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Ions are known to significantly affect the structure of both
single- and double-stranded DNA, as well as the sequence-
dependent binding of complementary DNA strands. It is widely
agreed that ion charge, size, and concentration are important
variables that affect DNA, but there remains considerable
disagreement about the detailed functional dependence.1–8 Better
understanding of the effect of ions on DNA may shed significant
light on many biological processes that are affected by the
stability of dsDNA. Experimental techniques including solution
NMR,1 X-ray crystallography2 and scattering,3 magnetic relax-
ation dispersion,4 and electrophoresis5 have been used to study
the binding of ions to DNA. Much insight has also been
contributed by molecular dynamics simulations.6–8 The interac-
tion between ions and water molecules is believed to play a
significant role in the interaction between ions and DNA, but
the complexity of a scenario that involves water, ions, and DNA
makes separating effects extremely challenging both theoreti-
cally and experimentally. In this work, we use the response of
DNA to an applied force to probe the influence of ions on the
mechanical stability of DNA, where for simplicity we consider
only monovalent salts at several concentrations in Tris buffer
pH 7.5. In the absence of effects due to ion size, ion clustering,
and interactions with water, all of the monovalent ions would
be expected to have exactly the same effect on the DNA. We
find that the melting temperature, the force required to separate
double-stranded DNA into single strands, Fu, and the force at
which the separated DNA strands recombine, Fz, are similar
for LiCl, NaCl, RbCl, CsCl, KCl, and NaClO4. These DNA
parameters are believed to be dominated by interactions between
the two opposing phosphate backbones. In contrast, we have
also considered the effect of ions on the relative stability of
B-DNA and overstretched DNA and find significant differences.
These results suggest that NaCl, RbCl, and LiCl interact more
strongly than KCl, CsCl, and NaClO4.

We have performed four different types of experiments:
unzipping, melting, rezipping, and overstretching. In the first
two cases, the dsDNA molecules are forced to convert to ssDNA
by mechanical force or temperature, respectively, providing
independent estimates of the interstrand binding energy. Ad-
ditional information on the interstrand binding energy is
provided by measurements of the force at which the unzipped
DNA rezips. In the unzipping experiment, represented schemati-
cally by Figure 1 a, the force pulls the two ends of the double-
stranded DNA apart, creating two single strands connected by
a fork. On the other hand, in the overstretching experiment, we
applied force to opposite ends of opposite strands (see Figure
1b). It is well-known that, at forces above 70 pN, B-form DNA
undergoes a phase transition to a new DNA form with a length
per base pair that is 1.7 times the spacing for the B-form. Some
have suggested that overstretching is a melting transition9 where

long single-stranded regions are interspersed with double-
stranded regions. Others assert that the overstretched form is a
new form of dsDNA: S-DNA10–12 as described initially by
Cluzel et al.10 In these measurements, we have focused on the
salt dependence of FR, the force at which the overstretched state
relaxes back to the B-DNA form. If the overstretching is a
melting transition, then FR will correlate with the interstrand
stability that is measured by melting, unzipping, and rezipping
of the dsDNA. In contrast, if the overstretched form is S-DNA,
then FR may not correlate with the interstrand stability. We find
that the interstrand stability is similar for all salts; however, FR

is salt-dependent, suggesting that the overstretched state is not
melted DNA.

In both the unzipping and the overstretching experiments,
the applied force was provided by a magnetic tweezers apparatus
that has been described in detail elsewhere.13 In the overstretch-
ing experiment, single molecules were attached by one single
bond at each of the 3′3′ ends, as shown in Figure 1b. One single
biotin label was present at one end and one single digoxigenin
label at the other end (see the Supporting Information for more
details about the sample preparation and protocol). In order to
be able to apply forces as high as 250 pN, we used 4.5 µm
Dynal beads.

We have found that the relaxation from the overstretched state
to the original B-form is strongly dependent on the type of
monovalent cation in solution. Figure 2 a and b shows the typical
curves for different dsDNA single molecules in the presence
of 150 mM NaCl and 150 mM CsCl, respectively, both in Tris
10 mM pH 7.5. The curves were obtained by applying a constant
force for 1 s, and then increasing or decreasing the force by a
fixed step of 0.2 pN at lower forces or 0.05 pN around the
transition, after which the force was then left constant for another
dwell time of 1 s. It is evident from the figure that, for NaCl,
the curves for increasing and decreasing forces are very similar,
whereas in CsCl, there is a clear hysteresis and a significant
decrease in FR. We quantified the extent of the hysteresis by
calculating the difference in the integral of the force versus
extension curve for increasing force and decreasing force for
many different single molecules (at least 10 for each salt). The
averages and standard deviations for 150 mM LiCl, NaCl, KCl,
RbCl, CsCl, and NaClO4 are shown in Table 1. Table 1 also

Figure 1. Schematic representation of (a) unzipping and (b) overstretching
experiments.
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includes the unzipping force, the rezipping force, the melting
temperature, and the overstretching force for 150 mM salt
concentration. The measured melting temperatures are consistent
with other experiments that have shown almost the same melting
temperature for all of the salts except LiCl, which has a slightly
higher melting temperature.14 Additional work using all of the
cations except Rb shows the concentration dependence of the
melting temperature is the same for all ions.15

Figure 2c shows the hysteresis as a function of salt concentra-
tion for LiCl, NaCl, RbCl, KCl, and CsCl. Data at lower salt
concentrations are not shown because the molecules become
too unstable to provide reliable statistics. For all ions, the
hysteresis increases with decreasing ion concentration, suggest-
ing that the hysteresis is reduced by improved screening. At a
given ion concentration where all ions are hysteretic, the list of
ions in order of increasing hysteresis is LiCl, NaCl, RbCl, KCl,
and CsCl. Ions with lower hysteresis such as LiCl, NaCl, and
RbCl exhibit hysteresis versus concentration curves that are
shifted to lower concentrations. For most ions, the data show
that higher charge densities allow more efficient relaxation from
the overstretched state to the B-form; however, rubidium seems
to be an exception.

Previous experimental results have shown that Na+ displaces
multivalent cations more effectively than K+.16 NMR solution
measurements have also unambiguously demonstrated dif-
ferential effects of Na+ versus K+ on DNA structure and
dynamics.7 The unusual behavior of rubidium is supported by
additional experimental evidence that has shown that Na+ and
Rb+ compete for the same sites, with the latter having slightly
higher affinity. In addition, both can be displaced by the minor
groove binder: netropsin.4

Simulations also showed more efficient DNA charge neu-
tralization by NaCl than KCl. Such behavior has been attributed
to several effects: better fit in the DNA sites and closer approach
to the DNA by sodium ions and/or clustering of the cation with
the surrounding chloride anions in the case of KCl due to smaller
dehydration penalty.6

Finally, earlier work predicted that ion clustering should play
a role, so using the same cation with a different anion may have
an effect. Again, we found that NaCl and NaClO4 have similar
values for the unzipping force, the rezipping force, the over-
stretching force, and the melting temperature; however, in NaCl,
we find a much smaller hysteresis than in NaClO4. This result
can be compared with the destabilizing effect of perchlorate on
proteins as well as on nucleic acid triplexes.17 This anion has
been described as a water structure breaker or chaotrope;
however, recent work suggests that anions do not change the
bulk water dynamics beyond the solvation shell, contradicting
the classical description of ions as bulk water structure “break-
ing” or “making”. 18

In summary, we observe that the DNA melting temperature,
unzipping force, rezipping force, and overstretching force are
similar for monovalent ions. In contrast, the hysteresis in the
force versus extension curves for molecules that undergo the
overstretching transition differs for different ions, suggesting
that the overstretched state is not melted DNA. For all ions,
the force versus extension curves for the transition between the
overstretched form and the B-form become more hysteretic as
the concentration of ions decreases, implying that the hysteresis
decreases with increased screening; therefore, the hysteresis is
a measure of screening efficiency that shows that NaCl, RbCl,
and LiCl screen more effectively than KCl, CsCl, and NaClO4.
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Figure 2. (a and b) Typical overstretching curves: force versus extension, for
dsDNA in 150 mM salt and Tris 10 mM pH 7.5. The extension measured
while increasing force is shown by the black circles; the open gray circles show
the extension obtained for decreasing force: (a) NaCl; (b) CsCl. (c) Hysteresis
versus concentration for LiCl (black and white squares and dashed line), NaCl
(circles and solid line), RbCl (diamonds and dotted line), KCl (squares and
dashed line), and CsCl (triangles and dashed line). Standard deviations are
shown only for NaCl data, where, at high NaCl concentrations, the standard
deviations are smaller than the symbols. For all cations, the standard deviations
are approximately equal to the hysteresis for all points shown.

Table 1. Summary of the Experimental Results for the Different
Cations in 150 mM Salt and Tris 10 mM pH 7.5

salt Fu (pN) Fz (pN) Tmelt (°C) H (pN µm) Fo (pN)

LiCl 19.1 ( 1.9 13.6 ( 1.6 95.3 ( 2 0.11 ( 0.16 83 ( 2
NaCl 16.6 ( 2.0 11.9 ( 1.3 93.4 ( 2 0.23 ( 0.31 82 ( 4.3
KCl 18.4 ( 3.7 13.6 ( 2.7 93.2 ( 2 7.3 ( 5.0 79 ( 4.9
RbCl 17.8 ( 0.8 12.5 ( 0.5 93.2 ( 2 0.07 ( 0.14 83 ( 3.9
CsCl 17.5 ( 2.9 12.7 ( 2.7 92.6 ( 2 15.4 ( 12.3 79 ( 4.3
NaClO4 17.2 ( 3.1 12.7 ( 2.5 93.5 ( 2 8.6 ( 6.3 79 ( 3.3
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