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Various weakly binding cations and anions were studied at a
concentration of 10 mM to ascertain their interaction with the
nickel(II) promoted B- to Z-DNA transition of poly d(GC). These
salts were ranked according to the decreasing amounts of nickel
needed for the B- to Z-DNA transition and provided the following
order: NaCl ≈ Me4NCl > LiCl . MgCl2 > no salt > NaBF4 ≈
NaNO3 ≈ NaClO4. Remarkably, it was found that going from
sodium nitrate to sodium chloride increased the necessary amount
of nickel to induce the transition to the left-handed helix of poly
d(GC) by a factor of 10. This dramatic effect cannot be explained
by the binding constant of nickel(II) to chloride to form the
monocationic complex. We believe that this is the first reported
example of the role of chloride anions, which appear to modulate
the interaction of nickel(II) ions with the polyanionic DNA.

It is widely accepted that alkali and alkaline earth ions
compensate the negative charge of the phosphates in the
backbone of DNA and RNA in vivo.1 The distribution of
mono- and divalent ions around the right-handed B-DNA
has been studied, but only in theory. The anion density in
the DNA grooves and on the phosphates was found to be
small and unstructured.2 The binding of most transition
metals to DNA was found to be much more defined. Several
X-ray structures of short double stranded DNA have been
elucidated together with nickel(II).3 They showed that the
nickel ions were coordinated to N7 of guanosine, via an inner
sphere mode. Sigel et al. determined the logarithmic binding
constant of Ni2+ to GMP2- to have a pK value of 3.13(
0.03, and that the complex exists mostly as an intramolecular
chelate ring.4 Furthermore, nickel(II) was found to prefer-

entially bind to GMP compared with AMP. Several inves-
tigations have shown that, in the case of double stranded
DNA, nickel(II) can bind to two positions on the DNA, most
probably to N7 of guanosine and to the phosphate group.5-7

The existence of left-handed Z-DNA was discovered when
poly d(GC) was in the presence of very high concentrations
of salts, such as sodium (>2.5 M) or magnesium (>0.7 M)
chloride.8 There is continuing interest in deciphering the role
Z-DNA plays in vivo.9 Furthermore, recent publications were
concerned with the design and use of new artificial ligands,
which promote the formation of Z-DNA.10

Low concentrations of transition metals, as their aqua ions,
were also able to convert pyrimidine-purine alternating
DNA sequences from the B- to the Z-DNA conformation.7,13

More interestingly, this process was highly disfavored in the
presence of small amounts of sodium chloride.7,12,14Table 1
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Table 1. Sodium Chloride Dependence of the Nickel(II) Promoted B-
to Z-DNA Transition of Poly d(GC)

[NaCl]/mM
equiv of Ni/DNA phosphates

needed for the B- to Z-DNA midpoint

0 0.6211

0 0.4-0.97

7 3-67

10 912

97 no transition7
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summarizes this general trend for the nickel scenario. It can
be seen that, in the absence of sodium chloride, the B- to
Z-DNA transition took place, when there was about one
nickel(II) present per base pair. Low millimolar concentra-
tions of NaCl required 10 times more nickel for the formation
of Z-DNA, and interestingly, at a concentration of about 100
mM NaCl, no Z-DNA could be detected.

The logarithmic binding constant logâ1 of Ni2+ and Cl-

to form [NiCl]+ is -0.8.15 This means that, in a 10 mM NaCl
solution having a Ni2+ concentration of 0.1 mM,16 only 0.2%
of all the nickel ions were forming the monocationic complex
[NiCl] +. Therefore, it was not clear a priori whether the
sodium cation, the chloride anion, or both were responsible
for inhibiting the nickel ions in transforming poly d(GC) from
the right- to the left-handed helix.

In this Communication, we present a study of the influence
of anions and cations, which weakly bind to DNA and nickel.
More importantly, we shed new light on the role of anions
in DNA chemistry. Poly d(GC) was dissolved in 1 mM
sodium cacodylate buffer (pH) 7) together with the
designated salts. The DNA was then titrated with a 1 or 10
mM solution of nickel nitrate dissolved in the same buffer.
After each addition, the solution was heated in an external
water bath to 60°C for 5 min, in order to establish the
thermodynamic equilibrium,12 before cooling down to room
temperature (see Supporting Information).

A variety of salts, at a concentration of 10 mM, were tested
for their role in the nickel promoted B- to Z-DNA transition,
such as NaCl, NaBF4, NaNO3, NaClO4, Me4NCl, LiCl, and
MgCl2. The MgCl2 was used at a concentration of 5 mM in
order to have the same chloride concentration as in the case
of the other chloride containing solutions. For comparison,
a control solution, containing only the buffer, was also
studied. Representative measurements are shown in Figures
1 and 2.

The titrations were monitored at 255 nm (Figure 3), where
a negative CD signal of∆ε ≈ -6 is typical for B-DNA,
while slightly positive∆ε values are indicative of the Z-DNA
form.

The above-mentioned salt solutions were ranked according
to the decreasing amounts of nickel needed for the B- to
Z-DNA transition and provided the following order: NaCl
≈ Me4NCl > LiCl . MgCl2 > no salt> NaBF4 ≈ NaNO3

≈ NaClO4. This series was compared with the required salt
concentrations, that converted the B- to Z-DNA without
nickel (Table 2).

In the process of analyzing the results, we attempted to
differentiate between the influences of the cations and the
anions. All the studied cations favored the formation of
Z-DNA. This was in contrast to the anions, which were found
to have either neutral to strongly inhibiting effects. All the
chloride salts hinder the B- to Z-DNA transition compared
with the salt free reaction. MgCl2 had the least hindering
effect on the equilibrium. This can be explained by the fact
that MgCl2 alone was only needed at1/3 of the corresponding
concentration of sodium chloride for the formation of Z-DNA
to occur. In addition, the CD spectra of the titration of MgCl2
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(16) At this 0.1 mM concentration of Ni2+ in the absence of sodium
chloride, the B- to Z-DNA transition of poly d(GC) is already over.

Figure 1. Selected CD spectra of the titration of poly d(GC) with various
equivalents of nickel nitrate versus DNA phosphate in 1 mM sodium
cacodylate buffer (pH) 7) and 10 mM NaClO4.

Figure 2. Selected CD spectra of the titration of poly d(GC) with various
equivalents of nickel nitrate versus DNA phosphate in 1 mM sodium
cacodylate buffer (pH) 7) and 5 mM MgCl2.

Figure 3. The influence of salt on the nickel promoted B- to Z-DNA
transition. All titrations were conducted in 1 mM sodium cacodylate buffer
(pH ) 7), along with the salt mentioned in the legend.

Table 2. Salt Promoted B- to Z-DNA Transition of Poly d(GC)
Compared with Nickel Induced B- to Z-DNA Transition at 10 mM Salt
Concentrations (5 mM for MgCl2)

salt

midpoint of B- to
Z-DNA induced
by the salt alone

equiv of Ni2+ needed for
the midpoint of the B-
to Z-DNA transition

NaCl 2.4 M8 1.75
Me4NCl 3.2 M17 1.75
LiCl >5 M at 67° C18 1.7
MgCl2 0.7 M8 0.7
no salt no transition 0.55
NaBF4 unknown 0.2
NaNO3 lower than 2.4 M19 0.2
NaClO4 1.5 M8 0.15
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solution provided evidence for a different reaction pathway
(see below).

Remarkably, it was found that going from sodium nitrate
to sodium chloride, both at the same 10 mM concentration,
increased the amount of nickel needed to induce the left-
handed form of poly d(GC)n by a factor of 10. The weak
binding constants of chloride to nickel to form either the
1:1 adduct or the 2:1 complex do not explain this observed
behavior, as described above. In all the examples studied,
with the exception of the magnesium, nickel was shown to
bind first to B-DNA. This was proven spectroscopically by
the decrease in the positive CD band in the range 270-290
nm, which has been reported in the transition metal promoted
transition of B- to Z-DNA6 (see Figure 1). This decrease in
the CD signal did not occur in the solution with the
magnesium chloride (see Figure 2). Thus, the B- to Z-DNA
transition occurred without showing the intermediate CD
spectrum of a nickel(II) bound to B-DNA. Obviously, the
magnesium(II) displaced the nickel(II) from a common
binding place on the B-DNA, which most likely was in
proximity to the phosphate group. In order to estimate the
binding of Mg2+ to poly d(GC), we looked at the closely
related situation of magnesium(II) binding to the mono-
nucleotides GMP and CMP, which were determined to have
a logarithmic binding constant of 1.81( 0.0420 and 1.93(
0.1,21 respectively. Assuming that one can apply these
constants also to describe the binding of Mg2+ to poly d(GC),
and using the average of these two binding constants, 26%
of the phosphate groups of poly d(GC) are bound to
magnesium. This seems to be sufficient to prevent the nickel
ions from binding to the phosphodiester groups. Nevertheless,
magnesium and nickel synergistically contribute to the
conversion of B- to Z-DNA.

These experiments clearly demonstrate that chloride ions
exclusively inhibit the nickel promoted B- to Z-DNA
transition in a very efficient way. It is important to note that
no structure of Z-DNA with nickel(II) can be found in the
nucleic database (NDB). Taking the known binding constants
of chloride to nickel(II) into account, it is not possible that
the chloride ions can deactivate free aquated nickel(II) by

coordination. An alternative explanation is that only the
nickel(II) bound to DNA was deactivated by chloride ions
(Figure 4). The B- to Z-DNA transition of poly d(G
5-methyl-C) was described by two different mechanisms:22

At low salt concentrations, melting of the two strands at the
DNA termini induces the transition. At higher salt concentra-
tions, the initial transition was predicted to happen within
the double strand. At this time, it is not clear how either of
these two mechanisms is inhibited by the ternary arrangement
of nickel and chloride ions coordinating to DNA.

We believe that this is the first report about the role of
chloride anions, which modulate the interaction of nickel ions
with the polyanionic DNA. In studying the behavior of DNA,
it is clear that the cations are essential to balance the negative
charge of the phosphate groups. However, this should not
lead one to oversimplify the notion that weakly binding
anions play no role in the chemistry of transition metals
interacting with nucleobases.
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Figure 4. Possible mechanism by which the chloride ions might inhibit
the nickel promoted B- to Z-DNA transition.
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