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The bi-functional complex [Pt"(terpy)(py-naphth)I(NOs),(1), incorporating
both 2,2":6',2"-terpyridine and 4-N,N'-dimethylamino-1,8-naphthalimide
moieties, displays a high binding affinity for DNA as well as displaying
cytotoxicity towards and inducing apoptosis in malignant cell lines.

The interaction of transition metal ion complexes with bio-
molecules such as DNA and proteins has comprised a wide area of
research in medicinal and supramolecular chemistry." Platinum()
based drugs, such as cisplatin (and its structural congeners) are
among the leading chemotherapeutics employed in the treatment
of cancers such as lung and ovarian cancer as well as lymphomas.>
While their application is widespread, cellular resistance has in
many cases been found to hamper their efficacy. Consequently,
there still remains the need to develop new targeting and more
potent Pt(u) (‘smart’) based drugs. One means to achieve this has
been the incorporation of aromatic carrier-structures, such as
acridine orange and anthraquinone, into Pt(i) based complexes.’

4-Amino-1,8-naphthalimides display good antitumor activities
both in vitro and in vivo."” These are highly versatile building units
with tunable photophysical properties which makes them ideal
candidates for use in designing DNA targeting molecules and
luminescent probes.*® We have developed several examples of such
4-amino-1,8-naphthalimide based DNA targeting and cellular ima-
ging agents”® and have shown that Ru(u)-conjugated naphthalimide
structures can give rise to selective photo-induced DNA cleavage.’
With the exception of the work of Pérez et al.,'® to the best of our
knowledge, Pt(u) based 1,8-naphthalimide structures have been
relatively unexplored as DNA binders and cancer therapeutics.""
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fluorescent Pt(u) (terpy) based 1,8-naphthalimide
conjugate as a DNA targeting agentt

Swagata Banerjee,? Jonathan A. Kitchen,}? Sandra A. Bright,® John E. O'Brien,?
D. Clive Williams,*® John M. Kelly*® and Thorfinnur Gunnlaugsson*®

Here we present 1, a novel Pt(u) based 4-amino-1,8-naphthalimide
complex, possessing both high DNA binding affinity, good cellular
cytotoxicity, as well as desirable luminescent properties for cellular
applications.

Compound 1 was formed in 82% yield in a single step reaction
from 4-N,N-dimethylamino-1,8-naphthalimide ligand 2 (which was
synthesised in two steps using established procedures, see ESIf), by
reacting it with [Pt(terpy)CI|Cl using literature procedures.”" The
complex was fully characterised (see ESIT). For instance, the HRMS
(ESMS) showed the expected isotopic distribution pattern matching
that of the calculated one (ESIT). Compound 3, Scheme 1, has
previously been developed in our laboratory as a DNA binder and was
employed herein for comparison studies.™* Single X-ray quality crystals
of both 1 (Fig. 1) and 2 (see ESIT) were grown from MeCN and EtOH
solutions, respectively.f Compound 1 crystallised in the monoclinic
space group C2/c, with one molecule of [Pt(terpy)(2)](NO;), and two
interstitial CH;CN molecules in the asymmetric unit. Here the Pt(u)

Fig. 1 The X-ray crystal structure of 1 with thermal ellipsoids shown at 30%
probability. Anions and CH3CN molecules omitted for clarity.
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adopted a square planar geometry with an N, coordination environ-
ment and cis N-Pt-N angles ranging from 81.1°(2)-99.9%(2), with the
Pt---N bond lengths range from 1.945(7) A to 2.035(6) A (see ESI})."
Strong - - -m stacking interactions were observed between the terpy
moieties and the 4-amino-1,8-naphthalimide rings from the neigh-
bouring coplanar complexes with centroid- - -centroid distances of
3.644 A and 3.532 A (see ESIT). These interactions are repeated
throughout the structure to give a twisted head-to-tail arrangement
(see ESIT).

The UV-Vis absorbance, the fluorescence excitation and the
emission spectra of 1 were recorded at room temperature in water
(see ESIf). The absorption spectrum of 1 showed two sets of bands
centred at 340 nm and 324 nm, respectively. These were assigned
to the m-n* transitions of the terpy ligand. A strong absorption
band centred at 450 nm was also observed, assigned to the internal
charge transfer (ICT) transition of the 4-amino-1,8-naphthalimide
unit. Excitation of 1 at 450 nm resulted in a broad emission band
centred at 550 nm (¢ = 0.006). The excitation spectrum matched
the ICT absorption band indicating that no electronic interaction
existed between the two chromophores.

Due to the bifunctional nature of 1, we had anticipated that the
4-amino-1,8-naphthalimide unit would be able to modulate the
interaction of the [Pt(terpy)X]*" system with DNA, as it is known to
function either as a DNA intercalator or a groove binder. To evaluate
this and to determine the binding affinity of 1 for double stranded
DNA, a series of DNA titrations were carried out using salmon testes
(st)-DNA. Fig. 2 shows the overall changes in the absorption spectra
of 1 (in 10 mM phosphate buffer containing 160 mM NaNOj).
The binding of 1 to DNA results in a ca. 22% reduction in the
absorbance of the ICT band and an 8 nm red shift in the A
An even greater hypochromicity is observed for the terpy-localised
transitions at 324 nm (37%) and 340 nm (49%).§ Using these data
the intrinsic binding constant K (= 4.73 x 10° M~ ') and binding site
size n (= 2.2) were determined using the non-cooperative model of
McGhee and von Hippel.'® This is a higher binding affinity than
reported for other Pt(i1) complexes such as [Pt(terpy)(4-picoline)**
(see inset in Fig. 2), [Pt(terpy)HET]" and [Pt(phen)(en)]'; all of which
lack the additional binding unit incorporated into 1."” Furthermore,
this affinity is over an order of magnitude higher than that seen for
3" demonstrating the importance of the bi-functional nature of 1.
The strong association of 1 with DNA was further verified by
cartying out thermal denaturation studies of st-DNA (see ESIT)
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Fig. 2 The UV/vis absorption spectra of 1 (16 uM) in the presence of increasing
concentrations of st-DNA (0-416 uM) in 10 mM phosphate buffer containing
160 mM NaNOs (pH 7.0). Inset: a plot of the relative changes in absorbance at
various wavelengths vs. P/D for 1 as well as for 3 and [Pt(terpy)(47picoline)]z*.
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which showed that 1 strongly stabilises the DNA, as the denatura-
tion process was not complete until above 90 °C. The high binding
affinity of 1 for st-DNA was also confirmed in pH 7.0 buffer (see
ESIT) by carrying out ethidium bromide displacement assays
(apparent binding constant 2.41 x 10° M~ 1),

Upon addition of stDNA the fluorescence emission of 1 is
initially partially quenched (reduction of 22% and an associated
4 nm blue shift in the A,y at P/D = 0.6) while further additions of
DNA cause an enhancement in the ICT emission intensity (Fig. 3).
As with other DNA-binding compounds™ the initial emission
quenching may be assigned to the aggregation of the metal complex
at the outer surface of the DNA, while the subsequent luminescence
enhancement is due to the localisation of the chromophore within a
more rigid environment and reduced access to quenching by
solvent or O, molecules. As linear dichroism (LD) measurements
(see ESIT) gave negative signals at both 458 nm and 350 nm it is
apparent both the terpy and the naphthalimide units are (at least
partially) intercalated. Circular dichroism (CD) titrations (see ESIT)
also showed the presence of a weak induced negative band in the
300-400 nm region, indicative of terpy group intercalation. How-
ever, no induced CD changes were observed for the naphthalimide
moiety. These measurements also suggest that groove-binding is
not of major importance for these compounds.

As the above studies indicated that 1 possessed a high affinity for
DNA, we next investigated the cytotoxicity properties of 1 using an
alamar blue cytotoxicity assay. For comparison, the naphthalimide
derivatives 2 and 3, cisplatin, [Pt(terpy)Cl]|Cl and [Pt(terpy)-
(4-picoline)** were also measured under identical conditions. Com-
pound 1 showed rapid uptake into cells, and cytotoxicity after incuba-
tion for 24 hours (50 uM). The cytotoxicity effects are shown in Fig. 4,
demonstrating that 1 displayed cytotoxicity against the malignant
breast cancer cell line MCF-7, with an ICs, value of 16.6 M, which is
three times lower than that seen for 2 and 3 (IC5o = 50 uM and
>100 pM). While this is comparable to that seen for cisplatin
(ICso = 8.8 uM), 1 was found to be significantly more cytotoxic
than either [Pt(terpy)CI|CI or [Pt{terpy)(4-picoline)]*" (ICs, > 100 uM
for both). Further biological studies using fluorescent activated cell
sorter (FACS) analysis, showed that 1 also induced significant
apoptosis in HeLa cells (see ESIY).

A possible mechanism for the biological action of 1 is covalent
binding to DNA, as has been shown for [Pt(terpy)(4-picoline)]**.*°
With this in mind, the reaction of 1 to the nucleoside guanosine
was examined. Using "H NMR spectroscopy, the changes in both
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Fig. 3 The steady-state fluorescence spectra of 1 (16 pM) in the presence of
increasing concentrations of st-DNA (0-960 pM) in 10 mM phosphate buffer
containing 160 mM NaNOs (pH 7.0) Aex = 450 nm. Inset: plot of the relative
changes in emission intensity at 550 nm vs. P/D.
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Fig. 4 The antiproliferative effects of 1 on the malignant cell lines (A) MCF-7,
(B) HelLa. Confocal images of (C) untreated and (D) 1-treated cells. Green
fluorescence = 1, red fluorescence = DRAQ5 nuclear stain.

the naphthalimide and Pt(terpy) resonances were monitored in
the presence of guanosine at room temperature over several
days. The results (see ESIf) showed that significant changes
occurred in the 'H NMR spectrum of 1. After equilibrating for
24 hours, a new resonance appear at ca. 6.1 ppm, which was
assigned to the H1’ of Pt(u) bound guanosine product; being
ca. 0.2 ppm downfield shifted compared to the corresponding
resonance in the free guanosine form. Concurrently several
other new resonances, assigned to the displaced 4-amino-
naphthalimide ligand, also appeared. Further changes were
observed after 4 days (e.g. two additional doublets appeared at
6.0 and 6.2 ppm and assigned to the H1’ proton of Pt(u) bound
guanosine).9 While these results suggest coordination of
[Pt(terpy)]”* to nitrogen donor sites of guanosine, further work
is needed to determine the structure of these adducts, and this
is currently being undertaken.

In summary, we have developed a novel DNA binding
Pt-complex 1, and demonstrated that 1 has a high affinity for
DNA and is readily taken up by breast and cervical cancer cell
lines, and induces apoptosis. The DNA binding ability and the
cytotoxicity of 1 were found to be significantly higher than for
Pt(terpy)Cl, [Pt(terpy)(4-picoline)**, 2 and 3, in MCF-7 cell lines,
while being comparable to that seen for cisplatin. We are currently
investigating the properties of 1 and related Pt(u) derivatives in
greater detail; particularly the mode of binding of these to DNA,
which can possibly occur in more than one form (see ESIT).
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Notes and references

§ Clear isosbestic points were also observed at 480 and 345 nm at low
P/D ratios (P/D 0 — 3); but slight deviations occurred at higher P/D ratios,
suggesting the possibility of more than one mode of binding (¢f Fig. 2
and ESLT Fig. S21).

€ In contrast, the H8 proton of guanosine (observed as a singlet at 7.9 ppm)
remained unchanged over this time.
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