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Electrostatic contribution to the bending of DNA
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Abstract

A model is derived that accounts for the short-range electrostatic contribution to the bending of DNA molecule in
solution and in complexes with proteins in terms of the non-linear Poisson-Boltzmann equation. We defined that the
short-range electrostatic interactions depend on the changes of the polyion surface charge density under deformation, while
the Jong-range interactions depend on the bending-induced changes in distances between each two points along the polyion
axis. After an appropriate simplification of the Poisson—Boltzmann equation, the short-range term is calculated separately
giving the lower limit for the electrostatic contribution to the DNA persistence length. The result is compared with the
theoretical approaches developed earlier [M. Fixman, J. Chem. Phys. 76 (1982) 6346; M. Le Bret, J. Chem. Phys. 76 (1982)

243] and with the experimental data. The conclusion is made that the results of Fixman—Le Bret, which took into account
both types of the electrostatic interactions for a uniformly bent polyion, give the upper limit for the electrostatic persistence
length at low ionic strength, and the actual behavior of the DNA persistence length lies between two theoretical limits. Only
the short-range term is significant at moderate-to-high ionic strength where our results coincide with the predictions of
Fixman—-Le Bret. The bending of DNA on the protein surface that is accompanied by an asymmetric neutralization of the
DNA charge is also analyzed. In this case, the electrostatic bending energy gives a significant favorite contribution to the
total bending energy of DNA. Important implications to the mechanisms of DNA-protein interactions, particularly in the
nucleosome particle, are discussed. © 1997 Elsevier Science B.V.
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1. Introduction The latter is very important, for example, in nucleo-
some positioning with respect to the DNA sequence
[2-4]. The binding to DNA of different regulatory
proteins is accompanied by a DNA bending, and this
fact may be important for protein—DNA recognition
[3,5-8]. One of the substantial physical features of
DNA is its high axial charge density and this fact
may essentially influence DNA bendability. Several
experimental studies of the dependence of DNA
flexibility on ionic strength are described [9—-13] (see
also reviews [14,15]). It seems likely that the most

" Corresponding author. exact results have been obtained for short DNA

An understanding of the mechanisms of DNA
bending is very essential for the comprehensive con-
sideration of different phenomena of DNA packag-
ing and functioning. DNA is tightly bent in a phage
head and in both prokaryotic and eukaryotic chromo-
somes. In the nucleosome, the elementary unit of
eukaryotic chromatin, DNA wraps around a protein
core as a superhelix with a radius of 4.3 nm [1,2].
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fragments, for which the excluded volume effects are
negligible. Analysis of the rotational relaxation times
of the transient electric birefringence of short DNA
fragments [9] indicates that the persistence length
(the measure of the bending rigidity of a worm-like
polymer [16]) does not depend on the salt concentra-
tion above I mM NaCl or 0.} mM MgCl,, and
considerably increases for lower ionic strength val-
ues. Likewise, the ring-closure measurements [12]
demonstrate that over a range of NaCl concentration
from 0 to 162 mM (in 1 mM MgCl,), there is no
significant reduction in the DNA persistence length.

There are two questions: (1) what is the physical
basis for such behavior of DNA flexibility in solu-
tion, and (2) what is the electrostatic contribution to
DNA bending in protein—DNA complexes. Here, we
address both of these problems. The electrostatic
contribution to the persistence length of polyelec-
trolytes has been calculated by several authors [17—
24]. Probably the most prominent theoretical ap-
proach has been done by Fixman [22] and Le Bret
[23] on the basis of the full (non-linear) Poisson—
Boltzmann (PB) equation for a uniformly bent cylin-
der. As discussed below, the results of these calcula-
tions, which are in a qualitative agreement with the
experiment, give an upper limit for the polyelec-
trolyte contribution to the DNA flexibility. In the
present work, we suggest a more simple model,
which is also based on the non-linear PB equation.
This model allows us to give a more clear descrip-
tion of the problem considering two electrostatic
terms: the short-range electrostatic interactions which
depend on the changes of the polyion surface charge
density under deformation, and the long-range inter-
actions which depend on the bending-induced
changes in distances between each two points along
the polyion axis. Taking into account only the first
term, we obtain a lower limit for the electrostatic
persistence length, estimate the relation between two
types of electrostatic interactions at different salt
concentrations and evaluate the electrostatic contri-
bution to DNA bending under asymmetric phosphate
neutralization by proteins.

2. General model

It is a consensus that up to an ionic strength of
about 1 M the Poisson—Boltzmann (PB) equation for

continuously charged impermeable cylinder gives,
with a reasonable accuracy, reliable data for the
electrostatic potential and the charge density distribu-
tion around the polyion [25]. So, we model the DNA
molecule as a cylinder of radius ¢ =1 nm with a
given surface charge density o, (in units of elemen-
tary charge ¢). The parameter which characterizes
the polyion axial charge density is designated as

§=8/b (h
where B =e?/Dk,T is the Bjerrum length (with D
is the dielectric constant, kg is the Boltzmann con-
stant and T is the absolute temperature), b (for DNA
b=0.17 nm) is the length of a cylinder segment
containing a unit charge. For aqueous solution at
25°C, B=0.714 nm and then for DNA £=4.2. The
relation between & and o, is

é=2maBo, (2)

The general form of the PB equation, which
relates the electrostatic potential ¥ at any point
outside the cylinder to mobile ion charge density at
that point is:

Vif=k?sinh( f) (3)

where f=eW/k,T is the reduced potential, x is the
Debye-Hiickel screening parameter, operator V° is
the Laplacian. So, the mobile ion charge density is
2 enysinh(f) = englexp(f) — exp(—£)] (for simplic-
ity both counterions and coions are taken to be
univalent), where n, is the density of mobile ions at
infinity from polyion surface. The parameter « re-
lates to this value as:

k* =87 Bn, (4)

or, in aqueous solution at 25°C, k> = 10.824C nm 2,
where C is the molar concentration of 1:1 salt. In
particular, for the potential f, of a straight cylinder,
when the Laplacian depends only on the distance r
from the polyion axis, the PB Eq. (3) has the form

2

I dfy d’f,
— +
krd(kr)  d(«xr)

7 = sinh(f,) (5)

with two boundary conditions:
(dfo/d(kr)),. =0 (62)
(dfo/d(kr)), = —2&/ka (6b)
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Let us consider now an infinitely long cylinder,
which is uniformly bent with a curvature radius R.
Two factors change under such deformation. Firstly,
the charge density on the polyion surface becomes
non-uniform, i.e., an angular dependence should be
included to the Laplacian and also the boundary
conditions should be changed. These changes in the
electrostatics of the system can be defined as changes
of short-range (with respect to distances along the
polyion axis) electrostatic interactions. Secondly, dis-
tances between each two points along the axis de-
crease under deformation, i.e., long-range electro-
static interactions also change. These changes should
be taken into account by an appropriate choice of the
coordinate system, for which the corresponding
Laplacian should be written. Let us note that the
long-range interactions in our definition are not re-
lated in any fashion to the excluded volume effects,
which depend on the interactions between very far,
uncorrelated regions of the polymer coil.

Fig. | illustrates the curvilinear orthogonal coor-
dinate system, which should be used to solve the PB
equation for bent cylinder [22]. One can see that
three coordinates (r, ¢,s) determine the position of a
given point. We restrict the solution to regions dis-
tant from the ends of the cylinder, i.e., we assume
that the potential is independent of 5. Also, we
assume that the cross sections of the cylinder remain
circular under deformations, and any element of
cylinder surface retains exactly the charge that it had
before deformation. Inspection of Fig. 1 indicates
that the axial size of the surface element, which

o>

/s

R R R(r,)

Fig. 1. The curvilinear coordinate system in the plane of the bent
polyion cylinder (left) and in the perpendicular plane (right). The
cylinder radius a, the curvature radius R and three coordinates
r.@,s are shown,

contains one clementary charge, changes under de-
formation from b to bh,, where h, = h(a,¢) and

w?

W(r.¢) =R(r.g)/R=1+(r/R)cos(¢)  (7)

Consequently, taking into account Eq. (2), the sur-
face charge density varies with R and ¢ as

g= (T()/ha = g/zwthu (8)

It means that the axial charge density ¢ does not
change after bending deformation [22,24.26]. Finally,
we suppose for simplicity that the ratio of dielectric
constants inside and outside the cylinder € equals to
zero (estimate that is close to any plausible estimate
of this ratio [22]).

With the simplifications mentioned above, the PB
equation can be written for the potential f of a bent
cylinder [22]

1 af 9 f 1 *f 9 In( i)
N + T+ L) 7N
kr o(Kkr) dkry  (xr) ¢ a( kr)

3 .

A LN N

(kr) (xr)” do g
where h = h(r,¢) according to Eq. (7), with the
boundary condition on the polyion surface (see Egs.
(6b) and (8)).
(ar/d(kr)), =

After expansion of Eq. {9) in inverse powers of R
and using a Fourier decomposition for the potential,
Fixman has solved this equation numerically and
used the coefficient of R™? for an estimation of the
electrostatic contribution to the persistence length
[22]. However, a uniform bending (excepting the
special case of intrinsically bent DNA molecules) is
impossible in solution where the direction of curva-
ture at any point along the chain is random. At the
same average curvature in the chain, the average
distance between two points along the polyion axis
in the case of random deformations is obviously
higher than for the uniform bending. So, the uniform
bending model and the application of Eq. (9) would
lead to an overestimate of the electrostatic persis-
tence length.

Looking now at the Laplacian in Eq. (9), one can
see that the three first terms are the usual Laplacian
in cylindrical coordinates, and the last two terms are
the correction for a curvature of the coordinate sys-

~4mwBo/k= —2&/h,ka (10)
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tem. That is, the last two terms take into account the
long-range electrostatic interactions. Our general
suggestion is that these terms can be omitted to
estimate only the short-range electrostatic interac-
tions under polyion bending and then to compare the
results with the Fixman’s data. Thus, we can write
the PB equation for the potential of a uniformly bent
cylinder in the form:

5

1 9f 0 f I of

EH(KF) Hwr) " (Kr)zwzsmh(f)
(11)

with Eq. (10) as the boundary condition. Thus, we
use the PB equation for a straight cylinder with the
boundary conditions for a deformed DNA rod. In
other words, we take into account a change in the
surface charge density under deformation neglecting
the change in the overall geometry of the system,
which is given by the omitted terms in the Laplacian.
The comparison between the results obtained with
rigorous and simplified Laplacian will then show a
relation between the short- and long-range electro-
static interactions. Certainly, this approach may be
valid only in the limit of small deviations from
rodlike behavior, i.e., large curvature radius R (the
same assumption has been made by Fixman and Le
Bret [22,23]). Eq. (11) will be examined below, and
its relation to Eq. (9) will be discussed. The fact that
Egs. (9) and (11) give the same results at given
conditions (see below) supports the validity of the
approximation used in Eq. (11).

The model of a uniformly bent cylinder can be
applied to study an important case of DNA bending
under its interaction with proteins. Fig. 2 specifies
our simple model of a protein-DNA complex. DNA
(as a cylinder) bends on the protein surface, which
covers a part 6 (with respect to the ¢ angle) of the
DNA surface. We assume, to a first-order approxi-
mation, that the DNA charges are completely neu-
tralized in the area of protein—-DNA contact (the
degree of neutralization equals to 6), and that distor-
tions of the electrostatic field near the protein surface
are negligible. So, Eq. (11) would be applied to this
case with Eq. (10) as the boundary condition within
the range of ¢ angle between 0 and (1 — 6). For ¢
angle between 7(1 — @) and 7, we put that the
surface charge density and the electrostatic potential

¢
DNA ™

£

m

Fig. 2. The model of DNA bending on the protein surface in a
plane perpendicular to the axis of bent DNA (as in the right side
of Fig. 1). DNA charge is completely neutralized within the angle
h.

equals to zero. The real electrostatics of DNA-pro-
tein complex may be of course much more compli-
cated. Our simple model is an approximation to
study, in a semi quantitative manner, the role of
asymmetrical neutralization of DNA phosphates.

3. Electrostatic free energy and solution of PB
equation

3.1. Uniform bending

We consider here the uniform bending model
specified in previous section (see Figs. 1 and 2). The
electrostatic free energy of polyion is the work re-
quired to raise its surface charge density from zero to
its final value . So, taking into account Egs. (2)
and (8) and the fact that the plane of curvature is a
plane of mirror symmetry (Fig. 1, right), the electro-
static free energy G, in kzT units per one elemen-
tary charge of the polyion (one phosphate residue)
can be written as:

G(,,=(wg)“‘/o”[(ff(a)dgdcp (12)

where f(a) is the potential on the polyion surface.
We will use this equation everywhere below. It
should be noted, however, that the equivalent formu-
lation exists for the electrostatic free energy, which
includes the integration of functions of the potential
over the volume of the ion atmosphere around the
polyion [27]. This formulation, which allows to esti-
mate different contributions that have the clear phys-
ical meaning, is described briefly in Appendix A. It
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is shown that the main contribution into the electro-
static free energy is the mixing entropy of mobile
ions assembled around DNA.

The solution of Eq. (11) is now required. We
assume that the potential f is the sum of two terms

f=5H+rh (13)
where f, is the potential of the straight cylinder
determined by Eq. (5), f, is the change of the
potential under deformation, and, for high values of
R, |f.l <<|f,l Then, from Egs. (5), (11) and (13), we
obtain the differential equation for f,:

I af, a*f, I ¥f,
- + B ] >
kr o kr) M xr)y  (xr) 0¢°

[y cosh( fy)
(14)

The expansion of the right side of Eq. (10) in
inverse powers of kR gives the boundary condition
for f, on the polyion surface (see also Egs. (6b), (7)
and (13)):

2
ra + ——g—cos( @)

(KR)2 KR

¢ka

(fp/8(Kr)), = =

(KR)Z cos(2¢) (15)
where only terms with no more then second powers
of 1 /R are included.

If we put that the potential f, can be written as a
product of two terms f, =f f, so that f, depends
only on «r and f, depends only on ¢. then the
variables in Eq. (14) can be divided and we obtain
two differential equations for two variables kr and

@

kr df, N (kr)" df,
£, d(kr) 1, d(Kr)2
—(xr) cosh( f,) =n’ (16a)
L&
E dgoz = —hn (16b)

where n® is the dividing constant.

Let us consider firstly Eq. (16b). The boundary
conditions for it are obvious from the reasons of
symmetry (Fig. 1):

(df,/de), = (df,/de) =0 (17)

and the analytical solution can be easily obtained as
a sum of special solutions, which have the form of
the terms of a Fourier series:

fo=cos(ng), n=0,12,--- (18)

Comparison of these solutions with the boundary
condition (Eq. (15)) implies that the term f, should
be expanded also in inverse powers of kR, and the
following equations with the corresponding bound-
ary conditions can be generated from Eq. (16a) for

different values of n from 0 to 2:

! df"_’() dz.fl()
+

5 = fa cosh( fy)

krd(kr) d(xr)’
(dfy/d(kr)), = —éka (19a)
Ldfy d’fy, 3 fi

“r d(kr) + d(Kr)Z = fy, cosh( f,) + (Kr)2
(dfy/d(kr)), =2¢& (19b)
I dfy dz.fzz 415,

Kr d(«r) i d(xr)’ =Faz cosh(fo) * W
(d.fzz/d(’“’))“: —&ka (19¢)

That is, we finally obtain for f:

fo=rw/( KR)z +f1cos(¢)/(kR)

+ fi, cos(2¢) /(kR)’ (20)

Egs. (19a), (19b) and (19¢) can be solved numeri-
cally provided that the numerical solution for f, has
been obtained from Eq. (5). To solve Egs. (5), (19a),
(19b) and (19c¢) for f;; (fy, =f,) we apply a usual
fourth-order Runge—Kutta integration routine. The
integration is initiated at a large value of «r (the
result is not sensitive to this value provided that the
initial «r > 6), where the first derivative of the
potential df;;/dkr=0 (The condition in Eq. (6a)
has to be taken for all equations) and Jfi; has a small
value, which is considered as unknown parameter to
be adjusted by iteration until the solution fulfills the
boundary condition on the polyion surface. The nu-
merical method applied is standard and has been
used frequently. It should be noted only that Eq. (5)
is solved on a grid with half the spacing used for
Eqgs. (19a), (19b) and (19¢) (as it is required by
Runge—Kutta routine).
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The calculations are performed for different val-
ues of & from 0 to 4.2 (at a given value of the ionic
strength). As a result, we obtain the potentials on the
polyion surface, and the electrostatic free energy can
be determined now according to Eq. (12), where the
integration over & has to be done numerically while
the angular integration is analytical. The upper limit
of the angular integral is 7 for the naked cylinder, or
(1 — 6) for the model of a protein—-DNA complex
specified in Fig. 2.

We designate

[i_,’:/(fﬁ_,‘(a)dg (21)

Substitution of Egs. (20) and (21) into Eq. (12) gives
a general form for the electrostatic free energy of
DNA bending (change of the free energy with re-
spect to the straight cylinder) in k,T units per one
phosphate:

AG(0) = (ém) '(«R) *{m(1—0)1,
+ xRl sin(m (1 —6))

+(1/2) Lysin(27 (1 — 0))} (22)

which can be applied to estimate the electrostatic
contribution to the bending free energy of DNA in
protein—DNA complexes with a given value of 8. It
should be noted that the gain in the total free energy
due to electrostatic interactions between DNA and
protein, which is beyond the scope of the present
work, is not included into Eq. (22).

In the special case of =0 (naked cylinder), we
obtain

AGelzgil(KR)izlzo (23)

that is, only potential f,, is required to estimate the
electrostatic contribution to the persistence length.
The total free energy of bending (in kzT units per
one phosphate) is given by [16]:

AGhend = b( Po +pe])/2R2 (24)

where p, and p,, are the non-electrostatic and elec-
trostatic contributions to the persistence length, re-
spectively. Comparison of Egs. (23) and (24) (taking
into account Eq. (1)) gives:

Per = 2120/8'<2 (25)

3.2. Random bending fluctuations

In this section we describe an equivalent approach
to calculation of the electrostatic persistence length,
which takes into account the short-range electrostatic
interactions of a non-uniformly bent cylinder. The
standard representation of DNA as a worm-like coil
treats the polymer as a continuously curving chain
for which the direction of curvature at any point
along the chain is random [16]. Hence, a mean-square
curvature, and, respectively (see Egs. (7) and (8)), a
root-mean-square addition to the surface charge den-
sity appear in the polyion. To take into account the
short-range electrostatic interactions only, the PB
equation should be written as for a straight cylinder
with the changed charge density. So, we have the PB
equation:

>

[ df 4 f
— +
kr d(kr)

a P = sinh( f) (26)

and the boundary condition on the polyion surface:
(df/d(«r)),= —4wB{o) /K (27)

where (o) is the angular average charge density
over ¢. After expansion of ¢ in Eq. (8) in inverse
powers of kR (as in Eq. (15)) and integration over ¢
from O to 7, we obtain:

(o) =(2maB) " £[1 + (1/2)(xa)’/(kR)’]
(28)

This relation implies that the potential f can be
represented as

f=f,+f/(xRY (29)

and, if f'/(kR)* < f,, from Egs. (5), (6b), (26)-(29)
we obtain the equation for f' and the boundary
condition:

1 df d*f s :
Kr d(kr) i d(Kr)2 =/ cosh(fo)
(df'/d(«kr)),= —éka (30)

Eq. (30) is equivalent to Eq. (19a) for f,, which
is sufficient to estimate the electrostatic contribution
to the persistence length due to the short-range elec-
trostatic interactions (Eq. (25)). Thus, as it has been
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expected, this estimation does not depend on the
choice between the models of a uniform bend and
random bending fluctuations.

4. Electrostatic contribution to DNA persistence
length

Our model accounts for the electrostatic contribu-
tion to the polyion persistence length in terms of the
short-range electrostatic interactions that depend only
on the changes of polyion surface charge density
under deformation. As it can be seen from Section
3.2, the electrostatic contribution to the persistence
length using only short-range electrostatic interac-
tions is independent of the assumed bending model
(uniform bending or random bending fluctuations).
Thus, our approach allows us to calculate a lower
limit for the electrostatic persistence length. From
the other hand, the approaches derived by Fixman
[22] and Le Bret [23], which are based on the
uniform bending model, take into account both the
short- and the long-range electrostatic interactions
that depend on changes in distances between each
two points along the polyion axis. It is clear that,
since non-uniform random bending fluctuations in
different directions occur in solution, the long-range
interactions are somewhat overestimated by these
models, which, consequently, give the upper limit
for the electrostatic persistence length.

The results of our calculations are shown in Fig. 3
in comparison with the data of Fixman [22] (which
practically coincide with the results of Le Bret, small
discrepancy takes place only for 0.1 mM salt [23]).
In other words, Fig. 3 presents the two theoretical
limits for the electrostatic contribution to the DNA
persistence length at different ionic strength values
(for 1:1 salt). Some experimental results are also
presented in Fig. 3. To obtain an approximate coinci-
dence between theoretical predictions for the electro-
static contribution p, into persistence length and the
experimental results obtained at high ionic strength,
we subtract 35 nm (assumed to be the value of p, in
BEq. (24)) from all experimental total persistence
length values. A difference between the results of
transient electric birefringence study of short DNA
fragments [9], and light scattering [10] and flow
birefringence [11] investigations of long DNA

T
’
le) t.'.
100 | i

Pgy (nM)

10F

-4 -3 -2 -1 0
log(C)

Fig. 3. The electrostatic contribution to the persistence length of
DNA as a function of molar 1:1 salt concentration (smooth curve).
The filled circles represent the result of calculations performed by
Fixman (for 1:1 salt and £ = 0) [22]. The dashed line represents
the salt-dependence of p,,,4 according to Eq. (32), the dotted line
is the sum of the smooth and dashed curves. The experimental
data of Hagerman [9] (open circles), Kam et al. [10] (triangles),
and Cairney and Harrington [11] (rectangles, the set of data with
nucleotide optical anizotropy factor —12.711 is taken) are also
presented. From all original experimental points the constant value
35 nm (assumed as p, in Eq. (24)) was subtracted to facilitate
comparison with the theoretical predictions.

molecules has not been resolved. This difference
may, in part, be due to electrostatic end effects in
short chains [28]. On the other hand, a gradual
decrease in the persistence length with increasing
salt concentration [10,11] is most likely due to the
problem with correction for excluded volume [15].
Note, that the value obtained by Kam et al. [10] in 1
M Na* (iotal persistence length is 30.3 nm) is not
presented in Fig. 3. The conclusion that the persis-
tence length does not depend on the salt concentra-
tion above 1 mM NaCl or 0.1 mM MgCl, [9] has
been supported by the ring-closure measurements
[12] and the recent observation that the DNA helix is
likely to possess substantial rigidity in the absence of
phosphate interactions [29].

According to Fixman [22] and Le Bret [23], elec-
trostatic persistence length decreases by a factor
about 3 with the increase of ionic strength from 1 to
10 mM for a 1:1 salt (and by a factor about 2 for a
2:1 salt). According to our model, electrostatic per-
sistence length decreases only slightly in this range
of 1:1 salt concentrations. The actual dependence of
the persistence length on the ionic strength in low-salt
region [9] lies between two theoretical limits in Fig.



92 A. Sivolob, S.N. Khrapunov / Biophysical Chemistry 67 (1997) 85-96

3, and the results obtained in moderate-to high ionic
strength regions [10,11] are in good agreement with
the theoretical predictions.

It is not surprising that the long-range interactions
essentially contribute to the electrostatic persistence
length only at very low ionic strength: two models
give practically coinciding results for the ionic
strength above 10 mM (Fig. 3). It has been shown in
earlier calculations [17,18] that the electrostatic per-
sistence length in Debye—Hiickel approximation is
given by:

pon = &7 /4Bk? (31)

Since a linear array of point charges was consid-
ered [17,18], Eqg. (31) estimates only the long-range
electrostatic interactions and this estimation is rather
accurate in the low-salt limit. A modification of this
equation for highly charged polyelectrolyte accord-
ing to the condensation theory [20] gives [22]:

pcond= ]/4BK2 (32)

or, in aqueous solution at 25°C, p,,=0.032 C'
nm. The dashed line in Fig. 3 is calculated according
to this relation. It is interesting that the sum of p_ .,
(long-range interactions) and p, calculated accord-
ing our model (short-range interactions) gives practi-
cally the result of Fixman’s calculations, which took
into account both types of interactions (dotted curve
in Fig. 3). Thus, the main source of an experimen-
tally observed increase in the DNA persistence length
at low ionic strength is a change of the long-range
electrostatic interactions, i.e., the electrostatic bend-
ing energy at very low ionic strength becomes non-
additive with respect to contributions from individual
nearest neighbors along the polyion axis. An increase
in ionic strength leads to a rapid decrease of the
long-range interactions (see Eq. (32)) and then the
persistence length depends on salt concentration very
slightly: this dependence can be approximated ac-
cording to our model as p, = 6.61 C %'* nm. At
the ionic strength above 10 mM only the short-range
interactions contribute into the electrostatic bending
energy of DNA. Since our model is more simple
than those of Fixman and Le Bret, it can be easily
applied to estimate the electrostatic energy of uni-
form DNA bending in protein—DNA complexes at
moderate ionic strength.

5. Electrostatic contribution to DNA bending in
complexes with proteins

It has been suggested early that an asymmetric
neutralization of charges on the DNA surface may
play an important role as driving force for DNA
bending (particularly, in the nucleosome) {30]. This
hypothesis was confirmed by the simple analysis
based on the condensation theory [31] and by the
experimental studies of a chemically modified DNA
[32,33]. As discussed above, the electrostatic contri-
bution into DNA bending rigidity is very low (at
moderate salt concentrations). It can be expected,
however, that bending-induced decrease in the sur-
face charge density on the opposite to protein side of
DNA (see Fig. 2) would be accompanied by a re-
lease of a fraction of counterions into the bulk
solution and then an increase in the entropy of the
system [34). Our model allows us to estimate, on the
basis of a non-linear PB equation, the electrostatic
free energy of DNA bending in the case of an
asymmetric neutralization of a fraction 6 of DNA
surface by a protein in the direction of the curvature.

The dependencies of the free energy on 8 at
given values of the ionic strength are presented in
Fig. 4. One can see that the electrostatic contribution
to the bending free energy, which is small and
positive (bending is unfavorable) for the naked DNA
(6= 0). becomes more significant and negative with
an increase in the degree of the asymmetric neutral-
ization of DNA charge, i.e., the bending of DNA in

el

-0.05

AG, (0) (kyT)

-0.1

Fig. 4. The dependencies of the DNA bending free energy (per
one phosphate, Eq. (22)) on the degree of the asymmetric neutral-
ization 6 at the molar concentrations of 1:1 salt 0.01 (smooth
curve) and 0.1 (dashed curve) for the curvature radius R =15 nm.
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the case of asymmetric neutralization is a favorable
process with respect to electrostatic interactions. The
effect has a maximum at 6= 0.5, i.e., when the side
of the polyion with increased charge density is to-
tally neutralized. Then, the increase in 6 leads to the
increase in the free energy which necessarily tends to
zero at #= 1. The salt-dependence of the electro-
static free energy of asymmetrically neutralized DNA
is shown in Fig. 5. For a comparison, the constant
non-electrostatic contribution to the bending energy
(per one phosphate at p, =50 nm and R=35 nm,
see Eq. (24)) is +0.17 k4T, i.e., a significant part of
this value is balanced by the negative electrostatic
contribution in DNA-protein complexes at moderate
ionic strength.

The electrostatic contribution clearly depends on
0, curvature radius R and ionic strength C. There is
a value of the curvature radius R, that corresponds
to a maximum gain in the electrostatic bending free
energy at given 6 and C. If the total free energy of
DNA bending in a protein—DNA complex is

AGyg = AGCI(O) + bl’o/zR2 (%)

then, after substitution of Eq. (22) and appropriate
differentiation, we obtain:

bpy + 27 Ly (1 — 0) + L, sin(27(1 — 6))
" ki, sin(7(1—8))

(34)

The dependencies of R, upon the ionic strength at

O T T T
-0.02F -
=
[
x -0.04
2
o -0.06
9]
<
-0.08
. ) ] A
0'12 1.5 1 -0.5 0
log(C)
Fig. 5. The dependencies of the DNA bending free energy (per
one phosphate, Eq. (22)) on the molar concentration of 1:1 salt for

the curvature radius R =15 nm and two designated values of the
degree of the asymmetric neutralization 6.

R, (nm)

log(C)

Fig. 6. The curvature radius that corresponds to a maximum gain
in the electrostatic bending free energy (for the given degrees of
the lateral neutralization 8, if the non-electrostatic contribution to
the persistence length p, = 50 nm) as a function of molar concen-
trations of 1:1 salt (Eq. (27)).

given values of 6 are shown in Fig. 6. It is interest-
ing that, in the region of physiological salt concentra-
tions (ca. 100 mM), R = 4-5 nm, which is exactly
corresponds to the observed DNA curvature in, for
example, nucleosome particle [1], DNA-gyrase com-
plex [35] and complexes of DNA with a conservative
HMG-box of a series of DNA-binding proteins [36].
The same curvature has been detected after asym-
metric removal of phosphate charges in chemically
modified DNA [32].

6. Implication to the nucleosome

In the nucleosome, the elementary unit of eukary-
otic chromatin structure, DNA (about 145 base pairs)
wraps around an octamer of the histone proteins with
an average curvature radius 4.3 nm [1]. The structure
is stabilized by the electrostatic interactions between
histones and phosphate residues and these interac-
tions are essentially asymmetric: the outer surface of
the nucleosome DNA is accessible to different agents
(see Ref. [2] for a review). The degree of the phos-
phate charge neutralization is unknown exactly, but
it can be approximately estimated as 20-25% due to
interactions with the globular parts of the histones
[1]. The positively charged unfolded histone tails
additionally increase the degree of neutralization till
to approximately 50% at low and moderate ionic
strength. These tails dissociate from DNA within the
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range of 0.2-0.6 M NaCl, when the nucleosome
structure retains its stability [37].

We have employed our model (Eq. (22) and
numerical results) to estimate the electrostatic contri-
bution to the free energy of DNA deformation in the
nucleosome. The dependencies of this contribution
upon the ionic strength (per 290 phosphates, for
R=4.3 nm, and 6= 0.25 and 0.5) are presented in
Fig. 7. The constant non-electrostatic contribution to
the energy of the nucleosome DNA deformation is
(according to Eq. (24) with p, = 50 nm) + 66.7k,T.
The electrostatic contribution (see Fig. 7) changes
between 10 and 100 mM salt from —16.5k,T to
—14.5 kgT for 6=10.25 and from —30.3k,T to
—253kyT for 0=0.5. Thus, about 20-40% of
non-electrostatic contribution is balanced by the elec-
trostatic bending free energy at moderate ionic
strength, i.e., asymmetric neutralization significantly
stabilizes the nucleosome structure.

Fig. 7 presents also the results of the same calcu-
lations, but for the hypothetical case of the symmet-
ric (uniform with respect to ¢ angle) neutralization
of the surface charge. In this case we consider the
polyion with decreased with respect to DNA axial
charge density, i.e., Eq. (23) is used, where 1, is
obtained numerically for &= & A (1 — 0), €pna =
4.2. The dramatic difference between uniform and

log(C)

Fig. 7. The electrostatic contribution to the free energy of DNA
bending in the nucleosome (per 290 phosphates, the curvature
radius is 4.3 nm) as a function of molar concentrations of I:1 salt
for designated values of the degree of neutralization. Three upper
curves (within the positive range of the energy) are calculated for
the uniform (with respect to angle ¢) neutralization, two lower
curves (within the negative range of the energy) are for the
asymmetric neutralization.

asymmetric neutralization is observed. We might
envisage, on the basis of this phenomenon, a simple
mechanism of functionally important destabilization
of the nucleosome structure in transcriptionally ac-
tive regions of chromatin. One can see from Fig. 7
that the binding of positively charged ligand to the
outer surface of the nucleosome DNA would be
sufficient to decrease considerably the stability of the
bent state of the nucleosome DNA.

7. Conclusions

The considerations of polyelectrolyte properties of
DNA on the basis of condensation hypothesis [20],
PB equation [25,38,39] and more detailed calcula-
tions [39—42] indicate that the local concentration of
counterions near the polyion surface is very high
(>1 M) even at low bulk salt concentrations and,
consequently, the charge on phosphate residues is
essentially screened. Appendix A illustrates (see Ref.
[27] for details) that the major contribution to the
electrostatic free energy is the mixing entropy of the
mobile ions, i.e., the decrease in entropy due to
assembling the ion atmosphere around the polyion. If
DNA molecule bends, a rearrangement of the ion
atmosphere occurs and, respectively, the free energy
changes. Our analysis of the PB equation implies
that these changes consist of two terms that can be
considered separately. First, the short-range (with
respect to distance along the polyion axis) electro-
static interactions, which depend on the changes in
the polyion surface charge density under deforma-
tion. Second, the long-range electrostatic interac-
tions, which depend on the bending-induced changes
of distances between each two points along the axis.

In the present work, we have restricted our analy-
sis of the electrostatic contribution to the DNA per-
sistence length to the short-range electrostatic inter-
actions. The numerical solution of the corresponding
PB equation allows us to obtain the lower limit for
the electrostatic persistence length of DNA. The
contribution of the short-range electrostatic interac-
tions to the bending free energy is positive (un-
favorable), not so significant, and depends only
slightly on the ionic strength. In the case of random
bending fluctuations of the polymer in solution, the
long-range electrostatic interactions cannot be easily
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taken into account. These interactions have been
included into consideration by Fixman [22] and Le
Bret [23], but for a uniformly bent polyion. Hence,
the results of Fixman—Le Bret give the upper limit
for the electrostatic persistence length of DNA.
Comparison between the theories and experiment
[9-12], indicates that the actual behavior of the DNA
persistence length lies between two theoretical limits
and that the experimentally observed increase in the
DNA persistence length at low ionic strength mainly
depends on the long-range electrostatic interactions.
This conclusion is in an agreement with the earlier
calculations of the electrostatic persistence length,
which took into account, in Debye—Hiickel approxi-
mation, the long-range interactions only [17-19].
According to comparison of our results with the data
of Fixman [22] and Le Bret [23]. the long-range
electrostatic interactions in the uniformly bent
polyion are negligible at the ionic strength above 10
mM (for a 1:1 salt), and, as it is ensued from the
experimental results [9], these interactions lead to an
essential increase in the DNA persistence length
below 1 mM of 1:1 salt.

The mixing entropy of mobile ions is the domi-
nant contribution into the total electrostatic free en-
ergy (see Appendix A). The small electrostatic con-
tribution to the persistence length (in comparison
with its total value) and slight dependence of the
persistence length upon the ionic strength implies
that the bending-induced rearrangement of mobile
ion atmosphere does not lead to a significant change
of the electrostatic free energy. The results obtained
by Fixman [26] and Fenley et al. [24] show that there
is essentially no extra accumulation of counterions
due to DNA bending. That is, qualitatively, an addi-
tional accumulation of mobile ions near the regions
of polyion surface with increased charge density is
approximately balanced by a losing of them on the
opposite side of the polyion where its surface charge
density decreases. Our analysis indicates that the
release of counterions from the side with decreased
charge density becomes uncompensated in the case
of asymmetric neutralization of the DNA charge by a
protein. Therefore, the electrostatic bending energy
gives a significant negative (favorite) contribution to
the total bending energy of DNA, or, in other words,
DNA bending in the complexes with proteins gives
an advantage in the electrostatic free energy. This

theoretical conclusion provides an additional insight
into the mechanisms of the DNA-protein interac-
tions.

For example, implication of our model to the
nucleosome structure, where DNA charge is asym-
metrically neutralized by the histone proteins, shows
that the negative electrostatic contribution is about
20-40% (in the absolute values) of the positive
non-electrostatic free energy of DNA bending in the
nucleosome. So, the contribution from the electro-
static bending free energy significantly stabilizes the
nucleosome structure. On the other hand, the binding
of a positively charged ligand to the outer surface of
the nucleosome DNA might lead to a more uniform
charge neutralization and then, as it is indicated by
our calculations, to a considerable decrease in stabil-
ity of the bent state of the nucleosome DNA. This
effect may be one of the mechanisms of functionally
important destabilization of the nucleosome structure
in transcriptionally active regions of chromatin [43].

Appendix A. Contributions to the total electro-
static free energy of DNA

The electrostatic free energy of the polyion can be
defined not only as the charging integral (Eq. (12)),
but also can be equivalently calculated by the inte-
gration of functions of the electrostatic potential over
the volume of the ion atmosphere around the polyion.
According to the comprehensive analysis of the PB
equation by Sharp and Honig [27], the total electro-
static free energy of DNA modeled by the straight
uniformly charged cylinder (in k7 units per one
elementary charge of the polyion) can be written as:

Gy = (46)" [ [(dr/dry’ + 267 sinh( £)

=2k (cosh( f) = 1)] rdr (1A)

where f=f, in our definitions. Three terms under
the integral in Eq. (1A) have a clear physical mean-
ing [27]. The first term is the energy of the electro-
static field of the polyion. This term would be the
single contribution to the energy in vacuo. but in
solution the electrostatic field is considerably re-
duced by the mobile ions (even in the absence of
added salt [25,38]). The second term relates to the
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Fig. 8. The contributions to the electrostatic free energy of DNA,
modeled by straight uniformly charged cylinder, as functions of
molar concentrations of 1:1 salt. Curves represent (from top to
bottom): the total free energy, the contribution from the mobile
ion mixing entropy, the energy of the electrostatic field, and the
osmotic pressure contribution.

entropy change of the ion atmosphere with respect to
the bulk solution. The third term is the contribution
from the osmotic pressure of the ion atmosphere. All
terms can be calculated after numerical solution of
the PB equation for a straight cylinder (Eq. (5)). The
results of calculations for the different ionic strength
are presented in Fig. 8. The values of the total free
energy, as calculated according to Eq. (1A), practi-
cally coincide (+0.001) with the values obtained on
the basis of Eq. (12). One can see from Fig. 8 that
the major contribution to the electrostatic free energy
is the second term in Eq. (1A), which relates to the
mixing entropy of mobile ions. This fact can be
considered as an additional physical foundation of
the condensation theory in the PB equation.
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