or
absence of BII conformation in the second strand, across the WC base-paired dinucleotide
step.  Based on these two factors, the conformational substate of a dinucleotide step can be
further classified as BI.BI (BI conformation in both strands), BI.BII (BI conformation in one
strand and BII conformation in the other), and BII.BII (BII conformation in both strands).
The occurrence of BII in both strands was found to be quite rare and thus, it can be con-
cluded that BI.BI and BI.BII hybrid steps are more favorable than a BII.BII step.  In con-
formity with the sequence preference seen for dinucleotides in each strand, BII.BII combi-
nation of backbone conformation was observed only for GC, CG, CA, and TG containing
dinucleotide steps.  We further classified BII.BII step as strong BII and weak BII depending
on the magnitude of the average ε-ζ difference.  The dinucleotide steps which belong to the
category of strong BII, have large twist, high positive slide and negative roll values, while
those in the weak BII group have roll, twist, and slide values similar to that of hybrid BI.BII
steps.  This conformational property could be contributing to the groove opening/closing and
thus can modulate protein-DNA interaction.

Key words: DNA molecular dynamics; Phosphate backbone; BII conformation; Crystal
structure analysis.

Introduction

Conformational flexibility of DNA is known to play a key role in many cellular
processes centered on DNA/protein interaction like transcription, packaging, repli-
cation, and repair.  Analysis of regulatory protein-DNA complexes demonstrated
that more than 50% of all contacts are between the amino acid side chain and the
DNA backbone (1).  The indirect readout mechanism for the protein-DNA interac-
tion involves the DNA backbone, and it has been demonstrated as a method of
recognition in many of the repressor, operator complexes: trp-repressor (2-4), lac-
repressor (5-7), phage 434 cI repressor (8), and transcriptional repressor home-
odomain (9).  The role of backbone in substrate recognition and catalysis has also
been demonstrated in the case of EcoRV restriction enzyme (10, 11).  This neces-
sitates a thorough understanding of the conformational flexibility and geometry of
the phosphate backbone of DNA.
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The canonical B-DNA backbone conformation is characterized by six torsion
angles, α, β, γ, δ, ε, ζ taking up g-, t, g+, 2E, t, g- conformation.  Non-canonical
conformations in B-DNA involve correlated transitions in backbone torsion angles
α(O3’-P-O5’-C5’) and γ(O5’-C5’-C4’-C3’) (12) or ε(C4’-C3’-O3’-P) and ζ(C3’-
O3’-P-O5’).  The coupled changes in the two-backbone dihedral angles α and γ
generally involves transition from g-, g+ to t, t.  The transitions in ε and ζ occur
from the more frequent t, g- to g-,t conformation and the two structures are often
referred to as BI and BII conformational substates respectively.  The possibility of
BII type of backbone conformation was first postulated from model building stud-
ies (13) and later confirmed by X-ray crystallography (14-16), NMR spectroscopy
(17), and Fourier transform infrared spectroscopy (18, 19).  Several molecular
modeling, molecular dynamics as well as database analysis have also explored this
conformational substate (20-28).  One of the striking evidences from NMR stud-
ies (29) signifying the importance of BII conformation is in the recognition of
d(CTGGGGACTTTCCAGG)2 by the NF-κB, where BI/BII equilibrium in the
flanking TG and CA steps are shown to induce dynamic curvature that is neces-
sary for the DNA recognition.  The importance of this flanking BII conformation
is also confirmed by mutational studies of the native DNA binding sequence (30)
and from molecular mechanics studies (31).  Further, several recent studies sug-
gest that BII conformation may play an important role in several biological
processes (32-41).  From NMR studies, an interesting structural role for BII
nucleotides has also been proposed in C-form of DNA (42).  Therefore under-
standing the dynamics of BI↔BII transition may provide new insights into the
transition between the B and C forms of DNA.

Molecular dynamics study provides an excellent tool for the investigation of tran-
sitions between BI and BII conformational substates, since these transitions are
assumed to occur in the sub nanosecond time scale (17, 43-47).  In order to under-
stand the impact of sequence on BII conformational transition of DNA backbone,
a detailed analysis of BI to BII transitions on various dinucleotide steps have been
carried out on the ensemble of structures obtained from a 7ns MD study on
d(CGCAAATTTGCG)2 (hence forth referred as A3T3) and d(CGCATATATGCG)2
(hence forth referred as (AT)3).  The results have been compared with the observed
conformations in the high-resolution crystal structures of DNA oligomers, as well
as protein-DNA and drug-DNA complexes.

Material and Methods

MD Simulations

The MD simulations were carried out using AMBER5 with the parm98 force field
(48).  Coordinates of the 12-mer starting B-DNA model was generated using Nucgen
module of AMBER5 that corresponds to a uniform fiber model (49).  The system was
then neutralized by placing 22 Na+ counter ions at a distance of 6Å from the phos-
phorous atoms.  The system was immersed in the Monte-Carlo- equilibrated period-
ic TIP3P water bath, which extended up to a distance of 6Å from the DNA molecule
and counter ions in the case of A3T3 MD, and 10Å in the case of (AT)3 MD.

The system of DNA, counter ions, and water molecules were equilibrated for 100ps,
followed by full energy minimization as reported in our earlier study (50).  The
entire simulation was carried out under NPT condition using Berendsen algorithm
(51), with coupling constants of 0.1ps and 0.2ps.  The non-bonded cutoff of 9Å was
used for solvent-solvent, solvent-solute interactions.  Particle Mesh Ewald method
was used for the calculation of long-range electrostatic interaction (52).  The non-
bonded pair list was updated every 25 steps and all the bonds were constrained using
SHAKE algorithm.  An integration time step of 2fs was used and structures were
stored after every 1ps.  The total duration of the simulation was 7ns.  All the struc-
tures were analyzed using NUPARM (53, 54). The intra- and inter-strand stacking
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interaction energies were calculated for MD snapshots using the ANAL module of
AMBER5.  All the trajectory plots were created using MATLAB package.

Crystal Structure Dataset

The structures of double stranded DNA without any mismatches and solved to a
resolution ≤ 2.0Å alone were used in the present study.  The data set consists of 147
structures, which contain a total of 1624 dinucleotide steps.  This includes 25 dode-
camers (275 dinucleotide steps), 25 decamers (225 dinucleotide steps), 17 dode-
camer-drug complexes (187 dinucleotide steps), and 80 protein-DNA complexes
(937 dinucleotide steps) (the two nucleosome structures were not included in the
protein-DNA complex data set).  The crystal structure coordinates were extracted
from Nucleic Acids Data Bank (May 2004).

Results and Discussions

General Characteristics

MD trajectories of 7ns dynamics were quite stable.  The duplex nature of the DNA
was retained throughout the dynamics.  For both A3T3 and (AT)3 sequences the MD
average structure was calculated for snapshots stored between 6-7ns range.  The
rmsd values for all atoms of A3T3 and (AT)3 structures with respect to their MD
average structures were 1.2Å (±0.23) and 1.5Å (±0.21), respectively.  Similarly,
rmsd was calculated for all the heavy atoms with respect to their crystal structures
(55,56) and the values obtained were 2.01Å (±0.34) and 3.03Å (±0.32), while the
rmsd between the starting fiber models and the corresponding crystal structures
were 3.31Å and 4.05Å, respectively.  The rmsd values for the middle A3T3 and
(AT)3 region alone with respect to their crystal structures were much smaller at
0.91Å (±0.12) and 1.78Å (±0.20).  These rmsd values indicate that, even in the
unconstrained MD simulation, DNA structure converges towards its respective
crystal structure in both cases.  Also, it is pertinent to mention here that conver-
gence of all the structural parameters of DNA within 5ns has been recently report-
ed from a 60ns MD study on d(CGCGAATTCGCG)2 (57).

An analysis of trajectories of both the MD studies showed that the backbone tor-
sion angles fluctuate during the entire 7ns of simulation time.  The fluctuations in
the backbone torsion angles correspond to (α,γ) flip is observed only for one (G14)
nucleotide of (AT)3 MD for a very small period of time.  In the case of A3T3 MD,
no (α,γ) flip is seen throughout the dynamics.  On the other hand fluctuations in
backbone torsion angles correspond to BII conformational substate has been suffi-
ciently sampled in the case of both the MD studies and therefore the subsequent
discussion is only on BII conformational state.

BII Conformational Substate

Major fluctuations were observed in the backbone torsion angles ε and ζ of some
of the nucleotide sequences, which correspond to the interconversion between BI
and BII conformational substates.  BI and BII were identified by the values of the
ε-ζ difference, which is negative in the case of BI and positive in the case of BII.
During the course of the entire A3T3 MD simulation, 10 out of the 22 phosphates
showed inter conversion from BI to BII conformational substate atleast once, but
only five of them remained in that state for a considerable period of time.  The din-
ucleotides involved were G2pC3, A4pA5, G10pC11 of strand 1 and A16pA17,
G22pC23 of strand 2.  In the case of the (AT)3 MD, the dinucleotides C3pA4, T5pA6,
T9pG10, G10pC11 of strand 1 and C15pA16, T17pA18, G22pC23 of strand 2 were
observed to take up BII conformation for some period of time.  The backbone fluc-
tuations at the terminal nucleotides (C1pG2, C11pG12, C13pG14, C23pG24) are
amplified due to end effects and were not analyzed in detail.  The ε-ζ difference for
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all dinucleotide sequences on both strands for both the MD studies is shown in
Figure 1a and 1b.  As seen from the plots, BII conformational transitions are not
observed simultaneously in any two contiguous steps in the oligonucleotide chain
and the BII conformation was rarely observed for both strands of a basepaired din-
ucleotide step, throughout the MD studies (Figure 1a, 1b).

The symmetry related dinucleotides G10pC11 and G22pC23 of A3T3 sequence were
found to be exclusively in BII state for more than 5ns of MD simulation time (Figure
1a).  This is in agreement with the observed BII conformation at these steps in the
crystal structure of this dodecamer (55).  The X-ray and MD studies of the related
sequence d(CGCGAATTCGCG)2 (hereafter referred to as A2T2) have also shown
these dinucleotides to be in the BII substate (23, 58).  In addition, the MD study
showed that the transition occurs at dinucleotides G4pA5 and the terminal CpG in
both the strands.  It is very interesting to note that the base sequence A4pA5 in our
case, equivalent to G4pA5 in the A2T2 sequence, is observed to undergo a similar
substate transition (Figure 1a).  The G10pC11, T17pA18 dinucleotides in the (AT)3
MD (Figure 1b) were found to be in BII conformation for more than 3ns and have
BII conformation in its native crystal structure (56).  The dinucleotide G22pC23 in
the (AT)3 sequence is seen to be in BII conformation in the MD for 70% of time,
which is not observed in BII conformation in the native crystal structure.

Correlated Changes in Torsion Angles

The structural changes induced by BII transition can be analyzed at the intrachain
and interchain levels.  At the intrachain level, variation was analyzed in terms of
the backbone torsion angles, while at the interchain level, the variation was seen in
basepair parameters.  This depended on the backbone conformation of both the
strands in the DNA duplex, leading to three possibilities, either BI or BII in both
the strands (BI.BI, BII.BII) and a combination of BI in one strand with BII in the
other (BI.BII).  As a representative example, the values of backbone torsion angles
corresponding to BI and BII conformations observed in the G2pC3 step of the A3T3
structure and T5pA6 step of (AT)3 structure are given in Tables I and II, respec-
tively.  Significant changes were observed in the glycosidic torsion angle χ, sugar
pucker amplitude νm of the nucleotide undergoing BII transition, as well as α, β, γ
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Figure 1: Trajectory plot showing the ε-ζ difference
for all the nucleotides of strand 1 from C1 to C11 (rep-
resented in black) along with the residues in the com-
plementary strand C13 to C23 (represented in gray) for
the whole 7ns of (a) A3T3 and (b) (AT)3 MD simulation.



of the succeeding nucleotide.  An increase in the values of χ and νm of the
nucleotide undergoing transition and decrease in the torsion angle values of α, β, γ
of the succeeding nucleotide was a common trend observed in nucleotides under-
going the BII conformational transition (Tables I and II).  Thus, although the BI and
BII substates are primarily associated with transition in ε and ζ torsion angles, to
accommodate this conformation, concomitant changes occur in other backbone tor-
sion angles, which together lead to variations in the local basepair step parameters.

BII Conformation is Coupled with Deoxyribose Ring Dynamics

NMR studies on DNA oligomers d(GCGTACGC) and d(CGCTAGCG) (59) have
shown that there exists a mechanical coupling of phosphate BI↔BII transitions with
the conformational changes in deoxyribose sugar ring.  This has also been shown
from FTIR studies on single and multiple 5-methylcytosine substitutions in the
oligomer d(CCGGCGCCGG)2 (38) as well as from previously reported MD and
crystal structure analysis (25, 27, 28).  The variation of sugar pucker amplitudes and
phases with respect to backbone conformational transitions for G2pC3 in A3T3 and
T5pA6 in (AT)3 are given in Tables I and II.  The trajectories of both MDs were also
checked for the correlation between the BI↔BII transition (ε-ζ difference) and the
sugar puckering amplitudes (νm) and phases (φ).  The calculated correlation coeffi-
cients between the BI↔BII substate and, sugar ring pucker amplitude and phase
angle of G2 are 0.69 and -0.74 respectively.  The sugar pucker parameters of C3
show correlation coefficient of -0.17 and 0.55 for the same P3.  In the case of A4pA5
dinucleotide the correlation coefficient between the substates of P5 and sugar puck-
er amplitude and phase angle of A4 are 0.58 and -0.03 while they are -0.65 and 0.63,
respectively, with its own sugar ring.  For T5pA6 of (AT)3, the correlation between
the BI, BII substates of P6 and sugar pucker amplitude and phase angle of T5 are
0.47 and 0.30 while with A6 is -0.25 and 0.48.  Thus all these correlation coefficients
show that the BI↔BII conformational transition in the ith and its flanking
nucleotides are associated with changes in the sugar pucker amplitude and phases.

Basepair Parameters

The dinucleotide step parameters are affected by the BI↔BII transition, since the
perturbations in the backbone torsion angles can lead to shifts in the basepair posi-
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tions.  In agreement with the previous studies (21, 24, 27, 28), significant changes
were observed in the values of the basepair parameters slide, roll, and twist, while
marginal changes were observed in the tilt, shift, and rise values.  The magnitude
of change depends on the presence of specific combinations of backbone confor-
mation BI.BI, BI/BII.BII/BI, or BII.BII The representative examples corresponding
to the above mentioned possible backbone combinations are shown in Figure 2.
The dinucleotide steps rarely seem to take up BII.BII conformation for any signif-
icant length of time during the entire 7ns MD of both structures.  Only one dinu-
cleotide step, G2pC3 in the A3T3 oligomer is seen to take up BII conformation on
both strands, for a simulation time of more than 500ps (1057 to 1182, 3768 to 4799,
6025 to 6051ps, 6053 to 6057ps, and 6201 to 6783ps).  Interestingly this step does
not take up BI conformation on both strands during the entire MD simulation.  The
variations of inter basepair parameters of G2pC3 and T5pA6 steps are given in
Tables III and IV.  Considerable changes were observed in the values of slide (more
positive), roll (more negative), and twist (larger values) when both strands were in
BII conformation.  As expected, the observed variations in shift and tilt values were
higher when the two strands had different conformations viz. BI/BII facing BII/BI.
There were no significant difference seen in the intra basepair parameters propeller,
buckle et cetera.  There were also significant changes in the values of local helical
parameters of the step flanking the one with BII conformation.  It was observed to
have low twist, negative slide, and positive roll values.  A prominent example is
that of C3pA4/T21pG22 and T9pG10/C15pA16 base paired dinucleotides in A3T3
structure, which were seen to take low twist, negative slide, and positive roll val-
ues and are flanked by BII conformation on at least one of the side.  It is generally
believed that CA/TG is a very flexible dinucleotide step with a high propensity to
take up the BII conformation (as seen from several decamer crystal structures).  In
contrast, our MD study shows that the flexibility of the CA/TG steps in the dode-
camer sequence is being utilized for accommodating BII conformation in the
neighboring G2pC3, A4pA5 and A16pA17, G10pC11 steps.  On the other hand, in the
case of (AT)3 structure, the CA/TG sequences are frequently observed to take up
BII conformation during MD simulation, since in this case the adjacent nucleotides
particularly A4pT5 and A16pT17 seem to resist taking up this conformation (Figure
1b).  Hence CA/TG in tetranucleotide sequence GCAT/ATGC seems to be more
likely to be in BII conformation than in the sequence GCAA/TTGC.
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It is expected that the change in the basepair parameters like roll will have an
effect on the groove width, and in fact this is observed to be true in our A3T3 and
(AT)3 MD simulations.  As a measure of groove width, the minimum interstrand
P…P distances were calculated.  In the case of A3T3 MD, unusually large increase
in the minor groove width was observed, as indicated by the distance between
phosphates P11 of the strand 1 and P7 of strand 2, which span the T8pT9 and
T9pG10 steps.  This could be because of the large positive roll at the T9pG10 step,
accompanying the negative roll in the neighboring G10pC11 step, which was
observed to be in BII conformation for more than 5ns of the MD simulation time
(50).  Similarly in the case of (AT)3 MD, the large minor groove width observed
in the alternating AT region is in contrast to its crystal structure.  This could be
because of the frequent occurrence of BII conformation in the AT region during
MD.  For example the large inter strand P…P distance (12.74Å) spanning the din-
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Figure 2: Stereo pictures showing the possible backbone
combinations: (a) BI.BI in A6pT7·A18T19 dinucleotide
step of A3T3 structure; (b) BII.BI in T5pA6· T19A20 din-
ucleotide step of (AT)3 structure; and (c) BII.BII in
G2pC3·G22C23 dinucleotide step of A3T3 structure.
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ucleotide steps T5pA6 and A6pT7 can be attributed to the high positive roll angle
at the T5pA6 step, which accommodates the BI.BII conformation in the neighbor-
ing A4pT5 or A6pT7 steps (60).

Stacking Energy

Modeling studies suggest that both intra- and inter-strand base interactions are
responsible for the sequence dependent shifts in the phosphate BI↔BII equilibri-
um (21).  As mentioned in the Methods section, stacking energies were calculated
using ANAL module of AMBER5.  In the calculation of stacking energy, inter and
intra chain van der Waals and electrostatic energy components of the bases alone
were included.  The intra- and inter-strand base stacking interaction energies for
G2pC3, T5pA6 steps are given in Tables III and IV as representative examples.
From Table III, it can be seen that there is nearly -2 kcal/mol energy difference in
intra-strand energy and about -1 kcal/mol in the total stacking energy between the
step with BI.BII backbone conformation and that with BII (G2pC3) in both strands.
On the other hand there is nearly a +2 kcal/mol energy difference in intra-strand
energy and about +3 kcal/mol in the total stacking energy between the BI.BII
hybrid conformation and that with BI (T5pA6) in both the strands.  None of the din-
ucleotide steps were found to have all the three possible combinations (viz. BI.BI,
BII.BII and BI.BII) of backbone conformation during the entire simulation.  Hence,
from energetic considerations it was difficult to draw conclusions about the
absolute preference of one combination of backbone conformation over the other
two.  But in general, BII conformational change appears to be associated with less
favorable intra-strand base stacking energy and this is not wholly compensated by
the change in inter-strand base stacking energy, hence the base pair stacking ener-
gy is most favorable when the backbone takes up BI conformation.

Sequence Dependent BII Conformation: Results from MD Studies

Our MD study shows a sequence preference for BII conformation, as indicated by
the difference in its percentage of occurrence in various dinucleotides.  The pop-
ulation of BII conformation observed for various dinucleotide sequences, during
the 4-7ns interval of the two MD simulations, is given in Table V.  While GC, CG,
AA, CA/TG, TA, and AT dinucleotides take up BII conformation at least tran-
siently, TT dinucleotides are never observed in BII conformation.  Recent MD
studies on two transcription factor target sites demonstrated the role of BII con-
formation in protein-DNA recognition (27).  Interestingly, the present MD study
together with the results of the earlier MD study (27), provided us with a pool of
data set consisting of all 16 possible dinucleotide sequences (Table VI).  Analysis
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of the percentage of occurrence of BII conformation in various dinucleotides
shows a clear intrinsic sequence preference and provides some preliminary indi-
cation on the effect of flanking steps.  Among the four types of dinucleotides (RR,
RY, YR, YY), the preference to take BII conformation is seen to be greater for RR
than for RY.  The YY dinucleotides are rarely seen to take up BII conformation.
The flexible YR dinucleotide is seen to take up BI or BII conformation depending
on the conformation of neighboring nucleotides.  From Table VI, it can be seen
that all the RR dinucleotides are capable of taking up BII conformation.  Within
the RY set, the GC and AC dinucleotides are more likely to take up BII confor-
mation than AT and GT (Table VI).  In the YR set, all four dinucleotides CG, CA,
TG, and TA show nearly equal preference for BII conformation.  Overall the
occurrence of BII is rare in YY dinucleotides.  It is occasionally observed for CC
and TC dinucleotides, but almost never for TT, CT dinucleotides.  Notably, all the
dinucleotides that have T at their 3’ end, both of RT and YT type, are very rarely
seen to take up BII conformation.

Although all possible combinations of tetrads are not present in the current data
set, the occurrence of a few dinucleotides with different neighbors provides an
opportunity to examine the effect of sequence at the tetranucleotide level.  Out of
256 possible tetranucleotide combinations, only 58 tetranucleotide combinations
could be obtained form the MD data set.  RR dinucleotides, which show relative-
ly high preference to have BII conformation, are seen to take up this conformation
in all possible tetranucleotide sequences (YRRY, YRRR, RRRY, RRRR).  Even
among the RR dinucleotides, the preference for GG and GA dinucleotides to take
up BII conformation is seen to be higher than that for AG and AA dinucleotides
(as evident from tetrads GAAA, GGAA, CAGG).  YR dinucleotides with various
types of flanking sequences (RYRR, YYRY, YYRR, RYRY types) take up BII
conformation only when the neighboring RY, RR dinucleotides do not take up BII
conformation.  The RY dinucleotides among the possible combinations (RRYR,
YRYY, RRYY, YRYR) are preferably seen in BII conformation only in YRYY,
YRYR tetranucleotides.  The possible reason could be the presence of adjacent
YY dinucleotide that has a strong preference to take up BI conformation, while
flexible YR dinucleotide readily accommodates BII in its neighboring sequence.
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Based on the preference of a dinucleotide to have BII conformation, the sequence
preference for the backbone combinations BI.BII and BII.BII could be obtained.
Since all RR dinucleotides can take up BII conformation, but not their WC counter-
parts, the YY dinucleotides, the RR/YY dinucleotide steps can often be seen in BII.BI
combination.  Also, the AC/GT dinucleotide takes up only BII.BI conformation, since
GT is almost exclusively seen in BI conformation.  The GC, CG, CA/TG dinucleo-
tides are observed to be very flexible and take all possible backbone combinations.

Sequence Dependent BII Conformation:
Crystallographic Evidence

To obtain the experimental evidence for the sequence depend-
ent BII conformation, the crystal structures of free decamers,
dodecamers as well as dodecamer - drug and protein-DNA com-
plex crystal structures were analyzed.  The frequency distribu-
tion for ε-ζ difference of individual nucleotides from both MD
and crystal structures showed a definite peak for BI conforma-
tion, with a maxima around -90° to -80°.  For BII conformation,
the ε-ζ difference is centered around +130° in the case of MD
snapshot structures, but there is no clear cut peak observed for
crystal structure data set, there being a nearly flat plateau
extending from 0° to 120° (top panel of Figure 3).  In order to
understand the effect of possible combination of backbone con-
formations on the base pair step parameters, the distribution of
the average of ε-ζ difference for both the strands has been ana-
lyzed.  It clearly shows the presence of three distinct groups cor-
responding to a major population of BI.BI, moderate amount of
BI/BII.BII/BI hybrid steps and a very small number of steps
with BII.BII conformations (bottom panel of Figure 3).
Although, three distinct domains could be seen in both MD and
crystal structure data set, there is a shift in the peaks correspon-
ding to BI/BII.BII/BI as well as BII.BII towards a smaller pos-
itive value for ε-ζ difference in the crystal structure data as
compared to the MD structures.  Interestingly, for the BII con-
formation observed in the MD data set, the ε value (∼270°) is
seen to be closer to the ideal g- conformation value than in the
crystal structure data set (∼250°).  On the other hand backbone
torsion angle ζ is closer to the ideal trans conformation in the
crystal structure data set (∼170°) than in the MD data set
(∼140°), leading to the observed differences in the ε-ζ values.

The frequencies of various dinucleotide sequences that take up BI/BII conforma-
tion were calculated separately for the free and complexed oligonucleotide crystal
structures and are shown in Figure 4.  In the decamer dataset, CA/TG sequences
showed highest preference for BII conformation followed by CG and GG
sequences (Figure 4).  A few other dinucleotide sequences also occasionally take
up the BII conformation, but TT, CT, AC dinucleotides are never observed in the
BII conformation.  In the case of dodecamer and dodecamer-drug data sets, since
most oligonucleotides are similar to the Drew-Dickerson A2T2 sequence, the data
set contains representatives of only a few types of dinucleotides.  In this dataset
also, BII conformation is frequently observed for GC and CG dinucleotides, while
it was occasionally observed for some other sequences including AA and AT, but
was totally absent for the pyrimidine-pyrimidine sequences (TT, TC, and CC
sequences) (Figure 4).  In the case of protein-DNA complexes, all the 16-dinu-
cleotide sequences were seen to take up the BII conformation, even though the fre-
quency of occurrence was always less than that of BI conformation.  Greater pref-
erence for BII is seen for CG, GC, GA, CA, TG, and AA sequences.  Thus, analy-
sis of all the four datasets, showed clear preference for BII by some dinucleotides,
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Figure 3: The distribution of BI (corresponding to ε-ζ < 0°) and BII (correspon-
ding to ε-ζ > 0°) conformations observed in all the nucleotides from the MD (top
left) and crystal structures (top right).  Bottom panels show the distribution of
average ε-ζ difference for the two strands constituting a base paired dinucleotide
step.  The population of dinucleotide steps with BI.BI backbone combination in
the MD and crystal structure dataset is 62% and 73% respectively.  The popula-
tion of dinucleotide steps that have the BI/BII.BII/BI backbone combination is
33% in the case of MD and 23% in the case of crystal structure data set and for
the BII.BII backbone combination, the corresponding values are 5% and 4%.
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with the preference being significantly higher for GC, GA, CG, CA, TG, and TA
dinucleotide sequences which is in agreement with the previously reported studies
(27, 28).  The YY sequences rarely take up the BII conformation, with a few excep-
tions being observed only in protein-DNA complexes (Figure 4).

In order to evaluate the effect of flanking sequence, the occurrence of BII confor-
mation in various tetrads were further analyzed.  A total of 99 tetranucleotide com-
binations are represented in our crystal structure data set.  The analysis of BII con-
formation in all available tetrads confirmed the high preference of YR dinu-
cleotides to take up BII conformation.  Among the tetrads with RR dinucleotides,
GA dinucleotide seems to be more preferred to have BII conformation than AG and
AA.  As observed in the case of MD data set, among the RY dinucleotides, GC was
more preferentially seen in BII conformation than AC and AT or GT dinucleotides
(Table VI).  The rare occurrence of BII conformation in YY dinucleotides and din-
ucleotides that have T at their 3’ end was commonly observed in MD and crystal
structures (Table VI).  In general in the crystal structure data set, BII conformation
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Figure 4: Frequency of occurrence of BI and BII confor-
mation for all dinucleotide sequences, calculated for the
crystal structure (resolution ≤ 2.0Å) data sets.  BI confor-
mation is represented by filled bars, while BII conforma-
tion is represented by open bars.  In the dodecamer and
protein + DNA data sets, the occurrence of CpG(162),
GpC (122), and ApT (143) sequences are more than 120
and have been represented as a bar with ∗.

Figure 5: Frequency of occurrence of BI in both the
strands (filled bars), BI in one and BII in the other strand
(open bar), BII conformation in both the strands (filled
bars with gray color) for all the 10 unique dinucleotide
steps in the four datasets.



was more prevalent in the conformationally flexible YR dinucleotide sequences
(61).  This is in contrast to the MD studies, where the flexibility of this dinucleotide
is utilized in accommodating BII in its neighboring sequence.

Another interesting feature observed in all the four datasets is the rare occurrence
of BII type of conformation in both the strands, for a particular base paired step
(BII.BII).  Only the CA/TG steps in the decamer and protein-DNA data set, and a
few CG, TA, GA/TC, GC, dinucleotide steps are observed to be in this conforma-
tion (Figure 5).  Since YY dinucleotide and GT dinucleotide sequence do not favor
BII conformation, the RR and AC dinucleotides were frequently observed to have
BII.BI combination geometry.  The flexible YR dinucleotides were seen to take all
possible combinations.  This observation is in agreement with results from the MD
analysis.  Thus, the analysis of these four datasets shows that the BI type of con-
formation in both the strands and a hybrid conformation with BI in one strand and
BII in the other are more favorable than one with BII conformation in both the
strands.  This is in agreement with the MD results discussed above, which confirms
the rare occurrence of BII conformation in both strands simultaneously.

In order to understand the influence of backbone conformation on the base pair
parameters, the values of the six helicoidal parameters tilt, roll, twist, shift, slide,
and rise were calculated for all four crystal datasets as well as MD snapshot struc-
tures and their correlation with the values of ε-ζ averaged over the strands 1 and
2 were analyzed (Figure 6).  The six helicoidal parameters for all the steps from
the four datasets were plotted together (right column of Figure 6) and compared
with values obtained from MD study (left column of Figure 6).  The average ε-ζ
values clearly indicate the presence of three distinct domains.  Though tilt, shift,
and rise, values do not show any significant trends in their variation with BI to BII
transition, a clear trend could be seen for twist, roll, and slide values in both cases.
The dispersion in the parameters roll and rise in the crystal data set (right column
of Figure 6) is mainly from the protein-DNA complexes, especially from the DNA
complexes with TATA box binding protein.

Interestingly, larger variation in the values of the parameters roll, twist, and slide
was observed for steps which have BII conformation facing each other, than when
both strands have BI conformation or BI faces BII in the other strand (Figure 6).
This feature was also observed earlier from molecular modeling study of d(CAT-
GACGTCATG) (22) and in the recently reported MD studies (27, 28).  Even with-
in the three groups (BI.BI, BI.BII, BII.BII), the variation in the helicoidal parame-
ters were observed to be dependent on the magnitude of the ε-ζ.  From a detailed
analysis of datasets, it was seen that the values of twist, roll, and slide are markedly
different for the BII.BII steps with ε-ζ > 60° than those which having ε-ζ < 60°.
Therefore, as mentioned earlier, based on the magnitude of the ε-ζ, we have further
classified BII, as strong BII when average ε-ζ values > +60° and weak BII with
average ε-ζ values are < +60° but > 0°.  Hence four ranges of parameters were
observed from the crystal structure analysis.  Strong BII conformation was observed
to have large twist of 47.32° (±5.51), positive slide of 2.02Å (±0.87) and negative
roll value of -6.65° (±8.46), while the weak BII steps take up moderately high twist
of 40.95° (±5.49), slide of 0.78Å (±0.68) and roll value of -5.22° (±5.05).  Steps with
BI facing BII, take up values similar to those with weak BII in both strands, while
steps with BI in both strands have characteristic mean values of twist, roll, and slide
that are close to the fiber model of B-DNA (Figure 6).  The dinucleotide parameters
twist, roll, and slide corresponding to the four conformational ranges show similar
trends in both MD and crystal structures.

Crystal Simulation vs Solution Simulation

MD simulation of the decamer sequence d(CCAACGTTGG)2 (62) carried out in
crystal as well as in the solution environment showed differences in the two cases at
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the backbone level, especially in BI/BII conformational transitions.  The CA/TG
step (which has BII type of conformation in both the strands in the crystal structure)
takes up BII in the crystal environment simulation but not in the solution simulation.
Therefore, it was suggested that a crystal simulation is required for a more realistic
simulation of the crystal structure.  Interestingly, our MD study clearly indicates that
solution simulation is also quite capable of converging to experi-
mentally observed X-ray structures.  For example, the G10pC11 step,
which is observed to take up the BII conformation in the crystal
structure, also remains in BII conformation for 90% of the total sim-
ulation time (7ns).  The present MD study also indicates the possi-
bility of other steps, which can undergo transition to the BII confor-
mational substate.  This is consistent with data from the crystal
structures of the drug-DNA complexes with A3T3 sequence.  For
example the A4pA5 step in the crystal structure of A3T3 +
Distamycin (pdb2dnd.ent) complex is observed to be in BII confor-
mation, which is also observed in our simulation (for ∼500ps), sug-
gesting that solution simulation is infact a useful tool for exploring
the largest number of conformational substates of a DNA oligomer.

Summary and Conclusions

The BII conformational substate, characterized by the correlated
change in ε and ζ backbone torsion angles is indeed one of the sta-
ble conformational substates that can occur in oligonucleotides in
the B form DNA structures.  Although at the mononucleotide level
all four nucleotides can take up BII conformation, specific
sequence preference is seen at the dinucleotide level.  Greater
preference is seen for CG, GC, GA, CA, TG, and AA sequences,
while the pyrimidine-pyrimidine sequences seem to be most resist-
ant.  Also, BII conformation is rarely observed in the nucleotides
that have T at their 3’ end.

The sequence specificity at the base paired dinucleotide level is
much more pronounced and various steps could have any one of the
backbone combinations BI.BI, BI.BII, or BII.BII in the two strands.
The rare occurrence of BII.BII combination indicates that BI.BI and
BI.BII backbone conformations are intrinsically more favorable than
BII.BII.  The CA/TG steps in the decamer data set are predominant-
ly seen to have the BII.BII combination.  However, in the MD stud-
ies, the CA/TG step does not show strong preference to take up BII
conformation, while its neighboring dinucleotide sequences often
take up BII conformation.  The CA/TG in tetranucleotide of RCAY
type seems to have greater tendency to take up BII conformation than
in the RCAR sequence, indicating that flanking sequences can influ-
ence the dinucleotide conformation.  Significant changes are
observed in the values of base pair parameters twist, roll, and slide
for the steps with BII conformation.  The magnitude of variation in
the dinucleotide parameters is seen to be dependent on the occurrence of BII across
the base-paired dinucleotide step as well as the on the magnitude of the ε-ζ differ-
ence.  When both strands are in BII conformation, based on the magnitude of ε-ζ, the
structures can be further classified as strong BII and weak BII, in addition to the BI
conformation on both the strands and BI+BII hybrid.  Strong BII conformation is
characterized by large twist, high positive slide and negative roll values, which could
contribute to the groove opening/closing and thus can modulate sequence specific
protein-DNA interaction.  In conclusion, our MD studies as well as the analysis of the
crystal structure data reveals that the BII conformation is sequence dependent, char-
acterized by unique torsion angles and helical parameters, which can contribute to the
conformational heterogeneity of nucleic acid structures.
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Figure 6: The interbasepair parameters tilt, roll, twist, shift, slide, and rise
values are plotted Vs the average backbone torsion angle difference (ε-ζ) for
strands 1 and 2.  Left column corresponds to all steps from the MD snap-
shots stored during 6-7ns and right hand column corresponds to the crystal
structure data set.  The parameters of terminal bases were not included for
the MD snapshots, to avoid the artifacts arising from the end effects.  For
the MD data set the symbol “x” represents steps with both the strands in BI
backbone conformation, “o” symbol represents the steps with both strands
in BII conformation, “�” symbol represents steps wherein one strand in BI
faces the second strand in BII conformation.  For the crystal structure data
set (right column) the symbol “x”, “∗”, “o”, and “�” represents decamer,
dodecamer, dodecamer-drug, and Protein-DNA data sets respectively.  The
vertical lines at -30° and +60° are drawn to broadly delineate the three
domains, BI.BI, BI.BII, and BII.BII
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