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Abstract

The first molecular adducts of platinum and arsenic based anticancer drugs - arsenoplatins - show
unanticipated structure, substitution chemistry, and cellular cytotoxicity. The Pt!'-As!!' bonds in
these complexes are stable in aqueous solution and strongly influence the lability of the trans
ligand.
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Two inorganic drugs, the widely used cis-diamminedichloroplatinum(11)[], and anti-
leukemia agent arsenic trioxide, are highly successful agents for treatment of cancer.
Cisplatin is used in combination chemotherapy to treat ovarian, testicular, head, neck, and
bladder cancers.[2] Unfortunately, these and other cancers frequently develop resistance to
this drug and there are intensive efforts to develop new agents that overcome cisplatin
resistance.[3] As,03, discovered as a traditional Chinese medicine, is a front line treatment
for acute promyelocytic leukemial#! and has also shown preliminary efficacy in the
treatment of blood cancers such as multiple myeloma and myelodysplastic syndromest4al,
Both compounds induce apoptotic cell death, but through different pathways: cisplatin reacts
with DNA and causes intra- and inter-strand DNA cross-links[22 2d] whereas at low
concentrations arsenous acid, the principle component of aqueous solutions of As,O3 at
pH=7, can react with and trigger degradation of key zinc-dependent regulatory proteins and
also inhibit angiogenesis, migration, and invasion. At higher concentrations it triggers
apoptosisl®! [6] through pathways that involve elevated levels of ROS in

mitochondria.[42 5 7] Synergistic activity of these drugs has been reported[8] supporting the
idea that compounds combining both species may have advantages as anticancer
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therapeutics. The only example of a platinum adduct with arsenous acid in the literature
emerged in efforts to develop efficient systems for loading As,O3 into liposomes with
aquated forms of cisplatin: EXAFS spectroscopy suggested a new type of Pt!-As!!! center
was stabilized in the nanocrystalline formulation.[°! Given the absence of structural
precedents in the literature, it was not clear that such complexes could exist or would be
stable in aqueous solution. Herein we report synthetic routes to a novel family of small
molecule complexes of the aqueous form of As,O3 bound directly to Pt!! as an As(OH),
moiety and demonstrate their robust molecular structures involves an As!'! center that acts
simultaneously as a Lewis acid and a Lewis base. These arsenoplatins are stable in solution
and exhibit chemical bonding, ligand substitution chemistry, and biological activities that
are distinct from the parent compounds and show promising activity in drug-resistant cancer
cell lines.

Arsenoplatin 1 (Figure 1) is synthesized by heating cisplatin with As,Os3 in an acetonitrile-
water mixture (9:1, v/v) at 90 °C for three days. The yield increases from 23% to 75% when
the starting material is K,PtCly] (see the Supporting Information for syntheses and
characterizations of 1-3).

Variations on this Pt-As core complex are accessible by varying substituent on the nitrile.
For instance, arsenoplatin 2 is obtained from the reaction of K,PtCl4] with As,O3 in the
presence of propionitrile (Figure 1). Conditions for synthesis of 2 were different from 1
because of the different miscibility of propionitrile in water (1:9, v/v). Complex 2 is
obtained at room temperature after 4 days, whereas 1 is obtained at elevated temperatures. In
1and 2, the Pt'! center adopts a square planar geometry, with arsenic, chloride, and two
nitrogen donors in a trans configuration. The nitrogen donors are derived from acetamide
(propanamide) formed via Pt-assisted acetonitrile (propionitrile) hydrolysis in situ1]. The
Pt-N bond lengths in 1a (Pt1-N1 = 2.000(3) A and Pt1-N2 = 2.004(3) A are consistent with
the Pt-N bond lengths obtained in other Pt!! complexes with the deprotonated form of
acetamidel11-12], The N1-C1 and O1-C1 bond lengths (both 1.302(4) A) and N2-C3 and O2-
C3(1.289(6) and 1.297(6) A) in 1a are indicative of a high degree of delocalization[11]
present in the chelate rings formed by bridging N,O acetylamido ligands.

The closest precedents for these arsenous acid/platinum complexes are found in
hetereometallic clusters where the Ni'll13 and Pd!![24 centers bind directly to arsenous acid.
In Pd' and Ni'' complexes, As(OH); is bound to the metal as a Lewis base with arsenic in a
distorted tetrahedral and pyramidal environment, respectively. In arsenoplatins, the
geometry at the As!!! is best described as trigonal bipyramidal (TBP), with the Pt!! and two
hydroxides binding in the trigonal plane. In 1 and 2, arsenic retains a formal oxidation state
of three, and displays distorted TBP geometry with a PtO,4 coordination sphere. The TBP
geometry around As!'! in metal complexes is uncommon, however, it has been observed in
complexes of an organoarsenic ligand with Pt!'[5, and in complexes of Ag'[16 and Fe!l[17.
While As'!! can act as either a Lewis base or a Lewis acid[18], in 1 and 2 As'!! acts
simultaneously as a Lewis base (As—Pt) and as a Lewis acid (O—As). These multiple
intramolecular interactions explain in part the strong Pt-As interaction in arsenoplatins:
2.2687(4) Ain 2,2.2729(2) A in 1b, and 2.2732(3) A in 1a (the shortest Pt-As bond length
found in the CSD is 2.267(2) A in one organoarsenical compound).[19]
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Heteronuclear NMR reveals that the short Pt-As interaction observed in the solid state is
stable in solution (Figures S2-S7). Due to symmetry the 1H NMR spectrum of 1 contains
only one NH signal at 8.16 ppm and one OH signal at 8.92 ppm — the first chemical shifts
reported for an M-As-OH moiety. The 195Pt chemical shift for 1 (-3589 ppm) lies between
the signals for Pt!!-diamines (e.g., cisplatin at -2097 ppm)[2% and those of mixed Pt!'!-arsine
halides (e.g., [Pt(0-CgHa(AsMe,),)Cl, at -4556 ppm)[21], consistent with a Pt!'N,CIAs
coordination sphere.

This Pt-As core is also stable to ligand substitution reactions. In general, hydrolysis of Pt-Cl
bonds is slow (t;/, = 2h at 37°C and 4 mM CI7)[22] and rapid substitution usually requires
addition of reagents such as AgNOs. The substitution of the CI™ ligand in 1 with SCN™ in
water occurs immediately at room temperature likely driven by the trans effect of the
arsenic moiety[23]. Solution NMR and X-ray crystallography confirm that the Pt-As bond
remained intact. Crystals suitable for a single crystal X-ray analysis were obtained when this
complex (3) was synthesized in a 1:1 water/methanol mixture (Figure 2). NMR spectroscopy
reveals facile linkage isomerization of 3 in solution at room temperature (Figures S8-S12).
Specifically, upon dissolving 3 in [Dg] DMSO solution equilibrium mixture of 64 + 1.2 % of
S-isomer and 36 % + 1.5 of N-isomer is quickly established, i.e., the TH NMR spectrum
obtained after 5 min upon dissolution of 3 does not change over time. Assignments of
chemical shifts for the S- and N-bound isomers signals are based on multidimensional 19°pt
(Figure 3) and 1®N NMR spectroscopy on sample of 3 which is synthesized using
thiocyanate enriched in 13C and 1°N at 99 % (see the Supporting Information).

Initial formation of 3 with S-bound thiocyanate can be kinetically or thermodynamically
controlled, but both isomers [(Eq. 1)] are sufficiently stable in [Dg] DMSO solution to be
observed using NMR spectroscopy. Analysis of VT NMR experiments reveals the
thermodynamics of this facile linkage isomer equilibrium. A Van’t Hoff plot of the
temperature dependent NMR spectra (Figure S13) reveals an equilibrium constant Keq for
isomerization of 0.563, AH® = -15.7 kJmol ™1, AS°= -57.5 Jmol~*K ™1, and AG® = 1.42
kJmol~1 ([Dg]DMSO solution, 25°C). These parameters indicate a low barrier to substitution
at the Pt!! site transto the As!!! ligand, consistent with a very strong trans effect of the
As!'(OH), moiety. On the basis of our thermodynamic data, the N-isomer is enthalpically
favored in solution by 15.7 kmol=2. Interestingly, only the S-linked complex could be
isolated in the solid state, which may be the result of both rapid equilibration and a lower
solubility for the S-isomer.

SCN NCS
N—Pt—N
H3C—< >~CH3 == H3CA<O As—O>‘CH3
_/A\_ N
HG OH Ho OH
3-SCN 3-NCS (1)

Equation 1
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Complex 1 demonstrates significant anticancer activity in a panel of human cancer cell lines
(Table S10) and also overcomes one of the most significant limitations of platinum drugs,
namely tumor-based drug resistance mechanisms. The ovarian cisplatin resistant A2780P
cancer cell line is of special interest since it encompasses all of the known major
mechanisms of resistance to cisplatin (reduced uptake, increased level of glutathione,
increased DNA repair, and tolerance to Pt'!-induced lesions)[24]. The results show that 1
exhibited more than twice the cytotoxicity of cisplatin against the cisplatin resistant cell line
A2780CP (I1Cs50 21.4 + 1.8 versus 47.3 + 2.1), Figure 4. The ability of 1 to circumvent
cisplatin-acquired resistance was determined from the resistance factor (RF), and an RF
value of < 2 denotes no cross-resistance[2%]. In the case of ovarian A2780 and A2780°P cell
lines all approved platinum drugs have RFs between 6.1 and 16.0[24-25], The RF of 1.1 for 1
indicates that it is far more effective at killing this cisplatin resistant cancer cell line and may
be able to bypass drug resistance mechanism(s) that lower cisplatin cytotoxicity.

Complex 1 has showed better cytotoxic activity than either cisplatin or As,O3 in colon
HCT-116 (IC5q = 1.6+0.4 uM vs. 5.5£1.3 uM and 9.4+ 0.9 uM) and glioblastoma U-87
(IC50 =0.37£0.11 pM vs. 9.6+0.8 UM and 1.6£2.9uM) cancer cell linesFigure 4.
Additionally, 1 showed twice the cytotoxicity of cisplatin against MDA-MB-231-mCherry
cells (IC50 = 9.5+£0.1 uM vs. 22.3+2.8 uM), as well as improved cytotoxicity compared with
As,03 in RPMI 8226 multiple myeloma cells (ICgg = 4.5+£1.0 uM vs. 7.1+0.2 uM).

Trans-platinum compounds in comparison with cis-compounds display different patterns of
ligand substitution, which contributes to the potency of trans-platinum compounds in
cisplatin-resistant cell linest26]. Although we do not have evidence that arsenoplatin
compounds target DNA, the distinct biological activity of 1 in vitro may be the result of the
strong trans effect of the As(OH), moiety combined with the trans stereochemistry of the
N-atoms at the platinum center.

In conclusion, the first compounds containing a Pt-As(OH), core (arsenoplatins 1 and 2)
have been synthesized and characterized as robust complexes that are stable in aqueous
solution. Single crystal X-ray structure characterization reveals that these unprecedented
compounds contain very short Pt-As bond with the expected square planar Pt'! coordination
but an atypical five coordinate As'!! geometry. Intriguingly, the arsenic atom in these
complexes exhibits both Lewis acid and Lewis base behavior upon binding to the platinum-
acetylamido moiety. The Pt-As core in these complexes readily undergo ligand exchange
reactions at the Pt!! center with retention of core bonding and stereochemistry. Both, the
rapid substitution of chloride in 1 and isomerism in 3 demonstrate a strong trans effect of
the arsenic moiety. Complex 1 has significant biological activity in several cancer cell lines
and preliminary data are consistent with the ability of arsenoplatins to overcome drug
resistance mechanisms. These results are promising and future work with mouse xenograft
models should help shed more light on the real potential of this unique class of compounds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) Thermal ellipsoid plots of complex 1a (1 crystallizes in two crystal systems) and b)

complex 2. Solvent molecules have been omitted for clarity. The plots are drawn at 50 %
probability level.[10]
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Thermal ellipsoid plot of 3. The plot is drawn at 50 % probability level.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2014 October 04.

Page 7




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Miodragovic et al.

Page 8

-15.8
CHs, N-isomer B
{2.17,16.4 ppm} -16.2
-, L
1166 &
_ o
170 &
CHas, S-isomer n
? {2.21,17.5 ppm} (17 .4 é)
"|"'|"'|"'|"'|_17'8
2.26 2.22 2.18 214 210
1
H (ppm)
N-isomer S-isomer
-3724 ppm -3861 ppm
h 1J195py15) = 456 Hz
1 I I 1 1 I 1 T ) I 1 1 1 I 1 1 1 I 1 1
-3710 -3750 -3790 -3830 -3870

195Pt (ppm)

Figure 3.
a) 1H-13C HSQC NMR spectrum of 3 (with S13C15N) in [Dg]DMSO, acquired at 25 °C at

600 MHz 1H with high resolution in the indirect (13C) dimension to distinguish the methyl
resonances of the N- and S-isomers; b) 195Pt NMR spectrum of 3 (with S13C15N) in
[Dg]DMSO, referenced indirectly to 1H TMS such that Na,195PtClg resonates at 0.0 ppm.
The 456 Hz splitting of the 195Pt peak at -3724 ppm arises from scalar coupling to the
SCN 15N.
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Figure4.
Dose response curves for a) ovarian cisplatin resistant A2780CP, b) colon HCT-116, and c)

glioblastoma U-87 cancer cell lines after exposure to 1 cisplatin, and As,Os.
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