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Abstract

Platinum therapy represents first line of treatment in many malignancies but its high systemic
toxicity limits the therapeutic dosage. Herein, we report the synthesis of carboplatin-like
complexes with azide and alkyne functional groups and the formation of a platinum (I1) - nuclear
localization sequence peptide (Pt-NLS) hybrid to improve the import of platinum (I1) complexes
directly into the cell’s nucleus. The Pt-NLS hybrid successfully enters cells and their nuclei,
forming Pt-induced nuclear lesions. The in vitro efficacy of Pt-NLS is high, superior to native
carboplatin at the same concentration. The methodology used is simple and cost-effective and
most importantly can easily be extended to load the Pt (1) onto other supports, opening new
possibilities for enhanced delivery of Pt (I1) therapy.
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Cisplatin, cis-diamminedichloroplatinum (I1) is a DNA-damaging chemotherapy agent used
to treat various types of malignancies.1=3 The efficacy of cisplatin is afforded by the ability
to form covalent DNA adducts, including intrastrand 1,2d (GpG) and 1,3d (GpXpG) adducts
and interstrand G-G cross-links. These complexes distort the DNA structure, thereby
inhibiting replication and transcription, and, if not repaired, lead to cell death via the
apoptotic pathway.* The driving mechanism of cisplatin activation is the difference in the
chloride ion concentration in the bloodstream (~100 mM) and in the cell (~20 mM).%> Once
inside the cell, cisplatin activation involves the exchange of chloride ligands to water with
the formation of cis-[Pt(NH3),CI(H,0)]+ moiety that subsequently enters the nucleus via
electrostatic attraction to nucleophilic DNA.® The high aquation rate of cisplatin leads to
high systemic toxicity and reduced clinical dosing of the drug.” In addition, the deactivation
of cisplatin through interactions with plasma proteins or thiol groups in metallothioenin,
glutathione, and methionine results in subtherapeutic concentrations of cisplatin reaching the
cell’s nucleus. Both of these factors contribute to diminished DNA damage with
concomitant activation of DNA repair pathways, contributing to eventual tumor
chemoresistance.8 Thus, the low drug levels that reach DNA when using conventional
treatments result in negligible effect and failed therapy.?

Second-generation Pt (11) complexes have lower nephro- and neurotoxicities due to their
pharmacodynamics, but often do not possess equivalent activity to cisplatin in all platinum-
sensitive tumors. For example, cisplatin is still the first treatment option in testicular germ-
cell cancers, squamous cell carcinoma of the head and neck and bladder cancer.® Carboplatin
or oxaliplatin, with the similar mechanism of action to cisplatin, are Pt-based agents with
c/s-amine non-leaving group ligands and chelating carboxylate ligands instead of chlorines.
6,10-12 The aquation rate is much slower in these complexes with only 3% hydrolysed
species after 150 days.12 This stability can substantially slow down the nuclear entry of the
complexes and eventually lead to lower efficacy of the drugs. Thus, new platinum complexes
that would address these issues are of great interest, including new Pt (11) complexes, Pt (IV)
prodrugs that undergo intracellular reduction to produce active Pt (1) form, or Pt (11)
complexes with non-classical mechanisms of action.%:13:14 Although thousands have already
been reported, very few new platinum agents advance to clinical trials.
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Another strategy being explored is to increase the intracellular concentration of platinum via
formation of platinum conjugates with targeting ligands that would direct the therapy
directly to cancer cells. Some of such systems include Pt (I1) — ligand conjugates that target
estrogen receptors,1® folate receptors,18 angiogenic vessels,1” liver,® or that take the
advantage of high glucose uptake by cancer cells.1® Another recently emerging technology
involves the use of small peptides as targeting ligands.20 Peptides are considered to be
highly selective and well-tolerated, which results in an increased interest for their
pharmaceutical applications. Currently, more than a hundred small peptide therapeutics are
undergoing clinical trials.21 The peptide-platinum conjugates have appeared but mostly with
Pt (IV) prodrugs and only a few with Pt (11)22-26 or PEG-Pt (11).26 The platinum-peptide
ligand approach is very promising but yet challenging to produce highly efficacious therapy.

Herein, we report the synthesis of new carboplatin-like Pt (1) complexes; Pt(11)-N3
(C10H21N504Pt) and Pt(11)-CCH (C1gH1gN204Pt), and Pt (I1)-peptide hybrid with SV40
large T antigen-derived PKKKRKYV peptide. Our complexes feature carboxylate ligands
coordinated to the Pt metal opposite the amine groups and the azide or the alkyne functional
group available for click chemistry. The peptide used represents a canonical nuclear
localization signal (NLS), a protein motif recognized by protein carriers called importins,
which are characterized by the presence of basic residues lysine and arginines. These motifs
direct proteins into the nucleus. This peptide was selected because it is a binding domain to
importin a that is necessary to cross the tight nuclear membrane and accumulate into the
nucleus in ample amounts.2”-28 The low aqueous solubility of both Pt(11)-N3 and Pt(I1)-CCH
complexes hampered the direct conjugation of the complexes to the NLS peptide. Thus, the
Pt-NLS hybrid was formed in two steps at the N- terminus of the peptide, at the end of solid-
phase peptide synthesis. The schematic of the synthetic strategy and full description are
provided in SI. Shortly, the NLS peptide was reacted with the azide-terminated complex
precursor to form intermediate peptide 1. This was followed by the reaction of peptide 1
with activated Pt (11) to form peptide 2, described as the Pt-NLS hybrid. The chemical
structure of the complexes and the Pt-NLS hybrid structure are shown in Figure 1, frames A
and B respectively.

The FT-IR spectra were measured for both Pt(11)-N3 and Pt(11)-CCH complexes, and also for
Pt-NLS hybrid. Several characteristic vibrations were detected and their assignment
confirmed by density functional theory (DFT) calculations.2® Comparison of experimental
with computed spectra is presented in Figure 2. The characteristic N=N=N and C=C
stretching vibrations unique to Pt(I1)-N3 and Pt(11)-CCH complexes are observed as an
intense signal at 2095 cm™1 (panel A) and weak signal at 2111 cm~1 (panel B), respectively.
These complexes also show strong IR bands around 1320 cm~1 and 1600 cm™1, both are
assigned to C=0 stretchings. The spectrum of Pt-NLS peptide hybrid (panel C) is dominated
by the peptide characteristic amide I, 11, and 111 bands observed at 1642 cm™1, 1542 cm™1
and 1338 cm™1, respectively. The positions of IR bands are in a good agreement with those
in DFT spectrum. However, the intensities for C=0 stretchings at around 1600 cm~ and
1450 cm~1 are overemphasized by DFT. This is likely due to C=0 proximity and
coordination to Pt(Il) that overestimates electron polarizability in the model and thus over
promotes the computed intensities. The IR spectra are also recorded at the lower frequency
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range of 900-700 cm™1 (supplementary information) which show characteristic
deformations for the Pt(Il) coordinated six-member ring.

To confirm the molecular formulas of the complexes and Pt-NLS hybrid we used HRMS and
the spectra obtained are presented in supporting figures S12, S13, and S16. The exact mass
of the Pt(11)-N3 complex is 470.1241 au, and of the Pt(I1)-CCH complex is 425.0914 au; the
Pt-NLS hybrid is 1447.7865 au. All masses are identified in the corresponding mass spectra,
and the isotopic distribution pattern is consistent with the proposed composition of the
molecule.

The Pt(I1)-N3 and Pt(I1)-CCH complexes have low aqueous solubility but after tethering to
the NLS peptide the hybrid is water soluble at concentrations higher than 35mM; greatly
facilitating its application to biological systems.

The rationale for delivery of Pt-NLS therapy is twofold. First, the hybrid has to efficiently
translocate through the cellular membrane into the cytoplasm. Finally, it has to cross the
nuclear membrane to localize into the nucleus, the site of Pt(l1) action. The class of NLS
peptides, which are rich in basic amino acids, is cationic in nature and some sequences,
including PKKKRKY, have cell penetrating properties and effectively carry a cargo such as
DNA or small proteins into the cytoplasm.30:31 We first evaluated the membrane-
translocating property of the PKKKRKY peptide in the CP70 platinum resistant cell line
using confocal microscopy. We used a fluorescein labeled NLS, where the dye was
conjugated to the N-terminus of the peptide at the end of solid-state peptide synthesis.
Figure 3 demonstrates representative confocal images of the CP70 cells after 72 h of
incubation with the NLS peptide, the time point at which the cytotoxicity assay for Pt-NLS
hybrid was performed. The NLS peptide (green) effectively penetrated the cellular and
nuclear membranes and was distributed evenly in both the cytosol and nucleus (blue). This
result confirms that the NLS peptide enters both subcellular compartments and thus is
suitable to be used for delivery of small drug molecules.

As already noted, platinum therapy represents first-line therapy in a number of different
human malignancies and resistance represents a major cause of treatment failure. Therefore,
the effect of the Pt-NLS hybrid on cell viability was analyzed using the isogenic cell line
models, A2780 and CP70, in which CP70 was derived to be platinum resistant.32 The
mechanism by which platinum resistance is gained is unknown but, if defined, could
ultimately provide insight into platinum sensitivity. Some authors have suggested the
acquisition of a p53 mutation in the CP70 cells. However, we demonstrated by Sanger
sequencing that both A2780 and CP70 cell lines are p53 WT and thus a change in p53 status
cannot explain differences in platinum response.33 Our selection of these cell lines for this
study was specifically based on the fact of the cell lines’ shared genetic background but
different responses to platinum. We also tested the effectiveness of the Pt-NLS hybrid on cell
viability across a number of other ovarian cancer-derived cell lines with differential platinum
resistance, genomic features and histotypes.34 The results were compared to controls of
carboplatin, NLS without Pt, and free Pt complexes (added as suspensions) and a summary
of the results is presented in Figure 4. The concentrations used correspond to 1Cgq values of
Pt-NLS hybrid obtained for each cell line (supporting information, figures S25-S30). The
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Pt-NLS hybrid demonstrated high cytotoxicity, significantly superior to carboplatin,
regardless of cell line tested. The most pronounced effect of Pt-NLS was observed in A2780
cells, where the viability was decreased by 60% whereas treatment with carboplatin at the
same concentration decreased the viability by 25% only. The CP 70 cell viability decreased
by 40% following incubation with the Pt-NLS hybrid while carboplatin treated cells had
only a 30% decrease. In other cell types of different Pt resistance, Pt-NLS hybrid
consistently had a significantly greater effect on cell viability than carboplatin. In the Pt-
sensitive cell lines, TOV- 21G and ES-2, the Pt-NLS decreased viability by ~50% and ~30%,
respectively, whereas carboplatin reduced viability by 40% (TOV-21G) and 20% (ES-2). The
viabilities of the platinum resistant cell lines SKOV3 and OV-90, were decreased by 50%
and 45%, respectively, following incubation with Pt-NLS, but only about 40% and 30%
respectively by carboplatin. The complexes alone are highly active in vitro in all cell lines
but their aqueous solubility is very low, thus they were added as a suspension. The biological
application of Pt (1) therapy necessitates aqueous solubility of therapeutics. The formation
of Pt-NLS hybrid addresses the solubility issue and at the same time heightens the therapy
outcomes by targeting the Pt (1) directly into the cell’s nucleus. Taken together, these results
demonstrated an increased effectiveness of the Pt (11) anchored NLS over conventional
carboplatin.

Our complexes feature carboxylate ligands and the expected mechanism of action should
follow that of carboplatin. Carboplatin binds DNA to form intrastrand crosslinks and adducts
that change the conformation of DNA and inhibit its replication. Although this mechanism is
similar to that of cisplatin, carboplatin is less cytotoxic. This is attributed to higher stability
of the leaving group on and delayed formation of active Pt (I1) form. This may contribute to
slow nuclear entry of Pt (1) and insufficient number of DNA adducts formed, resulting in
quick DNA repair. We evaluated the concentration of Pt (1) inside the nuclei of the cells
after 72 h incubation with Pt-NLS. We isolated total genomic DNA from the isogenic A2780
and CP70 cell cultures and quantified Pt (1) using AAS. The platinum to DNA base pair
ratio was found to be approximately 1:114 for CP70 and 1:244 for A2780 cell lines. Since
there are ~10 base pairs per turn in a helix, this gives one Pt (I1) attached approximately
every 10t in CP70 and every 20™ in A2780. The quantification is based on all cellular
DNA, including organellar as well, resulting in slight underestimation of Pt (I1) inside the
nucleus. This indicates that the Pt-NLS is efficiently transported into the cell’s nucleus and
Pt (1) effectively binds to nuclear DNA.

In summary, we report on the generation and use of Pt (I1) complexes featuring carboxylate
ligands and azide or alkyne functionalities. We also synthesized the Pt-NLS peptide hybrid
that efficiently translocates through the cellular membranes and delivers Pt (1) therapy
directly into the cell’s nucleus. In the cell culture models of differential platinum sensitivity,
we demonstrated that Pt-NLS has superior effects on decreasing viability when compared to
carboplatin in both platinum sensitive and resistant cancer cell lines. With regard to future
potential uses, importantly, the design of the complexes allows for immaobilization of active
Pt (11) onto other supports. Efforts to extend this approach to incorporate high payloads of Pt
(1) into biodegradable nanoparticles to increase the therapeutic dosage are currently
underway.
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Chemical structure of Platinum (11) complexes Pt(I1)-N3 and Pt(11)-CCH. (A), and the

structure of the Pt-NLS hybrid (B).
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Figure2.
Experimental and calculated IR spectra of Pt(Il) complexes; Pt(I1)-N3 complex (panel A),

Pt(I11)-CCH complex (panel B) and Pt-NLS hybrid (panel C).
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Figure 3.
Confocal images of CP70 cells incubated with NLS peptide: (A) phase contrast image, (B)

fluorescence image of the same cells, (C) nuclei of the cells, (D) overlay of C and D.
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Figure 4.
Viability of platinum sensitive (left) and resistant (right) cells after 72h incubation with Pt-

NLS hybrid and controls. The purity of Pt-NLS hybrid was 87%. Each column represents
the mean and standard deviation of N=3 and p<0.005. The concentrations are constant in
each cell line, and are as follows: 24.6 pM (A2780), 52.8 uM (CP70), 56.6 uM (TOV-21G),
56.6 UM (SKOV3), 18.4 uM (ES-2), 59.0 uM (OV-90). Abbreviations: Carboplatin (Carbpt),
Complex-Pt (Cplx-Pt).
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