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Counterion condensation theory has a
long and successful record of explain-
ing the experimental and simulated
data obtained for polymer polyelectro-
lytes and their counterions (Manning
and Ray, 1998). Despite its success
over nearly the past 20 years, it has
been criticized as being far too primi-
tive a description of polyelectrolyte
systems: a charged rod of infinite
length immersed in a salt solution at
zero concentration. Nevertheless, in re-
cent years there have been a number of
reports independently validating some
of the equations resulting from coun-
terion condensation theory using math-
ematical analysis of the Poisson-Boltz-
mann equation, which provides a more
detailed description of counterion
binding (Manning and Ray, 1998). The
durability of counterion condensation
theory attests to its power to explain
polymer polyelectrolyte-salt interac-
tions simply.

Arguably the most important biolog-
ical polyelectrolyte is DNA. There is a
long history of successful application
of counterion condensation theory to
DNA as a polyelectrolyte in a single or
two species salt solution. However,
there have been few practical physical
insights provided by simple counterion
condensation theory in such studies. In
the spirit of making counterion con-
densation theory more widely applica-
ble, Li and Marx’s paper in this issue
has finally accomplished this goal (Li
and Marx, 1999). It describes the com-
petitive binding of multivalent cations
versus monovalent cations to a DNA
polyion, through an exhaustive numer-
ical study of Manning’s two-variable
counterion condensation theory to

which the constraint of monovalent (1)
to multivalent (Z) charge neutralization
equivalence (�1 � Z�z) has been
added. Part of the original contribution
here is the authors’ definition of the
critical concept of the iso-competition
point (ICP). ICPz is the Z-valent cation
concentration at which monovalent
cations neutralize the same phosphate
charge level as do the Z-valent cations,
under a fixed ionic strength condition.
With the ICP representing the bound-
ary point separating the two DNA
phosphate neutralization regimes, one
dominated by monovalent cations, the
other by multivalent cations, the nu-
merical simulations of ICP allow the
overall cation competition binding en-
vironment to be simplified conceptu-
ally in a single parameter. The authors
have carried out extensive simulations
that reveal a number of interesting de-
pendencies. The effect of ionic
strength I on ICPz for a Z-charged mul-
tivalent cation is ICPz � AzI

z, where
Az is a constant. This was observed for
divalent, trivalent, and tetravalent cat-
ion simulations, which compared well
with the authors’ previous experimen-
tal data. Over 2–3 logs’ concentration
of ICPdi, ICPtri, and ICPtetra values are
presented versus the total charge neu-
tralization level on DNA. The critical
collapse point (CCP) is the trivalent
cation concentration at which point
DNA undergoes a conformational tran-
sition to a condensed, largely toroidal
shape (Marx and Ruben, 1983). ICPtri

and CCPtri are presented in relation to
ionic strength and to each other. The
authors employ a unique icon graphic
to visualize the two separate DNA
charge neutralization regions delin-
eated by the ICP boundary.

One of the attractive features of
these simulations and the ICP concept
is that they can be utilized in the design
of experiments, the interpretation of
experiments, or both. To illustrate the
promise of this approach, the authors
present a number of complete sets of
simulations, over 4.5 logs multivalent
concentration, of two cation species

competition systems, the monovalent/
divalent and the monovalent/trivalent,
where monovalent cation concentra-
tions have been fixed at the buffer val-
ues of the authors’ previously pub-
lished experimental results (Li et al.,
1998). For gel electrophoresis or other
experiments involving DNA in the
presence of multivalent/monovalent
cation competition systems, at or in the
range of these monovalent concentra-
tions, these simulations could provide
valuable experimental design or inter-
pretive guidance. For the former, sim-
ulations would allow experimenters to
design their specific cation environ-
ment (i.e., dominant in monovalent or
multivalent cation binding) before do-
ing experiments. As a practical exam-
ple of the latter, in another report (Li et
al., 1997), the authors measured the
mobility reductions (�/�o) observed
for �-DNA-HindIII fragments ranging
from 23.13 to 2.027 kb, due to inter-
actions with varying concentrations of
Ca2� (0–40 �M) in Tris-borate buffer.
They observed the normalized mobil-
ity reduction to be shifted by a small
amount �(�/�o) relative to the Man-
ning counterion condensation pre-
dicted value. The �(�/�o) values were
found to be a function of DNA length
and the ion environment. Interestingly,
the �(�/�o) values were observed to
be significant only where the divalent
cation began to dominate the DNA
phosphate neutralization, near the cal-
culated ICPdi. Here, it is clear that the
value of simulating the exact cation
environment in this two-cation system
allows for an interpretation of the data
that would otherwise be impossible.

Li and Marx have performed care-
fully crafted simulations to implement
counterion condensation theory. They
have successfully applied cation bind-
ing in a two-component system to their
DNA experimental data, demonstrat-
ing agreement and producing easily ac-
cessible new methods. This paper pre-
sents useful concepts in utilizing
counterion condensation theory as well
as quantitative measures such as the
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iso-competition point, ICP, and the
critical collapse point, CCP, that can
predict or explain experimental results.
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