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The Effect of Intrinsic Curvature on Conformational Properties of
Circular DNA
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ABSTRACT Both thermal fluctuations and the intrinsic curvature of DNA contribute to conformations of the DNA axis. We
looked for a way to estimate the relative contributions of these two components of the double-helix curvature for DNA with
a typical sequence. We developed a model and Monte Carlo procedure to simulate the Boltzmann distribution of DNA
conformations with a specific intrinsic curvature. Two steps were used to construct the equilibrium conformation of the model
chain. We first specified the equilibrium DNA conformation at the base pair level of resolution, using a set of the equilibrium
dinucleotide angles and DNA sequence. This conformation was then approximated by the conformation of the model chain
consisting of a reduced number of longer, straight cylindrical segments. Each segment of the chain corresponded to a certain
number of DNA base pairs. We simulated conformational properties of nicked circular DNA for different sets of equilibrium
dinucleotide angles, different random DNA sequences, and lengths. Only random sequences of DNA generated with equal
probability of appearance for all types of bases at any site of the sequence were used. The results showed that for a broad
range of intrinsic curvature parameters, the radius of gyration of DNA circles should be nearly independent of DNA sequence
for all DNA lengths studied. We found, however, a DNA property that should strongly depend on DNA sequence if the double
helix has essential intrinsic curvature. This property is the equilibrium distribution of the linking number for DNA circles that
are 300-1000 bp in length. We found that a large fraction of the distributions corresponding to random DNA sequences should
have two separate maxima. The physical nature of this unexpected effect is discussed. This finding opens new opportunities

for joined experimental and theoretical studies of DNA intrinsic curvature.

INTRODUCTION

It became clear in the late 1970s that some DNA fragments
have an intrinsic equilibrium curvature that provides their
unusual electrophoretic behavior (Marini et al., 1977). In-
tensive studies of the phenomenon have exposed many of its
features (see reviews (Trifonov, 1985; Diekmann, 1987;
Crothers et al., 1990; Hagerman, 1990)). It is now com-
monly accepted that short 4—6-bp runs of adenines are
mainly responsible for the intrinsic curvature of the double
helix. Two basic models were suggested to explain the
intrinsic curvature on molecular level. The junction model
(Selsing et al., 1979; Wu and Crothers, 1984) relates the
curvature to deflections at each junction between the axes of
the usual B-DNA and the B’-DNA, which is specific for A
tracts. According to the junction model, DNA molecules
without A tracts cannot have essential intrinsic curvature.
The second model proposes smooth bending along the dou-
ble helix caused, in the first approximation, by small addi-
tive wedges (Trifonov, 1980; Trifonov and Sussman, 1980;
Bolshoy et al., 1991). The wedges are composed of the roll
and tilt angles of independent base pair steps. All 16 wedge
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angles have been estimated from experimental data (Bol-
shoy et al., 1991; De Santis et al., 1992).

There are solid experimental data that support the junc-
tion model of DNA intrinsic curvature (see Hagerman,
1990, for a review). However, both the junction and the
wedge models predict the basic features of the sequence
dependence of DNA electrophoretic mobility, and neither of
them is able to describe the entire pool of experimental data
quantitatively (Haran et al., 1994). Recent data also showed
that intrinsic DNA curvature may depend strongly on solu-
tion conditions (Sprous et al., 1995). It was found, in addi-
tion, that in the presence of some divalent ions, the
GGGCCC sequence also provides essential intrinsic curva-
ture (Brukner et al., 1994; Dlakic and Harrington, 1995).

It seems now that both basic models reflect some essen-
tial properties of the phenomenon, and instead of asking
which model is correct, we should ask, what is the relative
contribution of the two mechanisms to intrinsic curvature?
The predictions of the two models for the intrinsic curvature
of DNA sequences containing phased A-tracts, usually used
to study DNA intrinsic curvature, are similar. Thus such
sequences do not allow estimation of the relative contribu-
tion of the two models. DNA molecules with typical random
sequences, however, can help in the study of this issue.

If the wedge model catches the basic physical nature of
the phenomenon, DNA with random sequence also should
have an essential intrinsic curvature (one can use a simple
random sequence as a first approximation of actual DNA
sequences; Arneodo et al., 1995). This is not the case if the
intrinsic curvature is a result of junctions of B and B’ DNA
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helices, because the frequency of appearance of A tracts
4-6 bases in length is very low in a random sequence.
Quantitatively average intrinsic curvature of the double
helix with a random sequence can be specified in terms of
the static persistence length, a , (Trifonov et al., 1987). The
persistence length of a polymer chain, a, specifies a de-
crease of correlation in the directions between the first
segment of the chain and the ith segment when i increases
(see Cantor and Schimmel, 1980, for example). For a chain
consisting of segments of length /, the persistence length can
be defined as follows:

a=\(/1)- Zli »

n—> oo, (1)

where 1,/], is the unit vector directed along the first segment
and () corresponds to the averaging over the equilibrium
distribution of conformations. In the usual wormlike chain
model, which is commonly used to describe DNA proper-
ties (Hagerman, 1988), the minimum energy state of the
chain is straight, and only thermal fluctuations provide
deflections of the DNA axis when we move along the chain
contour. Following Trifonov et al. (1987), we define this
persistence length as the dynamic one, a,,,,. One can use the
same equation (Eq. 1) to define a,. In this case we need to
consider only deflections of the DNA axis provided by
equilibrium bends and take the average through all random
sequences. We can say that a,, characterizes the average
intrinsic curvature of DNA with a random sequence at zero
temperature. For nonzero temperatures, both intrinsic cur-
vature and thermal fluctuations will contribute to the prop-
erties of a particular DNA (this point was illustrated by
Olson et al., 1993). A typical conformation of DNA with
randomly distributed intrinsic curvature matches a typical
conformation of the wormlike chain with a persistence
length, defined by the equation (Trifonov et al., 1987;
Schellman and Harvey, 1995)

a'=ay'+az. )

Because the measured values depend mainly on the size of
the molecules in a solution, most of the determination of
DNA persistence length gives the value of a rather than
Ggyn- This is valid for hydrodynamic techniques, light scat-
tering, and, with some restrictions, cyclization Kinetics of
DNA fragments (see reviews in Hagerman, 1988; Crothers
et al., 1992). So the commonly accepted value of the DNA
persistence length, a, reflects the contribution from both
static and dynamic bends. There is no direct approach to
finding the value of a, from experimental data. A few
indirect evaluations concluded that equilibrium curvature is
equal to or larger than the curvature provided by thermal
fluctuations (a4, = ay) (Allison et al., 1989; Song and
Schurr, 1990; Porschke et al., 1993). It should be noted,
however, that only rapid dynamic bending could be ob-
served by Allison et al. (1989) and Song and Schurr (1990);
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a contribution of a slow bending component to a,,, also
could be essential.

However, conformational properties of DNA with any
particular sequence depend on a,,, and a, in different ways.
Indeed, the DNA sequence does not change during the
experiment, and thus the minimum energy conformation is
always the same for any particular DNA. The thermal
fluctuations take place around this sequence-dependent con-
formation. Thus the distribution of conformations, as well
as measurable DNA properties, must be sequence-depen-
dent. The question is, how large should this dependence be
for typical DNA sequences and a particular property?

The purpose of the current paper is to make a quantitative
study of the influence of the randomly distributed intrinsic
DNA curvature on different DNA conformational proper-
ties. Our approach is based on a computer simulation of the
equilibrium distribution of DNA conformations. We paid
major attention to the equilibrium distribution of linking
number, P(Lk) (see Vologodskii, 1992, for example). For
actual DNA, P(Lk) can be obtained by the action of topo 1
enzyme on circular closed DNA or by closing linear mole-
cules with DNA ligase (Depew and Wang, 1975; Pulley-
blank et al., 1975). Although the values of linking number,
Lk, can only be integers, P(Lk) corresponds to the continu-
ous distribution of the sum of twist, Tw, and writhe, Wr, in
the same circular DNA with single-stranded nick. There-
fore, one can simulate the equilibrium conformational dis-
tribution for nicked circular DNA to calculate the distribu-
tion of P(Lk). Comparisons of the results of such
simulations with experimental data have given important
information about DNA properties (Benham, 1978; Volo-
godskii et al., 1979; Le Bret, 1980; Frank-Kamenetskii et
al., 1985; Levene and Crothers, 1986; Shimada and Ya-
makawa, 1988; Klenin et al., 1989). We found that the
intrinsic curvature can dramatically change the P(Lk) for
short circular DNAs. This unexpected effect opens new
opportunities for estimating the value of the static persis-
tence length of the double helix from experimental mea-
surements and testing different models of DNA intrinsic
curvature.

METHODS OF CALCULATIONS
The model

We developed a DNA model and Metropolis Monte Carlo procedure that
make it possible to simulate an equilibrium set of conformations of a
circular DNA with intrinsic curvature. Direct analysis of such a set makes
it possible to calculate different conformational properties of the model
chain. A similar model was introduced earlier by Porschke et al. (1993) for
a simpler case of linear molecules with an intrinsic curvature. The con-
struction of the model chain for a particular DNA sequence consists of
several steps.

1. Construction of the minimum energy conformation of a linear chain
with intrinsic curvature at the base pair level of resolution. We used the
description of the double helix introduced by Bolshoy et al. (1991). Each
base pair of the DNA was represented by a right-handed orthonormal
triplet of vectors, (x;, y;, z;). Vector z; lies along the axis of the double helix,
vector y; is directed to the double-helix major groove. The orientation of
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the triplet i + 1 relative to the previous triplet i is determined by rotation
matrix

T(6F, of, 87 = R(6{/2) - W(o}, 81) - R(6172), (3)

which comprises three consequent rotations: 1) rotation by half of the

helical twist 67/2 about the axis z; 2) rotation by the deflection angle o

about the line on plane (x;, y;), perpendicular to the plane of the axis

deflection (the direction of the line is given by the angle 87 measured from

the new axis x{); 3) rotation by the angle 6%/2 about the new axis zf = z;,,.
Thus we can calculate the sets of triplets as

Xi+1 = T(O,, 0',,8*)XX
Y = T(el, 0',, 8:") X Yi (4)
Zi = T(O :k, 6:“) X Z.

The minimum energy conformation of the chain consisting of N base pairs
is described by N translation vectors v; = z;h, where h = 0.34 nm is the
length of one step.

We used the wedge model (Bolshoy et al.,, 1991) to construct the
minimum energy conformations. Although other models could be used as
well (see Discussion), the wedge model is simple and convenient, as it is
based on the assumption that angles 8% a7, 8¥for each joint are determined
only by the dinucleotides flanking this Jomt (nearest-neighbors model). The
values of dinucleotide angles 6% o 8 were taken from table 3 of Bolshoy
et al. (1991) and were constructed randomly to obtain a particular value of
ag; (see below).

2. Construction of the minimum energy conformation of a linear chain
with extended segments. To reduce computational time we approximated
the original detailed model chain by a chain, consisting of a reduced
number of longer, straight cylindrical segments (Fig. 1). A new chain of n
vectors V; of equal length / = Nh/n was substituted for the original
minimum energy trajectory. The new chain started from the same origin,

FIGURE 1 Two models of intrinsically curved DNA. Projection of the
minimum energy conformation of the model chain is shown by the bold
gray line at the base-pair level of resolution; thin black segments display
the corresponding conformation of the chain with extended segments. One
extended segment corresponds to 30 bp in this diagram.
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and its vectors V; lay on the detail trajectory. To make the end points of the
two chains coincide, the vector length / had to be adjusted slightly. We did
this by iterations until the distance between the end points of the two chains
was less than //100. For each value of I, the ends of vectors V; lay on the
detail trajectory. Unit vectors X, Y;, which made an orthogonal triplet with
vector V;, were attached to each joint of the chain. We used the following
conditions to find rotation matrices Tr(800)5{), which define the equilib-
rium chain conformation: 1) matrix Tr(6{0?8]) transforms vector V; into
vector Vj+ 1
2) helical twist 9}’ must be equal to the total helical twist of the corre-
sponding part of the detail chain, including a twist of the first and last base
pairs comprising the segment j (according to the share of base pair length
related to this segment).

As angle 00 is determined by condition 2), it is sufficient to find angles
o) and &) to determine matrix Tr(60)8)). Deflection angle of is the angle
between vectors V; and V;; by definition. Directional angle 60 can be
found as & = A — 6072, where A; is the angle between vector X and the
projection of vector v, i+1 On the (X;, Y;) plane. The angles (0°0’°8°)
determine the rotation matrix Tr(600?5?) for vectors (X;, Y;, V)):

Xj+| = Tr(O?, O'?, 8;)) X Xj
= Te(@), of, &) X Y, ©®

V'+| = Tl‘(O}), 0'0, 6?) X V]

i

Thus, choosing the first pair of unit vectors (X,, Y,) randomly, we can
find, by induction, angles (6¢?87) and unit vectors (X, Y;) for all joints of
the minimum energy conformation of the new cham To calculate the
matrix Tr(67098)), the linear chain must contain one extra segment, the
sequence of which is a repeat of the sequence of the last segment. This
algorithm of “resegmentation” makes it possible to build a model chain
with any number of base pairs per segment, k.

3. Construction of circular chain conformation. One can arbitrarily
construct a closed chain of n vectors of equal length V;, choosing orthog-
onal vectors X, and Y, for the first vector V, and ascribing a certain value
of helical twist 6; to each joint. This choice makes it possible to find the set
of n rotation matrices Tr(6;, o;, §;) and n + 1 triplets of vectors (X;, Y;, V)
by the procedure described in step 2. To make the chain continuous in the
nth joint, we supposed here that the additional “virtual” vector V,,; (see
Eq. 6) coincides with the first vector of the closed chain V. In this paper
we considered circular DNA with a single-stranded break (nick), which
allows free torsional rotation in the base pair stack at the break point.
Therefore, vectors X, , and X, which define the torsional orientations for
the ends of the chain, were not forced to coincide. The value of angle Q)
between vectors X, , and X, in our case of nicked chain had no impact on
the energy of the chain (see below, Eq. 7).

The set of n triplets of angles 6, 7;, §; is now the set of parameters that
fully define the chain conformation. The energy of the chain, E, was
calculated as the sum of torsional and bending energies over all the joints
between the chain segments:

" C
E=2§¢w—wP+23 )]

j=1 j=1

where C is the torsional rigidity constant; Oj’ and 6, are the equilibrium and
current values of helical twist, respectively; g is the bending rigidity
constant; and a is the angle between vectors V; and Tr(600}8])-V;_,. This
definition of the bending energy implies isotropic bending rigidity.
Excluded-volume effects were incorporated into the model via the
concept of DNA effective diameter d. This is the actual diameter of the
cylindrical segments of the model. The value of d takes into account not
only the geometrical diameter of DNA segments, but also electrostatic
repulsion between them. The value of d depends strongly on ionic condi-
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tions. The accuracy of this approximation of the actual electrostatic inter-
segment interactions was considered recently by Vologodskii and Cozza-
relli (1995).

Simulation procedure

We used the Metropolis Monte Carlo procedure to obtain the equilibrium
set of chain conformations (Metropolis et al., 1953). Three types of moves
were used for successive changes of chain conformations:

i) Rotation of a subchain {V,, ...V} with arbitrary numbers m and
p about the axis that connects the ends of the subchain by the angle ¢,
randomly chosen in range [ — ¢,.x» Pmax]- This movement changes values
of wedge angles o in joints m and m + p + 1, all directional angles & in
joints from m to m + p + 1, but does not change any value of helical
twist 6.

ii) Change of the helical twist 0 for an arbitrary segment m by the angle
7, randomly chosen in range [ — Yp.x» Ymax); the movement does not change
any value of o, but it changes values of & for all joints from m to the end
of the chain.

iii) Rotation of vector X, about V, by angle p, randomly chosen in range
[— Pmax> Pmax)- This movement does not change any values of o and 6, but
changes all directional angles & by angle p, thus allowing the torsional
rotation of the chain as a whole. Movement 3) was not obligatory (as values
of §; changed in 1) and 2)), but it made it possible to make in one step such
changes that would take many steps to make by other types of movements.

Although one cannot prove strictly that these moves provide a Boltz-
mann distribution of conformations for the model chain in real simulation
runs, it is reasonable to believe that this is the case. First, a Boltzmann
distribution should be reached when the number of steps tends to infinity,
because the moves used in our procedure satisfy microscopic reversibility,
the only necessary requirement of the Metropolis procedure (Metropolis et
al., 1953). This principle states that if a conformation B has a probability
P of being chosen as a trial state for the energy test in the Metropolis
procedure when a current conformation is A, we must have the same
probability P of choosing the conformation A as a trial state for the energy
test if a current conformation is B.

The proof of this principle for the moves used can be done by direct
calculations of P according to the move descriptions.

Second, we showed that number of steps used in our work was large
enough to equilibrate the system. We determined, for many chains with
specific intrinsic curvatures, that the simulated distributions of chain con-
formations were independent of starting conformations or the choice of
seed for the random number generator (see Fig. 7 B).

In the Monte Carlo procedure, a chain conformation had infinite energy
if the distance between two nonadjacent segments was smaller than the
value of d. Therefore, the minimum distance between all pairs of nonad-
jacent segments of a trial conformation was calculated. If any distance was
less than d, the trial conformation was rejected.

After each movement we recalculated angles 6, o;, 8; and found the
energy of the trial conformation, which was accepted or rejected according
to the energy test of the Metropolis procedure (Metropolis et al., 1953). The
values of ¢pavs Ymax aNA Prax Were adjusted so that about half of the
corresponding type of moves were successful. The particular type of the
movement for each step of the Monte Carlo procedure was chosen ran-
domly with probabilities P(i) = 0.8, P(ii) = 0.1, and P(iii) = 0.1. These
values approach the optimum for achieving the equilibrium sampling.

We used the special control and correction procedure to avoid the
accumulation of computational error for coordinates of the chain. After
each correction all angles 8, §;, §; were recalculated.

The writhe, Wr, the total twist, Tw, and the linking number, Lk, were
calculated for every conformation. OQur model allows independent calcu-
lation of Wr and Tw of the chain. Writhe was calculated by Le Bret’s
algorithm (Le Bret, 1980). Helical twist is simply the sum of the helical
twists of all segments (in units of number of turns):

1 n
Tw=5— E 6;. 8)
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We used the equation
Lk=Tw+ Wr 9)

to calculate the Lk value. We also used an additional method to calculate
a fractional part of Lk (Lk does not necessarily equal an integer in our
model). This fractional part simply equals the angle {2 between vectors
X, + and X,. The fractional part of Lk calculated by these two ways turned
out to be the same up to the fourth character, even for rather long chains.
This is a good check for the accuracy of chain construction. It is important
that such a level of accuracy can be reached only when double-precision
variables (64 bits for a variable) were used for calculations.

Parameters of the model

To specify the intrinsic curvature, we used the set of dinucleotide angles
proposed by Bolshoy et al. (1991), set BT, as well as two other randomly
generated sets, set 1 and set 2. The value of a,, was equal to 168 nm for
each of these sets. To generate sets 1 and 2 we ascribed random values to
direction angles & and wedge angles o for different dinucleotides. Then we
adjusted the values of all wedge angles by multiplying them by some
constant to get the required value of a,,. We also constructed sets of angles
with a, values of 100 nm, 250 nm, 400 nm, and 800 nm by multiplying all
wedge angles of set BT by the appropriate constant. Twist angles 6 for all
sets were the same as for the BT set.

The values of the bending rigidity constant, g, were chosen so that the
intrinsically straight model chain had a particular value of a,, for a
particular value of k (Frank-Kamenetskii et al., 1985).

We calculated the values of a,, and a for a particular set of equilibrium
dinucleotide angles by direct simulation of long linear chains and by using
the equation

(r)

¢~ 2w

(10

where (r*) is the mean-square end-to-end distance. Thermal fluctuations
were included in the algorithm of the chain construction when we calcu-
lated the value of @ and were not included when we calculated the value of
a,,. The chain self-intersections were ignored during those calculations to
avoid disturbing Eq. 10. We found that Eq. 2 was valid, with an accuracy
of better than 1% for the sets of parameters we studied.

We used random sequences of DNA generated with equal probability of
appearance for all types of bases at any site of the sequence. The sequences
used in the paper are available from the authors to the interested reader on
request.

Other parameters of the model were taken close to their usual values at
physiological conditions: torsional rigidity, C, was equal to 2.5 X 107'°
ergrem (Hagerman, 1988), and the DNA effective diameter was equal to 4
nm (Vologodskii and Cozzarelli, 1995).

RESULTS

We studied the effect of the distributed intrinsic curvature
on conformational properties of circular DNA for different
sets of equilibrium dinucleotide angles. The sets corre-
sponded to the values of a,, between 100 nm and 800 nm.
For all cases the values of a4, were chosen so that the value
of a, defined by Eq. 2, was equal to 50 nm.

Radius of gyration

It is general practice to specify the size of a polymer chain
in solution by the mean square root radius of gyration, R,
the value of which can be measured by light scattering (see
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Flory, 1969, for example). We studied the effect of intrinsic
curvature on the value of R,. Our simulations showed that
partitioning between static and dynamic persistence lengths
has little impact on the value of R, of circular DNA. Fig. 2
shows that both intrinsically straight circular DNAs and
closed chains with essential randomly distributed intrinsic
curvature (a, = 168 nm) should have nearly the same
values of R, as soon as they are characterized by the same
value of a. This conclusion is valid for the whole range of
DNA lengths studied, from 300 bp to 4000 bp. The scatter
of R, for different sequences was very small, although the
value of a,, was comparable to the value of a,,, (Fig. 2). We
concluded from this result that R, depends mainly on the
value of a.

The equilibrium distribution of linking number

At the beginning of this study we suggested that only
thermal fluctuations contribute to the width of the equilib-
rium distribution of the linking number (see Vologodskii,
1992, for example), which should depend mainly on the
value of a,y,,. Our simulation results showed that the actual
picture is more complex. First, we found that the DNA
sequence has a large impact on P(Lk). The scatter of the
distribution variance, Var{Lk}, over different sequences
becomes very large for small DNA circles (300-1000 bp in
length) if the value of a, is comparable to the value of a,,,
(Fig. 3). Because we were looking for a conformational
property that would be the most sensitive to the intrinsic
curvature and is easily measurable, we used the DNA length
of 900 bp in the following calculations.

We also found that a large scatter of the Var{Lk} for
different sequences is primarily defined by the value of a,
rather than the particular set of dinucleotide angles that
specify the intrinsic curvature. Three different sets of dinu-
cleotide angles, BT, 1, and 2, which specified the same

120 T T T T
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DNA length, kb

FIGURE 2 Simulated radius of gyration, R,, of intrinsically curved
circular DNAs. Each simulation result (+) corresponds to one randomly
generated DNA sequence. The value of a, was equal to 168 nm. The
dashed line shows the corresponding dependence for intrinsically straight
DNA with the same value of a.
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FIGURE 3 Simulated variance of the equilibrium distributions of the
linking number, Var{Lk}, of intrinsically curved circular DNAs. Each
simulation result (O, (J, ¢ ) corresponds to one randomly generated DNA
sequence. Three sets of equilibrium dinucleotide angles, set BT (O), set 1
(0), and set 2 (<), were used in the simulations. For each set the value of
a, was equal to 168 nm. Experimental data from published works (Depew
and Wang, 1975; Pulleyblank et al., 1975; Horowitz and Wang, 1984) are
also shown (@). The dashed line shows the corresponding dependence for
intrinsically straight DNA with the same value of a.

value of a,, 168 nm, gave approximately the same scatter of
Var{Lk} for several random sequences 900 bp in length
(Fig. 3).

We also studied how the value of a has to affect the
sequence dependence of Var{Lk}. Fig. 4 presents the values
of Var{Lk} simulated for different sequences 900 bp in
length and for different values of a . As well as for all other
results, the value of a was equal to 50 nm and the value of
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FIGURE 4 Dependence of the variance of the equilibrium distributions
of the linking number, Var{Lk}, on the value of the static persistence
length, a,. The model chains with randomly generated sequences corre-
sponded to a DNA length of 900 bp. Three sets of equilibrium dinucleotide
angles, set BT (O), set 1 ((J), and set 2 (<), were used in the simulations
for a, of 168 nm. The sets of dinucleotide angles for other values of a,
were constructed by multiplying all wedge angles of set BT by an appro-
priate constant. The value of @ was equal to 50 nm in all cases.
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a4y, changed according to Eq. 2. Therefore, the figure
shows that the average values of Var{Lk} over different
sequences must depend mainly on the value of the total
persistence length, a, rather than on partitioning between
gy, and a,. The figure shows that the sequence dependence
of Var{ Lk} must be essential, even for rather large values of
a, (small intrinsic curvature).

The simulated distributions of Lk, P(Lk), for intrinsically
straight DNA were always found to be Gaussian with high
accuracy (Vologodskii et al., 1979; Le Bret, 1980; Frank-
Kamenetskii et al., 1985; Levene and Crothers, 1986; Shi-
mada and Yamakawa, 1988; Klenin et al., 1989). Our sim-
ulation showed that this must be different for intrinsically
curved DNA. The simulated shapes of P(Lk) depended
strongly on the DNA sequences and a set of equilibrium
dinucleotide angles. Typical distributions P(Lk) for three
different randomly generated DNA sequences 900 bp in
length are presented in Fig. 5, together with the equilibrium
(minimum energy) conformations of these model chains in
linear form. We found for such chains that 25-35% distri-
butions had a more or less regular shape close to a Gaussian
distribution; 15-25% had two distinct maxima; and other
distributions (40—60%) had intermediate shapes, not regu-
lar but with one maximum. Approximately the same picture
was observed for the set of dinucleotide angles that corre-
sponded to the value of a, = 100 nm, but we did not
observe distributions with more than one maximum for
ag = 250 nm.

We made detailed analysis of the distributions P(Lk) for
a DNA length of 900 bp. The analysis showed that most of
the distributions can be fitted by a sum of two Gaussians
with various weights, positions, and widths (a small fraction
of the distributions were fitted by a single Gaussian). Such
composite distributions fitted the original ones with ex-
tremely high accuracy. For set 3 of dinucleotide angles
(a,, = 100 nm), only 4 of 25 distributions could be fitted by
a single Gaussian, 4 consisted of three Gaussians, and the
remaining 17 were accurately fitted by two Gaussians.
These findings led us to the hypothesis that intrinsically
curved closed chains can possess two (or sometimes more)
local minima of elastic energy (unlike straight chains, which
always have only one minimum energy conformation in the
form of a regular circle).

To test this hypothesis we developed a special variant of
the Monte Carlo procedure with slowly (exponentially)
decreasing temperature from 1000 K to 0.01 K. Ten cycles
of heating-annealing were performed for each of a few
chains to find their minimum energy conformations. We
found that chain conformations gradually converged to one
or two distinct conformations when temperature decreased.

FIGURE 5 Simulated distributions of the linking number, P(Lk), for
intrinsically curved DNAs. The distributions for three randomly generated
DNA sequences 900 bp in length, 1 (V), 2 (O), 3 (@), are shown in A. A
set of dinucleotide angles corresponding to ay, of 168 nm was used in the
simulations. Stereoscopic views of the minimum energy conformations of
the corresponding linear chains are shown in B.
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Fig. 6 shows an example of two conformations of one chain
that correspond to different minima of the elastic energy.
The values of Lk that corresponded to the minima of the
elastic energy were very close to the maxima of the Gaus-
sians that fitted the corresponding distributions P(Lk) at
room temperature. We found a few examples in which the
number of minimum energy conformations was less than
the number of Gaussians required to fit P(Lk). We think that
the extra minima of elastic energy were not deep enough to
be found by the annealing procedure.

The difference in Lk values for the conformations that
corresponded to minima of elastic energy were about 1 for
typical distributions with two maxima (see Figs. 5 and 7). It
is interesting that the greater part of this difference was

A

FIGURE 6 Stereoscopic views of two conformations of one model chain
900 bp in length, which correspond to minimum elastic energy. The
intrinsic curvature of the chain corresponded to a value of a of 100 nm.
The elastic energy of conformation A is 0.93RT less than the energy of
conformation B. The values of Lk and writhe for these conformations are
equal to 84.02 and —0.062 (A), and 85.12 and 0.302 (B).
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FIGURE 7 Effect of segmentation of the model chain and reproducibil-
ity of the simulated distributions P(Lk). All distributions were simulated for
one particular sequence 900 bp in length. The set of dinucleotide angles
corresponded to a value of a, of 168 nm. The number of base pairs per one
model segment, k, was equal to 5 (O), 10 (@), 30 (V), 60 (), 100 (), and
150 (M) (A). For k = 30, the same distribution was obtained in two
independent simulation runs (B).

provided by the difference in the twist values of those
conformations, and the difference in the values of writhe
was rather small. All minimum energy conformations were
relatively close to flat circles. This explains why all of these
short circles, including those with two minima of elastic
energy, have very close values of R, and we observed only
a small scatter of R, for different sequences.

Sensitivity of the results to segment length and
model parameters

Our DNA model approximated the double helix by a chain
of straight segments. One segment of the model chain
corresponded to a certain number of DNA base pairs, k. The
value of k should be small enough to make sure that chain
characteristics under study are the same as for the detail
model with k = 1. Therefore, we studied how the choice of
k affects the conformational properties of circular DNA.
The simulated distributions P(Lk) for one particular DNA
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sequence 900 bp in length and a particular set of dinucle-
otide angles are shown in Fig. 7 A for different values of k.
The distributions are nearly the same for £k = 5, 10, 30,
taking into account the statistical error of the simulations
(Fig. 7 B). Although the depth of the minima between two
peaks decreases for k = 60 and 100, the distribution still
contains its major features. For this particular sequence,
only k = 150 essentially changed the distribution (Fig. 7 A).
Only minor changes of the average radius of gyration were
found for k£ < 100. We observed a similar picture for model
chains with other sequences. Therefore, we used the value
k = 30 for most of the calculations. For chains 600 and 300
bp in length we used the value k = 15.

Fig. 7 A shows that our model with extended segments
gives a very good approximation of the detailed DNA
model (k = 1). It is not so surprising if we take into account
that the model with extended segments is practically never
off by more than one DNA geometrical radius from a
conformation of the detailed model (see Fig. 1). At the same
time, the model with extended segments provides a great
savings in computer time. The computer time needed for a
simulation increases approximately as the square of the
number of chain segments. Thus the computer time is re-
duced by a factor of 1000 when we reduce the number of
chain segments by a factor of 30. It would be impossible to
obtain results shown above by using the detailed model.
Dynamic simulations of short supercoiled molecules (Tan
and Harvey, 1990) that use a detailed DNA model give a
good illustration of the problem.

We also checked that the effect of intrinsic curvature is
rather stable within the reasonable range of other physical
parameters of our model, such as torsional rigidity C, a,yp,
and the effective diameter of the model chains, d. We found
that the distribution P(Lk) for the chain 900 bp in length
contained a specific shape, and the value of Var{Lk}
changed by less than 10% for values of C from 2 X 10~'°
to 3 X 107" ergeem, agy, from 50 to 80 nm, and d from 0
to 8 nm.

DISCUSSION

Our results open new opportunities to study the effect of the
DNA intrinsic curvature, comparing the thermal distribu-
tions of topoisomers, P(Lk), for short circles with different
sequences. There are two features of P(Lk) that make its use
very promising. First, P(Lk) for short circles is very sensi-
tive to the specific pattern of the intrinsic curvature. The
second point is that we can calculate P(Lk) for any specific
pattern of intrinsic bends. We are not able to make such
calculations for the mobility of DNA molecules in a gel, and
this is a serious limitation of the gel retardation method, a
major technique in the study of DNA intrinsic curvature.
The approach based on the cyclization rate of DNA frag-
ments was the only solution technique so far that made it
possible to connect curvature with a measurable effect
(Crothers et al., 1992). All quantitative analysis of intrinsic
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curvature is based on this approach. We found another
property of intrinsically curved DNA for which a measur-
able characteristic is a known function of the equilibrium
geometry of the DNA axis.

We showed that short circular DNA molecules with ran-
dom sequences can often have more than one minimum
energy conformation if their intrinsic curvature is compa-
rable to or larger than the curvature provided by thermal
fluctuations. One can observe such minima by playing with
curved steel wire closed into a circle. These energy minima
strongly affect the conformational properties of such short
molecules, 300-1000 bp in length, and result in a strong
dependence of simulated distributions P(Lk) on DNA se-
quence. For DNA circles 900 bp in length, about 20% of the
distributions should have two maxima if the values of static
and dynamic persistence lengths are close to one another.
The scatter of Var{Lk} over different DNA sequences must
be large for such cases: among 10 randomly taken se-
quences there were usually two for which the values of
Var{Lk} differed by a factor of 3 (see Fig. 3). The effect
gradually disappears with increasing chain length because
minimum energy conformations of DNA molecules longer
than 1500 bp hardly affect the Boltzmann distribution of
conformations.

Fig. 5 B illustrates one of the possible features of intrinsic
shape that result in bimodal P(Lk). Trajectory 3, which
corresponds to bimodal P(Lk) in Fig. 5 A, has the shape of
a spatially distorted character S. The same S-shaped features
were found for all studied sequences that gave two mini-
mum energy conformations and strongly bimodal distribu-
tions P(Lk). On the other hand, C-shaped molecules (like
trajectory 1 in Fig. 5 B) give very narrow distributions
P(Lk), narrower than intrinsically straight molecules. It
looks like such C-shaped intrinsic curvature stabilizes the
shape of a circular chain. To confirm this relation between
the shape of linear DNA and P(Lk), we also did simulations
for specially constructed chains of 900-bp length that had
regular S and C shapes (data not shown).

Of course, this classification is very rough and cannot
represent all of the diversity of equilibrium shapes of in-
trinsically curved molecules with random sequences. We
use it here only to illustrate one of the simplest methods of
obtaining different conformational behaviors of short circu-
lar DNA molecules with intrinsic curvature. Other features
of the intrinsic shape of DNA molecules may be important
as well.

It is important that the strong dependence of P(Lk) on the
DNA sequence of short circles is not a specific result of a
particular set of dinucleotide angles that defines the intrinsic
curvature. We tested the different sets that were character-
ized by the same value of a,, and observed about the same
changes in P(Lk) for different sequences. Although we used
the simplest model of intrinsic curvature, the nearest-neigh-
bor model, it is clear enough that more complex models
would give the same results if they provide the same values
of ag.
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We also found that the distributed intrinsic curvature
must have very little impact on the chain size. The values of
R, obtained in the simulations depended, to a good approx-
imation, only on the value of a. Maybe even more unex-
pected was the observation that Var{Lk} for DNA circles a
few thousand base pairs in length also depended, to a good
approximation, on the value of a only. These results
strongly support the suggestion of Trifonov, Tan, and Har-
vey that conformational properties of long DNA molecules
should depend only on the value of a rather than on its static
and dynamic components (Trifonov et al., 1987).

There are a few experimental works in which the
Var{Lk} of equilibrium distributions of Lk were measured
(Depew and Wang, 1975; Pulleyblank et al., 1975; Shure et
al., 1977; Lee et al.,, 1981; Shore and Baldwin, 1983;
Horowitz and Wang, 1984). However, most of the available
experimental data were obtained for DNA molecules a few
thousand base pairs in length and thus are not relevant to the
effect we found. We plotted available experimental data in
Fig. 3 together with the simulation results. The simulated
data correspond to the value of a, = 168 nm and the value
of a4y, = 71 nm. It seems that experimental points can be
described by one smooth dependence close to the simulation
results for intrinsically straight DNA (also shown in Fig. 3).
If future experimental measurements confirm this, we will
have to conclude that the value of the static persistence
length is essentially larger than the value of the dynamic
persistence length. However, more experimental data will
be needed to come to any certain conclusion.

We thank the National Institutes of Health (grant GM54215 to AV) for
their support.
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