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Here we report on the synthesis and enantiomeric resolution of metal complexes of the type [Ru(bpyMe,),L
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(where bpyMe, = 4,4'-dimethyl-2,2'-bipyridine and L = 1,10-phenanthroline (phen), dipyrido[3,2-a:2'3"-¢]-
quinoxaline (dpq), dipyrido[3,2-a:2'3"-¢](6,7,8,9-tetrahydro)phenazine (dpqc) or dipyrido[3,2-a:2'3’-c]phenazine
(dppz)). DNA-paper chromatography, absorption spectroscopy, gel electrophoresis and viscometry of linear DNA
were used to assess the association and affinity for DNA of the aforementioned complexes. Optical resolution of
the complexes was achieved by solvent recycled chromatography using Sephadex cation exchange resin and
disodium (—)-0,0’-dibenzoyl-L-tartrate. Paper chromatography successfully elucidated the relative binding affinities
of the metal complexes investigated in the following order phen (0.68) < dpq (0.36) < dpqc (0.14) < dppz (0.09).
Absorption spectroscopy experiments indicated that each of the complexes were in close association with the DNA.
Electrophoresis of the plasmid DNA incubated with the A complexes of dppz or dpqc show unwinding. The
A-isomer of dppz resulted in smearing due to less effective binding whereas the A-isomer of dpqc showed no
unwinding at all. Unexpectedly, rac-[Ru(bpyMe,),(dpq)]** showed greater unwinding than either isomer.
DNA-viscosity experiments provided evidence that both the A and A-isomers of dppz and dpqc bind by
intercalation. However, A and A-[Ru(bpyMe,),(dpq)]*" bind through different modes, the A isomer by

intercalation and the A isomer by partial intercalation. The conclusions that can be drawn from this is that the
extended methyl groups in the 4- and 4'-positions on the bpyMe, ligand are critical in eliciting different

enantiomeric interactions with the walls of the DNA grooves.

Introduction

The interaction of DNA with inert octahedral metal complexes
has been a vibrant area of research for some time."™® Despite a
significant amount of research published to date, our under-
standing of the nature of the binding geometries of these
complexes to DNA is still limited. In the elucidation of the
reversible reactions of DNA, Ru(m)-polypyridyl complexes
have proven invaluable as they are easily synthesised, resolvable
and stable in their enantiomeric forms, thus providing sturdy
complexes with which to investigate DNA.

Constructing these molecules has for the most part looked at
intercalation potential by incorporating larger or suitably
shaped ligands for coordination to create complexes such as
[Ru(ancillary),(intercalator)** where ancillary has mostly
included 1,10-phenanthroline (phen) or 2,2'-bipyridine (bpy)
and intercalator has been phen,'?® dipyrido[3,2-a:2'3’-c]quin-
oxaline (dpq),”™ dipyrido[3,2-a:2'3’-c](6,7,8,9-tetrahydro)-
phenazine (dpqc),'® dipyrido[3,2-a:2'3’-c]phenazine (dppz) >
(Fig. 1). The objective has been to explore the combination of
various intercalator and ancillary ligand types®'"'* to modu-
late the interaction between the complex and DNA and to
accentuate any enantiomeric differences.

As controversy still surrounds the binding of [Ru(phen),
to nucleic acids, including complexes that contain phen was
seen to be a vital inclusion in this study as they represent the
weakest binding moieties thought to be capable of intercalat-
ing. At the other end of the spectrum, the dppz ligand *'*'>1¢
will be employed to provide complexes with much higher bind-
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and dpqc.

§ ing affinities for DNA. However, when incorporated into com-
@ plexes, dppz has proven itself to be a moiety that intercalates
S without site selectivity. In between phen and dppz, in terms of
& overall intercalator size, are the ligands dpq®'>"
o
S
6 1 Electronic supplementary information (ESI) available: absorption
O  spectra. See http://www.rsc.org/suppdata/dt/b2/b208147d/
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Having discussed the ligands intended for intercalation into
DNA, it is important to mention the peripheral ligands and the
desired influences that they will bring about as a result of their
association with DNA. The bidentate 4,4'-dimethyl-2,2’-bi-
pyridine (bpyMe,) was chosen because computer generated
intercalation models of the metal complex [Ru(bpyMe,),-
(intercalator)]** with two base-pairs, indicate that only the
intercalator has any potential aromatic overlap. The extended
methyl groups are expected to interacted with the walls of the
groove with some enantioselectivity in much the same way that
[Ru(DIP),]** " does, albeit to a lesser extent.

DNA bound cellulose paper chromatography is a straight-
forward method for studying interactions of compounds with
DNA . This technique tests the relative affinity of a drug for
DNA, and while it does not discern between binding modes the
affinity may be indicative of it.

Owing to the strong MLCT bands of polypyridyl-Ru(i)
complexes, the high molar extinction coefficients lend them-
selves to absorption analysis upon binding to DNA. When
associating with DNA, the visible electronic absorption of the
complexes is changed, and the hypochromic or hyper-
chromic effects at the band maxima can be indicative of an
association.?’* A suggested explanation for this is the strong
interaction between the DNA bases and the intercalating
chromophore.’* It has been argued that this particular type of
absorption spectroscopy alone cannot possibly deduce whether
a species intercalates or surface binds.?

For DNA to accommodate the physical strain of inter-
calation unwinding of the double helix is necessary. Submarine
gel electrophoresis and viscometry are techniques that identify
this effect upon binding. Unwinding of DNA by established
intercalators such as ethidium?® as well as for [Ru(phen);]**,*
has been reported. It is unlikely that submarine gel electro-
phoresis can discriminate between classical and partial inter-
calation, as both binding modes require unwinding. Apart from
the determination of unwinding angles by using Topoisomerase
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Fig. 1 Structure and atom numbering of the ligands bpyMe,, phen,
dpq, dpqc and dppz and the proton assignments of [Ru(bpyMe,),-
(dpqc)I**. Note the greater proximity that the H3, 4Me, H5 and H6
protons have with the dpqc’s H10, H11 and H12 than the H3', 4Me’,
H5'" and H6' protons, respectively. It is this property that is responsible
for the differing resonances of the corresponding protons.

I enzymes,***® gel electrophoresis has been used successfully

for DNA cleavage experiments, even for Ru(ir) complexes such
as [Ru(bpy);]** and [Ru(phen),]**.*>* The measurement of vis-
cosity is an efficient and straightforward means of determining
whether a compound intercalates into DNA. According to the
classical intercalation concept put forward by Lerman,*' when a
drug intercalates between the base-pairs of DNA, its presence
forces these base-pairs away from each other and therefore
unwinds the double helix and lengthens a given amount of
DNA. This in turn increases the viscosity of the solution. The
calf thymus (CT-DNA) must be linear in order for the meas-
urements to be made, so it is cleaved to short rod-like lengths
too small for the tertiary structure to predominate (usually
about 200 bp). This technique is very sensitive to the changes in
DNA length because viscosity is proportional to L* (where L is
the length of linear DNA).**3

Herein we describe the synthesis, resolution and characteris-
ation of the metal complexes of the type A,A-[Ru(bpyMe,),-
(intercalator)]** (intercalator is phen, dpq, dpqc or dppz) as
well as their effects on DNA by the techniques of DNA-paper
chromatography, absorption spectroscopy, electrophoresis, and
viscosity measurements for any enantioselectivity.

Experimental
Materials

1,10-Phenanthroline, 4,4'-dimethyl-2,2’-bipyridine, ruthenium
trichloride hydrate, lithium chloride, potassium hexafluoro-

phosphate, sodium acetate, sodium phosphate dibasic, sodium
phosphate monobasic, sodium chloride, sodium hydroxide,
sodium borohydride, sodium periodate, ethidium bromide,
Hoechst33258, tris(hydroxymethyl)aminomethane, tris(hydroxy-
methyl)aminomethane  hydrochloride, aluminium oxide
(neutral Brockmann I), ethylenediaminetetraacetic acid, and
Amberlite IRA 400(Cl), SP Sephadex C-25 ion exchange resins
were all obtained from the Aldrich Chemical Company, Inc.,
USA. Dibenzoyl-L-tartaric acid monohydrate was purchased
from Fluka A.G. Calf-thymus DNA (Type I highly polymerised
sodium salt form) and pBR322 plasmid DNA were purchased
from the Sigma Chemical Company.

Instrumentation

Electronic absorption spectra were recorded on a Cary 1E spec-
trophotometer (quartz cell length was 1 cm). ESI mass spectra
were recorded on a VG-Quattro mass spectrometer at 50 eV and
alternating positive and negative collection modes. Circular
dichroism spectra were recorded on a JASCO 500C spectro-
polarimeter. Proton NMR was obtained using a Varian 300
MHz spectrometer.

Synthesis

Synthesis of intercalating ligands. The bidentate ligands
dpq,” " dpqc'*'® and dppz'® were all synthesised according to
published methods. The synthetic routes all proceeded via 1,10-
phenanthroline-5,6-dione produced by the oxidation of 1,10-
phenanthroline using the method of Yamada and co-workers.*
Subsequent condensation of this species with the required
diamine in alcohol produced the desired ligand in reasonable
yields.

Syntheses and resolution of A,A-[Ru(bpyMe,),LI(PF),:
xH,0, where L. = phen, dpq, dpqc or dppz. A mixture of [Ru-
(bpyMe,),CL,]-3H,0%*¢ (175 mmol) and L (200 mmol) was
stirred under reflux for 3 h in a de-aerated 1:1 ethanol-water
solution (400 cm®). The resulting deep red solution was evapor-
ated under reduced pressure until all of the ethanol was distilled
off. The excess ligand was filtered off and a saturated aqueous
solution of sodium hexafluorophosphate (2 cm®) was added
dropwise to the stirred filtrate. The resulting orange-red solid
was filtered off, washed with cold water (3 x 10 cm®), diethyl
ether (3 X 10 cm®) and then dried under suction. This crude
product was recrystallised from a 1:2 water—acetone solution or
alternatively, could be dissolved in the minimum amount of
acetonitrile and chromatographed on a column of aluminium
oxide (neutral Brockmann I) with acetonitrile as the eluent. The
major red band was collected and the complex was precipitated
and dried.

The enantiomers of [Ru(bpyMe,),L](PF),-xH,O (where L =
phen, dpq, dpqc or dppz) were resolved using solvent-recycled
chromatography®” on a Sephadex SP-C25 column (100 X 1.6
cm) utilising 0.1 M disodium-0, O’-dibenzoyl-L-tartrate (and
5% acetone, only with the dppz complex). The effective column
length was 0.9, 1.2, 1.2 and 1.4 m for the complexes containing
phen, dpq, dpqc and dppz, respectively. The enantiomeric pur-
ity of the chloride salt was determined by circular dichroism
spectroscopy and the relative absorbance at 456 nm.

[Ru(bpyMe,),(phen)](PFy),:2H,0:%® 79%. A /om (¢/dm?
mol™! cm™!) (water—acetone): 456 (14100). MS (ESMS,
CH;CN, M = 941.7); m/z = 795.0 (M — PF,)*. CD: A/nm (Ae/
dm?® mol™! cm™') (ethanol-water): A isomer: 400 (+63); 465
(—64.2); A isomer: 400 (—72.4); 457 (+69.3). Optical purity at
465 nm = 92.6%.%

[Ru(bpyMe,),(dpq)](PFs),-2H,0: 79%. Ama/nm (e/dm* mol ™
cm™') (water—acetone): 439 (13900). 5y (300 MHz, CD,CN):
9.34 (H13; 2H, s), 9.61 (H12; 2H, d, /= 5.4 Hz), 8.06 (H11, 2H,
dd, J = 8.3, 5.4 Hz), 8.74 (H3'; 2H, s), 8.68 (H3; 2H, s), 8.54
(H10; 2H, d, J = 8.3 Hz), 7.96 (H6'; 2H, d, J = 5.4 Hz), 7.78
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(H6,2H, d, J=5.4 Hz), 7.44 (H5'; 2H, d, J=5.4 Hz), 7.18 (HS,
2H, d, J = 5.4 Hz), 2.62 (4Me'; s, 6H), 2.51 (4Me: s, 6H). MS
(ESMS, CH;CN, M = 993.7); m/z = 846.9 (M — PF,)*. CD:
J/nm (Ae/dm® mol™' cm™') (ethanol-water): A isomer: 415
(+52.4); 476 (—37.9); A isomer: 415 (—52.2); 476 (+38.6).
Optical purity at 476 nm = 98.1%.%

[Ru(bpyMe,),(dpqc)](PF),-2H,0:  82%. g /nm  (¢/dm?
mol™' cm™") (water—acetone): 452 (15200). Jy (300 MHz,
CD,CN) 9.44 (H12; 2H, d, J = 5.4 Hz), 8.38 (H3'; 2H, 5), 8.33
(H3: 2H, s), 8.12 (H10: 2H, d, J = 8.3 Hz), 7.81 (H11, 2H, dd,
J=28.3,54Hz),7.63 (H6';2H, d, J= 5.4 Hz), 7.41 (H6, 2H, d,
J=54Hz), 7.28 (H5'; 2H, d, J=5.4 Hz), 7.03 (H5, 2H, d, J =
5.4 Hz), 3.34 (H13a,b; s, 2H), 2.58 (4Me’; s, 6H), 2.46 (4Me; s,
6H), 2.10 (H13a,b; s, 2H). MS (ESMS, CH;CN, M = 1047.8);
mlz = 901.1 (M —PF)". CD: Amm (Ae/dm® mol™' cm™)
(ethanol-water): A isomer: 386 (+50.4); 464 (—45.4); A isomer:
386 (—59.9); 464 (+45.9). Optical purity at 464 nm = 98.9%.%°

Ru(bpyMe,),(dppz)](PFy),2H,0: 85%. Apa/nm (e/dm?® mol ™!
cm™!) (water—acetone): 443 (16300). J (300 MHz, CD,CN)
9.68 (H12; 2H, d, J = 5.4 Hz), 8.05 (H11, 2H, dd, J = 8.3,
5.4 Hz), 8.72 (H3'; 2H, s), 8.69 (H3; 2H, s), 8.52 (H10; 2H, d,
J =83 Hz), 8.47 (H13; 2H, dd, J = 6.0, 6.0 Hz), 8.18 (H14: 2H,
dd, J=6.0, 6.0 Hz), 7.97 (H6"; 2H, d, J = 5.4 Hz), 7.87 (H6, 2H,
d, J=5.4 Hz), 7.46 (H5'; 2H, d, J = 5.4 Hz), 7.22 (HS5, 2H, d,
J=5.4Hz), 2.61 (4Me’; s, 6H), 2.50 (4Me; s, 6H), 2.10 (H13a,b;
s, 2H). MS (ESMS, CH,CN, M = 1043.8); m/z = 897.4
(M —PF()". CD: A/nm (A¢/dm® mol™' cm™") (ethanol-water):
A isomer: 390 (+72); 467 (—58.3); A isomer: 390 (—=77.7); 467
(456.6). Optical purity at 467 nm = 97.2%.%°

DNA-paper chromatography

The DNA-paper used for chromatography was prepared as pre-
viously reported.” DNA paper and untreated chromatographic
paper were individually spotted with the desired complex hexa-
fluorophosphate dissolved in the minimum amount of acetone.
Multiple samples were spotted (5 uL) on each sheet leaving at
least 2 cm between them to avoid cross contamination. The
sheets were placed in a chromatography tank containing
sodium acetate buffer (0.16 M, pH 6.9) incorporating 10% v/v
methanol and eluted. The paper was removed from the tank
and allowed to air dry. The leading points of the bands on the
paper were then marked from visually observable coloration or
with the aid of an UV lamp.

Absorption spectroscopy in the presence of CT-DNA

All absorption spectra were carried out using Tris—HCI buffer
(tris(hydroxymethyl)aminomethane hydrochloride (5 mM)—
NacCl (50 mM) adjusted to pH 7.5). Complexes were prepared
as chloride salts and kept in the dark to avoid decomposition.
The ratio of metal complex (20 uM) to DNA base pairs
(100 uM) was achieved by the addition of known quantities of
CT-DNA determined spectrophotometrically using the molar
absorptivity of 13200 M~' cm™' at 258 nm,** (100 uM). The
concentration of metal complex was also determined spectro-
photometrically using extinction coefficients reported in the
synthetic method. After mixing, the complex—-DNA solutions
were allowed to equilibrate for 20 min at 20 °C. Absorbance was
corrected using the buffer alone.

DNA viscosity measurements

Viscosity measurements were carried out using a Cannon-
Manning semi-micro viscometer maintained at a constant tem-
perature of 25 °C in a water bath. CT DNA, sonicated to
approximately 200 base pair lengths was prepared and purified
according to the method of Chaires et al®®* The viscometer
required 300 pL of sample and the flow time for the BPES
buffer (§ mM sodium phosphate-1 mM disodium EDTA-25
mM NacCl, pH 7.0) used in these experiments was 465 + 2 s. The
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DNA concentration was 100 uM per base pair (molar absorp-
tivity of 13200 M~ cm ™" at 258 nm) and samples were prepared
to give total metal complex/base pair ratios of 0.0714, 0.125
and 0.25. Flow times were measured after a thermal equilib-
ration time of 30 min. Each sample was measured five times
and from these values an average flow time was calculated. The
established intercalator, ethidium bromide, and groove binder,
Hoechst 33258, were included as reference points. Viscosity is
presented as (y/4")" in accordance with the theory of Cohen
and Eisenberg.®*

Submarine gel electrophoresis

Agarose was heated until it had completely melted and was
dissolved in TAE buffer (tristhydroxymethyl)aminomethane
(40 mM)-acetic acid (20 mM)-ethylenediaminetraacetic acid
(ImM), pH 8.0) to give a final concentration of 1% w/v. Super-
coiled pBR322 plasmid DNA from E. Coli was incubated in
Eppendorf tubes at 37 °C at a final concentration of 40 uM per
base pair with the metal complex also at 40 uM. Loading buffer
was also present to help the mixtures sink into the wells on the
gel and to visualise the progress of the bands. Electrophoresis
was carried out for 1 h at 100 V to separate the covalently closed
circular DNA (Type I), the nicked open circular form (Type II)
and the linear form (Type III) as well as any topoisomers pres-
ent. The gels were removed from the horizontal electrophoresis
apparatus and immersed for 10 min in ethidium bromide solu-
tion (0.5 mg cm ™), which fluoresces strongly when bound to
DNA. The gel was then washed in water for a further 10 min.
Visualisation of the dye and thus the DNA was achieved by
placing the gel on a transilluminator and photographing.

Results and discussion
Synthesis

The syntheses of the ligands dpq, dpqc and dppz from 1,10-
phenanthroline-5,6-dione were straightforward condensations
of carbonyl and amine groups that auto-oxidise to the resulting
phenazine ring systems. The complexation of the intercalative
ligands with the neutral cis-[Ru(bpyMe,),Cl,] complex to pro-
duce the desired mixed ligand tris-bidentate octahedral Ru(ir)
complexes, gave relatively high yields and the formation of a
deep red colour was a good indication of the reaction progress.
The hexafluorophosphate salts of all complexes were extremely
insoluble in water. Slow addition of the sodium hexa-
fluorophosphate allowed the formation of a precipitate that
could be successfully filtered. Recrystallisation of the com-
plexes from acetone and water was not always successful so the
remaining crude compounds were chromatographed on neutral
aluminium oxide in acetonitrile, collecting the major deep red
bands, discarding the leading and trailing portions.

Fig. 1 shows the structures and proton numbering of the
complexes using [Ru(bpyMe,),(dpqc)](PFs), as an example.
The resonances of each metal complex were assigned with
the aid of the previously reported spectra of related com-
pounds ! HILISIT8IS - and  the COSY  spectrum  for
[Ru(bpyMe,)(dpqe)]**.

The assignment of the absolute configurations of the
resolved complexes in this study is based on CD analyses and
comparison with similar complexes whose absolute con-
figuration has been determined by X-ray crystallography. In
accordance with the assignments by Bosnich***! for similar
Ru(m)—polypyridyl complexes, all enantiomers having positive
CD maxima at 450 nm and negative CD maxima at 310 nm
were assigned as A whereas enantiomers having the opposite
sign at the same wavelengths were assigned the A-configuration.
In this work, enantiomeric purity was judged to be 100% for the
enantiomer with the highest Cotton effect and in most cases
the enantiomers were within 5% of each other.



Table 1 DNA paper chromatographic results

Band distance Solvent front

Band distance Solvent front

Metal complex (blank)/cm (blank)/cm R; (blank) (DNA)/cm (DNA)/cm R;(DNA) AR,
A-[Ru(bpyMe,),(phen)?* 19.0 23.0 0.83 15.6 24.0 0.65 0.18
rac-[Ru(bpyMe,),(phen)]" 18.4 23.0 0.80 16.3 238 0.68 0.12
A-[Ru(bpyMe,),(phen)** 20.0 23.1 0.87 14.4 242 0.60 0.27
A-[Ru(bpyMe,),(dpq)]** 12.9 19.1 0.68 42 15.1 0.28 0.40
rac-[Ru(bpyMe,),(dpq)I** 14.0 19.6 0.71 5.4 14.9 0.36 0.35
A-[Ru(bpyMe,),(dpq)** 14.0 19.8 0.71 5.0 14.0 0.36 0.35
A-[Ru(bpyMe,),(dpqe)P* 12.2 235 0.52 1.9 228 0.08 0.4
rac-[Ru(bpyMe,),(dpqc)" 8.1 232 0.35 32 225 0.14 0.21
A-[Ru(bpyMe,),(dpqe)P** 11.9 23.0 0.52 4.5 21.8 0.21 0.31
A-[Ru(bpyMe,),(dppz) 2" 8.5 236 0.36 22 247 0.09 0.27
rac-[Ru(bpyMe,),(dppz)[** 6.7 23.7 0.28 2.2 24.2 0.09 0.19
A-[Ru(bpyMe,),(dppz)** 9.8 236 0.42 22 24.0 0.09 0.33
DNA paper chromatography |

DNA paper chromatography has shown itself to be a reliable 92 i I —

and straightforward means of determining the relative affinity R; | B with DNA

of a compound for nucleic acids. While the nature of this par- o6l M without DNA

ticular test renders it incapable of differentiating between the
various reversible interactions that molecules can have with
DNA, nevertheless, it has demonstrated the enantioselectivity
of DNA and raised questions about the combined effects of
enantiomers as opposed to the interactions they have by
themselves.

Due to the way DNA paper dries, inconsistencies in the
paper’s surface give rise to areas where solvent travels at differ-
ent rates. This phenomenon leads to an uneven solvent front,
and therefore requires that individual solvent retentions are
calculated for each lane on the paper. This is indicative of the
low resolution of such a chromatographic system, but obvious
and expected trends across the Ru(m)-polypyridyl series were
observed (Fig. 2). Table 1 details the retention data for the metal

Fig. 2 Effects of A,A-[Ru(bpyMe,),(dpqc)?* on DNA paper
chromatography. Lanes 1, 2 and 3 correspond to the A-, rac- and A-
isomers on blank cellulose chromatography paper, while lanes 4, 5 and 6
are the same isomers on the DNA treated paper. Samples were eluted by
a sodium acetate buffer (0.16 M, pH 6.9, 10% methanol). The lanes
were photographed under UV illumination.

complexes on the DNA paper and the untreated paper, which is
illustrated in Fig. 3. From this data, there is a clear pattern
relating an increased affinity signified by the lower distances
travelled, to larger intercalating ligands present in the complex.
Moreover, the trend in affinity for the A- and A-isomers
corroborate earlier observations.” A-[Ru(bpyMe,),(dpq)] and
A-[Ru(bpyMe,),(dpqc)] had lower R; values (higher affinity)
than their mirror images. In contrast, A-[Ru(bpyMe,),(phen)]
has a higher affinity than the A-isomer in keeping with reported
binding affinities of 1.1 x 10* and 0.9 x 10*, respectively.'*

Absorption spectroscopy

The absorption spectra of Ru(m)-polypyridyl complexes are

AAracA

hen
it dpyq

rac A
dppz

dpgc

Fig. 3 Bar graph showing the relative distances travelled by the
[Ru(bpyMe,),LI** series (where L = phen, dpq, dpqc and dppz) on
DNA paper and untreated cellulose chromatographic paper. Retention
factors were determined with respect to sodium acetate buffer (0.16 M,
pH 6.9, 10% methanol) solvent front.

sensitive to changes in their environment and are thus able to
give an indication of their association with nucleic acids. The
analysis is mainly concerned with the visible region where the
complexes, but not the DNA, absorb. The visible absorption is
a result of electronic transitions of the MLCT band and these
transitions are changed when the chromophore is closely
associated with another molecule or group.

All of the complexes studied by absorption spectroscopy,
except for A-[Ru(bpyMe,),(phen)]*", showed visible hypo-
chromism at their absorption maxima, as can be seen in Table 2.
Bathochromic or red shifting in the 490 nm region of
the absorption band was observed for all complexes except
A-[Ru(bpyMe,),(dppz)]** and for A-[Ru(bpyMe,),(phen)** for
which insignificant 1 nm shifts were observed. As the combin-
ation of the hypochromism and bathochromism is believed to
be indicative of intercalation,? these results seem puzzling. For
A-[Ru(bpyMe,),(dppz)]** the lack of any red shift at this region
was unexpected, although it did show a significant hypochromic
shift (3.4%). The combination of these results do not negate
the possibility that A-[Ru(bpyMe,),(dppz)]** is an intercalator,
as the near UV intra-ligand (IL) band shows a significant
hypochromic shift (33.4%) and slight red shift (2 nm) similar to
the other dppz complexes indicative of intercalation.

Submarine gel electrophoresis

The unwinding of supercoiled pBR322 plasmid DNA in the
presence of Ru(i)—polypyridyl complexes has been monitored
by migration patterns through agarose gel based electrophoretic
techniques. Intercalators need to unwind supercoiled DNA in
order for them to bind, and the more unwinding that occurs in a
given sample of plasmid DNA, the larger and thus slower its
migration rate is through the gel. Unwinding of the supercoiled
pBR322 plasmid was observed at the metal complex concen-
trations used.
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Table 2 Spectroscopic properties concerning the MLCT bands of selected Ru(i1)-polypyridyl complexes on binding to DNA

Absorption maxima

Complex Free Bound A/nm Red shift at 490 nm Hypochromic shift (%) Isosbestic point/nm
A-[Ru(bpyMe,),(phen)** 454 454 0 1 1.0 —
A-[Ru(bpyMe,),(phen)** 454 454 0 0 0.2 —
A-[Ru(bpyMe,),(dpq)I** 443 441 -2 4 1.7 479
A-[Ru(bpyMe,),(dpq)I** 443 442 -1 4 2.0 475
A-[Ru(bpyMe,),(dpqc)** 452 456 4 3 4.0 474
A-[Ru(bpyMe,),(dpqc)** 452 445 -7 5 8.2 475
A-[Ru(bpyMe,),(dppz)]** 442 444 2 0 3.4 498
A-[Ru(bpyMe,),(dppz)]** 442 445 3 4 5.3 479

For the complex [Ru(bpyMe,),(phen)**, there were no
observable differences in the migration pattern and that of the
untreated DNA, which suggests that it did not unwind plasmid
DNA to any degree at all even at a high metal loading concen-
tration (Fig. 4, lanes 5, 6 and 7 represent A-, rac- and A-[Ru-

S
=
=
&
i)
=

Fig. 4 Unwinding effects of the metal complexes on 1% agarose (with
ethidium bromide) of E. Coli pBR322 Plasmid DNA. The smear
represents a gradient of several topoisomers of slightly varying overall
size. Lanes 1, 2 and 3 represent A-, rac- and A-[Ru(bpyMe,),(dppz)]**,
lanes 5, 6 and 7 represent A-, rac- and A-[Ru(bpyMe,),(phen)]**, lanes
8,9 and 10 represent A-, rac- and A-[Ru(bpyMe,),(dpq)I** and lanes 12,
13 and 14 represent A-, rac- and A-[Ru(bpyMe,),(dpqc)]**, respectively.
Lanes 4 and 11 are untreated DNA control.

(bpyMe,),(phen)]*"). This result indicates that neither A, or
A-[Ru(bpyMe,),(phen)** intercalate to any extent. In recent
articles A-[Ru(phen);]** has been reported as a partial inter-
calator?' it would seem that replacement of the phen with
bpyMe, stops insertion all together. The result obtained for
the [Ru(bpyMe,),(dppz)]**, is in stark contrast to those of the
phen complexes (Fig. 4, lanes 1, 2 and 3 represent A, rac- and
A-[Ru(bpyMe,),(dppz)]**). A- and rac- samples significantly
slowed the migration while the A-enantiomer caused an even
smearing effect of the nicked DNA between the regions corre-
sponding to the control DNA. This set of results are significant
in that they show that the dppz moiety is highly capable of
intercalating when complexed, hence the marked unwinding
of the plasmid. The A isomer does not bind as selectively and
so does not fully unwind the plasmid. The incorporation of
bpyMe, as the non-intercalative peripheral ligands has success-
fully brought about an enantioselective response with the
DNA. The smearing effect observed for the A-isomer is also
indicative of helical unwinding albeit to a less efficient extent
than that of the A-isomer. The smear represents a gradient of
several topoisomers of slightly varying overall size. The conclu-
sions that can be drawn from this is that the extended methyl
groups in the 4 and 4’-positions on the bpyMe, ligand are
critical in eliciting different steric interactions with the walls of
the DNA grooves. In the case of the A-isomer of [Ru(bpyMe,),-
(dppz)I** the intercalator keeps the peripheral ligands away
from the DNA groove walls and thus cause unwinding, but the
unfavourable steric interactions these methyl groups have
with the groove walls give rise to less efficient intercalation for
the A-isomer. This species is still intercalating nevertheless, but
there is less intercalation overall in the plasmid, and this most
probably arises due from the fact that there is much variation of
the DNA properties in the native supercoiled plasmid, with
many sites being more accessible and potentially reactive than
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others. An important consideration is the fact that the
rac- sample showed identical activity to the A-isomer and not
an average of the A- and A-enantiomers. The reason for this
phenomenon is because the amount of A-enantiomer in the rac-
sample was more than enough to interact with the maximum
available sites.

rac-[Ru(bpyMe,),(dpq)]** showed correspondingly higher
levels of unwinding than the enantiomers by themselves. The
A- and A-isomers of [Ru(bpyMe,),(dpq)]** showed practically
no activity at all whereas the rac- sample showed significant
smearing of the nicked and circular DNAs (Fig. 4, lanes 8, 9
and 10 represent A-, rac- and A-[Ru(bpyMe,),(dpq)I**). These
results point toward a synergistic effect between the enantio-
mers for unwinding plasmid DNA although exactly how this is
accomplished is not understood. Stacking of planar aromatic
moieties has been documented for similar metal complex sys-
tems,*** so it may be possible that the mirror image isomers
associate in a way that two of the same isomer cannot and
hence lead to effects that are different from the individual
components.

The dpqc ligand is practically the same size as the dppz
ligand, the only difference being that the endmost ring is ali-
phatic and its potential for intercalation is expected to be
somewhere in between that of dpq and dppz, and the electro-
phoretic results obtained in this study are in agreement with
these assumptions. Showing some similarities to the dppz com-
plexes, nearly all of the dpqc containing complexes slowed the
progress of the plasmid DNA through the gel. For the [Ru-
(bpyMe,),(dpqc)]*" complexes a similar phenomenon to that of
the [Ru(bpyMe,),(dppz)]*" occurred as the A- and rac- samples
caused maximum unwinding whereas the A-isomer caused no
unwinding at all (Fig. 4, lanes 12, 13 and 14 represent A-,
rac- and A-[Ru(bpyMe,),(dpqc)]*") . Again it is the unfavour-
able steric interactions between the bpyMe, ligands and the
DNA groove walls that elicit this enantioselectivity, as was
the case for [Ru(bpyMe,),(dppz)]**. The major difference is that
the driving force of the complexed dppz was strong enough to
still afford intercalation.

Viscosity studies of rodlike DNA

The resolved enantiomers of the [Ru(bpyMe,),L]** series were
tested for their effects on sonicated 200 base pair length rods of
DNA. Different concentrations of metal complex were tested in
the presence of the 100 uM bp DNA to give final mixing ratios
0of 0.042, 0.125 and 0.250. The results obtained from the visco-
metric analysis were most enlightening in terms of being able to
discriminate between the various binding modes. The estab-
lished intercalator ethidium bromide and groove binder
Hoechst 33258 were included as reference compounds. Both
behaved as expected, as can be seen in Fig. 5. Ethidium
increased the relative specific viscosity of the DNA in a linear
fashion until a ratio r of approximately 0.1 drug/DNA base pair
was reached, where the slope began to decrease, indicating the
further lengthening of the DNA as more drug was added. The
groove binder Hoechst 33258 showed no significant effect on
the DNA regardless of the mixing ratio. As for the metal
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Fig. 5 Effects of increasing amounts of A,A-[Ru(bpyMe,),-
(phen)** (#, ©); A, A-[Ru(bpyMe,),(dpq)f** (A, A); A,A-[Ru(bpyMe,),-
(dpgo)** (¥, V) and A,A-[Ru(bpyMe,),(dppz)** (M, O); on the
specific relative viscosity of 200 Bp linear CT-DNA. Viscosity is
presented as (5/7°)"® in accordance with the theory of Cohen and
Eisenberg.®® The established intercalator ethidium (@) and proven
groove binder Hoechst 33258 (O) are shown for reference. The total
ligand to base pair ratios measured were 0.0417, 0.125 and 0.25.

complexes there was a broad range of effects ranging from sig-
nificant lengthening similar to that of ethidium, to DNA short-
ening analogous to the partial intercalating originally described
for the aromatic diammonium cations tested by Kapicak and
Gabbay.*

The A-isomer of [Ru(bpyMe,),(dppz)]** brought about the
greatest lengthening of the DNA, with a relative specific viscos-
ity of 1.17 at r = 0.250 drug/base pair ratio, practically as high
as for ethidium, and this result alone signifies that metallo-
intercalators can be just as effective as their classical organic
counterparts. The next most effective species was the A-isomer
of [Ru(bpyMe,),(dpqc)]** which yielded a value of 1.11 for the
same ratio (r = 0.250). The A-[Ru(bpyMe,),(dpqc)]** isomer
increased the viscosity more than the A-[Ru(bpyMe,),(dppz)]**.
The A-isomers of all the complexes exhibit higher viscosity than
their enantiomers, and this same trend was encountered in the
viscometric testing of the similar Ru(ir) complex [Ru(phen),-
(dppz)P**.1

[Ru(bpyMe,),(dpq)]*" proved to be a very interesting species
as the A-isomer increased the viscosity of the DNA solution,
while the A-enantiomer actually decreased it, signifying that the
enantiomers bind through different modes. This stereochemical
discrimination points toward the dpq ligand affording weak
intercalation when coordinated to a Ru(m) system with
extended peripheral ligands. The orientation of the peripheral
bpyMe, ligands influences how far the intercalator can insert
into the base pair stack, as illustrated in Fig. 6, where the dpq
ligand of the A-isomer can fully insert while the A-isomer can
only partial intercalate. The incorporation of bpyMe, as a per-
ipheral ligand in this study was expected to provide some details
on the effects of steric interactions between the non-inter-
calated ligands and the walls of the DNA grooves. From the
results it appears that the methyl groups in the 4 and 4’ posi-
tions protrude into the groove walls and restrict the A-complex
from fully intercalating. Viscometric analysis of the enantio-
mers of the similar complex [Ru(phen),(dpq)]** failed to
demonstrate this phenomenon, as both the A- and A-isomers
were capable of classically intercalating.’® Whereas viscosity
measurements of the complex [Ru(2,9-phen),(dpq)** showed
an increase in the relative viscosity of the DNA upon addition
of the A-enantiomer, a decrease in the relative viscosity of the
DNA was observed upon addition of the A-metal complex.
Futhermore, DNA-NMR binding studies suggested that the
dpq ligand of the A-enantiomer intercalated deeply into the
hexanucleotide base stack while the A-enantiomer could only

Fig. 6 A- and A-[Ru(bpyMe,),(dpq)]*" and their associations with
helical DNA. The above space-filling representation shows the favoured
fit of the peripheral bpyMe, ligands of the A-enantiomer with the
groove of the DNA. The poorer modelled fit of the A-isomer translates
to the inability of the molecule to insert its dpq ligand far enough into
the base pair stack and thus fully intercalate. The bottom wireframe
representation shows the proposed aromatic overlap (shaded) that the
dpq ligand can afford with the aromatic bases of the DNA for each
enantiomer.

partially intercalate as a consequence of the position of the
methyls.™

Along with A-[Ru(bpyMe,),(dpq)]*", both optical hands of
[Ru(bpyMe,),(phen)** reduced the length of the rod-like
DNA, albeit to a higher degree. These results indicate that
the methyl groups on the bpyMe, ligands simply do not
allow the phen ligand to penetrate far enough into the base
pair stack to cause DNA to unwind, so lengthening is not
observed. This model seems to fit nicely with the results
obtained by Satyanarayana et al.® who found through similar
viscometric analysis that neither of the enantiomers of
[Ru(phen);]*" could classically intercalate into DNA. Their
results suggested that the A-enantiomer would partially inter-
calate, and the A-enantiomer fails to significantly alter
the length of DNA, implying groove binding or perhaps
simpler electrostatic associations, such as that proposed for
[Ru(bpy);]*".*

As most of the viscometric analysis has focussed on the high-
est drug/DNA ratio, what has not been covered is the inconsis-
tent variations in DNA length. Over the range analysed, many
compounds overlap and often start off by decreasing the per-
sistent length and then as the ratios increase, start to lengthen
the polymer, as can be seen in Fig. 5. To explain this behaviour
it is important to remember that DNA-drug interactions are
subject to equilibria with multiple binding sites of varying
reactivity. It is quite possible that these allosteric considerations
play an important part in these associations and the fact that
the reactions are reversible could only contribute to inconsis-
tent results of this type. As the length of the nucleic acid is
under scrutiny here, and having established the individual
effects that classical and partial intercalation have on it, an
important factor to consider is the final amount of binding of
the drug to the DNA. In terms of classical intercalation, the
more drugs bound will simply give rise to a longer length of
DNA, but as partial intercalation induces static bends, it has
the potential to change DNA in three dimensions.*® What this
means is that for a given length of DNA, equivalent numbers of
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Fig.7 Two-dimensional schematic representing the decrease in helical
length as a result of partial intercalation. The structure on the left
represents a native length of double helical DNA. The structure in the
middle represents the same length of DNA with two partially
intercalating species bound in an alternating consecutive fashion. The
structure on the right is the same length of DNA but with two
consecutive partial intercalators bound from the same side. Note the
different lengths achieved by an equivalent number of partially
intercalating species depending on the position and side of the DNA in
which they bind.

bound species can give rise to differing lengths depending on
the specific sites that they occupy (Fig. 7). As DNA is a spiral-
ling double helix, the bound substrates can insert towards the
DNA axis from practically any angle with respect to each other.
In theory this means that for a sample of rodlike DNA with
partially intercalated species bound at various sites, a visco-
metric average of all the possible combinations of drug-DNA
lengths is represented in the results. This effect was clearly illus-
trated in recent work by Hannon et al.*” where the end-to-end
length of of lineariased pBR322 was dramatically reduced
upon the addition of [Ru(phen),]*". The AFM images clearly
shows that the once linear DNA has been bent several times
forming compact semi-cirles and U-shapes.

No efforts were made to relate the actual lengths of the DNA
drug duplex to the relative viscosity values obtained. However,
in light of this possibility, an accurate model of multiple partial
intercalation would be difficult to achieve, especially when no
information about the angles of these static bends is known.
Partial intercalation would account for the shortening of
DNA at the lower drug/base pair ratios, however as the ratio
increased and more drug bound, the DNA would then be
lengthened until saturation was reached. For both enantiomers
of [Ru(bpyMe,),(phen)** and A-[Ru(bpyMe,),(dpq)**, this
saturation appears to be reached at ratio r = 0.125. Another
important factor to consider is that the partial intercalation
cannot be quantified in this relationship, unlike classical inter-
calation, which relates the amount of bound drug to the
persistent length of the nucleic acid.

Conclusion

The techniques employed here were successful in elucidating the
relative binding affinities and binding modes of the metal com-
plexes investigated. Corroborative results were obtained across
the various techniques and highlighted trends within the series
of complexes. DNA paper chromatography confirmed that the
size of the intercalating ligand influences the binding affinity in
the order of phen < dpq < dpqc < dppz and, in the majority of
the cases, the A-isomer exhibited a stronger affinity for DNA.
Absorption spectroscopy experiments strengthen the opinion
that dpq, dpqc and dppz are closely associated with DNA while
electrophoresis experiments identified differences between bind-
ing efficiency of the enantiomers of [Ru(bpyMe,),(dpqc)]*" and
[Ru(bpyMe,),(dppz)]**. Viscosity measurements were able to
determine that bpyMe, modulates the binding interactions so
that A-[Ru(bpyMe,),(dpq)]** binds by intercalation whereas
A-[Ru(bpyMe,),(dpq)]** insertion is restricted and it can only
partially intercalate. An example of enantiomeric discrimin-
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ation was observed for the [Ru(bpyMe,),L]** series, in particu-
lar A and A-[Ru(bpyMe,),(dpq)]*" indicating the importance of
the choice of peripheral ligand and its overall effect on binding.
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