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Electrostatic Braiding and Homologous Pairing of DNA Double Helices
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ABSTRACT Homologous pairing and braiding (supercoiling) have crucial effects on genome organization, maintenance, and
evolution. Generally, the pairing and braiding processes are discussed in different contexts, independently of each other.
However, analysis of electrostatic interactions between DNA double helices suggests that in some situations these processes
may be related. Here we present a theory of DNA braiding that accounts for the elastic energy of DNA double helices as well as
for the chiral nature of the discrete helical patterns of DNA charges. This theory shows that DNA braiding may be affected, stabi-
lized, or even driven by chiral electrostatic interactions. For example, electrostatically driven braiding may explain the surprising
recent observation of stable pairing of homologous double-stranded DNA in solutions containing only monovalent salt. Electro-
static stabilization of left-handed braids may stand behind the chiral selectivity of type Il topoisomerases and positive plasmid

supercoiling in hyperthermophilic bacteria and archea.

INTRODUCTION

An ability of homologous DNA molecules to pair without
breaking or unwinding the double helix may have profound
implications for genome organization, maintenance, and
evolution (1,2). Studies in yeast suggest that such pairing
may be an essential step in homologous recombination and
double-strand break repair of DNA, preceding the formation
of protein-covered single strands and subsequent exchange of
fragments (recombination) between homologous sequences
(1-4). Homologous pairing of intact double-helical DNA
fragments was predicted (5) and observed (6,7) in mixtures
of DNA and salt. However, existing theories (8,9) could not
explain stable pairing of homologous molecules at low
DNA concentration in monovalent salt solutions (7).
Braiding is another crucial property of genomic DNA that
is incompletely understood, although significant progress
has been made in characterizing the enzymes that control
it in vivo (10). (We speak of braiding in reference to any
winding of two DNA molecules around each other and
reserve the term “supercoiling” for braiding in closed
DNA loops.) Braiding accompanies DNA replication and
has to be relieved by topoisomerases, to prevent polymerase
stalling (11). In plasmid DNA, braiding (plectonemic super-
coiling) is introduced by gyrases, suggesting that it has some
important function (11,12); but it is not entirely clear why
negative supercoiling is essential for mesophilic and posi-
tive supercoiling for hyperthermophilic bacteria and archea
(13). The idea that negative and positive supercoiling have
different effects on the double-helix stability is not sup-
ported by experiments (14). Positive supercoiling might
lead to more tightly wound braids and negative supercoiling

Submitted January 26, 2011, and accepted for publication June 30, 2011.
*Correspondence: ruggero.cortini@gmail.com or a.kornyshev@imperial.
ac.uk or domolee @hotmail.com or leikins @mail.nih.gov

Editor: Kathleen B. Hall.

© 2011 by the Biophysical Society

0006-3495/11/08/0875/10  $2.00

to less tightly wound braids; however, studies of the under-
lying chiral interactions are just beginning (13).

Here we demonstrate that homologous pairing and
braiding of DNA double helices may be intricately related,
at least in vitro. These two processes are affected by the
same DNA-DNA interactions, and so may be synergistic;
this is why we discuss them together. Indeed, interactions
between highly-charged DNA molecules are predominantly
electrostatic, yet DNA is not just a charged rod. DNA-DNA
interactions depend both on charge density and the double-
helix structure (9). A zipper-like alignment of negatively
charged phosphate strands with grooves on the opposing
molecule reduces the repulsion between phosphates and
favors pairing of homologous double helices (see Fig. 1).
Because of sequence-related variations in the helical pitch
of DNA, similar pairing of nonhomologous double helices
requires costly elastic deformation (5,8). Left-handed wrap-
ping of the double helices around each other enhances, while
right-handed wrapping suppresses, the energetically favor-
able strand-groove alignment. Hence, braiding may signifi-
cantly affect DNA-DNA interactions and vice versa.

A theory of electrostatic interactions between straight,
parallel molecules with double-helical patterns of discrete
surface charges explained a number of observed features
of DNA-DNA interactions (9), including the segregation
of homologs in dense, multimolecular aggregates (5,6,8).
It predicts that spontaneous association of the homologs
into stable pairs might be induced by cations capable of
neutralizing >80-90% of the net DNA charge upon binding
in DNA grooves (15). Binding of these cations leads to a
favorable apposition of negatively charged phosphate
strands and positively charged grooves (see Fig. 1), resulting
in net attraction, DNA pairing, or formation of multimolec-
ular aggregates (8,9,15). Such strong cation binding is
unlikely in monovalent salt solutions (16). Thus, the stable
homolog pairing observed by Danilowicz et al. (7) seemed
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Phosphate strands
Adsorbed counterions
FIGURE 1 Electrostatic sequence homology recognition and pairing of

parallel DNA double helices. Alignment of negatively charged phosphate
strands opposite to positively charged counterions in the grooves of the
apposing molecule reduces the electrostatic energy. This may lead to inter-
molecular attraction and pairing, provided that a sufficient fraction of phos-
phate charges is compensated by bound counterions. Sequence-related
variations in the twist Q(s) and axial rise h(s) per basepair (depicted on
the right) lead to variations in the helical pitch. These disrupt the energet-
ically favorable alignment of two apposing molecules with nonhomologous
sequences.

to be inconsistent with this theory. However, these homolog
pairs could be braided rather than parallel, in which case the
theoretical prediction could be different.

Verifying whether a braided geometry could explain the
observed homologous pairing of DNA in monovalent salt
solutions was one motivation behind this study. The other
was to generate a better general understanding, as well
as a systematic theoretical analysis, of the role of electro-
static interactions in braided DNA pairs, e.g., as a first
step toward studying these effects in supercoiled plasmids.
Most previous studies of DNA braiding and supercoiling
focused on the topology and mechanics of the double
helices (17-20), although some have included electrostatics
(21-23) by treating DNA as a uniformly charged rod.
Recent studies suggest that chiral DNA-DNA interactions
may actually play a very important role in DNA braiding
and plasmid supercoiling (13,24). Yet, to the best of our
knowledge, theoretical analysis of chiral electrostatic inter-
actions between DNA double helices has so far been limited
to simplified models (9,25) and simulations of crossovers
between short oligonucleotides (26).

Here, we develop a theory that implements and extends
the idea for calculating the energy of chiral electrostatic
interactions between braided helices sketched out in our
recent review (9). We show that the association of ho-
mologous double helices into stable braids may be favorable
in monovalent salt solutions, discuss how electrostatic
braiding may rationalize the chiral preference of type II top-
oisomerases, and speculate on the role of such braiding in
positive plasmid supercoiling within hyperthermophilic
bacteria and archea.

Using simple geometrical arguments we could predict the
handedness of the braid (see Fig. 2). However, rigorous
mathematical analysis is needed to derive a reliable estimate
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Left-handed braid Right-handed braid

FIGURE 2 Geometry of a DNA braid. (A) Straight, left-handed braid
formed by two DNA molecules (blue and red); P is the braid pitch; R is
the braid diameter (distance between the centerlines of the molecules);
and « is the tilt angle of the molecules. (B) Lateral cross-section of the
braid, after tilting the molecular axes parallel to the braid centerline. Solid
circles depict phosphate strands; the angles @, and ®, represent azimuthal
orientation of the center of the minor groove of each molecule with respect
to the line connecting the two centerlines (see the Supporting Material). (C)
Crossover geometry in a left-handed braid. Phosphate strands on the back
side of the red molecule are aligned parallel to the strands and grooves
on the front side of the blue molecule, making this crossover more energet-
ically favorable than parallel alignment (compare to Fig. 1). (D) Crossover
geometry in a right-handed braid. Phosphate strands on the back side of the
blue molecule are aligned perpendicular to the opposing strands and
grooves on the front side of the red molecule, making this crossover less
favorable than parallel alignment.

of the value of the tilt angle, to evaluate the extent of reduc-
tion in the energy of the braid relative to a nonbraided
configuration, to determine the critical threshold of charge
compensation above which the DNA-DNA attraction takes
place, etc. Because of the curved geometry of DNA mole-
cules in the braid and their helical charge distribution, the
mathematics of the problem is quite involved. Surprisingly,
this analysis leads to simple, although nontrivial, results.

To make the article accessible to a wide audience, we
have structured it as follows. In the next section, we describe
the basic features of the model and how the calculation was
performed, presenting analytical formulas derived for the
free energy of the braid and the braid pitch, and discuss
advantages and limitations of the model. Derivations and
important auxiliary details are provided in the Supporting
Material. In Results, we describe predictions of the theory,
focusing on qualitative ideas that may be tested experimen-
tally. In Discussion, we interpret the existing data, present
ideas for testing these interpretations, and speculate on bio-
logical implications of our results.



Electrostatic Braiding

MODEL AND METHODS

Except for the more complex supercoil geometry, we followed the approach
to calculating the free energy reviewed in Kornyshev et al. (9) and extended
in Lee et al. (15). We accounted for sequence-related and thermal twisting
and stretching deformations of the double helices. To calculate the free
energy, we optimized the balance between electrostatic interactions and
the elastic free energy of the braid. Here we state the basic assumptions
of our model and outline the main steps of the calculation for the braid
free energy, providing expressions used to generate our results.

Braid geometry

We considered topologically unconstrained braids formed by two infinitely
long double helices. We assumed that:

1. The braid is axially symmetric.

2. The centerline of each molecule is an ideal helical line precessing
around the braid axis with the constant, small tilt angle « (see Fig. 2).

3. The distance R between the centerlines (braid diameter) remains
constant along the braid.

4. The molecules may slide along each other as well as stretch and twist
about their centerlines.

Elastic energy

We utilized an elastic rod model (27) to describe both the elastic cost of
DNA centerline bending, and the torsional and stretching deformations
with respect to the centerline. Specifically, we described the elastic energy

by Lee et al. (15),
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Here u labels the two molecules, s is the curvilinear coordinate along the
centerline of each molecule, and r,(s) defines the centerline in Cartesian
coordinates. The geometric parameters Q,(s) and hu(s) are the twist and
rise per basepair along the centerline (see Fig. 1); h=3.4 Ais the average
rise per basepair; and Qou(s) and h° «(s) are the intrinsic twist and rise per
basepair in unstressed DNA. These are determined by the basepair sequence
(9,28). The quantities B, C,, and C, are the elastic moduli of bending,
stretching, and twisting, which we assume to be independent of s.

Electrostatic energy

We followed the model discussed in Kornyshev et al. (9), in which each
DNA is represented by a flexible dielectric cylinder with discrete surface
charges forming a double-helical pattern (Fig. 1). These curved cylinders
follow the centerlines of the molecules forming the braid. The dielectric
constant within them is taken to be much smaller than the bulk water value,
used for the surrounding solvent. The radius of these cylinders is an effec-
tive parameter of the electrostatic theory rather than a hard-core radius of
the molecule.

It is important to note that this approximation captures the most impor-
tant effects of complex surface charge patterns on DNA electrostatics and
is in good agreement with measured DNA-DNA interactions (9,15). Two
braided dielectric cylinders model an effective dielectric response of
DNA cores and tightly bound water molecules rather than hard-core inter-
actions between the molecules. The corresponding dielectric constant is
much lower than in bulk water, but this dielectric boundary is neither sharp
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nor well characterized. Hence we treat the radius a of the effective dielectric
cylinder as a parameter of the theory and find its value a = 11.2 A by fitting
the forces measured between parallel DNA molecules in aggregates (15).
This model does not prohibit interpenetration of the dielectric cylinders,
but the corresponding expression for the electrostatic energy might be inac-
curate at interaxial distances R < 2a = 22.4 A (15). Hence, this model
should not be applied to tightly supercoiled DNA minicircles, in which R
might be as small as 19.5 A (29). However, it is justified for less tightly
wound braids considered in this study, in which one might expect R closer
to 27-31 A observed in counterion-condensed aggregates of parallel DNA
molecules (30-33).

We described electrolyte ions within a Debye-Bjerrum-like approxima-
tion (9), distinguishing bound (condensed) counterions from other electro-
lyte ions. The former were treated as fixed charges on the cylinder surface
that compensate a fraction ¢ of the DNA charge. The latter were treated
within the Debye-Hiickel approximation. We assumed that fraction f; of
bound counterions was located in the middle of the minor groove, fraction
/> was in the middle of the major groove, and the remaining fraction 1-f;-f>
was distributed randomly on the cylinder surface (see Fig. 1). The values of
f1» />, and 0 were treated as phenomenological parameters and were not self-
consistently calculated.

To calculate the electrostatic energy of a DNA braid, we utilized a small
tilt angle («) expansion. The details of this calculation and underlying
approximations are discussed in Section SII of the Supporting Material.
Briefly, we calculated the potential of a point charge on the dielectric
boundary formed by two braided dielectric cores of DNA immersed in elec-
trolyte solution, following the approach described earlier for straight,
parallel molecules (34). We summed the contributions from all charges
on each molecule (including fixed charges and condensed counterions),
and calculated the electrostatic energy of these charges in the net potential.
We accounted for the discrete nature and helical organization of the charges
(see Fig. 1), but neglected the contributions of the harmonics of the surface
charge density related to regular spacing between the charges along the
helical strands (expected to be small based on earlier studies of interactions
between straight molecules (9)).

The resulting electrostatic energy at small « (¢ = sina) is derived in
Section SII of the Supporting Material,
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Here, kg is the Boltzmann constant; 7 is the absolute temperature; /g is the
Bjerrum length (= 7 A at 25°0); 17! is the number of charged phosphate
groups per unit length of DNA (/. = 1.7 A); a is the effective radius of
the dielectric cylinder (¢ = 11.2 A provides the best fit for forces measured
in columnar DNA assemblies (15)); g = Q/h= 2w /34 A~! is the mean
reciprocal helical pitch of DNA; zzs ~ 0.4x is the azimuthal half-width
of the minor groove; A®(s) = ®,-P, (see Fig. 2) is the relative azimuthal
alignment of the molecules; k' is the Debye screening length in the elec-
trolyte solution; and I,(x), K,(x), I, (x), and K’ ,(x) are the modified Bessel
functions and their derivatives, respectively.

The first term in Eq. 2 is the electrostatic interaction energy for parallel,
straight molecules (o« = 0) at interaxial spacing R (9). The second term is
the next order in the expansion of the electrostatic energy at small «, where
we have neglected a small repulsive term due to induced charges on the
dielectric core (see Section SII in the Supporting Material). In addition,
we neglected all higher order terms in the expansion in a.

Helix nonideality

In an unconstrained braid, in which the molecules can slide and rotate along
each other, ideal double helices will establish an energetically optimal
alignment with the optimal value of A® that does not depend on s.
However, sequence-related variations and thermal fluctuations in the twist
Q,(s) and rise h,(s) per basepair disrupt this alignment, resulting in A®
that depends on s. When two molecules are homologous (have the same
basepair texts), A® is affected only by thermal fluctuations in €,(s) and
h,(s). In nonhomologous pairs, uncorrelated sequence-related variations
in Q,(s) and h,(s) affect A® as well.

To describe these effects of nonideal helical structure on DNA braiding,
in Section SIIB of the Supporting Material, we construct a partition func-
tion that accounts for all possible realizations of Ad(s), due to sequence-
related variations and thermal fluctuations in Q,(s) and h,(s). We then
calculate the free energy within a variational approximation proposed in
Lee et al. (15).

Free energy

The resulting free energy per unit length of the braid at small o (¢ = sina)
is given by Eqgs. S64-S69 in the Supporting Material, which we rewrite as

Fpna=Fo(R,A®, 2;,/A) + oaF (R, A, 1; /1)

() e ®)

kT ~————— + 4k
e e T R

Fo=& 200\
cotnaes)=costizenn - 55 ) )
Fl - 61 i

cos[nAd(s)] :cos(nﬁ)exp (7 7”)

and

l]’j — homologous sequences

A= LAY 10
ﬁ — uncorrelated sequences. (10)
I A

Here A® and A, are the average alignment and structural adaptation
length of DNA, \thich are determined by minimization of Fppy; 1’::
B/kgT = 500 A is the bending persistence length of DNA (35);
/113 = C,C,/(Cs+ g*CkpT = 350 A is the helical persistence length of
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DNA, which characterizes thermal fluctuations in the twist and rise per
basepair (9,15); and AL.(O) =~ 150 A is the intrinsic helical coherence length
of DNA, which characterizes sequence-related variations in the twist and
rise per basepair (36). The first two terms in Eq. 8 represent the contribution
of electrostatic interactions, the third term is associated with the elastic
energy and entropy of fluctuations in the twist and rise, and the last term
is the bending energy.

The most energetically favorable tilt angle « may be obtained by minimi-
zation of Eq. 8, which yields

1/3
R*F, an
Cmin = —\\ T~ 0 .
16ky T

This is one of the key results of the article, as it relates the tilt angle to the
chiral torque F, caused by helix-specific electrostatic interactions; interax-
ial distance in the braid, R, which is to be self-consistently calculated (F| is
also R-dependent); and bending elastic modulus B = kgT - lg. Note that,
given a phenomenological chiral torque Fy, the forms of Eqs. 8 and 11
could have been deduced from the expected linear dependence of the chiral
electrostatic interaction on « at small « (9,37), and the competing bending
energy. However, without a full calculation, it would not be possible to say
anything about the values of F and R, and thereby to evaluate «,,;,,. Most
importantly, the effects of sequence-related and thermal distortions in DNA
structure as well as the contribution of image-charge interactions into F; are
not intuitive and could not be predicted a priori.

Model limitations

1. The assumption of axially symmetric geometry with constant R and
« constrains possible conformations of the braid. This model cannot
be applied to supercoiled DNA minicircles, in which topological
constraints, distortions of the double-helix structure, and the presence
of hairpin loops at the two ends will affect the geometry of the central
braid. However, our estimates suggest that it is a reasonable first approx-
imation for long free braids with small tilt angles, in which the geometry
is determined primarily by DNA-DNA interactions (provided that the
molecules do not have significant intrinsic curvature associated, e.g.,
with multiple A-tracts). A more general theory, allowing for variable
R and «, and possible braid asymmetry, will be developed in future work.

2. The assumption of macroscopic dielectric response of water may not be
accurate within 1-2 layers of water molecules separating the two double
helices in a braid.

3. Ion size and correlations may also become important at these close inter-
axial separations, particularly for multivalent counterions (for a discus-
sion on ion correlations, see references (9,38,39)).

4. The distribution of condensed ions (0, f;, and f>) may depend on «, R, and
Kp. A self-consistent calculation of these parameters might be based on
the ideas proposed in Netz and Orland (40), but it would require poorly
characterized local binding potentials in the grooves to describe coun-
terion chemisorption.

5. Equation 8 is valid only at sufficiently large l]'j, when the second and
higher order terms in the small « expansion are negligible compared
to the bending energy at « = «,,;,, but we do not know whether this is
the case for DNA. Nevertheless, we think that our theory captures the
main aspects of the physics of DNA braiding and is adequate for an
initial analysis and estimates.

RESULTS
Free energy landscapes

Fig. 3 A illustrates the dependence of the free energy on the
tilt angle and diameter of the braid for DNA molecules with
uncorrelated sequences, @ = 0.7, f; = 0.4, and f, = 0.6. At
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FIGURE 3 Free energy landscape for a braid formed by two DNA double
helices with random, uncorrelated sequences. (A) Dependence of the free
energy on the tilt angle o and braid diameter R at 70% compensation of
phosphate charges by bound counterions. (B) Optimum energy at a fixed
value of R, decomposed into the electrostatic (dashed) and elastic (dotted)
components. (C) Dependence of the braid free energy at equilibrium
(most favorable) R and « on the charge neutralization fraction 6. (Inset)
Dependence of the equilibrium R on 6. The free energy was calculated
from Egs. 3-10 at a = 11.2 A 15), 2p =17 A (which corresponds to the
physiological ionic strength), f; = 0.4, and f> = 0.6. F = Fpy, at optimal A;.

this distribution of bound counterions, pairing of straight
molecules (« = 0) is energetically unfavorable. However,
topologically unconstrained molecules, which are allowed
to bend, will spontaneously form a left-handed braid with
R = 24 A and a = 0.4 rad. (The tilt angle is positive in
left-handed and negative in right-handed braids in accor-
dance with the definition of the supercoiling sign in closed
DNA loops). Importantly, the small « value obtained here
is consistent with the assumptions of the theory. (Note that
our theory is limited to braids with relatively small «,
because it accounts only for the first term in the electrostatic
energy expansion with respect to a—see Eq. 2. Thus, the
free energy landscape shown in Fig. 3 A should not be
extrapolated to tightly wound braids in which « might
become close to 1 rad.)
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Fig. 3 A shows that left-handed braiding makes DNA-
DNA interactions more favorable as a result of better align-
ment of negatively charged phosphate strands with apposing
positively charged grooves (see Fig. 2). The electrostatic
benefit exceeds the bending energy cost associated with
the braiding (Fig. 3 B). The net energy benefit of the left-
handed braiding is further illustrated by Fig. 3 C that
compares pairing free energies for an unconstrained braid
(optimal « and R) and parallel, straight molecules (« = 0,
optimal R). Pairing into a braid becomes favorable at
smaller ¢ and the energetic benefit of the left-handed
braiding may be as high as ~1 kgT per basepair. Braiding
also leads to closer spacing between the double helices in
the pair (see Fig. 3 C, inset). Strictly speaking, this spacing
may be too close to warrant the use of macroscopic electro-
statics (R ~ 24 A corresponds to 1-2 layers of water mole-
cules between DNA surfaces). Nevertheless, we expect
that the qualitative predictions of this study will not be
affected. Indeed, the dependence of the free energy on R
(Fig. 3 A) suggests that even at larger interaxial separations
there will still be a strong impetus for braiding.

Homologous pairing

The energetically favorable alignment of the strands and
grooves on apposing DNA surfaces in the braid requires
torsional and stretching deformations of the double helices
with uncorrelated sequences. Otherwise, uncorrelated se-
quence-related variations in the helical pitches of the two
molecules would disrupt the alignment. The elastic energy
cost of the deformations that synchronize the helical pitches
reduces the energetic benefit of the pairing (8,15).

In contrast, pairing of homologous double helices with
similar sequences facing each other does not require such
torsional and stretching deformations. Sequence-related
variations in the helical pitches of homologous DNA mole-
cules are the same, enabling the favorable alignment along
the entire length of the braid without the additional elastic
energy cost. As a result, pairing of homologous double
helices is more favorable than pairing of nonhomologous
ones by ~0.3-0.4 kgT per basepair (Fig. 4 A, and see
Fig. S1 in the Supporting Material). That difference per
basepair translates into ~50 kg7 per bending persistence
length of DNA, sufficient to compete with thermal motions
(~1 kgT per persistence length). Sufficiently long homolo-
gous DNA molecules may thus spontaneously associate
into stable left-handed braids even at ¢ below 0.6 (e.g., the
expected association energy for 200 bp molecules at § =
0.6 exceeds 10 kcal/mol).

Pitch and handedness of DNA braids

In topologically unconstrained braids (e.g., formed by linear
DNAs with free ends), the optimal tilt angle « is determined
by the balance of chiral electrostatic interactions and
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FIGURE 4 Braid pairing free energy (A) and pitch (B) for homologous
and nonhomologous pairs as a function of charge compensation parameter
0. Endpoints denote the thresholds for pair stability. The parameters used to
calculate the free energy were as in Fig. 3.

DNA bending. Electrostatic interactions favor left-handed
braiding, which enhances the favorable apposition of the
negatively charged phosphate strands and positively charged
grooves. The energetic cost of DNA bending associated with
the braiding restrains the increase in «. At small «, the
optimal tilt angle and the corresponding pitch P of the braid
(P = 2R/tana) may be described by Eq. 11 (and see Model
and Methods). The pitch decreases with strengthening of the
electrostatic interactions at larger 6 (see Fig. 4 B). The pre-
dicted pitch of the braid is smaller than half of the bending
persistence length, which indicates that chiral electrostatic
interactions can induce significant bending of the molecules.
The value of the pitch depends on the electrolyte composi-
tion, yet our model predicts left-handed chirality under all
conditions.

Electrolyte effects on the pairing energy

Electrolyte composition affects the energy of DNA braids
because different counterions have different preferences for
binding the minor and major grooves of DNA (41). Stronger
counterion localization in the grooves reduces the average
distance between the apposing negative and positive charges
(Figs. 1 and 2), thereby enhancing the attraction and pairing
of the molecules (see Fig. S2). Interestingly, preferential
counterion binding in the minor groove favors DNA associa-
tion into braided pairs (Fig. S2), yet it suppresses the associ-
ation of straight DNA molecules into parallel pairs (42).
Changing salt concentration, while keeping  constant, has
two competing effects. On one hand, higher ionic strength
favors DNA pairing by diminishing the repulsion associated
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solutions with different ionic strengths. All other parameters were the
same as in Fig. 3.

with the net charge of the molecules. On the other hand, it
inhibits the pairing by diminishing the attraction between
aligned negatively charged phosphate strands and positively
charged grooves. The net-charge repulsion is screened by salt
more effectively (see Model and Methods). As a result,
increasing salt concentration strengthens the pairing at lower
0 (see Fig. 5, curves with § = 0.6, 0.7), when the net-charge
repulsion is significant. Salt may weaken the pairing at larger
0 (see Fig. 5, = 0.8), when the net interaction is dominated
by the strand-groove attraction.

DISCUSSION

This work builds on several previous ideas for the potential
role of chiral electrostatic interactions in DNA braids. In
particular, the analytical theory of interactions between
long, straight molecules (37) and analysis of crystal struc-
tures of short oligonucleotides (13) suggested that chiral
electrostatic interactions favor right-handed DNA cross-
overs. Hence, these interactions may indeed stabilize left-
handed DNA braids (9,26), in which the crossovers are
right-handed (Fig. 2). Recently, Timsit and Varnai (13)
proposed that: 1), divalent cations might induce left-handed
DNA braiding via stable chiral crossovers; 2), hyperthermo-
philic bacteria and archaea might exploit chiral DNA-DNA
interactions for genome stabilization; and 3), crossovers
favored by chiral DNA-DNA interactions might contribute
to the chiral selectivity of type II topoisomerases.
Howeyver, all these ideas were based on studies of indi-
vidual crossovers between straight or nearly straight double
helices. To the best of our knowledge, no theory or
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simulations of chiral electrostatic interactions in long DNA
braids, in which the molecules are bent and wrapped around
each other multiple times, has ever been reported before.

Our theory addresses this issue. It supports and corrobo-
rates the ideas discussed in the literature (9,13,26,37). It
further develops and extends these ideas as well, by explic-
itly incorporating DNA bending and demonstrating how
competition between the bending and chiral electrostatic
interactions might affect the crossover angle and overall
braid geometry.

More importantly, this theory predicts significant and
nonintuitive effects of sequence homology and electrolyte
composition on chiral electrostatic interactions in long
DNA braids: 1), pairing of DNA molecules into braids is
energetically favorable in a wider range of conditions than
DNA condensation; 2), juxtaposition of homologous
sequences in a braid is significantly more favorable than
juxtaposition of nonhomologous sequences; and 3), sponta-
neous association of long homologous DNA molecules into
stable pairs in monovalent salt solutions reported in Danilo-
wicz et al. (7) might be explained by braiding. These predic-
tions are the focus of our discussion below, although we also
revisit and extend some of the older ideas.

Before we proceed, however, we should note that the
quantitative accuracy of our theory is limited by the model
assumptions (see Model Limitations). Hence, our interpreta-
tions of observed phenomena and their biological implica-
tions require further experimental testing.

Pairing into braids might be induced by
counterions that do not cause DNA condensation

A larger variety of counterions might cause pairing of nonho-
mologous DNAs into braids than aggregation of DNA into
assemblies. In the absence of osmotic stress, DNA self-
assembly into columnar aggregates requires counterions
(e.g., spermine*", spermidine®", and cobalt-hexamine®")
that bind preferentially in the major groove of DNA and
compensate for >~90% fraction of the total phosphate
charge (43-45). Binding of these counterions induces
a zipper-like juxtaposition of negatively charged phosphate
strands and positively charged grooves. We argued that
columnar aggregates form when the resulting zipper-type
attraction between sufficiently long parallel molecules
exceeds the repulsion associated with the net charge of
DNA (5,9,15). Note, however, that the maximum net attrac-
tion energy between parallel molecules is only ~0.2 kgT
per basepair and that this energy is sensitive to the composi-
tion of the electrolyte solution and other experimental
conditions (31-33). For instance, the attraction between short
(<100 bp) DNA fragments induced by the same counterions
was observed at some (46) but not other (47) experimental
conditions.

This study suggests that pairing of long DNA molecules
into braids becomes energetically favorable in a wider range
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of conditions, e.g., already at ~70% or even lower compen-
sation of the phosphate charge by counterions bound in
either groove. Left-handed braiding leads to a more favor-
able juxtaposition of the negatively charged strands and
positively charged grooves compared to parallel straight
molecules (see Fig. 2), significantly enhancing the zipper
attraction (see Figs. 3 C and 4 A). As a result, braided pairs
might become energetically favorable already in Ca>" and
Mg " solutions, in which aggregation of DNA into colum-
nar assemblies is unfavorable. A closely related stabilization
of right-handed crossovers between DNA double helices
was observed within oligonucleotide crystals (48) and inter-
preted as salt bridges between phosphates on one oligonu-
cleotide and divalent ions bound to cytosine on the other
(26). Note that further assembly of braided pairs into
higher-order structures is likely to be unfavorable, e.g.,
columnar aggregation of the braids would involve unfavor-
able left-handed DNA crossovers.

At first sight, the prediction of energetically favorable
braiding appears to be at odds with the lack of evidence
for stable dimers in commonly used solutions of linear
DNA, which often contain divalent ions and have been
extensively studied in the early years of DNA research.
However, spontaneous braid formation might not always
occur or be readily apparent when the resulting braid is ener-
getically favorable. For instance, Fig. 3 B predicts attractive
interactions at <10 A and repulsive interactions at larger
surface-to-surface separations between braided double
helices. The repulsion contributes to an energy barrier,
which might prevent noticeable spontaneous pairing of
DNA under common experimental conditions (e.g., at phys-
iological or lower ionic strength). Entanglements and the
need for large-scale winding of the molecules around each
other are likely to further inhibit spontaneous braiding.
Testing the possibility of spontaneous pairing of DNA
molecules into stable braids might thus require dedicated
studies, such as those recently reported by Danilowicz
et al. (7). In the latter experiments, efficient DNA pairing
was observed for homologous sequences of intermediate
length (10°—5 10* basepairs) at high ionic strength and
elevated temperature.

Chiral electrostatic interactions may affect DNA
supercoiling in closed loops

Electrostatic braiding in the presence of divalent ions might
be responsible, e.g., for the observed supercoiling of plas-
mids relaxed with topoisomerase I. Equilibration of circular
DNA with topoisomerase I and divalent counterions was
found to produce positive (left-handed) supercoiling, after
the ions and topoisomerase were removed (49). This obser-
vation was explained by assuming that bound divalent ions
overwind the double helix and that relaxation of this over-
winding after removal of the topoisomerase and ions causes
the supercoiling. However, divalent cation binding might

Biophysical Journal 101(4) 875-884
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cause double-helix unwinding rather than overwinding.
Indeed divalent ion binding reduces the electrostatic force
that stretches DNA. Recent observations suggest that
reduced stretching might cause double-helix unwinding
rather than overwinding (50). As follows from our results,
as well as simulations of Varnai and Timsit (26), divalent
cation binding may cause positive supercoiling via chiral
interactions that favor left-handed braiding in topoisomer-
ase-relaxed DNA. This supercoiling is then topologically
fixed upon the topoisomerase removal.

Hyperthermophiles may exploit chiral
electrostatic interactions for genome stabilization

In vivo, supercoiling of plasmid DNA is controlled by
gyrases (51), yet chiral interactions between DNA segments
within braided regions of supercoiled plasmids may still be
important. For instance, these interactions may affect the
accessibility of the plasmid genome by controlling the tight-
ness of the braid (13). Our theory supports this idea. Indeed,
left-handed braiding in positively supercoiled plasmids
makes the net electrostatic interaction less repulsive or
even attractive, leading to more tightly wound braids and
reduced genome accessibility (see Fig. 3 A). Mesophilic
bacteria and archaea may need gyrases to produce energeti-
cally unfavorable right-handed braiding, increasing repul-
sion, leading to less tightly wound braids and so improving
genome accessibility.

In contrast, hyperthermophilic bacteria and archaea may
exploit attractive chiral electrostatic interactions in left-
handed braids for survival at 80—-110°C temperatures, at
which these organisms thrive. The only proteins expressed
exclusively in hyperthermophiles are reverse gyrases, which
induce positive plasmid supercoiling. The need for the posi-
tive supercoiling cannot be explained by the double-helix
stability or its resistance to thermal degradation, which are
similar in negatively and positively supercoiled plasmids
(14). Tt can be explained, however, by assuming that attrac-
tive chiral electrostatic interactions prevent excessive
thermal loosening of left-handed DNA braids.

Electrostatically favored DNA crossovers might
contribute to the chiral selectivity of type Il
topoisomerases

Speculating even further, stabilization of left-handed DNA
braids by chiral electrostatic interactions might also ratio-
nalize the observed (52) chiral selectivity of some type II
topoisomerases. Indeed, stable braids may not unwind
when ATP-independent type I topoisomerases cut one
DNA strand and relax topological constraints. For such
braids, the cell may require ATP-dependent activity of type
II topoisomerases, e.g., to prevent DNA polymerase stalling.
This requirement may explain why certain type II topoiso-
merases have been designed by Nature to unwind stable
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left-handed braids much more efficiently than unstable right-
handed braids (53,54).

Interestingly, the crossover angle at which topoisomerase
IV (type II topoisomerase) has the highest activity (54)
corresponds to the most energetically favorable crossover
calculated for oligonucleotides (26). The average crossover
angle 2« in braids of long DNA molecules is smaller than
the value predicted for short, straight oligonucleotides,
because the elastic cost of double-helix bending in braids
increases as o (see Eq. 8). Note that smaller crossover
angles are indeed observed in single-molecule braiding
experiments (53,55). However, the most favorable local
crossover angle upon the enzyme binding might correspond
to that for short oligonucleotides (13), particularly after the
two strands are cut and the bending constraint is relieved.

Homologous double helices might
spontaneously form braided pairs
in monovalent salt solutions

Finally, the energy benefit from left-handed braiding might
explain the recently observed (7) selective pairing of ho-
mologous DNA molecules in monovalent salt solutions
(see Fig. 4 A).

Spontaneous pairing of DNA molecules with uncorre-
lated sequences requires compensation of at least ~65% of
phosphate charges by bound counterions (see Fig. 4 A).
Our theory may not be sufficiently accurate to predict the
exact charge-compensation threshold. Nevertheless, it is
reasonable to expect that the threshold needed for the pair-
ing of uncorrelated sequences can be exceeded only in the
presence of divalent or more highly charged counterions.
Indeed, in a simple polyelectrolyte model of DNA, the phos-
phate charge compensation by condensed monovalent ions
at experimentally relevant salt concentrations (>10 mM)
is expected to be ~60% or less (16).

Spontaneous pairing of homologs is more favorable and
requires <~60% compensation of the phosphate charges
by bound counterions (see Fig. 4 A). The actual charge-
compensation threshold for pairing may be even lower,
e.g., due to distribution of adsorbed/condensed counterions
between the major and minor grooves (see Fig. S2) and/or
lower effective dielectric constant of water inside the braid
(see Fig. 3 C, inset). Thus, monovalent counterion binding
might be sufficient to exceed this threshold and explain
the stable pairing of 1-5 kb homologs as reported by Dani-
lowicz et al. (7). For instance, the association energy of such
homologs at 60% phosphate charge compensation may be as
large as ~60-300 kcal/mol (Fig. 4 A).

The observed features of the homolog pairing reported by
Danilowicz et al. (7), counterintuitive at a first glance, are in
fact consistent with the interpretation suggested by our
theory. In particular: 1), the observed increase of the
strength of the pairing with increasing salt concentrations
in monovalent salt is what the theory predicts at <80%
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compensation of the phosphate charge (Fig. 5). As we noted
above, lower charge compensation is expected for monova-
lent salt solutions; 2), more efficient pairing in MgCl,
compared to NaCl or KCl may be explained by stronger
counterion binding to DNA and therefore higher charge
compensation (see Fig. 4 A); 3), subtle differences in the
pairing efficiency in NaCl and KCl solutions may be related
to differences in the partitioning of these counterions
between the minor and major grooves and their localization
within the grooves (see Fig. S2); and 4), lower bending
rigidity of DNA reduces the elastic energy cost of braiding
and facilitates the pairing. The decrease in DNA bending
rigidity may thus contribute to the observed increase in
the pairing efficiency at higher temperatures, up to ~40°C.
The increase in thermal torsional and stretching fluctuations,
which weaken the pairing, may overwhelm the bending
rigidity effect above 40°C, rationalizing the observed
decrease in the pairing efficiency.

Note that this theory suggests how homologous DNA
pairing might occur in monovalent salt solutions, but it is
not accurate enough for more definite predictions. The
features of the pairing observed by Danilowicz et al. (7)
might also have alternative interpretations, some of which
were discussed by the authors of the study. Thus, further
experimental and theoretical studies are needed to confirm
such pairing, test its molecular mechanism, and to systemat-
ically characterize the role of electrostatic interactions in
DNA braiding. Such studies are currently under way in
our and other laboratories.

CONCLUSIONS

1. We have built a theory of DNA braids, incorporating
chiral electrostatic interactions between helical patterns
of discrete charges on DNA surface, DNA elasticity,
and sequence-related and thermal distortions that affect
DNA surface charge patterns.

2. This theory predicts the self-assembly of two DNA mole-
cules with uncorrelated sequences into left-handed braided
pairs upon neutralization of as little as ~65% of the phos-
phate charge by counterions bound in DNA grooves.

3. DNA molecules with homologous sequences may self-
assemble into a stable braided pair already at 60% and
even lower phosphate charge neutralization, potentially
explaining a recent observation of stable pairing of
homologous molecules in NaCl and KCI solutions.

4. Stabilization of left-handed braids by chiral electrostatic
interactions may contribute to a variety of biologically
significant phenomena.

SUPPORTING MATERIAL

Additional information with multiple sections, equations, and two figures
is available at http://www.biophysj.org/biophysj/supplemental/S0006-3495
(11)00789-2.
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