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Luminescent Cyclometalated Platinum(II) Complex Forms Emissive
Intercalating Adducts with Double-Stranded DNA and RNA:
Differential Emissions and Anticancer Activities™*
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Abstract: Luminescent metallo-intercalators are potent bio-
sensors of nucleic acid structure and anticancer agents target-
ing DNAs. There are few examples of luminescent metallo-
intercalators which can simultaneously act as emission probes
of nucleic acid structure and display promising anticancer
activities. Herein, we describe a luminescent platinum(II)
complex, [Pt(C"N"N)(C=NtBu)]CIO, (1a, HC"N"N=
6-phenyl-2,2'-bipyridyl), that intercalates between the nucleo-
bases of nucleic acids, accompanied by an increase in emission
intensity and/or a significant change in the maximum emission
wavelength. The changes in emission properties measured with
double-stranded RNA (dsRNA) are different from those with
dsDNA used in the binding reactions. Complex 1a exhibited
potent anticancer activity towards cancer cells in vitro and
inhibited tumor growth in a mouse model. The stabilization of
the topoisomerase -DNA complex with resulting DNA
damage by 1a is suggested to contribute to its anticancer
activity.
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I t has been established that luminescent metal complexes
bind DNA through covalent bonding and/or non-covalent
interactions, such as intercalation and major or minor groove
binding interactions."! The non-covalent interactions have
been used to develop luminescent probes for the detection of
nucleic acids (NAs), including mismatched DNA and
G-quadruplexes,'*? and can potentially confer therapeutic
properties, such as anticancer activities. Although lumines-
cent metal complexes have been used extensively as probes
for DNA,!"2 related studies on double-stranded RNA
(dsRNA) are underdeveloped, despite the pivotal role that
dsRNA plays in various processes, such as RNA trafficking,
editing, and maturation, as well as RNA interference and
interferon antiviral response.”! Recent efforts to develop
dsRNA probes have focused mainly on proteins and small
organic molecules with specific targeting moieties.>*"*
Various studies revealed that m-stacking interactions
between adjacent nucleobases of natural B-form duplex
DNA could lead to the formation of emissive excimer/
exciplex species® and facilitate effective charge transfer
along DNA bases.”! Some organic intercalators are known to
undergo minteractions with nucleobase(s) of modified
dsDNA to form emissive exciplexes,”! including a pyrene-
modified oligonucleotide that can bind to both its comple-
mentary DNA and RNA sequences."” Metal complexes can
form emissive exciplexes®®™¢ or non-emissive exciplexes.[®>%!
Although there have been numerous examples of non-
emissive exciplexes formed between metal complexes and
DNA 84<hl only one metal complex displays exciplex emission
in which the emission maximum (4,,,) undergoes a distinct
shift upon intercalation with calf thymus DNA (ctDNA).”! In
recent years, the chemistry and biology of luminescent
platinum complexes has been investigated, including their
binding interactions with nucleic acid structures®* and their
potential therapeutic applications.™ As dsRNA features an
A-form double helix in which the spatial geometry of
nucleobases is different to that of the B-form duplex of
dsDNA we envisage the feasibility to differentiate
between dsRNA and dsDNA by using the electronic inter-
actions between nucleobases and metallo-intercatalors in the
excited states. Non-covalent binding interactions between
metallo-intercalators and nucleic acids could also confer
therapeutic activity.'*¢!!! Some examples of DNA intercalat-
ing agents perturb DNA topoisomerase (Topo) function by
stabilization of the covalent Topo-DNA complex, resulting in
excessive DNA strand breaks that trigger programmed cell
death of cancer cells."” Herein, we describe the platinum(II)
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Figure 1. Structural formula of platinum(ll) pincer complexes 1a—c
and 2-4.

complex [Pt(CAN~N)(C=NrBu)]CIO, (1a, HCAN~N=
6-phenyl-2,2"-bipyridyl, Figure 1),® which is a metallo-
intercalator that forms emissive intercalating adducts with
emission properties sensitive to the structure of NAs. Com-
plex 1a also strongly and selectively inhibits cancer cells
growth in vitro and suppresses tumor growth in vivo.

The synthetic procedures and characterization data for
platinum(II) complexes 1-4 (Figure 1) are given in the
Supporting Information. Treatment of the platinum(II) com-
plexes, such as 1a, with glutathione (GSH, 2 mm) in DMSO/
Tris buffered solution (1:9 v/v) did not reveal significant UV/
Vis absorption spectral changes over a 24 h period. ESI-MS
analyses showed that 1a was stable in solutions containing
different amino acids/peptides (e.g. GSH, Lys, Arg, His) and
DNA bases (e.g. A, G, T), as no new species were detected
after 12-24 h incubation times (Figure S1 in the Supporting
Information). Inductively coupled plasma mass spectrometry
(ICP-MS) revealed that the quantity of unbound (non-
covalent) platinum recovered in the supernatant after acetone
precipitation of proteins in fetal bovine serum was more than
85% after 24 h incubation (Figure S2).

The binding constant K of 1a with ctDNA at 298 K
determined by a UV/Vis absorption titration experiment is
1.0x10°M~" (Figure S3). The viscosity of a ctDNA solution
increases upon addition of 1a (Figure S4), which is attributed
to the insertion of 1a into the space between stacked base
pairs (intercalation), leading to an increase in the apparent
molecular length of DNA.! A '"H NMR titration experiment
of a short oligomer d(CA,TC,G,AT,G), in the presence of 1a
showed that the resonance signals of the oligomer in the
region 0 =7.0-8.2 ppm broaden and undergo an upfield shift
(Figure S5), which is suggestive of an intercalative binding
mode.['”) Complex 1a intercalates more strongly into AT-rich
DNA [d(ATA,T,A;T;A,T,A;),] than GC-rich DNA
[d(CGC,G,C5G;5C,G,C,),]. This preference is indicated by
the greater increase in viscosity for AT-rich DNA than for
GC-rich DNA upon addition of 1a (Figure S6).

In contrast its emission maximum, the emission quantum
yield of 1a is sensitive to the solvent. The emission quantum
yields of 1a (20 um) in degassed CH,Cl,, CHCl;, CH;CN, and
DMSO, are 0.63 (A,,,=527nm, 7=11.5ps), 043 (A=
522 nm, 1=4.6 ps), 0.097 (A0 =526 nm, T=2.2 ps), and less

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a)

7a /n aerated PBS
7a in DCM

500 600 700
Wavelength /nm
b)

rich DNA
A )..,=610 nm

o 80 50 weakly emissive
2
o
g 60 A
3
G 40 7
=
> 7
=
= 20 =
c /
o lao
=0
dsDNA base pairs .
T4(1a) exciplex
-/ hv iifa) e
i Electronic interactions £ i omissive
& -~ atexcited state H
- . 610nm ground state

Intercalating adducts with B-form dsDNA

hv Ty(12)

No electronic interaction E
at excited state

emissive

ground state

-
- v/ (525nm)
«

Intercalating adducts with A-form dsRNA

Figure 2. a) Normalized emission spectra of Ta (20 um) in CH,CN/
PBS (1:9 v/v) containing different NAs or in CH,Cl, (A,,=350 nm).
Inset: photos of Ta (20 pm) with AU-rich dsRNA and AT-rich dsDNA
under A=365 nm UV irradiation. b) Emission peak intensity of 1a

(20 um) upon addition of different NAs (10 um). Emission intensity
denoted by green (A=525 nm) and orange (A=610 nm) bars, with the
blue bar indicating weak emission. c) Proposed binding interactions of
1a with dsDNA and d) 1a with dsRNA in the excited state. Energy-
level diagrams showing the nature of the emissive excited state (c, d).

than 107, respectively (Figure S7 and Table S1 in the
Supporting Information). Complex 1a is weakly emissive in
aerated PBS/CH,;CN solution (19:1 v/v, PBS =phosphate
buffered saline) with an emission maximum at approximately
A =525 nm (Figure 2a). In the presence of ctDNA or AT-rich
DNA, the 1,, band is red-shifted to A=610nm and the
emission intensity increases by a factor of 175 and 200 when
[DNA]/[1a]=1.2 and 1.9, respectively (Figures S8a,b). As
there is only a 5 nm shift in the emission maximum of 1a when
the solvent is changed between CH,Cl,, CHCl;, and CH;CN,
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the 85 nm emission maximum red shift (from 4 =525 nm to
610 nm) upon binding of 1a to DNA (by intercalation) cannot
be attributed to solely the effect of the medium.”! The
formation of a new emissive excited-state species is suggested
based on the following considerations: 1)the excitation
spectra of the emission of 1a in the presence of poly(dA-
dT) (p(dA-dT)) or ctDNA (4., =610 nm) are similar to the
absorption spectrum of 1a (Figure S9), showing no additional
band, a slight red shift in peak maximum, and only minor
variation in intensity; 2) the space between adjacent base
pairs is too small to allow formation of aggregates inside;
3) the excimer emission of 1a, through intermolecular -
stacking interactions of the CAN”N ligands, occurs at a com-
parable energy (A, = 627 nm);['! 4) the emission and photo-
physical properties of the intercalating adduct are sensitive to
the nucleic acid structures. For example, in contrast to ctDNA
or AT-rich DNA, the addition of dsRNA of poly(rA)-
poly(rU) (p(rA)-p(rU)) to 1a in PBS buffer leads to an
emission enhancement but with no change in the 4., band
(Figure 2a). Nanosecond time-resolved emission (ns-TRE)
spectroscopic experiments revealed a fast decay signal with
7=>52 ns (Figure S10a,g), similar to that of 1a alone in PBS
buffer (Figure S10b,g). This signal is attributed to the triplet
excited state of unbound complex 1a (T;) which is subject to
O, quenching. At the same time, there is a slower decay
process with an excited-state lifetime of 7=8.5 ps, that is
ascribed to the triplet excited state of 1a which is intercalated
between the p(rA)-p(rU) bases (T.). In the presence of
ctDNA or p(dA-dT), ns-TRE spectroscopy showed an
emission band with a maximum of approximately A=
610nm and an excited-state lifetime on the microsecond
timescale (Figure S10d,e,h). The emission decay profile is
composed of a fast component (=52 ns, attributed to Ty;
Figure S10h) and a slower component (z=2.7 ps). Thus, in
both the cases of ctDNA and p(dA-dT), the longer lifetime
decay signal (2.7 ps), the significant red shift in emission
energy (from A=525nm to 610 nm), and the fact that the
emission centered at A=610 nm is broad and structureless,
lend support to the formation of an emissive exciplex, with
a triplet excited state denoted T.. This exciplex is presumably
stabilized through an electronic binding interaction between
the triplet excited state of 1a and an A/T base in ctDNA or
p(dA-dT), as depicted in Figure 2c. Meanwhile, the TRE
decay (Figure S10h) is also consistent with the different levels
of increased emission intensity detected upon binding of 1a
with ctDNA and p(dA-dT); the ratio of weakly emissive T; to
strongly emissive T, in the case of ctDNA is much larger than
that in the case of p(dA-dT). Addition of p(dG-dC) to 1a
results in the detection of only a fast decay signal with 7=
52 ns (Figure S10c,g) that is attributed to the formation of T;
presumably the interaction between la and p(dG-dC) is
weak. Among the various dsDNA sequences investigated
(specifically ctDNA, p(dA)-p(dT), p(dA-dT), AT-rich DNA,
p(dG-dC), p(dG)-p(dC), GC-rich DNA and single-stranded
DNA of poly(dA) and oligo(dT,,); Figure 2b), the AT-rich
DNA gave the highest enhancement of emission intensity
upon its binding reaction with 1a. Experiments revealed that
1a could be used to detect AT-rich DNA by emission
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measurement at concentrations as low as 100 nm in PBS
(see the Supporting Information).

The emissive exciplex formed between [Pt(dppz)-
(IN"C)]CF;3S04 (dppz = dipyrido[3,2-a:2',3'-c]phenazine,
N CH = 4-tert-butyl-2-phenylpyridine) and ctDNA is pro-
posed to involve a m-stacking interaction between the 1,2,3,4-
tetrahydrophenazine moiety of the coordinated dppz ligand
with the nucleobases of DNA.”! Considering the non-emissive
exciplexes formed between metal complexes and DNA 8deh]
a notable example is Cu(TMpyP4)."”! This complex forms
a groove-bound adduct with DNA which is non-emissive (in
contrast to its intercalated DNA adduct which is emissive'”)
as a result of exciplex quenching caused by the axial
coordination of water!” or a donor atom of DNA.[Y
Herein, the exciplex formed between 1a and ctDNA or AT-
rich DNA shows an almost 200-fold enhancement in emission
intensity and a significantly red-shifted emission maximum.
Complex la binds to ctDNA or AT-rich DNA through
intercalation (Figure 2¢), with the CAN”N ligand plane
inserting parallel to DNA bases. We suggest that the excited
triplet state of 1a is stabilized by m-interactions with A/T
bases leading to a lowering of emission energy. In the cases of
the other platinum(IT) complexes 1b and 1¢, there is no red-
shift in emission energy upon their bindings with ctDNA
(Figure S11). These results, together with ns-TRE measure-
ments, revealed that the photophysical and emission proper-
ties of intercalating adducts are dependent upon the struc-
tures of the Pt" complex and nucleobases of NAs (see also ns-
TRE of 1a with p(dA)-p(dT) in Figure S10 f). McMillin et al.
also reported that the binding of [Pt(4'-NR,-trpy)(CN)]*
(NR,=NMe,, N-pyrrolidinyl; trpy=2,2":6",2"-terpyridine)
with p(dA-dT) led to diminished quenching of emission by
solvent and/or oxygen and an increase in emission excited-
state lifetime.'®! Herein, no exciplex emission was detected in
the binding between 1a and p(rA)-p(rU). We suggest that,
unlike B-form dsDNA, the A-form duplex conformation of
dsRNA disfavors m-electronic interactions between the triplet
excited state of 1a and nucleobases. Thus, the intercalating
adduct between 1a and dsRNA does not give rise to a shift in
emission maximum, which occurs at A =525 nm and corre-
sponds to the triplet emission of 1a. The enhanced emission
intensity detected is attributed to diminished quenching of the
excited state by solvent molecules as a result of intercalation
(Figure 2d). Experiments with other dsRNAs including three
siRNAs with random sequences and an AU-rich dsRNA
(r(AUA,U,A;U;AULA,),) gave an emission enhancement of
la with an maximum wavelength at approximately 1=
525 nm (Figure 2a,b, Figure S8c) and an emission profile
similar to monomer emission. Of the dsRNA sequences
employed, the detection of AU-rich dsRNA by 1a was the
most sensitive, where a concentration as low as 1 um in PBS
could be detected by 1a (Figure S8c). The presence of bovine
serum albumin did not interfere in the binding as it did not
affect the emission of 1a (Figure S12). In the presence of
dsDNA molecules, such as ctDNA, p(dA-dT), or p(dA)-
p(dT), 1a could also detect dsSRNA down to 4 um based on an
enhancement of emission at A =525 nm, even in the presence
of a fivefold excess of dsDNA (Figure S13).
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The intriguing nucleic acid intercalation
properties of pincer cyclometalated platinu-
m(II) complexes prompted us to examine the
binding interactions between la and cancer-
relevant DNA sequences. Figure S14a shows
the effect of 1a on the cleavage of a 23 bp
dsDNA segment by topoisomerase I (Topol),
where the DNA segment is known to contain
a high-affinity Topol cleavage site.'”) Both 1a
and camptothecin (CPT, positive control)
increased cleavage of this dsDNA substrate as
indicated by the appearance of the
13-mer product. An oligonucleotide religation
assay was also performed,” where 1a inhibited
TopoI-mediated religation of a complementary
13-mer (ON6) to the suicide cleavage complex
as effectively as CPT did (Figure S14b).

The binding of Topol with DNA has com-
monly been studied by performing electropho-
retic mobility shift assay experiments with
radiolabeled DNA.*Y! We have tested whether
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Figure 3. a) Gel-based detection of Topo I-DNA complex based on luminescent proper-
ties of 1a. The mixtures containing different components were separated on a 6%
native polyacrylamide gel which was subsequently examined under UV light. DNA: (5'-
GAAAAAAGACTTGG-3" annealed with 5-TAAAAATTTTTTCCAAGTCTTTTTTC-3').

b) Band depletion assay showing the decrease of free Topol levels in the CPT- and 1a-
treated SUNET1 cells. B-actin levels were monitored as a control. c) ICE bioassays of the
CPT- and 1a-treated SUNET1 cells showing the formation of Topo|-DNA complex. The
data presented are representative of at least two experiments.

the ternary complex (TopoI-DNA-1a) could be formed and
traced in a native electrophoretic gel by using emission
spectroscopy. As shown in the gel image in Figure 3 a, orange—
red emissive bands representing the binding complexes
formed between 1a and a specific oligomeric DNA substrate
of TopoI®! were detected (lanes 6, 8, 11, and 12; shown as
intense white bands at bottom of gel). Upon incubation of
Topol (2.4 UpL™") with 1a (200 um) and Topo I-specific
DNA (460 um), a shifted band with retarded electrophoretic
mobility was also detected (lane 8, white circle). This orange—
red emission band was not observed in the absence of DNA
(lane 5) or 1a (lane 7), or when Topol was replaced with
bovine serum albumin (lane 11) or heat-inactivated Topol
(lane 12). Replacing the TopoI-specific DNA substrate with
non-specific ones in the assays, such as AT-rich (Figure S15,
lane 5) or GC-rich (Figure S15, lane 4) DNA oligomers, did
not give rise to a shifted emission band. Thus these results
demonstrated the formation of a specific Topol-DNA-1a
ternary complex which could be traced by emission spectros-
copy and the intercalating properties of 1a.

We next examined whether 1a could target Topol in
cancer cells. Band depletion assays” and immunocomplex of
enzyme (ICE) bioassays®"! were performed to determine the
levels of free Topol enzyme and Topol-DNA adduct,
respectively. As shown in the band depletion assay in
Figure 3b, treatment of SUNEI1 cells with 1a or CPT resulted
in a marked decrease of free TopoI in the cell lysates obtained
by alkaline denaturation compared to the control. Mean-
while, an ICE assay (Figure 3¢) on the DNA and protein
fractions showed that in untreated control cells, Topol was
only detected at the top of the CsCl gradient as free protein,
whereas in cells treated with CPT or 1a, Topo I was also found
in the DNA fractions, suggestive of the formation of the
covalent TopolI-DNA complex. Additionally, an alkaline
comet assay (Figure S16) showed that the DNA cleavage
events caused by treatment of the cells with 1a were similar to
those caused by CPT treatment.”"! Fluorescence microscopic
analysis revealed that 1a accumulated in the nuclei of human
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oral epidermal carcinoma (KB) cells after incubation of the
cells with the complex at 1 um for 6 h (Figure S17).

Stabilization of the Topo I-DNA cleavable complexes and
subsequent DNA strain breaks would trigger programmed
cell death. MTT assays (Table S2) indicated that 1a is highly
cytotoxic towards KB (ICs,=9 nm), SH-5YSY (neuroblas-
toma, ICs,=10nm), NCI-H460 (non-small-cell lung
carcinoma, ICs;,=110nM), and SUNEI1 (nasopharyngeal
carcinoma, ICs,=130 nm) cells after a 72 h cell treatment.
However, 1a displayed lower cytotoxicity towards normal
lung fibroblast cell line CCD-19 Lu with an ICs, value of
18 um, which is 2000-fold higher than the ICs, value for KB
cells. The cytotoxic ICs, value of 1a towards a CPT-resistant
KB cancer cell variant was found to be 65-fold higher than
that towards the CPT-sensitive KB parental cells, suggesting
that the cytotoxic effects of 1a could be attributed to an
inhibition of Topol activity (Table S2). With the favorable
in vitro cytotoxicity, we assessed the in vivo antitumor activity
of 1a in nude mice implanted with NCI-H460 lung cancer
cells. Treatment of the mice with 1a at 3 mgkg ™' five times
per week resulted in a statistically significant inhibition of
tumor growth by 60% (p <0.05, n=5, Figure 4) with no
mouse death or mouse body weight loss (Figure S18a).

In summary, we have identified a class of luminescent
pincer cyclometalated platinum(II) complexes, in which 1a

a) 4500 b)

—=— Solvent control
12004 —— 3 mg/kg of 1a

900

3

l//mm600

300

0

0 3 6 9 12 15
Days after treatment—s>

solvent control 3 mg/kg of 1a

Figure 4. a) Average tumor volumes of mice bearing NCI-H460 xeno-
grafts after treatment with Ta (3 mgkg™') or solvent through intra-
tumoral injection. b) Representative photographs of mice after the
14 day treatment. *, p <0.05 compared to solvent control. Tumor
highlighted by red circle.
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[Pt(CANAN)(C=NrBu)]|* forms an emissive exciplex with
double-stranded DNA. The sensitivity of the emission
properties of the exciplex to nucleic acid structure is
harnessed to differentiate between dsRNA and dsDNA.
The stabilization of the Topol-DNA-1a ternary complex
with resulting DNA damage by 1a contributes to the potent
anticancer activities.
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