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Transition metal complexes containing the qtpy ligand (2":4,4":4",4™"-quaterpyridyl) are known to be DNA
intercalators or minor groove binders. In this study, new tricationic iridium(i) complexes of qtpy are
reported. Both [Ir(bpy).(qtpy)I** 1 and [Ir(phen),(qtpy)l®*
The complexes possess high-energy excited states, which are quenched in the presence of duplex DNA

2 display good water solubility as chloride salts.

and even by the mononucleotides guanosine monophosphate and adenosine monophosphate. Further
studies reveal that although the complexes bind to quadruplex DNA, they display a preference for duplex
structures, which are bound with an order of magnitude higher affinities than their isostructural dicationic
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Ru'-analogues. Detailed molecular dynamics simulations confirm that the complexes are groove binders
through the insertion of, predominantly, the gtpy ligand into the minor groove. Photoirradiation of 1 in
the presence of plasmid DNA confirms that this class of complexes can function as synthetic photonu-
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Introduction

Following the discovery of the biological activity of cisplatin
and its successful development as an anticancer therapy,"” the
interaction of transition metal complexes with DNA has been
much studied. Initially, Pt" and Pt" complexes that irreversibly
bind DNA formed the basis of research.®™® However, with the
aim of developing new therapeutic actions, systems capable of
reversible intercalation into DNA were soon identified.”™

Over the last few decades, the range of metals used in these
studies progressively widened. Fuelled by the discovery of the
DNA light-switch complex, [Ru(LL),(dppz)]** (dppz = dipyridyl-
phenazine, LL = 2,2"-bipyridine (bpy) or 1,10-phenanthroline
(phen)), a metallo-intercalator that displays an “off-on” metal-
to-ligand  charge-transfer =~ (MLCT)-based luminescence
response to DNA-binding,'®"'" polypyridyl Ru" complexes have
attracted a particularly large amount of attention.'>™"”
Although research on the light-switch complex and other Ru"
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analogues first focused on duplex DNA, studies on non-canoni-
cal structures such as single-stranded® and triplex DNA"®?°
soon emerged. In this context, inspired by the growing interest
in quadruplex nucleic acid structures and their myriad puta-
tive biological functions, the Thomas group made the first
report on a “quadruplex light-switch”, identifying a dinuclear
complex, [{Ru(phen),},(tpphz)]** (tpphz = tetrapyrido[3,2-
a:2',3-¢:3",2"-h:2"",3""-j]phenazine), that threads into quadru-
plex loops resulting in a “switched-on” state that is blue-
shifted and more intense than the emission induced by its
non-intercalative duplex binding;*" an effect that could also be
used to differentiate between duplex and quadruplex struc-
tures.?? Over the following years, a large number of studies on
Ru" complexes and their interaction with quadruplexes and
other related structures have been reported.>* >’

More recently, related research into Ir'™ complexes has
developed®®*® and cyclometalated polypyridyl Ir'™ metallo-
intercalating complexes have proven to be particularly attrac-
tive as their photoexcited states are potentially tunable.**™*
Yet, while such systems have been investigated as therapeutics
and cell probes,>** their use is often restricted as - due to
their lower cationic charge - they frequently display poor
inherent water solubility and lower DNA binding affinities.*>*®
To address this issue, we recently developed routes to dicatio-
nic [Ir(phen),(bppz)]** (bppz = benzopyridophenazine) and tri-
cationic [Ir(bpy).(dppz)]**, Ir'"-based isostructural analogues
of the original light-switch complex containing N5C and Ng Ir
coordination spheres respectively.’” As might be expected, due
to their increased charge, these complexes bind to duplex DNA

This journal is © The Royal Society of Chemistry 2024
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with affinities that are two orders of magnitude higher than
previously reported monocationic Ir'(dppz)-based systems
and are comparable with Ru"(dppz) analogues. Furthermore,
the photoexcited states of these two new complexes are very
different to their Ru" analogue. In more recent work,
[Ir(phen);]** derivatives incorporating extended aromatic moi-
eties were found to possess long-lived intraligand-charge-trans-
fer (ILCT) excited states that offer potential as photosensitisers
for photodynamic therapy, PDT.*®

Although the intercalating/threading ligands employed in
all the studies discussed above are planar polyaromatic
systems, “non-classical intercalators” consisting of unfused
rings are also known.***® Indeed, the Thomas group has
identified that Ru" and cyclometallated Ir™ complexes
incorporating the qtpy ligand (2,2":4,4":4',4""-quaterpyridyl)
can bind to duplex DNA through intercalation or groove
binding, depending on the metal centre coordinated to the
DNA-interacting qtpy ligand.”" Although these studies initially
included  cyclometallated  Ir'"™  systems, such as
[Ir(phenylpyridine),(qtpy)]* and [Ir(benzo[h]quinoline),
(qtpy)]’, like many other cyclometalated Ir'" complexes con-
taining extended aromatic ligands, even their chloride salts
displayed very low water solubility so that DNA-binding studies
could not be carried out.”

Given the increased solubility of NeIr™ complexes and their
potentially novel excited states, we set out to investigate the
photophysical and biophysical properties of such metal
centres when coordinated to qtpy. Herein, we report new non-
cyclometalated, Ng-coordination Ir'™" complexes and provide an
initial investigation into their interaction with a G-quadruplex
structure. Our studies reveal that the Ir'" complexes presented
here are groove binders possessing high-energy excited states
capable of photocleaving DNA.

I1T

Results and discussion
Synthesis and characterisation

Two new complexes, [Ir(bpy),(qtpy)]** 1 and [Ir(phen),(qtpy)]**
2, Fig. 1, were synthesised in multistep syntheses starting from
[Ir(bpy).Cl,]PFs and [Ir(phen),Cl,]PFs via [Ir(bpy).(CF3SO3),]
CF;S0; and [Ir(bpy),(CF3S03),]CF;S0;, respectively, through
adapted reported methods.*”** Specifically, it was found that

Fig. 1 Newly synthesised complexes 1 and 2.

This journal is © The Royal Society of Chemistry 2024
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the final step - the reaction of [Ir(LL),(CF3S0;),]CF3;SO; (where
LL = bpy or phen) with gtpy in EtOH - could only be accom-
plished through microwave heating over 9-12 hours, reflecting
the kinetically inert nature of the Ir'"" oxidation state - see ESI{
for details.

To study the DNA binding properties of the complexes, the
triflate salts of 1 and 2 were converted to chloride salts and
their absorption and emission spectra in aqueous buffer were
investigated.

Unlike their cyclometalated, monocationic analogues,
[Ir(ppy)2(qtpy)]” and [Ir(bhq),(qtpy)]" (ppy = 2-phenylpyridine,
bhq = benzo[k]quinoline),’" 1 and 2 display good water solubi-
lity. The absorption spectra of the new complexes show charac-
teristic absorption bands*® in the UV region (200-340 nm)
corresponding to ligand-based n-n* transitions and, at lower
energies (340-400 nm), MLCT transitions tailing out to
450 nm are observed (see ESI Fig. S1 and S2,T data summar-
ised in Table 1).

In contrast to their isostructural Ru" analogues, the new
'™ complexes displayed vibronically structured emission
when photoexcited into their MLCT bands - see ESI Fig. S3
and S4.f These observations are consistent with previous
studies indicating that the excited states of such complexes
have a large contribution from n—r* states.

The nature of this luminescence is dependent on the ligand
attached to the Ir'™(qtpy) core. The emission of 1 displays
maxima at 458 nm, 489 nm, and 520 nm, and possesses a low
energy shoulder that stretches out beyond 600 nm, while the
luminescence of 2 shows peaks at 466 nm and 496 nm, with a
shoulder at 535 nm that again stretches out to ~610 nm.

DFT calculations

To gain a deeper understanding of the excited state properties
of 1 and 2, they were investigated using quantum chemistry-
based methods. The optimised geometries showed that all the
complexes form an expected quasi-octahedral coordination
geometry with 1 being the most compact - Fig. 2 (see ESI,
Table 11). This is due to the lower steric hindrance of bpy
ligands compared to phen.

Generated electrostatic potential maps depicting charge dis-
tributions are shown in Fig. 2A These indicate that complex 1
has the most localised positive charge and this is expected as
the bpy ligands attached to the Ir'" centre have less extended
aromatic rings to delocalise over compared to phen.

The calculated frontier orbitals, shown in Fig. 2B, clearly
indicate that, although the HOMOs extend over the 5d-orbital

Table 1 Summary of data for the absorption and emission spectra for
the chloride salts of complexes 1 and 2 dissolved in water

Jabs (nm), (e (M~ em ™)) dex (nm) Aoy (nm)

1 200 (41710), 250 (35365), 310 458 (sh), 489, 520 (sh)
305 (25 055), 380 (2880)

2 203 (48985), 225 (46595), 315 466, 496, 535 (sh)
273 (46 205), 357 (3805)
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Fig. 2 Results of DFT calculations. (A) Electrostatic potential map of
complexes 1 and 2. (B) Calculated HOMO-1 of each complex. (C)
Calculated LUMO-1 of each complex.

on the iridium(m) metal centre, the LUMOs for each complex
are exclusively distributed over the qtpy ligands, which is con-
sistent with excited states possessing a contribution from Ir'™
— qtpy MLCT processes.

Interaction with duplex DNA

To parameterise the binding properties of the two complexes
with duplex DNA, luminescent titrations were used. Each
complex displayed similar DNA-induced behaviour. Addition
of DNA to a solution of the complexes resulted in progressive
quenching of luminescence, as illustrated for 2 in Fig. 3 - see
ESIT for similar data on 1 (Fig. S5t). These observations are in
stark contrast to their isostructural Ru" analogues
[Ru(bpy),(qpty)]*" and [Ru(phen),(qpty)]*" whose emission is
unaffected by addition of DNA.>">3*

The changes observed for 1 and 2 were fit to the McGhee-
von Hippel model for non-cooperative binding® to produce
the binding parameters presented in Table 2 (see ESI Fig. S67).
The resulting estimated binding affinities for 1 and 2 with
duplex DNA are significantly larger than that obtained for its

7284 | Dalton Trans., 2024, 53, 7282-7291
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Fig. 3 Example of changes in the luminescence of a buffered aqueous
100 pM solution of 2 on addition of calf thymus-DNA, CT-DNA, up to
excess. Inset: binding curve constructed from these data, R is the
binding ratio.

Table 2 Summary of duplex DNA and quadruplex DNA binding para-
meters (K},) for new complexes estimated from fits to the McGhee—von
Hippel model for non-cooperative binding and a one-set-of-sites
binding model respectively. HTS = human telomere sequence

Complex Ky, (M) for duplex (site size) Ky, (M) for HTS
1 3.7 x 10° (8 bp) 1.68 x 10°
2 1.5 x 10° (8 bp) 4.5 x10°

isostructural Ru"-dications, with K, for 1 being more than an
order of magnitude higher’® than that for [Ru(bpy).(qtpy)]*" -
indicating that the increased charge of the Ir'" complexes
makes an appreciable contribution to this
Interestingly, fits to the McGhee-von Hippel model for both
complexes reveal a larger site size of 8 bp than that observed
for most metallo-intercalators, which typically display site
sizes of ~3 bp, suggesting that they display some sequence
selectivity.

The decreasing emission of 1 and 2 on addition of DNA is
consistent with the kind of photo-induced redox processes fre-
quently observed with metal complexes possessing photo-oxi-
dising excited states.’®® Indeed, we have previously reported
on a dinuclear Ru"-complex containing electron deficient
tetraazaphenanthrene ligands®®®® as well as organic cationic
intercalators®® that exhibit similar behaviour. In such
systems, quenching occurs on binding to DNA as their high
energy excited states oxidise specific base sites within the
duplex. Usually this process involves guanine sites, as they
have the most accessible one-electron oxidation (1.29 V vs.
NHE), but if excited states are sufficiently energetic photo-oxi-
dation of adenine (2.03 V vs. NHE) can also occur.®>***> To
investigate this question, the effect of increasing concen-
trations of nucleotide monophosphates on the emission spec-
trum of 1 and 2 was explored.

interaction.

This journal is © The Royal Society of Chemistry 2024
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Emission quenching by nucleotide phosphates

The addition of either guanosine monophosphate (GMP) or
adenosine monophosphate (AMP) led to emission quenching
of solutions of 1 and 2, as the examples in Fig. 4 and Fig. S7
(see ESIT) demonstrate. This confirms that the excited-states of
these complexes can photo-oxidise both AMP and GMP.
Classical linear Stern-Volmer plots are observed for the
quenching of 1 by GMP and AMP and 2 with GMP (see
Fig. 4B); however, the plots associated with the addition of
AMP to 2 display distinctive positive curvatures (Fig. 4D).

This phenomenon is indicative of static quenching, likely
due to a ground state interaction between the complex and
AMP. Certainly, previous studies have shown that complexes
containing extended aromatic ligands, including qtpy, can
interact ~ with  nucleotides  through stacking
interactions.’®*®® In this case, it seems the extended aro-
matic surfaces of the phen ligand are required for this
interaction.

Taken together, these experiments and the data from the
DNA binding studies indicate that the complexes interact with
duplex DNA and can photo-oxidise both A and G sites within a
duplex. These studies were then extended to investigate a
representative G-quadruplex DNA sequence.

-7

Binding to quadruplex DNA

In recent decades there has been an explosion of interest in
the structure and function of G-rich sequences capable of
forming quadruplexes.”®””® These studies have revealed puta-
tive roles for quadruplex DNA in a wide range of cellular pro-
cesses including fundamental genetics, genetic disease, and
ageing.”*®* A much-studied example is provided by telomeric
DNA.

Although telomere sequences found at the end of chromo-
somes®® are single-stranded, they are known to fold into quad-
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Fig. 4 Examples of the aqueous solution quenching of luminescence
of complexes by nucleotides. (A) Change in emission from an aqueous
solution of 1 upon successive addition of 5'-GMP. (B) Stern—Volmer plot
derived from data shown in A. (C) Change in emission from an aqueous
solution of 2 upon successive addition of 5'-AMP (D) Nonlinear Stern—
Volmer plot derived from data shown in C.
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ruplex structures.®*®® Significantly, telomeres have a role in
defining the Hayflick limits for cell division, as each cell divi-
sion results in shortening of the telomere sequence, until a
critical length is reached, and senescence is triggered.?>*%* It
is also established that telomere length maintenance is a key
marker of cell immortalisation in carcinogenesis.”*> For
these reasons, methods to selectively bind to telomeric
quadruplexes®®®® and/or shorten telomere length in cancer
cells have been investigated.?”**'°"1% Given that such studies
have included transition metal complexes as binding
substrates,*>'** and previous work within the Thomas group
has identified Ru™ complexes that bind to quadruplex-folded
human telomere sequence (HTS) with high
affinities,**>'°>'% analogous experiments were carried out
with 1 and 2. These were of particular interest as a very recent
report from the Keyes group'®” has shown that a Ru"-complex
containing a ligand derived from phen-DC3'%® - a high-affinity
quadruplex-binding substrate'®® that has some structural simi-
larities to qtpy - actually disrupts quadruplex structures. The
addition of HTS to solutions of 1 and 2 also resulted in
quenching, Fig. 5 and ESI Fig. S8A,T with progressive addition
of quadruplex.

Again, the changes in emission were used to estimate the
binding affinities of the complexes to HTS. In this case, the
data was best fitted to a one-set-of-sites binding model -
Fig. 5B, ESI Fig. S8Bt and Table 2. In both cases, the estimated
Ky, values for binding to quadruplex were lower than those for
duplex DNA, however this difference was much larger for 1 -
where Ky, for duplex is over x20K;, of that of the quadruplex -
than for 2, where the difference is only three-fold.

The effect of the complexes on the stability of the folded
quadruplex was explored with circular dichroism, CD.
Although the racemic mixtures of each complex are not active
themselves, the folded quadruplex is chiral and has a charac-
teristic CD signature, with a negative peak at 260 nm and posi-
tive peak maximum at 290 nm."'® As illustrated in Fig. 6 and
ESI Fig. S9,f it was found that even after addition of excess
complex, neither 1 nor 2 produced any real change in the CD
of the folded oligonucleotide, indicating that unlike the struc-
tures reported by the Keyes group, complexes 1 and 2 do not

>
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Fig. 5 (A) Details of the luminescence response induced through pro-
gressive addition of 0.85 uM of quadruplex folded HTS to complex 1. (B)
Binding curve for 1 with HTS constructed using emission data — con-
tinuous line shows fitting to binding to one-set-of-sites.
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Fig. 6 CD spectrum of 5.65 uM HTS (black broken line) and in the pres-
ence of 37.36 uM of 2 (red line) in PBS buffer, pH 7.41 at 25 °C.

disrupt the folded structure on

quadruplex.

interacting with the

Molecular dynamics studies

Although we have previously used molecular dynamics (MD)
simulations to provide insights into the quadruplex DNA
binding properties of dinuclear Ru" complexes,'*® simulations
on the interaction of metal complexes with DNA - particularly

View Article Online
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noncanonical structures - are still very rare. While our pre-
vious studies had shown that qtpy complexes can interact with
duplex DNA through intercalation or groove binding, further
insights into the interactions of 1 and 2 with the two different
DNA structures were sought through detailed MD simulations.

Geometry optimised structures of 1 and 2 were first parame-
terised and then simulated in Amber and Ambertools22""*
(see ESIT for details); likewise, the CT-DNA used in experi-
ments was modelled by a DNA duplex (B-form, sequence:
AATTGGCCAATTGGCCAATT), and for the G-quadruplex, the
unimolecular 22-nt human telomeric DNA, d[AGGG-
(TTAGGG);] structure™® from the Protein Data Bank (PDB
entry: 143D) was used (see ESIT for full details). The MD simu-
lations were analysed to identify dominant binding motifs of
the complexes to the DNA structures. Clustering of the simu-
lation trajectories was performed over all replicates for each
system. In the simulations with the duplex, two types of inter-
action common to both complexes were observed. The first
was an end-stacking interaction onto the blunt ends of the
duplex (see ESI, Fig. S10 and S11%). Such interactions have
been observed in X-ray structures of polypyridyl Ru" systems
before. The second common binding motif is more likely to be
representative of what occurs experimentally on interaction
with CT-DNA as these are much longer and statistically less
ends prominent. In this arrangement, illustrated by the inter-
action of 1 with duplex DNA depicted in Fig. 7A, the qtpy
ligand is inserted parallel to the minor groove, with its ring

Fig. 7 MD simulations for the interaction of complexes 1 and 2 with duplex and quadruplex DNA. (A) Minor groove binding motif of complex 1 to
duplex DNA. (B) Dominant binding modes of complex 2 to duplex DNA, showing "minor facial” binding of phen ligands (top) and minor groove
binding with qtpy inserted into groove (bottom). (C) Dominant end-pasting motifs for the interaction of 1 with quadruplex-folded HTS. (D) Dominant

end-pasting motifs for the interaction of 2 with quadruplex-folded HTS.

7286 | Dalton Trans., 2024, 53, 7282-7291
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system tracking the curvature of the double helix. Complex 2 is
seen to bind into the duplex in a similar manner to that
observed for 1 (Fig. 7B) with the qtpy ligand inserted parallel
to the groove. Thus, our simulations indicate that both 1 and 2
are minor groove binders. Complex 2 also displayed a second
dominant binding geometry within the minor groove in which
a phen ligand inserts into the groove (Fig. 7B). This “semi-
intercalation” motif has been observed in several crystal struc-
tures of [Ru(LL)y(dppz)]"" (where LL = phenanthroline or
1,4,5,8-tetraazaphenanthrene)''*'®>  bound to duplexes.
Related studies involving HTS resulted in a more flexible and a
more diverse set of structures.

For both 1 and 2, the simulations resulted in several
binding poses with folded HTS that are represented in Fig. 7C
and D. For 1, the metal complex either sits externally to the
groove of the quadruplex or in a more intimate interaction
with the lateral loop end of the folded structure. In the latter
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Fig. 8 (A) The SASA of the Ir()-complexes was calculated using the
LCPO algorithm. Error bars indicate standard errors of the mean. SASAs
were determined for the first 10 ns simulation time to reflect the initial
SASA of the complex in solvent, and for the last 100 ns simulation time
to reflect the DNA-bound states. Reported values are averages over all
repetitions. The decrease in SASA upon DNA binding is shown. (B) The
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lation time to reflect the DNA-bound states. Error bars indicate standard
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structure, the qpty ligand is orientated with the cleft defined
by the two loops and uncoordinated pyridyl rings are parallel
with A residues in each of the lateral loop. Binding motifs
involving complex 2 also involved external groove binding as
well as a contrasting close interaction involving qtpy. In this
case, the complex was found at the opposite, diagonal loop
end of the folded quadruplex binding into its wide groove in a
manner that is much closer to the duplex groove binding
motif. Next, to gain quantitative insights into the relative
binding strengths with the two different DNA structures, ana-
lysis was extended to investigate the solvent accessibility of
interacting surfaces and the comparative flexibility of the
binding motifs. The solvent accessible surface area (SASA) of
the Ir(m)-complexes, obtained using the LCPO algorithm,""®
was calculated for the initial 10 ns simulation time and the
last 100 ns simulation time and averaged for the respective
simulations of complex-duplex and complex-G-quadruplex and
changes in SASA were used to qualitatively compare the
binding affinity of the different complexes to the DNA struc-
tures (Fig. 8A).

These figures showed larger changes in SASA for the inter-
actions with duplex over G-quadruplex for both complexes, but
this was particularly apparent for complex 1.

To further probe the interaction of the complexes with the
two DNA structures, their root mean square displacements
(RMSD) were calculated for the last 100 ns simulation time
and averaged for the respective simulations of complex-duplex
and complex-G-quadruplex binding to quantify the flexibility
of the different complexes to the DNA structures (Fig. 8B).
These calculations reveal that while complex 2 showed similar
flexibility when bound to duplex and G-quadruplex, complex 1
was appreciably more rigidly bound to the duplex than the
G-quadruplex structure.

Taken together, the SASA and RMSD calculations indicate
that complex 1 displays more pronounced binding selectivity
than complex 2, as it appears to bind more tightly to duplex
than quadruplex; a conclusion that agrees with the experi-
mental observations.

DNA photocleavage

Given that the excited states of 1 and 2 are quenched on
binding to DNA, it seemed likely they were capable of photo-
damaging nucleotides. Therefore, photocleavage experiments
with plasmid DNA were carried out using complex 1 as the
representative example.

The photonuclease activity of 1 was assessed using the
supercoiled pBR322 plasmid under both unilluminated and
illuminated conditions. In the dark, no cleavage was observed.
However, as illustrated by Fig. 9, subsequent photoirradiation
of the supercoiled form leads to the generation of relaxed
singly nicked plasmid in a concentration-dependent manner.
At higher complex loading, or extended illumination periods
further degradation of the DNA through double nicking is
evident, confirming that this class of complexes offer promise
as photocleavage agents.
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Fig. 9 Photocleavage of supercoiled pBR322 DNA by 1 in 5 mM Tris,
25 mM NaCl buffer. (Right to left) lane 1: DNA control; lane 2: DNA +
10 pM complex 1; lane 3: DNA + 20 uM complex 1; lane 4: DNA + 30 uM
complex 1. lllumination conditions: Aex = 365 nm, 125 mV, 10 minutes.

Conclusions

Although there is a huge amount of work on polypyridyl Ru"
complexes as metallointercalators, very few studies have inves-
tigated the potential of such systems as groove binders, even
though minor groove binders often possess higher affinities
and selectivity. Furthermore, there has been no work on trica-
tionic NeIr'™ complexes in this context. Herein, we demon-
strate that these relatively easily accessed class of compounds
offer an opportunity to develop systems that can bind to DNA
structures with affinities that are considerably higher than
their Ru" analogues. The photophysical properties of this class
of compounds are very different to equivalent Ru" and conven-
tional cyclometallated Ir'™ complexes, as they can display dis-
tinctive photonuclease activity as they are photoredox
quenched by both G and A-steps.

In future reports we will explore the interaction of this class
of complexes with other biomolecules. Although these com-
pounds possess higher charge than their Ru" analogues, which
can often decrease cell-membrane permeance, this is not always
the case;'%>'*7''8 therefore, their cell uptake and potential as
novel phototherapeutics will also be investigated and assessed.
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