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Abstract—A method for calculating the curves of DNA transition from linear to condensed state upon binding
of condensing ligands has been developed. The character of the transition and ligand concentration necessary
for condensation have been shown to be governed by the length of DNA molecule, energy and stoichiometry
parameters of the DNA-igand complex (equilibrium constant between linear and condensed form in the
absence of ligands, constants for ligand binding to linear and condensed forms, the number of base pairs cov-
ered by one ligand, etc.). The results of the calculations indicate that a dight difference in the free energies of
these DNA states (less than 6 cal/mol (bp) for a DNA of 500 bp) is sufficient for the existence of a stable linear
state in the absence of ligands (in free DNA) and the formation of stable condensed state upon complexation.
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DNA condensation is a transformation of linear
DNA chains into compact ordered species containing
only one or several molecules. DNA in the condensed
state exists in phages and chromosomes, where its
dense packing is accomplished by special mecha-
nisms elaborated by Nature.

Condensation can be achieved in vitro by adding
ligands, e.g., polyamines or trivalent metal ions, to a
DNA solution [1]. At acertain critical ligand concen-
tration in solution, an abrupt transition of linear or cir-
cular DNA into a globular (condensed) form is
observed [1-6]. Different forms of condensed DNA
can be obtained, depending on DNA topology, con-
densing agent structure, etc. [5].

Earlier we modeled one of the mechanisms of
DNA condensation caused by ligand adsorption [7].
Strong long-range order interaction between all
adsorbed ligands is necessary to accomplish this
mechanism. This paper reports an alternative
approach, which does not require long-range interac-
tion for the condensation.

Let us consider an ensemble of n DNA molecules,
each of which consists of L base pairs (units). Each
molecule can be linear (i = 1) or condensed (i = 2).
Theintermediate states for each separate molecule are
forbidden, as often observed in experiment [2]. All
DNA moleculesin state i bind k; ligands. The ligands
can be asoin afree (dissociated) state at amolar con-
centration c,. Let N; be the total number of unitsin n,
DNA moleculesin statei (N; = n;L), while ¢, = ki/N; is
the relative concentration of the ligands bound to form
i. The binding is supposed to be reversible, i.e., each

ligand can change its location at the DNA chain, dis-
sociate, and bind again to other DNA molecules.

Ligand complex with the i form of DNA has the
following parameters: K; is the constant for ligand
binding to DNA in state i; m is the number of bp cov-
ered by one ligand molecule on DNA upon binding;
r; isthe number of bp per one center of ligand binding
(see detailsin [7-9]).

Let k ligands, which bind to linear (k, ligands) and
condensed (k, ligands) forms of DNA (k= k; + k), be
removed from a solution of molar concentration c,.
The change in free energy [AF(K,, k,, C,)] resulting
from the binding of k; ligandsto n, linear DNA mole-
cules and k, ligands to n, condensed molecules is
determined by the expression

2
AF(ky, ky, €5) = z (niFi + kW —kip) — RTIn(W), (1)

i=1

where F; is the free energy of DNA molecule in the i
state in the absence of adsorbed ligands; W, isthe free
energy corresponding to ligand binding to DNA mol-
eculein state i; Ris the gas constant; T is the temper-
ature (K); 1 = 1, + RTIn(c,) is the chemical potential
of free ligands, W is the number of different states of
the system at a constant energy of DNA and bound
ligand molecules. Earlier works [10-12] show that W
is determined by expression (2) with sufficiently high
accuracy at L > m;, my:
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Dependences of DNA condensation degree (8) on free
ligand concentration in solution (c,,) calculated for different

valuesof Sj,. L=500bp, K; =0, K, =10 M, m; =m, =
rp=ry=1,S,=10", 1073, 107 (no binding to linear
DNA).

2
W =
Il

The equilibrium values of n, and k; correspond to the
minimum of AF at n,,n, ,k;,k, — c. From the condi-
tion of free energy minimum 9(AF)/0k, = 0, d(AF)/on, =
0 and the Stirling formula, we obtain the mass action
law (3) for the system under consideration and expres-
sion (4) for the condensation of DNA molecules [d =
No/(N; + Ny) = ny/(ny + )]

[Ni/ri—(m —-1)k]! nl
k! (Ni/r;=mk)! ny!n,!"

2)

_ ric[1—ri(m —]-)Ci]m'_1
Co(l_rimici)mi

9 = USL/(1+US)), )

where K; = exp[(H4, — W;)/(RT)] is the binding constant
for ligands to form i; S, = exp[(F, — F,)/RT] is the
equilibrium constant for the linear and condensed
states in the absence of ligands; U is determined by
equation (5):

; 3

1)'(Lr)

U= |_| {[1-r(m-1)c]/(1-rimc)}

i=12

(&)
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The figure shows condensation curves (dependences
9(c,)) calculated from equations (3)—(5) for the case
when the molar concentration of free ligands (c,) is
independent of the number of ligands bound to DNA,
i.e. ¢, > M, where M is the molar concentration of
base pairs. At sufficiently low values of S,, virtually
all DNA molecules are in the linear state in the
absence of ligands. DNA condensation takes place
when ¢, increases within a certain range if K, > K.
The position and width of the transition range depend
on the equilibrium constant S,,. The calculations indi-
cate that the parameters of the transition into con-
densed state also depend on the DNA length (L),
energy (S;,, K;) and stoichiometric (r;, m) parameters
of the complex. It is seen from the figure that just a
slight difference in the free energies of these statesin
free DNA (less than 0.01RT, i.e., 6 cal/mol(bp) for a
DNA of 500 bp) is sufficient for the existence of asta-
ble linear state in the absence of ligands and for the
formation of a stable condensed state upon complex-
ation.
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