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Abstract

We compute the excess number of counterions associated with kinked and branched DNA, and the ionic stabilities
of these structures as a function of chain length and both sodium and magnesium salt concentration, using numerical
counterion condensation theory. The DNA structures are modeled as two or more finite lines of phosphate charges

Ž .radiating from the kink or junction center. The number of excess counterions around the 40]908 kinked duplex is
Ž . Ž .very small at most four . The geometries of large three- and four-way DNA junctions with )50 base pairs per arm

in solutions containing low to moderate NaCl concentrations, by contrast, accumulate a substantial number of excess
Ž .sodium ions )20 but no more than 15 magnesium counterions. The excess number of counterions surrounding the

kinked linear chain and the branched DNA structures either remains invariant or increases with chain length,
Žtending to reach a plateau value. Open configurations, such as the planar Y-shaped three-way junction with three

.1208 inter-arm angles and the 908 cross-shaped four-way junction, are ionically more stable than compact
geometries, such as pyramidal three-way junctions and X-shaped four-way junctions, over the entire range of salt

Ž y5 y1 .concentration considered 10 ]10 M NaCl or MgCl . The ionic stabilities of the compact forms increase with2
Žincreasing salt concentration and become comparable to those of the extended geometries at high salt especially

.when magnesium is the supporting salt . Q 1998 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Alternate nucleic acid structures play an im-
portant role in biological processes. Proteins, such

w xas SRY, LEF-1 or TBP 1]4 , as well as base
w xbulges 5,6 introduce kinks in DNA, dividing the

double helix into a two-armed structure. Closely
w xrelated multi-branched structures 7]10 , where

three or more duplexes intersect at a single point,
serve as possible intermediates in DNA recombi-

w xnation 7,11]13 and important permanent struc-
tural elements of naturally occurring RNA

w xmolecules 14]16 .
Both kinked and branched DNA can be envi-

sioned as sets of polyelectrolyte chains radiating
from a common point at the kink or junction
center. The close approach of phosphate groups
near this site is expected to increase the charge
density of such structures compared to linear
DNA. Furthermore, the various geometries acces-

w xsible to both kinked and branched DNA 5,7,17
should give rise to different charge densities. The
distinct phosphate charge distributions will, in
turn, affect the electrostatic properties of the
different configurations, including the distribution
of counterions in the vicinity of the kink or junc-
tion and the relative ionic stabilities of individual
structures.

Until now, only two theoretical studies have
provided insight into the accumulation of counte-
rions around kinked and branched DNA. The
potentials of mean force calculated for selected
atomic configurations yield different three-dimen-
sional distributions of sodium ions around ex-
tended square planar and folded X-shaped four-

Ž .way junctions FWJ , compared to linear B-DNA
w xat 0.5 M NaCl 18 . More elaborate grand canoni-
Ž . w xcal Monte Carlo GCMC simulations 19 predict

an extra accumulation of sodium ions around a
tetrahedral FWJ in aqueous solution containing
1.84 mM NaCl, and an increase in the number of
excess sodium ions associated with structures of
increasing chain length until reaching a plateau

Ž .value of ;24 . Under identical ionic conditions,
the GCMC computations find approximately the
same number of excess sodium ions in the vicinity
of a 908 cross-shaped four-way junction and a
tetrahedral structure, but a much larger number

of excess sodium ions around an idealized and
more compact X-shaped junction with two acute
angles of 208.

Four-way DNA junctions undergo a salt-depen-
dent conformational transition from an unfolded
square-planar configuration at low salt to a folded

w xX-shape at sufficiently high salt 5,7,20 . The
long-range electrostatic repulsions between the
negatively charged DNA phosphates presumably
dominate at low salt concentrations, and favor
extended and unfolded branched structures with

w xsmaller charge densities 5,7 . At sufficiently high
salt concentrations, when electrostatic repulsions
are substantially reduced, compact and folded
forms with higher charge densities should com-
pete with the open structures. Significantly, mag-
nesium and more highly charged cations are bet-
ter than sodium in inducing folded arrangements

w xof four-arm DNA junctions 20,21 . A smaller
concentration of the cation with higher charge
stabilizes the folded form compared to the ion
with lower charge.

In this paper we report on the number of
excess counterions and the ionic stabilities of
kinked and branched DNA for varying chain
lengths and salt concentrations obtained with

w xnumerical counterion condensation theory 22 .
These simple and fast calculations allow us to
address a broader range of branched structures,
chain lengths and ionic conditions than can be
addressed with the much more computationally

w xdemanding procedures reported previously 18,19 .
Here we consider magnesium as well as sodium
counterions surrounding a variety of different
kinked and branched geometries over a broad
range of salt concentration and chain length. Un-
like GCMC computations, numerical counterion
condensation theory is not subject to large com-
putational uncertainties. Both approaches, how-
ever, are based on a similar DNA model, where
the phosphates are placed on finite lines which
meet at the kink or junction center, and both
share the limitation of providing only the average
number of associated counterions. Thus, we can
compare our results against the GCMC simula-
tions for the same DNA structure under identical
ionic conditions. The paper is organized as fol-
lows. In Section 2 we describe our DNA model
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and methodology, which allow us to examine the
excess counterion binding and ionic stabilities of
kinked and branched DNA over a broad range of

Ž .salt both sodium and magnesium concentration
and chain length. Then, in Section 3 we present
our findings and compare them against relevant
theoretical and experimental work. Finally, in
Section 4 we summarize the general trends in our
data and provide suggestions for further work.

2. Model and method

2.1. DNA representation

In order to examine the accumulation of coun-
terions around different configurations of kinked
and branched DNA and to estimate their relative
ionic stabilities, we adopt a simplified model where
the overall negative residue charge is concen-

Ž .trated at the phosphorus P atoms and the phos-
phorus positions are projected on the helical axis.
The linear segments, which meet at the kink or
branch center, crudely incorporate features of the
local conformation.

2.1.1. Axial phosphate charge model
˚The assumed 1.7-A separation of most negative

charges corresponds to the average spacing on
the helical axis of phosphate groups from comple-

w xmentary strands of the B-DNA duplex 23 . We
account for the possible distortion of phosphate
positions near the kink or junction site by varying
the charge spacing of the centrally located charges
in an ad hoc fashion consistent with currently
available structural information. For example, B-
DNA helical parameters are usually altered within

Ž .five base pair bp steps of the kink site in severely
w xdistorted protein]DNA complexes 17 and the

arms of three- and four-way DNA junctions adopt
normal B-form conformations right up to the

w xjunction base pairs 24]26 .
We consider both larger and smaller charge

spacing near the kink or junction region in order
to account for the possible extension or compres-
sion of phosphate groups around the kink or
branch site. For most of the calculations we keep

˚adjacent phosphates 1.5 A from the kink or junc-
tion. This positioning, which spreads the phos-

phates apart compared to ideal B-DNA, mimics
the stretching implicated in the sharp kinking of

w xDNA by TBP 27 . We also consider the axial
charge spacing adopted in GCMC calculations
w x19 where the central phosphates are placed 0.85
Å from the kinkrjunction center and the next

˚neighbors are displaced an additional 3 A along
each arm.

The number of counterions bound to kinked
and branched DNA and the associated ionic free
energy are not significantly affected by changes in
charge spacing near the kink or junction region
Ž .results not shown . The computed values are
practically invariant to the spacing of the cen-
trally located phosphates in long structures at
high salt concentrations andror in the presence

Ž .of multi-valent cations e.g. magnesium due to
their smaller effect on larger structures and the
better screening of electrostatic repulsions under
these ionic conditions.

2.1.2. Kinked and branched DNA geometries
For planar kinked DNA we consider a broad

Ž .range of bending angles 40, 90, 1408 , consistent
with known deformations of DNA kinked by pro-

w x w xteins 1]4 and base bulges 5,6 . The bending
angle u is defined as the complement of the angle

Žbetween the two helical arms us08 for the
.straight duplex . Thus, we consider kinked DNA

with an obtuse angle as well as less pronounced
kinked structures. The kink site is located in the
center of our ideal models and, unlike crystallo-

w xgraphically based models 28 , there is no dis-
placement of the two converging helical axes.

ŽFor the perfect three-arm DNA junctions with
.no unpaired bases we consider four planar

Ž .geometries: 1 a threefold symmetric Y-shape
with arms radiating to points that define an equi-
lateral triangle, i.e. with three 1208 inter-arm an-

Ž .gles; hereafter referred to as the Y-shape 1208 ;
Ž .2 a twofold symmetric Y-shape with an acute
angle of 608 between two arms and two angles of
1508 between the other adjacent arm pairs; here-

Ž . Ž .after referred to as the Y-shape 608 ; 3 an
asymmetric ‘y’ with three different inter-arm an-
gles, i.e. 208, 1608 and 1808; hereafter referred to

Ž .as the ‘y’-shape; and 4 a T-shaped form with two
inter-arm angles of 908. We also study two non-
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Ž .planar geometries: 1 a trigonal pyramid with
three 608 inter-arm angles; termed the pyramid
Ž . Ž .608 ; and 2 a pyramidal form with three 908

Ž .inter-arm angles called the pyramid 908 . All six
geometries have been suggested by different ex-

w xperimental studies 29]33 .
For the four-way DNA junctions the following

Ž .geometries are considered: 1 an ideal tetrahe-
Ž .dral form with inter-arm angles of 1098; 2 two

twofold symmetric planar X-shapes, one with two
inter-arm angles of 208 and another with two
inter-arm angles of 608; hereafter referred to,

Ž .respectively as the X-shape 208 and X-shape
Ž . Ž .608 ; 3 a planar cross-shaped structure with
four inter-arm angles of 908, also called square-

Ž .planar; and 4 an asymmetric form, a distorted
tetrahedral structure where one of the arms is
reflected by 1808 with respect to the geometrical
center of the structure. These geometries have
also been suggested by experimental work
w x20,34,35 .

Fig. 1 illustrates the distribution of phosphate
charges in the assumed geometries of the two-arm
kinked DNA and the three- and four-way junc-
tion structures, all with 10 bprarm. The average
interphosphorus distances and the radii of gyra-
tion of various two-armed kinks and three- and
four-way junctions with 20 bp branches are re-
ported in Table 1. The mean P]P values tend in
most cases to increase with increasing radius of

Žgyration a measure of the molecular compact-
.ness . The average phosphate distances of the

tetrahedral four-way junction, however, are
greater than expected on the basis of the radius
of gyration.

2.2. Condensed counterion fraction and ionic free
energy

We now briefly review the method employed to
compute the fractional number of condensed
counterions and the ionic free energy of the
DNA-counterion-solvent system, which is based
on the framework of numerical counterion con-

w xdensation theory 22 . According to classical
w xcounterion condensation theory 36 , the overall

free energy associated with DNA immersed in an
Žaqueous solution of electrolytes termed the ionic

Fig. 1. Schematic showing phosphorus positions in the various
configurations of the two-arm DNA kinks, and the three- and
four-arm DNA junctions studied here. The reader is referred
to the text for a description of the angles between the arms of

Žboth kinked and branched DNA molecules here shown see
.Section 2.1.2 .

.or polyelectrolyte free energy , G , is expressedionic
as:

Ž .G sG qG , 1ionic elec mix
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Table 1
Radii of gyration R and average phosphorus]phosphorusg
Ž . ² :P]P distances P]P dist for different configurations of

atwo-arm DNA kinks and three- and four-way DNA junctions

˚ ˚Ž . ² : Ž .Configuration R A P]P dist Ag

Kinks
Ž .1408 22.8 28.6
Ž .908 31.2 38.0
Ž .408 37.8 44.6

Three-way junctions
Ž .Pyramid 608 27.9 35.6
Ž .Pyramid 908 34.2 42.9

‘y’-shape 37.9 44.3
T-shape 37.9 46.6

Ž .Y-shape 608 38.7 46.9
Ž .Y-shape 1208 39.6 48.8

Four-way junctions
Asymmetric shape 34.7 43.6

Ž .X-shape 208 39.6 46.9
Tetrahedral 38.8 48.5

Ž .X-shape 608 39.6 48.9
Cross shape 39.6 49.5

aAll structures have 20 bprbranch.

where the first term represents the free energy
associated with electrostatic repulsions of the
charged phosphate groups and the second term is
the ideal free energy of mixing condensed counte-
rions, free counterions and solvent molecules.

The electrostatic energy of the system, G ,elec
assumes that electrostatic interactions between
all pairs of phosphate charges can be described by
a screened Debye]Huckel potential. In order to¨
treat DNA of any configuration and length, G ,elec
can be written as:

Np yk rk je2Ž . Ž .q , 2Ý net « rk jk-j

where N is the total number of phosphate groups,p
r is the distance between the kth and jth phos-k j
phate groups and « is the dielectric constant of

Ž .water at 298 K i.e. 78.3 . The net or effective
charge of each negatively charged phosphate
group, q , is given by:net

Ž . Ž .q sq 1yNu , 3net N

a term which reflects the counterion condensa-
Žtion phenomena i.e. each phosphate charge is

reduced from q to q by counterion condensa-net
.tion . The parameter u is the number of boundN

counterions of valence N per phosphate charge
Žon DNA i.e. the fractional number of condensed

.counterions and q is the magnitude of the ele-
mentary charge. The Debye]Huckel screening¨
parameter, k , is proportional to the square root
of the salt concentration, c .s

The ideal free energy of mixing free counteri-
ons, bound counterions and solvent molecules is
expressed as:

103uN Ž .G sN u RT ln , 4mix p N ž /c ¨s

where ¨ is the condensation volume per mole of
Žphosphate i.e. volume surrounding the DNA

within which the N-valent counterions are con-
.sidered bound , R is the universal gas constant,

and T is the temperature, taken as 298 K. For the
NaDNArNaCl and MgDNArMgCl systems, the2
respective values of ¨ , obtained for the infinite
line model of B-DNA in the limit of zero salt

w x 3concentration 36 , are 646 and 1121 cm rmol
phosphate. We assume that these values of ¨ are
independent of the configuration and size of DNA
as well as the particular salt concentration.

We employ the B-DNA value of ¨ for both
kinked and branched DNA structures since the
distortions caused by the kink or junction region
do not significantly alter the B-type conformation

w xin the kinkrjunction region 17,24]26 . However,
it should be pointed out that the influence of the
distribution of phosphate charges at the kink or

Žjunction site on ¨ is not considered i.e. for kinked
and branched DNA two or more lines of phos-
phate charges converge at a center point whereas
there is only a straight line of charges in the

.original CC model .
Some comments should be made about the

Ž .above equations. First, in Eq. 2 the
Debye]Huckel interaction is a better approxima-¨
tion for distant pairs than for close pairs of phos-
phates. Nevertheless, the use of self-consistently
calculated effective phosphate charges ame-
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liorates the approximation even for close pairs. It
may be recalled as well that in some situations,
charges on a line interacting with a bulk dielectric
constant mimics the behavior of a more realistic
charge distribution used with a locally saturated

w xdielectric constant 22 . In this sense, local solvent
effects are partially taken into account. We are
unable to provide a meaningfully quantitative a

Ž .priori estimate of the range of validity of Eq. 2 .
Approximations of this nature are best controlled
by comparison with experimental and simulated
data, as we subsequently provide. Second, Eqs.
Ž . Ž .1 ] 4 and the definition of k assume that the
salt concentration is much greater than the con-
centration of phosphate charges. Our system con-

Ž .sists of a NaDNA or MgDNA salt immersed in
Ž .a NaCl or MgCl solution of molarity c . Third,2 s

only the contributions to the ionic free energy
that are dependent on u are considered, sinceN
other terms cancel in free energy differences or
derivatives. Fourth, the delocalized or territorial
mode of counterion binding is assumed. There is
experimental support for this mode of ion binding

w xto branched DNA structures 5,20 .
In order to obtain the equilibrium or average

value of u one must minimize G , given byN ionic
Ž . Ž .Eqs. 1 ] 4 , with respect to u . This is accom-N

plished by equating the derivative of G withionic
respect to u to zero and finding the root of theN

­ GionicŽ .equation, s0, where,
­uN

Np yk rk j­ G eionic 2 Ž .sy2 Nq 1yNu ÝNž /­u « rN k jk-j

310 uN Ž .qN RT 1q ln . 5p ž /c ¨s

The value of u at equilibrium is determinedN
numerically using the Newton]Raphson method
w x37 . We should point out that u of kinked orN
branched DNA represents an average for a par-
ticular distribution of phosphate charges; the
phosphates near the kink or junction region and
those far out along the arms contribute equally.
We therefore obtain only an overall value of uN
from the above minimization procedure.

From the value of u and ¨ one can computeN
the excess number of counterions due to the
kinkrjunction region and the ionic free energy

Ž .differences in kcalrmol between different
kinkedrbranched DNA structures. The latter
quantities provide information about the relative
ionic stabilities of different configurations of
kinked and branched DNA. For a more complete
discussion of the underlying assumptions and

w xmethodology the reader is referred elsewhere 22 .
In the following section we define the number of
excess counterions associated with kinked and
branched DNA structures. This quantity relies on
the specification of a reference state.

2.3. Kinkedrbranched DNA reference states

For kinked DNA the reference state is a straight
DNA chain with the same number of phosphate
groups. Therefore the number of excess counteri-
ons due to the kink is given by:

Ž . w Ž . Ž .x Ž .N excess sN u kink yu straight 6kink p

Ž .where N excess is the number of excess coun-kink
terions due to the kink in DNA, N is the totalp

Ž .number of phosphate groups, u kink and
Ž .u straight are the respective counterion binding

fractions for kinked DNA and straight B-DNA.
Ž . Ž .The products N u kink and N u straight givep p

the total number of counterions associated or
bound to kinked and straight DNA, respectively.

For the three-arm DNA junctions, the refer-
ence state is three DNA helices with the same
total number of phosphate groups as the three-

Žarm DNA junction each helix has the same num-
ber of phosphate groups as one of the arms of the

.three-arm junction . Thus, the number of excess
counterions associated with a three-way junction
Ž .TWJ is given by:

Ž . w Ž . Ž .xN excess sN u TWJ yu straightTWJ p one -arm

Ž .7

Ž .where N excess is the number of excessTWJ
Ž .counterions associated with the TWJ, u TWJ is

the counterion binding fraction of the TWJ and
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Ž .u straight is the corresponding counterionone-arm
binding fraction for straight B-DNA with the same
number of phosphate groups as one of the arms
of the TWJ.

For the four-arm junction we can define the
number of excess counterions in two ways. The
reference state can be either four or two helices
with the same total number of phosphate groups
as the FWJ. In the former case each helix corre-
sponds to one of the arms of the FWJ and in the
latter case to two coaxial arms of the structure.

Ž .Our results data not shown show that, as ex-
pected, there are more excess counterions at the
junction if we use the four helix reference. Both
reference states have been used in past thermo-

w xdynamic studies of DNA branching 10 . Here we
choose the two helix case, which gives a lower
bound on the excess junction counterions, in or-
der to compare our results with earlier GCMC

w xcomputations 19 . Consequently, the number of
excess counterions associated with the FWJ is
defined as:

Ž . w Ž . Ž .xN excess sN u FWJ yu straightFWJ p two -arms

Ž .8

Ž .where N excess is the number of excessFWJ
Ž .counterions associated with the FWJ, u FWJ is

the counterion binding fraction of the FWJ and
Ž .u straight is the corresponding counteriontwo-arms

binding fraction for straight B-DNA with the same
number of phosphate groups as two of the arms
of the FWJ.

In the following sections we employ numerical
Ž . w xcounterion condensation theory NCCT 22 to

compute the excess counterion accumulation and
ionic stability of several different kinked and
branched DNA structures over a broad range of

Ž .salt both sodium and magnesium concentration
and arm lengths. Whenever possible we compare

w xour results with GCMC predictions 19 as well as
with relevant experimental findings.

3. Results and discussion

3.1. Kinked DNA

We first examine the number of counterions

surrounding a kinked DNA duplex compared to
an ideal B-DNA. Table 2 gives the number of
sodium and magnesium ions associated with 140-
and 908-kinked DNAs and with the linear refer-

Žence state at two different salt concentrations i.e.
y3 y1 . Ž10 and 10 M and six chain lengths 10]200
.bp . At moderate salt concentrations, there is an

extra accumulation of sodium ions around the
Ž .severely kinked 1408 DNA relative to B-DNA.

Ž .However, for all fragments up to 200 bp and salt
concentrations the number of excess sodium ions

Table 2
Chain length and ionic strength dependence of the number of
associated sodium and magnesium ions for kinked and straight

aDNA in aqueous solutions

Number of Number of associated counterions
base pairs Kinked DNA B-DNA
per kink

y3c s10 M, Sodiums
Ž .10 13.7 12.6 12.4
Ž .20 29.3 27.8 27.3
Ž .40 60.9 58.5 57.7
Ž .60 92.4 89.3 88.3
Ž .100 155.2 150.8 149.4
Ž .200 310.0 304.0 302.4

y1c s10 M, Sodiums
Ž .10 15.8 14.9 14.8
Ž .20 31.6 30.5 30.3
Ž .40 62.8 61.4 61.3
Ž .60 93.7 92.4 92.2
Ž .100 155.6 154.2 154.2
Ž .200 310.4 308.8 308.8

y3c s10 M, Magnesiums
Ž .10 8.6 8.3 8.3
Ž .20 17.6 17.2 17.0
Ž .40 35.4 34.9 34.7
Ž .60 53.3 52.6 52.3
Ž .100 88.8 88.0 87.6
Ž .200 177.2 176.0 176.0

y1c s10 M, Magnesiums
Ž .10 9.0 8.8 8.8
Ž .20 18.0 17.8 17.8
Ž .40 35.9 35.7 35.7
Ž .60 53.8 53.5 53.5
Ž .100 89.6 89.4 89.2
Ž .200 178.8 178.8 178.8

a The numbers in parentheses refer to the 908-kinked DNA and
those without parentheses are for the 1408-kinked DNA.
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is small compared to the total number of sodium
Ž y1ions surrounding the kink. At high salt 10 M

.NaCl , the number of excess sodium ions is even
smaller, at most two for all kinked DNA geo-
metries. As expected from the average phospho-
rus]phosphorus distances, the more widely spaced
charges in the 908 kink attract fewer counterions
compared to the 1408 kink in DNA of the same

Ž . Žlength see Table 1 . For the 408-kinked DNA at
. Žall chain lengths and 908-kinked DNA for small

.fragments -100 bp at any salt concentration,
there are no extra sodium ions accumulated near
the kinked DNA.

The build-up of sodium ions around 908 and
1408 kinks is seen more clearly in Fig. 2 where the
number of excess counterions is plotted as a
function of chain length for different ionic condi-
tions. We see that the accumulation of sodium
tends to reach a plateau at long chain lengths and
that the number of excess ions decreases at higher
salt concentration. The latter trend reflects the
salt dependence of the counterion binding frac-
tion of both straight and kinked DNA, both of
which decrease with increasing salt concentration

w xat a fixed and finite chain length 22 .
The effect of the kink is more pronounced for

smaller molecules in spite of the fact that fewer
excess sodium ions associate with them. For ex-
ample, at 10y3 M NaCl, the 1408-kinked DNA of
10 bp has 0.067 excess sodium ions per phosphate
group, whereas the corresponding ratio for the
1408-kinked DNA of 60 bp is 0.034 excess. This
trend persists for all kinked DNA structures re-
gardless of salt concentration.

As shown in Table 2, increasing the charge of
the supporting salt significantly decreases the
number of excess counterions due to the kink
region at all salt concentrations and chain lengths.
The difference in the number of excess magne-
sium and sodium counterions is largest at the low

Ž y3salt end. At intermediate salt concentrations 10
.M , there are practically no excess magnesium

ions even for the pronounced 1408-kinked DNA.
For 90- and 1408-kinked DNA structures of any
chain length the excess number of magnesium
ions is no more than three regardless of salt
concentration. As in the case of sodium, the num-
ber of excess magnesium ions due to the kink

Fig. 2. Chain length dependence of the excess number of
Ž . Ž .sodium ions accumulated around a 1408; and b 908 kinks in

the center of a B-DNA fragment at different NaCl concentra-
tions.

increases with increasing chain length. Plateau
values, where the number of excess magnesium
ions is invariant to changes in chain length, are
reached at moderate to high salt concentrations.

In summary, the number of excess counterions
Ž .sodium or magnesium for F908 pronounced
kinked DNA molecules is very small and thus, the
counterion distribution around DNA with -100
bp is probably unaffected by bending angles
smaller than 908. However, one should keep in
mind that for more pronounced kinks in larger
DNA fragments at the low salt end, the counte-
rion distribution could possibly differ from straight
DNA, reflecting a larger accumulation of ions

Ždue to the kink site i.e. larger average extent of
.counterion condensation .
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3.1.1. Comparison with GCMC simulations
For the case of 60 bp DNA with a 70.58 kink

Ž .109.58 inter-arm angle at 0.0018 M NaCl we
obtain 0.2 excess sodium counterions due to the
kink, a value in reasonable agreement with the
1.1 excess sodium found by Olmsted and Hager-

w xman 19 with GCMC computations of the same
kink under identical ionic conditions. Both stud-
ies show that there is practically no extra accumu-
lation of ions due to this kink. We obtain even
closer agreement with Olmsted and Hagerman
w x19 for a more pronounced 1608-kinked DNA
Ž .208 inter-arm angle of the same length and at
the same salt concentration; we obtain 6.9 excess
sodium counterions, whereas they obtain a value
of 7.0. The two approaches agree that there is an
extra accumulation of sodium ions around
pronounced DNA kinks. Note, however, that our
values for the excess kink counterions are smaller
in both cases than those computed by GCMC
simulations. Actually, the definitions of bound
counterions differ in the two approaches, and are
not directly comparable. The number of bound
counterions in the GCMC simulation includes the
non-ideal screening effect of the diffuse
Debye]Huckel atmosphere in addition to the¨

w xcondensed counterions 38 , whereas counterion
condensation theory counts as bound only the
condensed counterions.

3.1.2. Smoothly bent ¨s. kinked DNA
We have previously shown that there is some

extra accumulation of counterions around
Žsmoothly bent DNA only for cases where the

.bending angle is large and at the low salt end
w x y439 . For example, for a 60-mer at 10 M NaCl

˚ Žwith a 45-A radius of curvature which corre-
sponds to a uniform bending angle of 4.38 per

.base-pair , the number of associated counterions
is 0.713 ionsrbp=120 bps85.6 ions, whereas,
there are 0.701 ionsrbp=120 bps84.1 counteri-
ons for the B-DNA linear reference. Thus, there
is an excess of approximately two counterions
around smoothly bent DNA. For an equivalently

Ž .kinked 1308 DNA of the same chain length,
there are approximately four counterions in ex-
cess at 10y4 M NaCl. Therefore there are a few

more counterions surrounding a kink as opposed
to a smooth bend of the same overall magnitude.

3.1.3. Ionic stability of kinked ¨s. straight DNA
ŽThe energetic cost considering only the ionic

.contribution involved in kinking DNA under dif-
ferent ionic conditions is reported in Fig. 3. The
ionic free energy difference between 20-bp kinked
and straight DNA is plotted as a function of the
concentration of both NaCl and MgCl . The de-2
crease to zero of the ionic stability curves at high
salt occurs more quickly for the less pronounced

Žkinked DNA structure e.g. compare the 1408 vs.
.908 curves . For less pronounced kinked DNA

molecules in either NaCl or MgCl solutions the2
ionic free energy difference between kinked and
straight DNA is -3 kcalrmol at all salt concen-

Ž .trations. However, for severely 1408 kinked
DNA, the ionic free energy difference is higher
than 10 kcalrmol at the low NaCl end. At all salt
concentrations and regardless of salt charge, the
908-kinked DNA is always ionically more stable
than the 1408-kinked DNA. The ionic free energy
cost to kink a straight DNA fragment in solutions
of MgCl becomes very small at high salt concen-2
trations. For example, the ionic free energy dif-
ference between straight DNA and the 1408-
kinked DNA is approx. 0.2 kcalrmol at 10y1 M
MgCl . Thus, even for the most pronounced DNA2
kinks, one can deform DNA at high ionic condi-
tions without much barrier in terms of the ionic
component of the total bending free energy. On
the other hand, at low ionic conditions the ionic
contribution to the total free energy of bending is
significant for the more pronounced kinked DNA
Ž .especially when sodium is the counterion .

3.2. Three-way DNA junctions

In Table 3 we present the chain length depen-
dence of the number of associated sodium coun-
terions for two representative geometries of
three-way DNA junctions and their linear refer-
ence states at 10y3 and 10y1 M NaCl. As evident

Ž .from the data, the non-planar pyramid 608 accu-
mulates a larger number of counterions com-

Ž .pared to the Y-shape 1208 . The former structure



( )M.O. Fenley et al. r Biophysical Chemistry 74 1998 135]152144

Fig. 3. Dependence of the ionic free energy differences
Ž .between 908 and 1408 kinked and straight DNA on c , thes

Ž .concentration of salt NaCl and MgCl in molarity units.2

is significantly more compact than the latter con-
figuration according to Table 1 with the average
P]P distance and radius of gyration of the pyramid
Ž .608 ;30% lower than the corresponding values

Ž .of the Y-shape 1208 . Thus, as expected, the
Ž .more compact pyramid 608 with the larger charge

density and stronger electrostatic repulsions accu-
mulates the larger number of excess junction
counterions. Nevertheless, there is an uptake of

Žsodium ions for all TWJ geometries more so at
.low salt concentration and for larger TWJs . The

charge densities of the branched structures are
consistently higher than those of linear DNA due
to the fact that the phosphate groups come into
close proximity upon formation of the junction.

The predicted chain length and ionic strength
dependencies of the number of excess sodium
ions for various TWJ geometries in Fig. 4 resem-
bles general features seen above for kinked linear
DNA. For all geometries the excess number of
sodium ions increases with increasing arm length
and decreasing salt concentration. At 10y5 M
NaCl, the excess number of sodium ions is about
the same for the two Y-shaped forms, the pyramid
Ž . Ž .908 and the T-shape with up to 20 bprarm , but

Ž .is larger for the pyramidal 608 and ‘y’-shaped
geometries, which coincide in Fig. 4a. The differ-

Ž .ences are slightly more pronounced 10]15 ions
in TWJs with longer arms at this salt concentra-
tion. The relative effect of the junction on cation

Table 3
Arm length and ionic strength dependence of the number of
associated sodium counterions around Y-shaped and pyrami-

adal three-way DNA junctions in aqueous solution

Number of Number of associated counterions
base pairs TWJ DNA Junction B-DNA
per arm

ŽY-shape 1208 inter-arm
.angles

Ž . Ž .5 20.5 22.9 15.3 21.0
Ž . Ž .10 43.9 46.2 37.1 44.4
Ž . Ž .20 90.6 92.6 82.0 91.0
Ž . Ž .30 137.2 139.1 127.4 137.3
Ž . Ž .50 229.8 231.9 219.0 230.1
Ž . Ž .100 459.6 464.4 448.2 462.6

ŽPyramid 608 inter-arm
.angles

Ž . Ž .5 22.1 24.3 15.3 21.0
Ž . Ž .10 46.2 48.1 37.1 44.4
Ž . Ž .20 94.4 94.7 82.0 91.0
Ž . Ž .30 142.4 141.1 127.4 137.3
Ž . Ž .50 237.0 234.0 219.0 230.1
Ž . Ž .100 469.8 466.5 448.2 462.6

a The numbers in parentheses refer to 10y1 NaCl concentra-
tion and those without parentheses to 10y3 M NaCl.

association, however, is more pronounced for
smaller junctions since the number of excess
counterions on a per phosphate basis is larger.

The number of excess sodium ions around all
Ž .TWJ geometries is still significant 10]30 ions at

Ž y3 .moderate 10 M NaCl concentration; see Fig.
4b. Also, under these ionic conditions there are
more excess sodium ions associated with the more

Ž .compact geometries, e.g. pyramid 608 . On the
Ž y1 .other hand, we see that under high 10 M

NaCl concentrations the number of excess coun-
terions due to the junction is small for TWJs of

Ž .any geometry at most around six ; see Fig. 4c.
As in the case of kinked DNA, the number of

excess magnesium ions at the different junctions
is smaller than the amount of excess sodium at a

Žfixed salt concentration and chain length note
.the different scale in Fig. 5 compared to Fig. 4 .

Furthermore, the amount of excess magnesium is
Ž .comparable 0]4 ions for extended and compact

Ž . Ž .forms, i.e. Y-shaped 1208 vs. pyramidal 608
TWJs, at all chain lengths and for moderate to
high salt concentrations. This is in contrast to the
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Fig. 4. Chain length dependence of the excess number of
sodium ions accumulated around different configurations of

Ž . y5 Ž . y3three-way DNA junctions in aqueous a 10 M; b 10 M;
Ž . y1and c 10 M NaCl solution.

case where sodium is the counterion. At 10y1 M
MgCl , there are practically no excess counteri-2
ons around any three-way junction regardless of
the number of base pairs per arm, and at 10y3 M
the limiting values of the excess magnesium ions
are approximately two for configurations other

Ž .than the pyramidal 608 and ‘y’-shaped structures
where the excess is 4]5 counterions.

3.2.1. Ionic stability of three-way junctions
Some experimental studies have shown that

Žionic strength effects both ion charge and con-
.centration assume an important role in stabiliz-

w xing perfect TWJs 30,31 , while others find that

Fig. 5. Chain length dependence of the excess number of
magnesium ions accumulated around different configurations

Ž . y5 Ž .of three-way DNA junctions in aqueous a 10 M; and b
10y1 M MgCl solution.2



( )M.O. Fenley et al. r Biophysical Chemistry 74 1998 135]152146

w xsalt plays no role 29,32 . Gel electrophoretic and
w xthermodynamic studies 40]44 on bulged DNA

and RNA TWJs show that there is a salt-induced
transition from an extended or open configura-
tion in the absence of added ions to a compact
asymmetric structure in the presence of metal

Ž .ions e.g. magnesium or hexammine cobalt . The
predicted free energy differences between sym-
metric Y-shaped TWJs and various distorted
forms can shed light on these observations.

The relative ionic stabilities of 20 bprarm TWJs
plotted in Fig. 6 reveal an ordering of stability not
obvious from the radii of gyration and average

Ž .P]P distances. The symmetric Y-shaped 1208
TWJ is ionically more stable than all other con-
figurations with the ionic free energy differences,

Ž .relative to the Y-shape 1208 , decreasing in the
Ž .following order: ‘y’-shape f pyramid 608 )

Ž . Ž .pyramid 908 )Y-shape 608 )T-shape. At the
Ž y1 .high salt end 10 M NaCl , the stability of the

Ž .Y-shaped 608 , T-shaped and pyramidal-shaped
Ž .908 TWJs approach that of the symmetric Y-

Ž .shape 1208 with ionic free energy differences
less than 0.8 kcalrmol. On the other hand, at the
same salt concentration, the ionic stabilities of

Ž .the ‘y’-shaped and pyramidal 608 TWJs are still
Ž .much less than that of the Y-shape 1208 . For

Ž .longer 100 bprarm TWJs the ionic stability
follow the same order, but the ionic free energy

Fig. 6. Ionic free energy differences between various three-way
Ž .20 bp arms DNA junctions and the ideal Y-shaped configu-
ration as a function of the logarithm of the NaCl concentra-
tion, c .s

Ždifferences are larger especially at low NaCl
.conditions .

The ionic free energy differences are much
smaller when magnesium is the supporting salt.
For instance, the respective ionic free energy
differences between the 10 bprarm T-shape and

Ž .extended Y-shape 1208 are 0.3 and 0.01 kcalrmol
at 10y1 M NaCl and MgCl . However, the order2
of ionic stability remains the same as that in
sodium. Thus, the order of ionic stability is inde-
pendent of both salt concentration and charge. In
contrast to NaCl solutions, the ionic stability of
all configurations become comparable to the Y-

Ž .shape 1208 TWJ at high magnesium concentra-
tions. The ionic free energy differences between

Ž .all geometries and the symmetric Y-shape 1208
are -0.6 kcalrmol at 10y1 M MgCl . Thus, even2
the more compact TWJ geometries are ionically
equivalent to the extended forms at high magne-
sium concentration.

In conclusion, our results show that the ionic
stabilities of TWJs are affected by the concentra-
tion and charge of metal ions present in solution
and thus suggest that ionic strength effects play a
role in determining the overall stability of TWJs.
Clearly, the charge density of the TWJ is large,
since one has three polyelectrolyte chains con-
verging at the junction site, inducing considerable
electrostatic repulsions between phosphates. Con-
sequently, the stability of the TWJ, like that of
linear DNA, is sensitive to the ionic environment.

ŽFor instance, under low salt conditions especially
.for sodium , the ionic free energy contribution is

large and probably prevents compact TWJs from
occurring. Thus, the angle between the different
pairs of arms of the TWJ is probably dictated in
part by the ionic conditions. On the other hand,
provided that all other contributions to the total
free energy difference are also small, more than
one geometry of small TWJs can probably co-ex-
ist under moderate MgCl concentrations. The2
ionic free energies of competing configurations
differ by as little as 0.1 kcalrmol.

3.2.2. Comparison with experiments
Our prediction that the extended Y-shaped

Ž . Ž1208 TWJ is the most stable configuration as-
suming that the ionic free energy dominates all



( )M.O. Fenley et al. r Biophysical Chemistry 74 1998 135]152 147

.other free energy contributions under low salt
conditions is supported by gel electrophoretic

w xmobility and fluorescence studies 29,32 . At low
salt concentrations, where the ionic free energy is
dominant, only extended or open TWJ geometries
like the 1208 Y-shape are probably stable. Our
results also show that the 1208 Y-shape is ioni-
cally more stable than all other geometries over

Žthe entire range of salt concentration for both
.sodium and magnesium in agreement with gel

w xelectrophoretic and fluorescence studies 29,32 .
It should be pointed out that these experimental
studies are also consistent with non-planar
pyramidal geometries, since the data support a

Žstructure with three equal inter-arm angles which
.might be different from 1208 . Non-planar

pyramidal geometries, however, are more com-
Ž .pact than the planar Y-shape form see Table 1

and according to our calculations are not likely to
be stable at low salt conditions.

A cyclization method coupled with two-dimen-
w xsional gel electrophoresis analysis 33 of perfect

three-arm junctions, made up of a duplex stem
and hairpin in one arm and two linear arms with
sticky ends, in the presence of 10 mM MgCl2
suggests that the TWJ adopts a pyramidal geome-
try with equal inter-arm angles in the range
60]908. This study relies on the assumption that
the spatial arrangements of DNA TWJs in linear
and circular molecules are the same, based on the
similar electrophoretic mobilities of linear and
closed circular molecules with the three-way con-
struct. According to our results, at 10y1 mM
MgCl the respective ionic free energy differ-2

Ž . Ž .ences between the pyramidal 908 and 608 forms
are 0.3 kcalrmol and 0.8 kcalrmol relative to the

Ž .extended 1208 Y-shape all with 10 bprarm . Thus,
since small ionic free energy differences are in-
volved at such ionic conditions, other contribu-
tions to the total free energy could stabilize a
pyramidal form.

Gel electrophoretic mobility and chemical and
w xenzymatic footprinting studies 30 further suggest

that the TWJ adopts an asymmetric configuration
Ž .e.g. T-shape in the presence of metal ions, such
as magnesium. Our results show that the ionic
free energy differences between the 30 bp T-

Ž .shaped and extended Y-shaped 1208 structures

are 0.1 and 0.04 kcalrmol at 10y2 M and 10y1 M
MgCl , respectively, suggesting that the two2
geometries are energetically equivalent. Thus, un-
der high salt conditions more than one geometry
may be energetically accessible, and there could
be a dynamic exchange between different config-

Žurations of TWJs i.e. a family of equilibrium
.structures . At such salt conditions, the stacking

Ž .interactions or other non-ionic interactions may
be dominant and dictate which overall structure is
more favorable.

3.3. Four-way DNA junctions

The salt and chain length dependent trends
seen in the electrostatic properties of kinked and
three-way branched DNA persist in the analysis

Ž .of four-way junctions. At high 0.1 M NaCl salt

Table 4
Arm length and ionic strength dependence of the number of
associated sodium ions around different four-way DNA junc-

ations in aqueous solution

Number of Number of associated counterions
base pairs FWJ DNA Junction B-DNA
per arm

Cross-shape
Ž . Ž .5 29.7 31.8 24.8 29.6
Ž . Ž .10 61.8 63.2 54.6 60.6
Ž . Ž .20 125.9 125.1 115.4 122.6
Ž . Ž .30 189.4 187.2 176.6 184.6
Ž . Ž .50 314.4 310.8 298.8 308.4
Ž . Ž .100 622.4 620.0 604.8 617.6

Tetrahedral
Ž . Ž .5 29.9 32.0 24.8 29.6
Ž . Ž .10 62.2 63.4 54.6 60.6
Ž . Ž .20 126.4 125.6 115.4 122.6
Ž . Ž .30 190.1 187.4 176.6 184.6
Ž . Ž .50 315.6 311.2 298.8 308.4
Ž . Ž .100 624.0 620.8 604.8 617.6

Ž .X-shape 608
Ž . Ž .5 30.0 32.1 24.8 29.6
Ž . Ž .10 62.2 63.7 54.6 60.6
Ž . Ž .20 126.6 125.8 115.4 122.6
Ž . Ž .30 190.3 187.8 176.6 184.6
Ž . Ž .50 316.0 311.6 298.8 308.4
Ž . Ž .100 624.8 620.8 604.8 617.6

† The numbers in parentheses refer to 10y1 NaCl concentra-
tion and those without parentheses to 10y3 M NaCl.
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roughly the same number of excess counterions
Ž .two or three accumulate around extended and
compact configurations; see Table 4. At lower
salt, by contrast, the various spatial arrangements
cluster into groups with different numbers of
associated counterions. In the case of the four-way
junction, the greatest build-up of cations occurs

Ž .around the X-shaped 208 and distorted tetrahe-
dral forms, which have higher charge densities
Ži.e. smaller average phosphorus]phosphorus dis-

.tances than the other geometries considered
here; see Table 1. On the other hand, the smallest
accumulation of excess counterions occurs at low
salt around the planar cross-shape which has the
largest average phosphorus]phosphorus distance
of all FWJs. Roughly the same numbers of sodium

Ž .ions surround the cross-shaped, X-shaped 608
and tetrahedral forms under the same conditions
of ionic strength and chain length. As is evident
from Fig. 7, the differences among the configura-
tional states are more pronounced in longer chains
and at lower salt. In all cases the number of
excess sodium ions grows with increase in chain
length and reduction of ionic strength.

The influence of magnesium on the four-way
junctions is similar to its effect on kinked and
three-way branched DNA structures. Compared
to sodium ions, there are fewer excess magnesium
ions associated with FWJ structures of the same
length and at the same salt concentration. The
effect of the junction on counterion build-up is
also more pronounced for the smaller FWJs since

Žthe number of excess ions on a per phosphate
. y3basis is larger. For example, at 10 M MgCl ,2

the number of excess junction counterions is 0.02
and 0.01 per phosphate group for the cross-shaped
FWJ with 10 and 50 bprarm, respectively. This
behavior, which is observed for all geometries and

Ž .salt both sodium and magnesium concentra-
w xtions, agrees with GCMC predictions 19 .

If one envisions FWJ formation from the asso-
Ž .ciation of two duplexes our reference state , then,

according to our results, under certain salt condi-
tions and chain lengths there will be an uptake of
counterions and thus a change in counterion

Žbinding. For instance, for larger FWJs )50
.bprarm at low NaCl concentrations, the number

of excess sodium ions at the junction is at least 25

Fig. 7. Chain length dependence of the excess number of
sodium ions accumulated around different configurations of

Ž . y5 Ž . y1four-way DNA junctions in aqueous a 10 M; and b 10
M NaCl solution.

for all geometries. However, at high salt condi-
Ž .tions for both sodium and magnesium the num-

Ž .ber of excess counterions is relatively small 0]3
for all configurations, with the exception of the

Ž .X-shape 208 , which has up to 10 sodium ions.
Ž .Also, at any NaCl or MgCl concentration the2

average extent of counterion condensation is not
significantly different for many FWJ structures
other than the distorted tetrahedral and X-shaped
Ž .208 forms which have higher charge densities.

3.3.1. Comparison with GCMC computations
Fig. 8 compares the numbers of excess sodium

ions around the tetrahedral junction predicted
w xfrom GCMC simulations 19 and our approach
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Fig. 8. Comparison of the chain length dependence of the
number of excess sodium ions around a tetrahedral DNA
junction in aqueous 1.84 and 13.5 mM NaCl solutions, found

Ž .by grand canonical Monte Carlo GCMC simulations and
Ž .numerical counterion condensation theory NCCT .

Ž .NCCT under identical ionic conditions and with
the same phosphate spacing. As is evident from
the figure, the GCMC study yields a greater num-
ber of excess ions around the tetrahedral FWJ
with 10]50 bprarm than the NCCT calculations

Žat both salt concentrations considered 1.84 and
.13.5 mM NaCl . The GCMC calculations also find

a greater build-up of sodium around the planar
cross-shaped junction with 30 bp arms than the

ŽNCCT result 21.8 vs. 10.6 sodiums at 1.84 mM
.salt; data not shown . Both studies predict an

increase in the number of excess sodium counte-
rions in longer FWJs, although the increase is less
pronounced in the case of NCCT. As noted above
in our discussion of kinked DNA, the GCMC
analysis defines the excess number of counterions
differently from our approach. The GCMC simu-
lations incorporate as ‘bound counterions’ the
non-ideal screening effects of the Debye-Huckel¨
atmosphere, which in our computation affects the
free energy but does not supplement the number

Ž .of bound condensed counterions. We believe
that our definition of bound counterions as in-
cluding only the intimately associated condensed
layer is more faithful to physical reality.

The two numerical approaches predict nearly
the same number of excess sodium ions for tetra-
hedral and cross-shaped junctions compared to

the B-DNA reference. However, our calculations
find slightly fewer ions around the cross-shape
relative to the tetrahedral structure, whereas the
opposite is true according to the GCMC compu-
tations. Both methods predict a greater accumu-

Ž .lation of sodium around the X-shaped 208 FWJ
Žwith 30 bprarm 27.5 according to GCMC vs.

.18.7 from NCCT at 1.84 mM NaCl compared to
tetrahedral and cross-shaped junctions of the
same chain length. The two approaches also find
a smaller number of excess sodium ions around
the tetrahedral junction at higher salt concentra-
tions. The two studies are thus in good qualitative
agreement, predicting the same general ionic
strength and chain length dependent trends.

3.3.2. Ionic stability of four-way junctions
The important role of metal ions on the stabil-

ity of four-way DNA junctions has been well
w xestablished by many experimental studies 5,20 .

ŽUnder low salt conditions or in the absence of
. Žmetal ions an extended planar cross-shaped or

.square planar geometry predominates whereas
Žan X-shape with two acute inter-arm angles of

.608 prevails under high salt conditions or in the
w xpresence of magnesium ions 5,20 . As pointed

w xout by others 5,20 , there is probably a thermody-
namic balance between the ionic and non-ionic
Ž .e.g. stacking, base pairing, hydration, etc. con-
tributions to the total free energy. Since the ionic
free energy is larger than the non-ionic free en-
ergy at the low salt end, the junction remains

Ž .extended or unfolded , whereas the opposite is
apparently true at high salt where the compact
Ž .or folded form prevails. Thus, salt induces a
conformational transition from a more open or
extended geometry at low salt to a more compact

Žor folded geometry where the average interphos-
.phate distance is smaller at high salt.

As shown in Fig. 9, which gives ionic stabilities
relative to the planar cross-shape, the NCCT data

Žaccount for the observed ionic effects both salt
.concentration and charge on four-way junctions.

At low salt conditions the ionic free energy dif-
ferences between open and compact configura-

Žtions are large as much as 22 kcalrmol between
the 208 X-shape and the planar cross at 10y5 M

.NaCl , whereas the ionic stabilities of the X-shape
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Fig. 9. Ionic free energy differences between various four-way
Ž .20 bp arms DNA junctions and the ideal cross-shaped con-
figuration as a function of the logarithm of the NaCl concen-
tration, c .s

Ž . Ž608 and cross-shape are comparable -0.7
.kcalrmol at high salt. Thus, under low NaCl

conditions, more extended geometries, such as
the cross-shape, are predicted to occur. With

Žsufficient ion screening caused by an increase in
.the salt charge andror concentration and the

predominance of other energetic factors, the more
compact X-shaped geometries become favorable.
The order of ionic stability of the different con-
figurations } cross-shape ) tetrahedral ) X-

Ž .shape 608 ) distorted tetrahedral ) X-shape
Ž .208 } persists over the complete range of chain

Ž .lengths and salt both sodium and magnesium
concentration considered here. These differences
are most pronounced in long FWJs at low salt.

The ionic free energy differences are quite
Žsmall when magnesium is the supporting salt data

.not shown . For example, the compact X-shape
Ž .208 is only 0.9 kcalrmol less stable than the
cross-shape at 10y1 M MgCl . The ionic free2
energy thus poses no obstacle for the stability of
the different geometries. In principle, a variety of
different FWJs could co-exist under high MgCl2
concentrations. Other contributions to the total
free energy will probably determine which con-
figurations are the most stable.

Fig. 10 shows that the overall dependence of
the total ionic free energy difference on ionic

Ž Ž .strength for the X-shape 608 relative to the

Ž .Fig. 10. Salt dependence of the total ionic , mixing and
electrostatic free energy differences between the X-shaped
Ž .608 and ideal cross-shaped configurations of a four-way DNA

Ž .junction with 20 bprarm .

cross-shaped FWJ with 20 bprarm in NaCl solu-
.tions is mainly dictated by the large mixing con-

tribution rather than the smaller electrostatic con-
Ž Ž .tribution to the total ionic free energy see Eq. 1

.and analysis following it . The entropic mixing
contribution, G , actually provides a good ap-mix
proximation to the total ionic free energy, whereas
the ‘electrostatic’ term alone does not exhibit the
same qualitative trends.

4. Summary and further studies

The present study adds to our understanding of
the polyelectrolyte character of kinked and
branched DNA and the influence of three-dimen-
sional folding on the electrostatic properties,
namely the excess counterions and ionic stabili-
ties, of these chains. The broad range of salt
concentrations, chain lengths, and spatial config-
urations considered here rests upon a fast and

w xsimple numerical treatment 22 of classical coun-
w xterion condensation theory 36 which allows us to

extend and generalize observations revealed in
past GCMC simulations of representative DNA

w xjunctions 19 .
While there is only a small build-up of counte-

rions near DNA fragments with small central
kinks of F908, a substantial number of ions
Ž .)20 accumulate around all configurations of
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large three- and four-way branched DNAs in so-
lutions of low to moderate NaCl concentration.
The number of excess counterions drops when
the chain length is reduced or when sodium is
replaced by magnesium. The build-up of counteri-
ons with increasing chain length depends on ionic

Ž .conditions both salt concentration and charge
and overall DNA structure. All kinked and
branched forms considered here reach an asymp-
totic limit, where the number of excess ions is
invariant to changes in chain length, at moderate
to high magnesium concentrations. More open
configurations of low charge density } such as
slightly kinked duplexes, Y-shaped TWJs and
square planar or tetrahedral FWJs } may reach
these limits at low salt concentration andror in
the presence of sodium.

Extended configurations tend to accumulate
fewer excess counterions and to be ionically fa-
vored over more compact forms over a wide range

Ž y5 y1of salt concentration 10 ]10 M NaCl or
.MgCl . In other words, ionic effects favor weakly2

over strongly kinked duplexes, planar symmetric
Y-shaped three-way junctions over asymmetric
‘y’-shapes or non-planar trigonal pyramids, and
square-planar and tetrahedral four-way junctions
over folded X-shapes. The ionic stabilities of the
more compact structures increase with increasing
salt concentration and approach those of the more
open forms at high MgCl concentrations.2

Neither the present study nor past GCMC cal-
culations can provide insight into the distribu-
tions of excess counterions in the vicinity of DNA
kinks and junctions, e.g. whether the ions prefer-
entially localize around kink or junction sites, or
how the ions redistribute as DNA interconverts
between open and closed forms. In principle, the
detailed counterion distribution around kinked
and branched DNA can be obtained from all-atom

Ž . Ž .molecular dynamics MD or Monte Carlo MC
simulations which explicitly treat the aqueous

w xionic environment 45]48 . However, state-of-the
w xart MDrMC simulations 47,48 are limited to

Ž .small nucleic acid fragments at most ;20 bp
and relatively small volumes of surrounding ions
and water molecules. On the other hand, it is
possible to gather information about the counte-

rion distributions and ionic stabilities of small
kinked and branched DNA structures over a broad
range of salt concentrations using less computa-
tionally demanding Poisson]Boltzmann calcula-
tions, which incorporate details of DNA structure
but use a continuum approximation of the sol-

w xventrionic environment 49,50 .
Understanding the effects of salt on kinked and

branched DNA also requires careful physical
characterization of the folding transitions between
open and compact forms as a function of salt
concentration and charge. Most experimental
work to date has focused on the structure rather
than the thermodynamics of DNA junctions
w x51]53 and very little information has been col-
lected about the energetics of salt-induced TWJ
and FWJ conformational transitions. New investi-
gations of perfect and bulged branched DNA
along the lines of earlier thermodynamics studies

w xof the BlZ transition 54 could provide a use-
ful starting point for improved theories and com-
puter simulations of the large-scale ion-induced

w xkinking 55 and rearrangement of DNA junc-
tions.
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