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Cyclic voltammetry and differential-pulse voltammetry at mm-sized electrodes were used to measure the decrease
in the rate of diffusion of metal complexes upon binding to DNA and to extract the binding constants and
effective binding site sizes. A linear correlation was observed between the site size determined electrochemically
and the diameter of the complexes [site size: Cu(phen),2+ > Fe(phen)s2+ > Co(bipy)s3t = Fe(bipy)s2t >
Ru(NH3)e3*]. The binding constants were found to be influenced by the charge of the metal complex, the nature of
ligand and the geometry about the metal centre. Competition experiments, in which differential pulse voltammetry
was used to observe the release of bound metal complex on addition of a second DNA-binding molecule to the
solution, were sensitive to the nature and location of the binding sites for the two species. Steady-state
voltammetric experiments at microelectrodes are shown to have a number of advantages over cyclic voltammetry
and differential pulse voltammetry at mm-sized electrodes for determination of binding constants. In particular, the
steady-state diffusion limited current is directly proportional to the diffusion coefficient, rather than its square root,
which improves the discrimination between DNA-bound and freely diffusing metal complex. Further, the kinetics
of the binding process do not affect the steady state measurement, whereas for transient techniques, e.g., cyclic
voltammetry, only a range of values can be extracted corresponding to the limits of fast and slow binding kinetics

compared to the experimental timescale.

I ntroduction

The interaction of metal complexes with nucleic acids is of
interest for both therapeuticl-3 and scientific reasons.4-7 Metal—
nucleic acid interactions are responsible for some of the features
of nucleic acid structure, in particular magnesium is known to
play arolein the stabilisation of RNA and ribosome structures.®
Chiral ruthenium complexes have been employed as structural
probesfor different formsand conformations of double stranded
DNA 811 Aside from the well-known use of platinum com-
plexes in cancer chemotherapy, metal complex-DNA inter-
actions are also being employed in the development of
biosensors. These DNA sensors detect single-stranded DNA
using immobilised probe strands of complementary single-
stranded DNA. The hybridisation of probe and analyte DNA is
detected using the change in the binding affinity for electro-
active metal complexes that occurs on hybridisation12 or by
using covalently linked ferrocenyl—oligonucleotide deriva
tives-l3,l4

Several approaches have been used to measure meta
complex-DNA binding including, e.g., luminescence,15-18
electrophoresis,’® NMR,2021 quartz crystal microgravime-
try,2223 and electroanaytical techniques.24-30 The electro-
analytical techniquesusually rely on the effect of the macromol-
ecule (e.g., DNA) on the diffusion current of the metal complex
or other redox active molecule.2426 Several workers have
shown that binding constants for redox active species can be
obtained from straightforward voltammetric experiments in
which the DNA is titrated against the redox active molecule.
The measurement of diffusion currentsin the presence of excess
nucleic acid showed that the diffusion coefficient of DNA-
bound metal complex (2 X 10—7 cm? s—1) was more than one
order of magnitude lower than that of the free metal complex.2®
Microelectrodes have also been applied to the measurement of
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metal cation binding to other polyelectrolytes such as poly-
styrenesulfonates.31-33 I n thiswork we report the effect of metal
complex charge, geometry and size on the binding parameters.
An electrochemical competition technique based on the use of
differential pulse voltammetry (DPV) to observe the displace-
ment of bound metal complex by a second DNA-binding
molecule, which need not be redox active, is demonstrated.
These competition experimentswere found to be sensitiveto the
mode of binding of the metal complex. The binding constants,
K, and binding site size/base pairs, s, are combined with results
from competition experiments and previously published work
and interpreted in terms of the mode of interaction of the metal
complexes with DNA. We aso compare steady-state voltam-
metry at microelectrodes with conventional voltammetry at
mm-sized electrodes for the determination of metal complex—
DNA binding constants. The dataanalysis of the microelectrode
experiments is shown to be simpler and more precise than for
other voltammetric methods due to the reduced contribution of
bound metal species to the current. It is also free from
assumptions about the kinetics of binding.

Experimental
Materials and instrumentation

Platinum microdisc electrodes were prepared by sealing 25 um
or 10 um diameter Pt wire (Goodfellow, Cambridge, UK) in 2
mm od glass tubes. Electrical contact to the Pt was made via In/
Gaeutectic and copper wire. Macroscopic Pt and Au electrodes
were prepared by potting 1 mm diameter wires in epoxy. A
silver wire was used as a quasi-reference electrode and a
tungsten wire as counter electrode. An EG&G Model 263A
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potentiostat (EG&G, Reading, UK) was used for al cyclic
voltammetry (CV) and differential pulse voltammetry (DPV)
experiments. Some microelectrode (UME) experiments em-
ployed an OxSys Micros (Oxford, UK) low current potentio-
stat.

Preparation of DNA solutions

Buffered solutions of DNA (type XIV from Herring testes,
Sigma, St. Louis, MO, USA) were prepared fresh before each
experiment using doubly distilled water containing 10 mM
NaCl and 10 mM TRIS buffer adjusted to pH 7 with HCI. The
concentration of nucleic acid is reported as the concentration of
nucleotide phosphate and was determined by UV/VIS spec-
trophotometry using a value of 6600 M—1 cm—1 for the
absorption coefficient.34 The purity (freedom from bound
protein) was assessed from the ratio of the absorbances at 260
nm and 280 nm.35 In general, the commercial DNA preparation
wasfound to befree of protein (Azsonm/Azsonm = 1.9) according
to this criterion and no further purification was attempted.

Preparation of metal complexes

Racemic Fe(bipy)s2*, Fe(phen)z2*, Co(bipy)s3* and Cu-
(phen),2+ were prepared by stoichiometric reaction of ferrous,
cobaltic or cupric salts with the corresponding ligands and
recrystallised from water or water—methanol. Ru(NH3)eCls was
obtained from Fluorochem Ltd. (Derbyshire, UK). All other
reagents were of anaytical grade or equivalent and obtained
from Aldrich (Milwaukee, WI, USA) or Sigma.

Preparation of A and A-Fe(phen)s2+ and Fe(bipy)s2*

The method used for resolution of A and A-Fe(phen)s2+ and
Fe(bipy)s2* enantiomers was that of Dwyer and Gyarfas.36ab
Potassium antimonyl-d-tartrate (2.5 g, 7.7 mmol, 20 mL) was
added via aburette to rac-Fe(phen)3;SO,4 (12.2 mmol) in 100 mL
water, yielding a dark red precipitate of A-Fe(phen)z2*(SbO-
C4HgOg)2-4H,0. The mixture was cooled on ice (5 °C) and
filtered. The cold solution was treated immediately with
stoi chiometric agueous sodium perchlorate and the resulting red
precipitate was found to be 76% optically pure ((«]p = +1083)
A-Fe(phen)s2+. The A-Fe(phen)s2t—antimony! tartrate precip-
itate was redissolved in sodium hydroxide (0.01 m, 50 mL),
filtered, and then converted to the perchlorate as for A-
Fe(phen)s2+ yielding 86% optically pure A-Fe(phen)s2*+ ([«]p =
—1222). Resolution of A and A-Fe(bipy)s?* was analogous,
except sodium iodide was required to promote precipitation of
the diasteromeric iodide antimony! tartrate. Fractional precip-
itation produced the less soluble A enantiomer and eventual
conversion to the perchlorate sats yielded 97.4% ([o]p =
—4675) and 59% ([«]p = —2425) opticaly pure A and A-
Fe(bipy)s2* respectively. All measurements of optical rotation
were made on aconventiona polarimeter using awater jacketed
cell (T = 18°C) of pathlength 10 cm, bore 4 mm and minimum
volume 2.0 mL. The light source was the sodium D-line, (A =
589 nm). In the case of measurements in DNA containing
solutions, the optical rotation was measured with respect to that
due to the DNA itself after alowing the Fe(phen)s2* or
Fe(bipy)s2* to equilibrate for 24 h.

Procedures

Electrochemical determination of binding constants by
voltammetric titration. The procedure for voltammetric
titrations was identical for cyclic voltammetry, differential
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pulse voltammetry and microel ectrode experiments. An electro-
chemical cell with a separate reference electrode compartment
was used. A known volume, ca. 10 mL, of buffered DNA
solution was added to the working electrode compartment and
voltammograms were recorded as aliquots of metal complex
solution were added. The procedure was then repeated using a
buffer solution containing no DNA to generate a current—
concentration calibration plot.

Electrochemical competition experiments. The initial step
in the competition experiments involved placing 20 mL of the
TRIS buffer stock solution in the electrochemical cell, followed
by an aliquot of the metal complex being studied. A DPV was
run and the peak current was noted. The contents of the cell
were then discarded and the procedure repeated, using a DNA
solution in place of the TRIS buffer solution. Once the peak
current had been obtained, an aliquot of the competing ligand—
metal complex was added to the cell, followed by aDPV. This
procedure was repeated until no further change in the peak
current was observed. From these results, the percentage of
metal complex released upon addition of the competing ligand—
metal complex could be determined.

Data analysis

The effect of polyelectrolytes on the diffusion of metal cations
and complexes has been the subject of severa pa
pers.19.24,.28-33,37.38 | n order to quantify the binding of electro-
active metal complexes to DNA, two factors need to be
considered. First, a binding model must be chosen in order to
relate the concentrations of free and DNA-bound complex in
bulk solution to the binding constant and binding site size.
Second, voltammetric equations relating the measured current
to masstransfer of the mixture of free and bound metal and their
concentrations must be chosen. This choice depends on whether
the exchange of free and bound species is slow or fast on the
timescal e of the voltammetric experiment. The binding equilib-
rium in each case is referred to as ‘static’ or ‘mobil€e’,
respectively, in this report.

Modelling the binding equilibrium. The simplest model of
the binding of metal complexes to DNA assumes a metal
complex—DNA binding equilibrium with a fixed number of
non-overlapping binding sites of identical affinity on a given
length of DNA. Thisis equivalent to the well-known Scatchard
treatment of binding equilibria.3® This model has previously
been found adequate to fit the experimental data by severa
workers and was therefore also employed in this work for
purposes of comparison. However, the Scatchard treatment is
not strictly applicable to DNA since it assumes distinct, non-
overlapping binding sites. This assumption is not made in the
treatment of the binding by McGhee and von Hippel ,°whichis
more complex, but does not contain any extra free parame-
ters.

If the concentration of DNA is expressed in terms of
nucleotide phosphate concentration, [NP], and C, and C; arethe
concentrations of free and DNA-bound species respectively,
then the Scatchard model binding constant K is given by:
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where [NP] is the concentration of free nucleotide phosphates
and sisthe size of the binding site in base pairs. Using the mass
balance equations for the total concentration of nucleotide
phosphate, [NP]o, this can be expressed in terms of experimen-
tally measureable quantities:
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where v is the binding density (i.e., the number of moles of
bound metal per mole of total base pairs). The treatment of
McGhee and von Hippel takes account of the overlap between
binding sites since any contiguous segquence of s unoccupied
base pairs may bind a metal complex. The result is an extra
combinatorial factor which accounts for the probability that a
free base pair has (s — 1) neighbouring base pairs that are also
free:
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Obtaining the bound and free metal concentrations from
voltammetric data. C; and C, can be obtained from the
diffusion currentsin the absence of DNA, i, and in the presence
of DNA, igna

idna = BDng + BDfxCT 4)

i = BD/C, 5)

Where B is the appropriate collection of constants for the
experiment (electrode area, or radius, sweep rate, etc.) and x =
0.5 for cyclic voltammetry or differential pulse voltammetry
and x = 1 for a steady-state microdisc experiment. D; and Dy,
are the diffusion coefficients of the bound and free metal
complex. It should be noted that eqn. (4) assumes that the
kinetics of the equilibrium are slow on the cyclic voltammetric
timescale. For mobile equilibria egn. (4) should be replaced
by:41
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For steady state voltammetry at amicrodiscx = 1and asiswell
known egn. (6) reduces to egn. (4). Estimation of K and s from
the measured currents (igna and i) in egns. (4), (5) and (6)
requires the choice of a regresson model. Several possible
choices have been suggested.374244 In this work we have
computed C,/C; and obtained K and s by least squares
regression of C,/C; on Cr. Using Cy = C; + C,, we obtain:

Dfx(i - idna) — &

Dfxidna - Dgi Cf
Since Ds/Dy, = 50 we can make the approximation Dy, < D¢ and
the left-hand side of egn. (7) reduces to:

v
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This expression is accurate to within 2% except at very low
metal : DNA ratios where C; is small. Similarly for a mobile
equilibrium with x = 0.5:
i2 — igna Cb
7 -~ )
ldna Cf
The left-hand sides of egns. (8) and (9) can be obtained directly
from the experimental diffusion currents. The steady-state data
from microelectrode experiments were therefore expressed as
plotsof Co/C; = (i — igna)/iana @gainst total metal concentration
at afixed concentration of DNA and K and s were obtained by
least squares fitting. Non-steady state techniques for which x =
0.5 were plotted according to both egns. (8), the limit
appropriate for a static binding equilibrium, and (9) the limit of
mobile equilibrium. The error introduced by the assumption Dy,
<K Dyislarger inthiscase sincetheratio (Ds/Dy)%-5 isonly about
7.29 A more accurate treatment would require an independent
measurement of Dy, or the inclusion of Dy, as an extra free

parameter in the analysis.24.29 Such a procedure was not carried
out in thiswork since this effect, which is of order 1/7 (= 15%),
was within the uncertainty arising from the choice of static or
mobile equilibria for our data.

Standard deviations of thefitted parameters were obtained by
a bootstrap method which avoids the necessity to make
assumptions about the standard deviation and distribution of
errors of individua data points other than that they are
independent and identically distributed.4s Briefly, the bootstrap
method consists of drawing, with replacement, arandom sample
of n datapoints from the dataset of n datapoints. This process
was repeated to generate 250-1000 simulated data sets and
fitted values of the parameters K and s were obtained by the
Levenberg—Marquardt method for each data set. This bootstrap
sample was used to approximate the sampling distribution of K
and s and to compute standard deviations. Bootstrap resampling
was performed using software written in-house in MS Fortran
5.1™ incorporating standard routines for non-linear least
squares fitting by the Levenberg—Marquardt method.45 Un-
certaintiesin values of K and s are reported as mean + standard
deviation.

Analysis of electrochemical competition experiments.
McGhee and von Hippel’'s treatment of the binding also
includes the case where more than one species competes for
binding sites on the same part of the DNA structure. The ratio
of bound : free concentrations for any particular species is
obtained by summing eqn. (3) over all species, i, as shown in

egn. (10).40
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The subscript i indicates parameters associated with each
binding species. This equation describes the binding of one
particular species as a function of its free concentration and of
the binding of the other species. It can therefore be used to
analyse competition experiments, in which the binding of a
competing ligand—metal complex is monitored as a function of
the concentration of a second metal complex. However, the
analysis does not apply when the two species bind to different
regions of the DNA double helix, e.g., major and minor grooves.
This limits the quantitative aspects of the analysis, but
information on the mode of binding can be inferred from a
comparison of the experimental competition data with that
calculated from egn. (10) using the binding parameters of the
two species determined separately using egn. (3). Agreement
between the experimental data and this formulation suggests
that the two species compete for the same regions of DNA,
whereas poor agreement is taken as evidence that they bind
differently to the DNA.

Results and discussion

Table 1 presents the binding constants and site sizes obtained
from differential pulse voltammetry (DPV) experiments in the
presence and absence of DNA for the metal complexes:
Fe(bipy)s?*, Fe(phen)s2*, Co(bipy)s®, Ru(NH3)e** and Cu-
(phen),2*. In order to facilitate comparison with literature data,
the binding parameters from both the treatment of Scatchard 3°
and that of McGhee-von Hippel4° are presented. In addition the
analysis was made for both the limiting conditions of static and
mobile equilibria. Literature values are shown for comparison,
with one exception these values were obtained from a
Scatchard-type analysis.
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Determination of DNA-binding constants and binding site
sizes of metal complexes

Binding of the metal chelates Fe(bipy)s2+, Fe(phen)s2+ and
Co(bipy)s3* to calf thymus DNA has been studied by previous
workers using CV and employing a Scatchard-type of binding
model .24 As can be seen from Table 1 our datafor K and sisin
reasonable agreement, although there are some differences
which may be due to the different sources of DNA and ionic
strengths employed. The published binding constant for Ru-
(phen)s2+ of 6.2 X 103 m—1 was determined by equilibrium
diaysis utilising the Scatchard analysis.8 We obtained a similar
value for Fe(phen)s2+ from DPV as might be expected for
isostructural compounds. Since DNA is a polyanion, electro-
statics may be expected to strongly influence the binding.46-49
However, when other interactions such as hydrophobic effects
contribute strongly, it isknown that higher oxidation states may
in fact bind more weakly. An example is provided by
Co(phen)z2+/3+ and Os(phen)s2+/3+.2529 At the ionic strengths
employed in thiswork, the charge effect acts simply to increase
the binding constant. The effect is much stronger for the
bipyridine complexes, which supports the interpretation that
thesearemainly electrostatic binders. Thisisconsistent with the
observation that binding of the Ru(bipy)s2* complex to DNA is
sensitive to millimolar concentrations of monovalent salts, e.g.,
K CI.50 In contrast, the ionic strength dependence of the binding
of the tris(phen) complexesis not as large.2®

Comparison with the other complexes studied shows
Ru(NH3)e3* to be one of the strongest DNA binders. Studies of
the cobalt analogue, Co(NH3)e3* have shown electrostatic
interactions are the predominant mode in its DNA interaction,
asincreasing ionic strength led to a concomitant decrease in the
binding constant.51 However, a more detailed investigation of
Co(NH3)g3* and various DNASs using 5°Co-NMR, presented
evidence to suggest a number of distinct classes of DNA-bound
Co(NH3)g3+.52 It was found that Co(NH3)g3* can either: (i)
transiently localise, (ii) non-specifically bind but remain highly
mobile, or (iii) very tightly locally bind to the DNA helix. The
latter, however, only occurs on DNA with a high guanine-
cytosine (GC) content, e.g., M. lysodeikticu 72% GC. Herring
testes DNA used in our study is known to have a GC content of
41%.53 Therefore, we expect the binding mode of Ru(NH3)g3*
to be composed of transient localisation and non-specific but
highly mobile electrostatic interaction with the DNA helix.
Additionally, both Co(NH3)e3* and Ru(NH3)g3+* have been
reported as being efficient promoters of the conformational
transition of B-DNA to Z-DNA 5455 X -ray crystallography of a
Co(NH3)e3t complex of (dC-dG); has shown that the Z-

conformation of the oligonucleotide is stabilised by the
presence of five hydrogen bonds formed between the ammonia
molecules of the Co(NH3)e3* and the phosphate group of the
oligonucleotide as well as the N7 and O6 positions of guanine
in the maor groove. Stabilisation of Z-d(CG)z; through
hydrogen bonding has also been observed for Ru(NHz)g3+,56
however, no significant effect on the conformation of calf
thymus DNA was observed.55

A second important factor determining the binding constant
is the number of ligands and coordination geometry around the
metal centre. This is apparent by comparison of the Scatchard
binding constants for Fe(phen)s2+ and Cu(phen),2*, which
indicates that Cu(phen)»2* binds ca. 12 times more strongly to
DNA than Fe(phen)s2*. The forma charge and nature of the
ligands on the two complexes are identical; however, by
decreasing the number of coordinated phen ligands about the
metal centre, a significant increase in binding strength is
observed. Cu(phen),2* comprises two phen ligands orientated
about the copper metal centre in a distorted tetrahedra
arrangement.5” By reducing the number of coordinated phen
ligands about the metal centre (Fe(phen)s2* — Cu(phen)»2*) the
steric hindrance from the ancillary ligandsisreduced, leading to
a more substantial overlap of the inserted phen ligand for
Cu(phen),2+ as opposed to the Fe(phen)s2+ case. Studies on the
tetrahedral Zn(phen),2* and Zn(phen)Cl, species’® have aso
indicated intercalation. Although the groove specificity and
binding constants were not reported, it is expected that the
binding mode will be similar to that of Cu(phen),2*.

For both the tris(bipy) complexes, Co(bipy)s3* and Fe-
(bipy)s2* the binding site sizes are = 3.5 base pairs using the
McGhee-von Hippel model. However, the tris(phen) complex,
Fe(phen)s2+ exhibits a dlightly larger binding site size of four
base pairs. This probably reflects simply the size of the meta
complex and this is supported by the plot of binding site size
against the diameter of the metal complex represented by the
furthest distance between hydrogen atoms on the ligandsin the
crystallographic data (Fig. 1). In general, wefind that increased
charge on the metal complex produces higher binding constants
at low ionic strength, but hasllittle influence on the binding site
size which is mainly determined by geometric factors.

Comparison of macro- and micro-electrodes for
measurement of metal complex—-DNA interactions

Fig. 2 shows the effect of the addition of 0.4 mM DNA to a
solution of 1.0 mM Ru(NH3)g3+ on the steady-state microdisc
voltammetry of Ru(NH3)g3*. The current due to reduction of

Table1l Binding constants and binding site sizes from differential pulse voltammetry

DPV determination of binding parameters

McGhee-von Hippel

McGhee-von Hippel

Complex Scatchard (mobile)a  Scatchard (static)2 (mobile)a (static)a Published values
[Fe(bipy)s2*] 2.2(+0.5) x 103 1.2(x0.4) x 103 5.8(x1.0) x 102 5.6(x1.0) x 102 1.1(x0.6) x 103
4.1(x0.2) 4(x1.7) 3.2(x0.2) 3.5(x0.1) 43
[Fe(phen)s2+] 2.9(x0.4) x 104 6.9(x1.0) x 103 1.0(+0.2) x 104 9.4(x2.4) x 103 7.1(x0.2) x 103
4.4(+.0.08) 3.9(x0.9) 4.2(+0.1) 3.9(x0.1) 50
[Co(bipy)s3*] 2.0(x0.6) x 108 7.8(x1.7) x 108 1.8(x0.9) x 105 1.8(x0.9) x 105 9.4(x1.5) x 108
5.1(x0.2) 1.1(+0.02) 3.4(x0.5) 3.4(x0.6) 3p
[Ru(NH3)e3] 4.3(x1.0) x 105 3.8(x0.9) x 104 4.8(x0.3) x 105 4.9(x0.4) x 105 Not applicable
2.5(x0.8) 1.9(+1.1) 2.5(+0.03) 2.5(+0.04)
[Cu(phen)22*] 2.5(+1.8) x 108 8.2(x2.2) x 104 2.9(x0.7) x 105 2.3(x0.2) x 105 4.7 x 104
7(+0.4) 5.3(x0.6) 4.8(x0.3) 4.4(+0.03) 2c
[Co(phen)s3+] — — — — 1.6 x 104
B
[Ru(phen)z2+] — — — — 6.2 X 103
4b

a Refers to the kinetics of the binding equilibrium. Second figureis s. b Indicates 50 mM ionic strength. ¢ Parameters for [ Cu(phen),*], measured with 200
mM ionic strength using McGhee—von Hippel method. All other published values cited were analysed using the Scatchard method.
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Ru(iin) to Ru(n) drops on addition of DNA owing to the strong
binding of thistrication. To determine the binding constant and
binding site size the DNA wastitrated with Ru(NHz)g3* and the
diffusion-limited reduction currents plotted against the total
concentration of RU(NHz)e3* (Fig. 3). As can be seen from Fig.

18

Binding site
o a4 4
o N A~ O
| , , .
f f } f
HH

(o]
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6 f f
6 8 10 12
Metal complex diameter/A

Fig. 1 Binding site size against metal complex diameter. The values are
from Table 1 using the McGhee-von Hippel analysisand assuming amobile
equilibrium.

E/Vvs. AgQRE

0.1

2l

Fig. 2 Steady-state microelectrode voltammograms of 1.0 mM
[Ru(NH3)e3t] in the (a) absence and (b) presence of 0.4 mM DNA
(concentration of nucleotide phosphate). The scan rate was 10 mV s—1, the
supporting electrolyte was 10 mM TRIS buffer at pH 7, the reference
electrode was a silver wire and the working el ectrode was a 10 um diameter
Pt disc.

16 T
a
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Fig. 3 Plots of steady state diffusion limited current against total
concentration of [Ru(NHz)e3*] in the (a) absence and (b) presence of 0.4
mM DNA.. The scan rate was 10 mV s—1, the supporting electrolyte was 10
mM TRIS buffer at pH 7, the reference electrode was a silver wire and the
working electrode was a 10 um diameter Pt disc. The solid lines are aguide
to the eye and indicate the gradient of the plots at high concentrations are
roughly egual.

3, a high [Ru(NH3)g3*] the current—concentration plots in the
presence and absence of DNA ran approximately parallel. The
respective values of Ru(NH3z)g3* diffusion coefficientswere 5.0
+0.15 X 10-6cm2s~1and 5.3 £ 0.1 X 106 cm2 s—1. This
showsthat the decreasein diffusion current on addition of DNA
is due to binding of the metal complex and not due to an
increased solution viscosity causing areduction in the diffusion
coefficient of Ru(NHz)g3+. Other workers have reported that the
viscosity effect istill negligible at DNA concentrations ca. one
order of magnitude greater.2425 The lower concentration of
DNA was used because of the formation of a precipitate at
higher concentrations. Fig. 4 showsaplot of (i — igng)/ignaVs. Cr
for RU(NHz)e3* in the presence of 0.4 mM DNA from steady
state microelectrode voltammograms and the corresponding
least squares fit to egn. (2). The binding constant and binding
Site size obtained were K = 1.47 £+ 0.04 X 105 M—1and s =
1.62 = 0.02 base pairs. The value of K was not significantly
altered on the inclusion of Dy, as another free parameter in the
regression analysis and indicates that the error due to the
assumption that Dy, = 0 made in egn. (8) iswithin experimental
uncertainties. In contrast, cyclic voltammetric titration of
Ru(NH3)g3* carried out under identical conditions, with the
same data analysis, based on a static binding equilibrium by the
Scatchard method, yields a significantly lower value of K as
shownin Table 2. Thisdifference between the CV and DPV and
microelectrode data is due to the greater contribution of bound
metal in the CV and DPV experiments in which current is
proportional to D2, The simplified data analysisbased on egn.
(8) used in thiswork isless accurate in the case of CV and DPV
because these techniques do not discriminate free and bound
metal complex as strongly. This effect is most significant for
strongly binding complexes where C; is low. Correspondingly,
in the case of aless strongly bound metal complex, Fe(bipy)z2*,
under the same conditions the difference between CV and DPV

0.8 +

0.6 +

02 +

0 0.1 0.2 0.3 0.4 0.5

Ru(NH;)¢** / mM

Fig. 4 (A) A plot (symbols) of Cy/Cs vs. Cr from the microelectrode
titration of [Ru(NH3)e3*] against 0.4 mM DNA (concentration of nucleotide
phosphate). The ratio of bound to free metal complex was determined from
the measured currents in the presence and absence of DNA according to
eqgn. (7). The solid line shows aleast squares fit to the data. The supporting
electrolyte was 10 mM TRIS buffer at pH 7, the reference electrode was a
silver wire and the working electrode was a 10 um diameter Pt disc. (B) As
(A), but the data was obtained from cyclic voltammetry at a1 mm diameter
Pt disc electrode with a scan rate of 50 mV s—1.
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and mi croel ectrode voltammetry wasless marked. It should also
be noted that the measurement of the current at low
[Ru(NH3)e3*]/[DNA] ratios is easier in the microelectrode
experiment than with CV and DPV due to the absence of
significant background currents.

Competition experiments

The binding parameters from the McGhee—von Hippel anaysis
assuming a mobile equilibrium in Table 1 were used to predict
the results of competition experiments between pairs of metal
complexes and also between metal complexes and N-methyl-
phenanthrolinium (MP*), a classical intercalator for which
binding data was available.

Competition between predominantly electrostatic bind-
ers. Thetheoretical analysis based on egn. (10) and the binding
parametersfrom Table 1, predicts that Co(bipy)s3* will displace
the Fe(bipy)s2* from the DNA helix. This is in reasonable
agreement with the experimental data in Fig. 5 given the
uncertainty in the measured binding constants. These results
may be interpreted in terms of the counterion condensation
theory of Manning and co-workers,48.59 in which simple cations
such as those of the alkali metals, associate with nucleic acids
largely as a function of the polymer charge density. A similar
mode of association with DNA can be thought of as occurring
with the [M(bipy)s™] (where M = Co, Fe) complexes. Both
[Co(bipy)s3*] and [Fe(bipy)s2*] bind to DNA through predom-
inantly electrostatic interactions, with little, if any, ligand
interaction appearing to contribute to the overal binding free
energy of these complexes. This theory predicts that counter-
ions of high valence ‘condense’ with the polyelectrolyte, i.e.,
bind in the region of the sugar—phosphate backbone, whilst
lower valence counterions are loosely associated through long
range ionic forces in the ionic atmosphere of the poly-
electrolyte.

Table2 A comparison of binding constants and binding site sizes from
cyclic voltammetry and steady-state voltammetry at microel ectrodes

Ultramicroelectrode Ccv
Complex Scatchard Scatchard (static)a
[Fe(bipy)s2*] 15(x0.2) x 103 1.0(x0.07) x 103
4.1(+0.29) 4.2(+0.09)
[Fe(phen)z2+] 1.1(+0.4) x 104 1.4(+0.1) x 103
4.0(£1.3) 4.0(+0.13)
[Ru(NH3)e3*] 1.47(+0.04) x 10° 1.0(+0.18) x 104
1.62(+0.02) 1.84(+0.03)

a Refers to the assumed kinetics of the binding equilibrium.

120
100 ]
80 | i

60 +
w0l

Fe released (%)

0 } t 1
0 0.5 1 15 2
Mole ratio Co:Fe

Fig. 5 Percentage of Fe(bipy)s?* released from DNA on addition of
Co(bipy)z3* versus mole ratio of Co(bipy)s3*+:Fe(bipy)s2*. The electrode
wasal mm diameter Pt disc and the solution contained 10 mM TRIS buffer
a pH 7 and 10 mM KCI. Differential pulse voltammetry: scan rate 20
mV s—1; pulse height 50 mV; pulse width 50 ms. Symbols are experimental
data, the line is theory.
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When Ru(NH3)e3* isaready bound to the DNA helix, similar
considerations suggest it will not be displaced by Fe(bipy)s2*
and this was indeed observed, with no more than 4% released
even at amole ratio of 5:1 Fe(bipy)s?* : Ru(NH3)g3*.

Competition between intercalating complexes. The bind-
ing of rac-Fe(phen);2+ to the DNA double helix is composed of
two contributions arising from the presence of the two
enantiomers A and A. Equilibration of 0.5 mM A, A or rac-
Fe(phen)s2+ with 1.43 mM DNA (by phosphate) results in a
mixture which contains a significant excess of A-Fe(phen)s2*
(18.9 + 3.8% at 95% confidence). No significant excess at 95%
confidence was observed in the case of the corresponding A-
Fe(bipy)s2* complex (2.4 + 3.2%). Norden and coworkers have
also reported experiments in which a CD signa developed on
addition of rac-Fe(phen)s;2* to DNA with a smaller effect for
rac-Fe(bipy)s2+.60 Further, in binding studies on A-[Ru-
(phen)s2+] with DNA, helix lengthening has been observed.8 A
2D NMR study of A-[Ru(phen)s2*] has aso observed some
nuclear Overhauser  effect/enhancement  spectroscopy
(NOESY) cross peaks between protons on the ligands and on
adenine and the sugar unit in the minor groove.! These
observations suggest that A-[Fe(phen)s2*] can partialy inter-
calate one of its phen ligands between the base pairs, while A-
[Fe(phen)z2*] may bind through electrostatic and van der Waals
interactions. Therefore, for a sample of rac-[Fe(phen)s2+]
binding to DNA, it is expected that a fraction will be loosely
bound while the remainder will be partialy intercalated, both
occurring in the minor groove.

Both the experimental data and theoretical analysis showed
that Cu(phen),2+ and MP*+ compete for the Fe(phen)s2*+ binding
sites. Although the binding of MP*+ cannot be monitored directly
using DPV, the fact that it is competing for the DPV-detectable
Fe(phen)s2+ alows the extent of its binding to be indirectly
determined. MP* isaplanar aromatic heterocycle that is known
to bind to DNA by intercalation between the base pairs.62
Consequently, it will have an affinity for similar binding sites
on the helix as A-Fe(phen)s?+, i.e., between the base pairs. The
experimental data shows that in the presence of excess MP+,
approximately 50% of the Fe(phen)s2+ is displaced which is at
least consistent with an intercalative binding mode for one
enantiomer (Fig. 6).

Competition between electrostatic and inter calative bind-
ers. Ru(NHz)e3* and MP+ have different binding modes to
DNA. Ru(NH3)g3* binds largely through electrostatic associa-
tion with the negatively charged sugar phosphate backbone,
whereas MP* intercalates between the base pairs. Since
Ru(NH3)e3* has asignificantly higher binding constant than the
other complexes, the McGhee-von Hippel analysis, Fig. 7,

Fe released (%)
W
)

0 1 f f
0 2 4 6 8
Mole ratio MP*:Fe

Fig. 6 Percentage of Fe(phen)s2+ released from DNA on addition of MP*
versus mole ratio of MP+:Fe(phen)s2+. The electrode was a 1 mm diameter
Pt disc and the solution contained 10 mM Tris buffer at pH 7 and 10 mM
KCI. Differential pulse voltammetry: scan rate 20 mV s—1; pulse height 50
mV pulse width 50 ms. Symbols are experimental data, the line is theory.
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Fig. 7 Percentage of Ru(NH3)e3* released from DNA on addition of MP*
versus mole ratio of MP*:Ru(NHj3)e3*. The electrode was a 1 mm diameter
Pt disc and the solution contained 10 mM Tris buffer at pH 7 and 10 mM
KCI. Differential pulse voltammetry: scan rate 20 mV s—1; pulse height 50
mV; pulse width 50 ms. Symbols are experimental data, the line is
theory.

N (9%}
wn O
| ,

1

20 +
15 +

Ru released (%)

Mole ratio Fe:Ru

Fig. 8 Percentage of Ru(NH3)e3+ released from DNA on addition of
Fe(phen)s2+ versus mole ratio of Fe(phen)s2+:Ru(NH3)e3+. The electrode
wasal mm diameter Pt disc and the solution contained 10 mM TRIS buffer
at pH 7 and 10 mM KCI. Differential pulse voltammetry: scan rate 20
mV s—1; pulse height 50 mV; pulse width 50 ms. Symbols are experimental
data, the line is theory.

predicts no competition of MP* against Ru(NH3)g3+. However,
the different binding modes of the two species invalidate the
analysisfor this system. Thisis clearly seen in the experimental
data which shows that the addition of excess MP* to the DNA—
RuU(NH3)e3+ system causes =40% of the [Ru(NH3z)g3t] to be
released from the double helix. The DNA therefore cannot
simultaneously accommodate both types of binding, with
intercalation favoured over electrostatic binding. This observa-
tion may berationalised by considering the charge density of the
DNA double helix. Intercalation of MP* will lengthen the
double helix and reduce the charge density along the phosphate
backbone which decreases the driving force for electrostatic
binding.63 A similar effect is observed (Fig. 8) on addition of
rac-Fe(phen)s2+ to DNA-RuU(NH3)e3* athough only ~23% of
the Ru(NH3)g3* can be displaced. Taken together these
experiments provide evidence for an intercalative binding mode
for A—Fe(phen)z2+.

Conclusions

Steady state voltammetry at ultramicroelectrodes, cyclic vol-
tammetry and differential pulse voltammetry have been used to
investigate the interaction of the metal complexes: Ru(NHz)g3*,
Fe(bipy)s2*, Co(bipy)s3, Fe(phen)z2+ and Cu(phen),2+ with
DNA. The parameters obtained, the binding constant, K, and the
binding site size, s, compare reasonably with previously

published values. The binding site size shows a linear
correlation with the size of the metal complex. Three main
factors influence the binding constant: (i) the charge of the
complex, (ii) the nature of the ligands, and (iii) the geometry
about the metal centre.

The steady-state voltammetric experiment at microel ectrodes
was found to have a number of advantages over cyclic
voltammetry and differential pulse voltammetry. In particular,
the steady-state diffusion limited current isdirectly proportional
to diffusion coefficient, rather than the sguare root, which
improves the discrimination between DNA-bound and freely
diffusing metal complex. Further, the kinetics of the binding
process do not affect the steady state measurement whereas in
the case of transient techniques, e.g., cyclic voltammetry, a
range of values is obtained corresponding to the limits of fast
and slow binding kinetics compared to the experimenta
timescale.

For the competition experiments between the electrostatic
binding complexes, the experimental data qualitatively fits the
theoretical analysis. Similarly, for the competition experiments
between the intercal ative binding complexes, rough agreement
isfound. No agreement at all between experimental dataand the
theoretical analysis is found for the competition between
electrostatic and intercalative binding. This confirms that the
same binding sites are not involved for the bound and
competing complexes. The combination of competition and
enantiomeric excess data provides evidencefor an intercal ation-
like mode of binding for A-Fe(phen)s2*.
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