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ABSTRACT: By using conformational free energy calculations, we have studied the sequence dependence
of flexibility and its anisotropy along various conformational variables of DNA base pairs. The results show
the AT base step to be very flexible along the twist coordinate. On the other hand, homonucleotide steps,
GG(CC) and AA(TT), are among the most rigid sequences. For the roll motion that would correspond
to a bend, the TA step is most flexible, while the GG(CC) step is least flexible. The flexibility of roll is
quite anisotropic; the ratio of fluctuations toward the major and minor grooves is the largest for the GC
step and the smallest for the AA(TT) and CG steps. Propeller twisting of base pairs is quite flexible, especially
of A'T base pairs; propeller twist can reach 19° by thermal fluctuation. We discuss the effect of electrostatic
parameters, comparison with available experimental results, and biological relevance of these results.

‘arious experimental studies indicate that DNA is a flexible
molecule and that the flexibility is sequence dependent. The
conformational flexibility can be manifested in various motions
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such as bending and twisting. The sequence dependence of
the flexibility is observed in various experiments: DNAs with
different base composition show different characteristic decay
constants in optical measurements (Hogan et al., 1983).
Poly(A)-poly(T) and poly(G)-poly(C) do not bind to nucleo-
some core proteins (Rhodes, 1979; Simpson & Kunzler, 1979;
Kunkel & Martinson, 1981; Prunell, 1982). Certain types of
sequences exhibit abnormal gel mobility, which has been at-
tributed to the bending of DNA (Koo & Crothers, 1986;
Hagerman, 1986). The flexibility of DNA appears to affect

This article not subject to U.S. Copyright. Published 1989 by the American Chemical Society
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the way proteins bind to it. The structure of the EcoRI-DNA
complex showed that the conformation of DNA is significantly
altered upon the binding of the enzyme (McClarin et al.,
1986). The study of 434 repressor-operator binding has
suggested that the binding affinity of 434 repressor appears
to be affected by the flexibility of an AT-rich central region
of the operator, where there is no direct contact between the
protein and DNA bases (Koudelka et al., 1987). The trp
repressor operator co-crystal shows no direct contacts between
amino acid side chains and base pairs (Otwinowski et al.,
1988). It was suggested that its sequence specificity may
originate indirectly in the specific positioning of the atoms of
the phosphate backbone to facilitate protein binding. The
flexibility of DNA may also contribute to the cooperative
binding of proteins at a distance [see Schleif (1988)]. Analyses
of DNA wrapping around histones and CAP have suggested
that AA/AT steps tend to be positioned such that their minor
groove faces the histone, while the major groove of GG/GC
steps tends to face the histone (Drew & Travers, 1985;
Satchwell et al., 1986). This binding tendency indicates that
the DNA flexibility may have anisotropic characteristics de-
pending on the sequence. This anisotropic nature of flexibility
was further supported by the experiment of CAP binding, in
which DNA wraps around the protein in such a way that
AA/AT steps tend to bend into the minor groove while
GG/GC steps tend to bend into the major groove (Gartenberg
& Crothers, 1988). These experiments indicate that the se-
quence-dependent flexibility of DNA may be important in
achieving certain specificities in the sequence recognition by
proteins.

Despite numerous experimental data, the physical basis of
the sequence-dependent flexibility of DNA is not well un-
derstood. Several groups have been studying the flexibility
of DNA from a theoretical viewpoint (Olson, 1979; Barkley
& Zimm, 1979; Levitt, 1984; Kollman et al., 1982; Zhurkin
et al.,, 1982; Ulyanov & Zhurkin, 1984; Calladine & Drew,
1986; Hogan & Austin, 1987). Most of these studies concern
the overall or backbone flexibility of DNA, while a few studies
have examined the sequence dependence. Calladine and Drew
(1986) empirically determined the extent of sequence-de-
pendent bending flexibility, along with the preferential bend
angle of DNA. Zhurkin et al. (1982) and Ulyanov and
Zhurkin (1984) studied the sequence-dependent flexibility of
DNA in some detail by energy calculations. Previously, we
have developed a method to calculate thermodynamic quan-
tities such as conformational free energies and fluctuations,
by generating a wide range of base pair conformations (Sarai
et al., 1988a). The motivation for such analyses arose from
the fact that DNA is a polymorphic molecule with many
different conformations. Thus, conformational analyses of
DNA require that large numbers of conformations be sampled.
By using this method, we have previously been able to explain
why DNA assumes particular helical structures, why DNA
exhibits local structural variation depending on sequence (Sarai
et al., 1988b), and how the transition between B- and A-form
DNA depends on the sequence (Mazur et al., 1989). One of
the important conclusions was that the conformation of DNA
and its sequence dependence are mainly determined by the
chemical structures of base pairs and their interactions, and
that the backbone plays a rather passive role. Thus, we also
would expect the sequence dependence of DNA flexibility to
be explained by the interactions of base pairs. This assumption
is examined and discussed later, with some calculations on the
possible effects of backbone on flexibility and anisotropy.
Because of the exhaustive sampling, this method is particularly
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suitable for studying the flexibility. In this paper, we examine
the sequence dependence of conformational flexibility, and its
anisotropy, in detail. We show that the flexibility is strongly
sequence dependent and that the calculated results agree for
the most part with available experimental observations.

METHOD OF CALCULATION

The approach here is to consider only base pairs and gen-
erate large numbers of conformations to estimate thermody-
namic quantities such as conformational free energy and
fluctuations. The details of the method of calculation were
described previously (Sarai et al., 1988a,b; Mazur et al., 1989).
Here, we only describe it in outline. The coordinate system
describing the relative orientation of two neighboring base pairs
and their transformations is the same as before. The rotational
transformations are performed with three Euler angles, and
the conventional three angles, “twist”, “roll”, and “tilt” are
related to these through the nine direction cosines of a
transformation matrix. Twist is the rotation of a base pair
about the axis perpendicular to the base plane. Positive twist
corresponds to a right-hand helix. Roll is the rotation of a
base pair about its long axis, and the sign of roll is defined
as positive if the major groove is compressed. Tilt is the
rotation of a base pair about its short axis. Positive tilt means
opening the bases on the strand of specified sequence. The
energy of base pairs is calculated as a sum overall atom pair
contributions in the form of dispersion and short-range re-
pulsion, with 6-12 potentials, and 10-12 potentials for the
hydrogen bonds. The parameters for the 6—12 potential are
taken from Zhurkin et al. (1981), and for the 10-12 potential
from Poltev and Shulyupina (1986). Electrostatic energy is
given in the form

3322 (1/ery) C,Cy exp[-a(ry = ro)] (in keal/mol)
ij

for r; > ry, and
y

for r;; < rp. ais the ionic screening parameter in units of A
and e is the limiting value of dielectric constant at distances
less than ry. C;and C; are partial atomic charges [taken from
Zhurkin et al. (1981)]. ry is the contact distance between
interacting charges, and it is qualitatively related to the sum
of van der Waals radii. We take rq equal to 3.0 A, which is
usually the closest distance between atoms located in the ad-
jacent base planes. The conformational states of base pairs
and their energies can be described in the phase space spanned
by the three translations, three rotations, and propeller twist.

In the present model, restricted to B-DNA, there are only
four independent degrees of freedom, which describe base
rotations. There are twist, roll, tilt, and propeller twist, all
angular variables. We treat each of these variables separately.
For each one of these angular variables, we define the partition
function for a canonically distributed ensemble in which the
particular angular variable is in adiabatic contact with all
angular variables except with itself.

For this purpose, we perform summations over Boltzmann
factors for all values of the other three angular variables. We
assume 7 values for each one of those angular variables, for
a total of 343. These three angular variables, over which the
summations are performed, cover a span from —-12° to +12°
at 4° intervals. From the partition function, the free energy
is calculated.

In the present calculation, the angular variable for which
the fluctuations and the related anisotropy are to be determined
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is given a series of consecutive values with a constant incre-
ment. In the calculation of adiabatic potential, 81 values are
selected around the value corresponding to an energy minimum
taken at an 0.5° interval for the twist, and tilt angular vari-
ables. For the propeller twist, values are taken at a 1° interval,
for a total of 45 values.

The ranges for twist, roll, and tilt are from -20° to +20°,
and for propeller twist, from —=22° to +22°. We need these
ranges to be centered around the point of the minimum value
of the free energy. However, we must first determine the
approximate value at which the free energy is at its minimum.
We therefore performed preliminary “short” calculations, with
increments of 2°, over the ranges from -20° to +20°. This
assumes that the minimum free energy is located within this
range. Except for the twist angular variable for the AT step,
this is true. After location of the value of the angular degree
of freedom near its free energy minimum, the calculations are
repeated, using the same total extent of the angular variable,
but the ranges are taken equally on the two sides of the free
energy minimum.

The calculations over the sequences of the base pairs are
performed iteratively. One base pair at a time is averaged.
That is, the average values of the conformational variables are
calculated in succession. After the averages of these variables
are computed, one base per each iteration step, the entire
process is repeated, until a stationary steady-state solution is
obtained. In order to take account of longer range interactions
and cooperativity among base pairs, we never treat fewer than
four base pairs. The calculated free energy, rather than the
total energy, is used as the variable in the results, some of
which are represented in Figures 1-3.

A typical fluctuation calculation for one degree of freedom
for one sequence tetramer requires about 12 cpu minutes on
Cray X-MP. The calculations are performed for all possible
16 base steps, regardless of their inherent symmetries e.g., for
both AA and TT steps. The complementary sequences yield
similar results, and results presented here are the averages over
two complementary sequences. The total number of calcu-
lations, for one set of electrostatic parameters, is 64. Several
different sets of electrostatic parameters have been considered.

Conformational fluctuations of all four angular variables
are then calculated from an ensemble of conformations and
defined in terms of root mean square deviations from averages:

=V ((X- (X)) ey

for a variable X, where broken brackets denote the Boltzmann
average. The anisotropic fluctuations are defined by

o+ = V(X - (X)) (2)
o=V (X = (X0))- (3)

where ( ), and ( )_ mean that the averaging is performed only
for those values of X larger than or smaller than (X), re-
spectively. In both averages, we use the total partition function
covering the whole range. Thus, there is a simple relation
among these quantities, ¢ = ¢,% + ¢_2. In order to measure
the degree of anisotropy of the fluctuations, we introduce the
anisotropy ratio

A=ga,/0. (4)

Although not explicitly given in this paper, the values of o,
and o_ can be readily obtained from the value of ¢ and the
anisotropy A.

Choice of Reference. The reference point, that is, the center
of the range of fluctuations for the anisotropy calculations,
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Table I: Sequence Dependence of Total Fluctuations of Twist, Roll,
and Tilt?

o (deg)
twist roll tilt
AT >25.0 TA 10.7 AA(TT) 5.1
AC(GT) 14.6 TC(GA) 8.8 TC(GA) 48
TA 12.5 CA(TG) 8.6 GG(CQC) 48
GC 11.1 AA(TT) 8.3 CG 5.0
CA(TG) 10.9 GC 8.0 CA(TG) 4.5
CG 8.9 AC(GT) 7.9 TA 43
TC(GA) 8.8 CT(AG) 7.5 CT(AG) 4.1
CT(AG) 8.2 AT 6.2 GC 37
AA(TT) 7.6 CG 6.0 AC(GT) 37
GG(CQ) 7.2 GG(CC) 5.2 AT 33
mean 11.5 7.7 43

?Calculations are for sequence quartets NNMM. a = 1,20 and ¢ =
2.5, The range of angles varied is £20° relative to averages with an
increment of 0.5°,

Table 11: Sequence Dependence of Total Fluctuations of Twist, Roll,
and Tilt*

o (deg)
twist roll tilt
AT >25.0 TA 8.9 AA(TT) 4.8
AC(GT) 15.2 AA(TT) 8.2 TC(GA) 4.7
GC 14.3 GA(TC) 8.2 GG(CC) 4.2
CA(TG) 13.1 CG 79 CA(GT) 4.2
TA 12.8 CA(TG) 7.7 TA 4.2
CG 11.8 GC 7.4 CT(AG) 4.1
GG(CC) 11.6 AC(GT) 7.2 CG 4.1
TC(GA) 11.5 AG(CT) 6.6 AC(GT) 38
CT(AG) 11.4 AT 6.6 GC 3.7
AA(TT) 10.1 GG(CC) 6.2 AT 34
mean 13.3 7.5 4.1

9See footnote to Table 1, except « = 1.0 and ¢ = 5.0.

is located at the average value for the angular variable under
consideration. Another possibility would be to locate the
reference point for the fluctuation calculations at the free
energy minimum. Centering in this latter way, exaggerates
the anisotropy. For cases where there is little anisotropy, that
is, the anisotropy ratio is near 1, these two reference points
will coincide, but for highly anisotropic systems, the anisotropy
ratio will be even further away from 1. As a result, the
calculated ranges for the anisotropy ratios will have a wider
range of possible values if the reference point is the free energy
minimum. For example, the range of anisotropy ratios for roll
(Table IVA) goes from 0.92 to 2.53, instead of the range
reported here of 0.82-1.35,

RESULTS

Fluctuations of Twist. The total fluctuations of twist are
shown in Tables I and II for two different sets of electrostatic
parameters. The results show that the AT step exhibits ex-
ceptionally large fluctuations. The free energy potential along
the twist coordinate is very flat, and we did not find any
significant minima in the twist range between 0 and 80°. Also,
the AC(GT) step is considerably more flexible than the mean.
On the other hand, GG(CC) is least flexible at the lower
dielectric constant, while the AA(TT) step is least flexible in
a higher dielectric environment. Note that since this calcu-
lation does not include backbones, it is likely that the absolute
values of the fluctuations should be smaller in the actual DNA.
The fluctuations are reduced by introducing the potential of
mean force due to backbones so as to match the observed
variation of twist angles (Sarai et al., 1988a). This simply has
the form of a harmonic term in the twist deviations. However,
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Table III: Anisotropy of Twist Fluctuation?

base step av twist (deg) A
CG 241 0.90
AC(GT) 348 0.90
GC 43.7 0.91
CT(AG) 35.9 0.94
AA(TT) 394 0.98
TA 21.0 1.03
TC(GA) 349 1.05
GG(CC) 41.3 1.09
CA(TG) 26.7 1.15
AT

2Conditions of calculations are the same as in Tables I and II. The
free energy curve for the AT step is so flat that it is not possible to find
any significant minima in the range considered. o = 1.2 and ¢ = 2.5.

Table IV: Anisotropy of Roll Fluctuation?
(A)a=12,¢=25

(B)a=10,¢=50

base step  av roll (deg) A base step  av roll (deg) A

CG 12.3 0.82 TA 5.3 1.02
AA(TT) 2.2 095  AA(TT) 0.8 1.05
AC(GT) 0.6 1.03 AT -1.9 1.06
TA 5.1 1.03 AC(GT) 0.0 1.10
AT -3.0 1.09 CG 7.1 1.13
CA(TG) 7.7 1.16  CA(TG) 5.7 1.13
CT(AG) 0.1 1.17 CT(AG) 1.3 1.15
TC(GA) -1.5 1.20 TC(GA) 0.5 1.20
GG(CC) -0.4 1.22 GG{(CC) 1.1 1.21
GC -5.0 1.35 GC -0.9 1.34

7Conditions of calculations are the same as in Tables I and II.

the relative sequence dependence is only slightly affected by
this additional term. Its affect is discussed further under
Discussion.

Fluctuations in Roll. The average fluctuation in roll is
about 82, as shown in Tables I and II. The conformational
free energy usually rises rapidly beyond 10° of roll because
of the van der Waals repulsions between adjacent base pairs.
The TA step is the most flexible of all along the roll coordinate.
On the other hand, GG(CC) is the least flexible step for both
dielectric constants.

Fluctuations in Tilt. These fluctuations are much smaller
than those in roll. This is because tilt causes larger steric
clashes between base pairs than roll. In fact, we did find that
large values of tilt require increases in the axial rise to avoid
steric clashes. The sequence-dependent variation of tilt
fluctuation is also small compared to that of roll. Thereis a
strong tendency for pyrimidine—purine steps to be more flexible
than purine—pyrimidine steps.

Anisotropies of Twist Fluctuation. As shown in Table III,
the ratio of fluctuations for positive to negative directions
relative to the average twist is the smallest for CG and AC-
(GT). Thus, these steps are more susceptible to undertwist
than overtwist of helix. The anisotropy ratio is the largest for
the CA(TG) step. The AT step is exceptional in that it has
a very flat energy potential. Thus, this step is strongly sus-
ceptible to either undertwist or overtwist. The AC(GT) step
is also very susceptible to undertwist, with the largest value
of a_.

Anisotropies of Roll Fluctuation. In general, there is more
sequence-dependent variation in the anisotropy of roll fluc-
tuations than for twist fluctuations (see Tables IVA and IVB).
The sequences with A/T composition have small anisotropy
ratios, while GC and GG have the largest ratios. In other
words, A/T is more susceptible to roll into minor groove, with
GC and GG into the major groove. The dependences of the
conformational free energies on roll for the AA(TT) and the
GC steps are shown in Figures 1 and 2, in which the asym-
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FIGURE 1: Dependence of free energy on roll for the base step AA.
Free energy is calculated for the quartet sequence AAAA by changing
roll at the central base step and by allowing all the other degrees of
freedom to fluctuate for each fixed roll value. Conformations are
averaged one base step at a time iteratively as described in text. «
= 1.2 and ¢ = 2.5.
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FIGURE 2: Dependence of free energy on roll for the base step GC.
Other conditions are the same as in Figure 1.

metry of the curves corresponds to the anisotropy of roll
fluctuation. It should be noted that this tendency in the an-
isotropy does not correlate with the sequence dependence in
the average roll. For example, CG has a smaller anisotropy
ratio, but this step is already strongly rolled into the major
groove (cf. the average roll in Table IVA).

The electrostatic parameters affect the fluctuations and
anisotropies to some extent. This effect is noteworthy for the
roll fluctuations. Tables IVA and IVB are for different values
of the electrostatic parameters, which affect the strengths of
electrostatic interactions between charges. In general, for
weaker electrostatic interactions, variations in both the total
fluctuation and its anisotropy ratio are smaller. The largest
change in relative position in the table occurs in CG, as in-
dicated by an increase in the anisotropic ratio at a low di-
electric constant. In Table IVB, AA(TT), AT, and TA are
clustered at small values of the anisotropy ratio, whereas GC,
GG(CCQC), and CG are clustered at the other end, for the higher
dielectric constant.

Anisotropies of Tilt Fluctuation. As shown in Table V,
there is a very small variation in the anisotropy ratio. Because
of this, it is difficult to derive consistent sequence dependence
of the anisotropy over a range of electrostatic parameters.
There are also very small variations of average tilt values and
total tilt fluctuations.

Fluctuations and Anisotropies of the Propeller Twists.
Table VI shows the fluctuation and anisotropy of propeller
twist for AA(TT) and GG(CC) steps with two sets of elec-
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Table V: Anisotropy of Tilt Fluctuation?

base step av tilt (deg) A

AA(TT) 2.7 0.90
TA 0.3 0.91
CA(TG) 1.5 0.92
GC 2.2 0.93
AT 0.6 0.96
TC(GA) -0.4 0.97
GG(CC) 0.8 0.97
AC(GT) 1.4 0.97
CT(AG) -1.8 1.03
CG -3.3 1.14

2 Conditions of calculations are the same as in Tables I and II. The
average over base steps that are symmetry-related is based on an as-
sumption that the average tilt in the complementary base is of opposite
sign. Therefore, the average tilts for base pairs enclosed in parentheses
have their signs reversed. The anisotropy ratios, 4, for these bases are
the inverse of the ones given in the last column.

Table VI: Fluctuations and Anisotropy of Propeller Twist®

base step av propeller twist (deg) o (deg) A
a=12e=25
AA(TT) 9.4 10.7 1.08
9.9% 10.8 1.02
GG(CQC) 12.7 7.9 0.73
a=10¢=50
AA(TT) 9.7 10.0 1.11
10.4% 10.4 1.03
GG(CQC) 6.7 7.6 1.09

4Calculations are for sequence quartets NNNN. The range of an-
gles is %22° relative to averages with an increment of 1.0°. ®This
calculation permits the bifurcated hydrogen-bond interactions between
N6 (A) and O4 (T) of adjacent base pairs.

trostatic parameters. The calculation shows that the free
energy curves along propeller twist have minima between 7°
and 16°. The average values of propeller twist are about 10°
for AA(TT) and 7° for GG(CC) in the high dielectric envi-
ronment. The lower dielectric constant increases the propeller
twist of GG to nearly 13°. The total fluctuations are about
10° for the AT base pair and 8° for the G-C pair, regardless
of electrostatic environment. This difference is probably due
to the smaller number of hydrogen bonds for A-T, that permits
it to be more flexible. Figure 3 shows the free energy changes
with propeller twist for the AA step. The larger propeller twist
of G+C base pairs in the low dielectric environment is partly
offset by larger fluctuation in the negative direction, which
results in a smaller anisotropy ratio. Introduction of the
possibility of bifurcated hydrogen bonding between N6 of A
and O4 of T of adjacent base pairs slightly increases the
propeller twist and lowers the anisotropy ratio.

At this point, we want to compare the present method of
computing the fluctuations of a single angular variable with
the one reported previously (Sarai et al., 1988a). There, we
did not deal separately with each of the angular variables.
Instead, the entire canonical ensemble consisted of seven values
for each one of these four angular variables which define the
four rotational degrees of freedom of a base pair presently
under consideration. The partition function of the entire
system was calculated. In that ensemble, the average values
for each of these four angles of rotation, their average second
moments, and their fluctuations were computed.

We did repeat some of the calculations for this ensemble,
using the same ranges for roll, tilt, twist, and propeller twist
employed in the current work. That is, the ranges for roll and
tilt are —20°, +20°, while for the twist and propeller twist,
the ranges are —12°, +12°. Since these calculations were
primarily concerned with the fluctuations and anisotropies of
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FIGURE 3: Dependence of free energy on propeller twist for the base
step AA. The dotted line includes the effect of permitting the bi-
furcated hydrogen-bond interactions between N6 of A and O4 of T
of adjacent base pairs. « = 1.2 and e = 2.5.

roll and tilt, we took intervals of 1° for these variables for a
total of 41 points for each of them. For twist and propeller
twist, we took seven values, at 4° intervals. Anisotropies of
both positive and negative roll and tilt were determined by
calculating separately the partition function, second moments,
and the fluctuations for positive and negative rolls and tilts.
As mentioned above, fluctuations become smaller and in closer
agreement with the fluctuations reported in Sarai et al.
(1988a). For o = 1.2 and € = 2.5, the mean fluctuation for
roll is now 5.29, and for tilt, it is 2.95 as compared with the
corresponding values of 7.72 and 4.30 from Table I, Similarly,
for electrostatic parameters a = 1.0, ¢ = 5.0, the fluctuations
become 5.18 and 2.60 for roll and tilt, respectively, compared
with their values of 7.47 and 4.04 in Table II. The larger
fluctuations reported in the present work depend strongly on
the method of constructing the ensemble. In the present work,
the individual angular variable being used for fluctuation
calculations is in thermal contact with all other angular var-
iables except with itself. In the previous calculations, averages
were performed simultaneously over all angular variables in
the ensemble. Generally, these two different canonical en-
sembles lead to consistent results in terms of relative flexibilities
and anisotropies of the base steps and their dependence on the
electrostatic parameters of the system.

DISCUSSION

A large body of experimental data indicates that the flex-
ibility of DNA is sequence dependent and may affect the
function of DNA. In this paper, we have examined the se-
quence dependence of DNA flexibility by conformational free
energy analysis. There have been several conformational
studies of DNA (Levitt, 1978; Kollman et al., 1982; Zhurkin
et al., 1982; Ulyanov & Zhurkin, 1984; Tung & Harvey, 1986;
Srinivasan et al., 1987), but no extensive calculations of se-
quence-dependent fluctuations of DN A molecule have been
performed. It seems that DNA manifests many conformations
with similar energies. The present method enables us to
calculate thermal fluctuations as well as average conformations
of DNA, and their sequence dependences. The results show
that there is a strong sequence dependence of DNA flexibility,
and that the flexibility is anisotropic.

The calculation of fluctuations along the twist coordinate
shows that the AT step is extremely flexible. In our previous
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study of B-DNA, we showed that base pairs by themselves
have a strong tendency to stack in a helical form (Sarai et al.,
1988a,b). However, AT is an exception; its twist is extremely
unrestricted by interactions among base pairs. The AT step
can take any twist angle insofar as the interactions of base pairs
are concerned. Although backbones restrict the range of
fluctuations, the multiple rotational degrees of freedom of the
backbone will allow base pairs to move within a wide range.
For confirmation of this, crystallographic study of the binding
complex between EcoRI and its recognition sequence con-
taining the AATT segment has shown that the AT step is
strongly undertwisted by about 25° (McClarin et al., 1986).
Such a conformation change is likely to be important in fa-
cilitating specific contact between base pairs and amino acids.
1t is likely that the extreme flexibility of this step may be used
by this enzyme as one of the recognition features.

Hogan et al. (1983) measured triplet anisotropy decay of
DNA for some sequences and found that poly(dG)-poly(dC)
has the largest torsional stiffness, whereas poly(dA-dC).
poly(dT-dG) and poly(dA)-poly(dT) are 40 and 20 times less
stiff than poly(dG)-poly(dC), respectively. In our calculation,
the GG(CC) step is the stiffest for low dielectric constant,
whereas the AA(TT) step is the stiffest for high dielectric
environment. The experimental results agree with the cal-
culated results at low dielectric constant. Although poly-
(dA)-poly(dT) is much more flexible than poly(dG)-poly(dC)
in the above experiment, it is stiffer than random-sequence
DNA. Our results show that AC(GT) is the second most
flexible step, which is consistent with the above experimental
observation. The fact that poly(G)-poly(C) and poly(A)-
poly(T) do not bind to nucleosome core proteins (Rhodes,
1979; Simpson & Kunzler, 1979; Kunkel & Martinson, 1981;
Prunell, 1982) may have an explanation in the stiffness of these
homopolymers.

The experiments of Hogan et al. (1983) also showed that
the bending stiffness of poly(dG)-poly(dC) is at least twice
that of poly(dA-dC)-poly(dG-dT) or random-sequence DNA
and is at least 3-fold greater than that of poly(dA)-poly(dT).
This observation is in agreement with our results, in which
GG(CCQC) is among the least flexible steps, the flexibility of
the AC(GT) or CA(TG) step is about the mean value, and
the AA(TT) step is somewhat more flexible than the mean.
Chen et al. (1985) observed that poly(dA-dT)-poly(dA-dT)
is about twice as flexible as random-sequence DNA. In our
calculation, TA is the most flexible of all the steps in its roll,
whereas AT is less flexible than average. The alternating
AT/TA steps would exhibit greater flexible than the mean
value.

Our conformational free energy calculations show that the
fluctuations are anisotropic (Table IV). The extent of the
anisotropy is especially large for roll. In general, GC and
GG(CC) steps have a larger anisotropy ratio, which makes
these steps tend to roll (bend) into the major groove of DNA.
On the other hand, AA(TT), AT, and TA have smaller an-
isotropy ratios. Zhurkin et al. (1988) noted similar tendencies
in their energy calculations. This ranking of anisotropy is
consistent with the experimental observations of CAP binding
to DNA (Gartenberg & Crothers, 1988), in which DNA wraps
around the protein in such a way that AA/AT steps tend to
bend into minor groove while GG/GC steps tend to bend into
major groove. The experimental dinucleotide ranking of an-
isotropy (Gartenberg & Crothers, 1988) is very similar to the
results of calculations presented in Table IV. Also, analysis
of DNA wrapping around histones has suggested that the
AA/AT steps tend to be positioned such that their minor
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groove faces the histone, while the major groove of GG/GC
steps tends to face the protein (Drew & Travers, 1985;
Satchwell et al., 1986).

The origin of the sequence-dependent anisotropic fluctuation
of roll appears to have a simple explanation in the chemical
structure of base pairs and their interactions. The absence
of an NH, group at C2 in the minor groove of A-T base pairs
makes dinucleotide combinations of A and T more flexible into
the minor groove than combinations of G and C. In order to
test this, we performed similar calculations by substituting
inosine (I) for guanine. Sequences with I-C base pairs appear
to have flexibilities similar to A-T base pairs, indicating that
the NH, group is probably the main cause of the anisotropy
difference.

It has been known that pyrimidine (Y)—purine (R) steps
tend to have positive roll (bend into the major groove), whereas
R-Y steps have negative roll (bend into minor groove)
(Calladine, 1982; Dickerson, 1983). This tendency has also
been found in conformational calculations (Ulyanov &
Zhurkin, 1984; Tung & Harvey, 1986; Sarai et al., 1988a,b;
see also the calculated average roll in Table IV). The present
results show that there is no apparent correlation between this
equilibrium directional bias and the anisotropy of roll fluc-
tuation. The binding of proteins to DNA can induce con-
formation changes of DNA. The amount of the induced
conformational changes, which depends on the flexibility of
DNA, is likely to be comparable or even larger than the
equilibrium conformational variation reported here. Since the
fluctuations obtained in the present calculations agree with
the experimentally observed anisotropy, then the inducible
conformation change or the flexibility could be more important
than the equilibrium variation in providing sequence depen-
dence to protein-DNA binding.

The anisotropic fluctuations in twist and tilt are also se-
quence dependent, though to a lesser extent than roll. The
anisotropy in the twist fluctuation might affect the extent of
underwinding or overwinding of DNA when it is bound to
proteins or when DNA is under torsional stress. The an-
isotropy of the tilt fluctuation would affect, like that of the
roll, the direction of DNA bends.

The present calculations show that the free energy curves
along propeller twist have minima at positive values between
7° and 16°. The stabilization of positive propeller twist is due
to the improved stacking interactions between adjacent bases
in the same strand (Levitt, 1978). The flexibility of propeller
twist is quite large; in particular, A-T base pairs have up to
11° of thermal fluctuation, mainly because of the smaller
number of hydrogen bonds than G-C base pairs. This enables
an A.T base pair to fluctuate from 3° to 19° of propeller twist
at room temperature. Crystallographic studies of A tract
segments of DNA have suggested that this segment of se-
quence exhibits a very large propeller twist, larger than 20°,
and N6 of A and O4 of T can form a bifurcated hydrogen
bond between adjacent base pairs (Nelson et al., 1987; Coll
et al., 1987; Yoon et al., 1988). The average propeller twist
value in the present calculation is around 10°. The intro-
duction of the inter-base pair hydrogen bond between adjacent
base pairs, that has been neglected in most previous calcula-
tions, however, appears to increase propeller twist only slightly
(Table VI and Figure 3). Of course, the extent of this is
manifested through the energetics of propeller twist that are
sensitive to the hydrogen-bond parameters in the calculation.
Furthermore, there may be other factors, such as hydration
free energy, which can affect the propeller twist. In fact, we
have been investigating the effects of hydration on confor-
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mations of DNA and find that hydration tends to stabilize
larger propeller twist for the AA(TT) step (Raghunathan et
al., 1989). This, together with the large flexibility in propeller
twist, would indicate the large propeller twist of A tracts, as
reported in experiments, to be energetically feasible.

The present calculations show that electrostatic parameters
affect the amount of fluctuation and its anisotropy. This can
be seen clearly in Tables I, II, and IV, in which larger elec-
trostatic screening decreases the extent of sequence-dependent
variation of fluctuation and anisotropy. It also affects some
of the sequence dependence of total fluctuations and anisotropy
ranking [e.g., AA(TT) and GG(CC) in twist fluctuation and
CG in roll anisotropy]. This result suggests that the balance
between electrostatic interactions and van der Waals inter-
actions may be important for the sequence-dependent fluctu-
ations and anisotropy. It would appear to be particularly
important to assess the electrostatic effects by measuring the
variation of DNA flexibility and anisotropy in various ex-
perimental electrostatic environments.

In this study, we have not considered backbone atoms ex-
plicitly. Although the several rotational degrees of freedom
permit the backbone to be quite flexible, they can still affect
the base pair fluctuations. The backbone is most likely to
affect the limits to the twist fluctuations since the tilt fluc-
tuations are already relatively restricted. Such an effect could
be taken into account partially by introducing a potential of
mean force empirically determined from observed conforma-
tional variations in crystal structures (Sarai et al., 1988a).
Backbone segments can also introduce directional bias in
bending. Ulyanov and Zhurkin (1984) found from energy
calculations that DNA bends in groove directions (rolls) more
readily than in a perpendicular direction (tilt). Thus, backbone
may further enhance the stiffness of tilt over roll.

From some of our unpublished calculations in which
backbone atoms are included and the energy is minimized, we
observed that the twist coordinate is considerably more re-
stricted than the actual numbers reported here. This obser-
vation would indirectly support the inclusion of the potential
of mean force in twist that was mentioned before which is
based on experimentally measured variations in the twist co-
ordinate in the crystal of the EcoRI dodecamer (Sarai et al.,
1988a). To explore the effects of backbone on the twist
flexibility, we have performed additional calculations with this
harmonic term and the electrostatic parameters used for Tables
I and III. The average twist was found to be 5.4° instead of
the value of 11.5° in Table I. Its range for different base steps
was only from 4.7° t0 6.6°. However, the dependence of the
order of the fluctuations on the base step is almost the same
as in the present tables. That is, the most flexible steps are
AT and AC(GT). The least flexible steps are the GG(CC)
and the AA steps. Also, this introduction of backbone does
not seem to affect very much the anisotropies of the twist
fluctuations. The anisotropy ratios range from the lowest
values of 0.89 to the highest value of 1.12, The anisotropy
ratio is the largest for the CA(TG) and TC(GA) steps. It is
the smallest for the AC(GT), CG, and TA steps.

These additional calculations demonstrate that including
backbone atoms can reduce the extent of fluctuations, espe-
cially for twist. However, the sequence dependence of fluc-
tuations and anisotropy studied here seems unlikely to be
affected in major ways by the neglect of backbone.

In a series of conformational analyses of DNA, we have
studied the sequence dependence of DNA conformations and
the transitions between different conformations. We have
successfully explained, in terms of the chemical structure of
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base pairs and their interactions, why DNA assumes a par-
ticular helical structure, why DNA exhibits local sequence-
dependent conformational variations (Sarai et al., 1988b). We
have also shown how the sequence affects the transition be-
tween B- and A-form DNA (Mazur et al., 1989). In this
paper, we have applied the same approach to examine elastic
properties of DNA. The calculations show that the flexibility
of DNA is strongly sequence dependent and anisotropic. There
is increasing evidence that suggests the importance of DNA
flexibility in providing specificity for protein—-DNA binding.
The agreement between all of these calculations and various
experimental data is quite encouraging. We believe that such
conformational treatments can provide insights into the
mechanisms of sequence dependence of various conformational
properties of DNA.
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Binding of a Hoechst Dye to d(CGCGATATCGCG) and Its Influence on the

Conformation of the DNA Fragment'
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ABSTRACT: Hoechst dye 33258 is a planar drug molecule that binds to the minor groove of DNA, especially
where there are a number of A-T base pairs. We have solved the structure of the Hoechst dye bound to
the DNA dodecamer d(CGCGATATCGCG) at 2.3 A. This structure is compared to that of the same
dodecamer with the minor-groove-binding drug netropsin bound to it, as well as to structures that have been
solved for this Hoechst dye bound to a DNA dodecamer containing the central four base pairs with the
sequence AATT. We find that the position of the Hoechst drug in this dodecamer is quite different from
that found in the other dodecamer since it has an opposite orientation compared to the other two structures.
The drug covers three of the four A-T base pairs and extends its piperazine ring to the first G-C base pair
adjacent to the alternating AT segment. Furthermore, the drug binding has modified the structure of the
DNA dodecamer. Other DNA dodecamers with alternating AT sequences show an alternation in the size
of the helical twist between the ApT step (small twist) and the TpA step (large twist). In this structure
the alternation is reversed with larger twists in the ApT steps than in the TpA step. In addition, there is
a rotation of one of the thymine bases in the DNA dodecamer that is associated with hydrogen bonding
to the Hoechst drug. This structure illustrates the considerable plasticity found in the DNA molecule when

it binds to different planar molecules inserted into the minor groove.

’Eere are a number of planar drug molecules that bind to
DNA in the minor groove (Zimmer & Wahnert, 1986). These
molecules, which include netropsin, distamycin, and the
Hoechst dye 33258, all have the property of being formed of
repetitions of a structural motif that produce an arc confor-
mation of the planar molecule. This arc matches somewhat
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the turn of the DNA double helix, and these drugs fit snugly
into the double helix in regions in which there are predomi-
nantly no G-C base pairs. The N2 amino group of guanine
effectively blocks the binding of these drugs both by its
presence and by its effect in widening the minor groove of
DNA. In the absence of an N2 amino group on guanine, the
minor groove has a narrow form that permits these planar
molecules to bind using both hydrogen-bonding and van der
Waals interactions.

Hoechst dye 33258 (Figure 1) is widely used as a gener-
alized DNA stain, but it is also active an an antihelminthic
agent (Lammler et al., 1971). This drug is known to have both
a low-level tight-binding mode and a high-level low-affinity
binding that are differentiated by their fluorescent charac-
teristics. The interaction of this drug with DNA has been
studied extensively. Early work has shown that the Hoechst
dye binds preferentially to A-T-rich DNA (Latt & Wohlleb,
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