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Abstract

Four structurally related Ru(ll)-halide-PTA compdsx of general formularans- or cis
[Ru(PTARX,] (PTA = 1,3,5-triaza-7-phosphaadamantane, X =1CPJ, Br (3, 4), were prepared
and characterized. Whereas compouhdsd2 are known, the corresponding bromo derivati¥es
and4 are new. The Ru(lll)-PTA compoundans-[RuCly(PTAH),]CI (5, PTAH = PTA protonated
at one N atom), structurally similar to the wellekam Ru(lll) anticancer drug candidates (Mans-
[RuCly(ind),] (NKP-1339, ind = indazole) and (Hitnans-[RuCly(dmso-S)(im)] (NAMI-A, im =
imidazole), was also prepared and similarly inggggd. Notably, the presence of PTA confers to
all complexes an appreciable solubility in aquesahitions at physiological pH. The chemical
behavior of compounds—5 in water and in physiological buffer, their intetians with two model
proteins — cytochrome ¢ and ribonuclease A — a$ agelvith a single strand oligonucleotide (5'-
CGCGCG-3), and thein vitro cytotoxicity against a human colon cancer cek I{RICT-116) and

a myeloid leukemia (FLG 29.1) were investigatedotJplissolution in the buffer, sequential halide
replacement by water molecules was observed foptomsl — 4, with relatively slow kinetics,
whereas the Ru(lll) comple is more inert. All tested compounds manifested enatd
antiproliferative properties, theas compounds2 and4 being slightly more active than theans
ones ( and3). Mass spectrometry experiments evidenced thatcaiplexes exhibit a far higher
reactivity toward the reference oligonucleotidenthtaward model proteins. The chemical and
biological profiles of compoundd — 5 are compared to those of established rutheniung dru

candidates in clinical development.



1. Introduction

The interest in ruthenium derivatives — both cawmation and organometallic compounds — as
potential anticancer drugs has grown almost expaaibnin the last 20 years and does not deserve

much introduction [1-10].

Since several years the cage-like monodentate phaspl,3,5-triaza-7-phosphaadamantane (PTA,
Figure 1) has been widely used as a co-ligand endisign of organometallic Ru(ll) anticancer
compounds. The half-sandwich RAPTA-type compounBsidb(n®-arene)(PTA)] (RAPTA =
Ruthenium-Arene PTA, Figure 1) developed by thmugrof Dyson are the most well-known [11-
17], but other Ru(Il) compounds containing PTA haeen investigated for their anticancer [18-23]
or DNA-binding [24-26] properties.
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Figure 1. The PTA ligand (left) and a representative exanmplidne RAPTA compounds (RAPTA-
T, right).

PTA is an amphiphilic neutral ligand of moderateristdemand (cone angle 103°) that dissolves in
several organic solvents and — most importantly ehiaracterized by a high solubility in water (ca.
235 g/L) by virtue of H-bonding to the tertiary arainitrogens [27,28]. It typically binds strongly
to metal ions through the P atom in a monodenthidn, imparting excellent water solubility to
its complexes [27,28]. PTA has goad and r-bonding abilities and, even though it has been
defined as an air-stable, water-soluble versiorPbfe; [29], spectroscopic and structural data
suggest that it is closer to P(OMeather than PMgn terms of coordinating properties [27,28].
The solubility properties PTA-metal complexes weomsidered to be potentially very useful not
only in homogeneous aqueous-organic biphasic caa]g0-35], but also for the development of
new metal anticancer drugs. In fact, in this contertal complexes containing PTA as co-ligand
are anticipated to have good solubility in water &ase ofin vitro investigation andn vivo
administration, whereas maintaining sufficient ppdicity to cross cell membranes and hence enter
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cancer cells. In addition, at moderately acidic (e K, of PTA is 5.89 [36]) one of the three N
atoms of PTA is selectively protonated to geneRI&H. This feature was originally considered
important for improving the selectivity of RAPTA mpounds towards hypoxic cells of solid
tumors that have slightly lower pH than normal £€[protonation of coordinated PTA inside the
cell might lead to trapping the resulting cation@mplex) [37]. However, this working hypothesis
was later abandoned, since thi€;f PTA typically drops to ca. 3 when bound to mrilum
[21,38], thus well below the pH of cancer cellmdlly, PTA appears to be a quite safe molecule in

terms of toxicity.

Given these premises, we were surprised at reglithiat even though PTA has been extensively
used as co-ligand in many Ru half-sandwich antieexompounds, no investigation has been yet
performed on the ruthenium-halide complexes of PiTéd,on complexes in which PTA is the main
ligand.

Two neutral chloro Ru(ll)-PTA isomers, namehans-[RuClL(PTA)4 (1) andcis[RUuCL(PTA)]

(2) are known since several years and can be obtamngdod yield upon treatment of hydrated
RuClk with excess PTA [39-42]. In this work we reporé threparation and characterization of the
corresponding — and new — bromo derivativeas-[RuBry(PTA),] (3) andcis[RuBr(PTA),] (4),
and of the Ru(lll) complexrans-[RuCly(PTAH),]CI (5), structurally similar to well-known Ru(lll)
anticancer drug candidates (Mahs-[RuCls(ind),] (NKP-1339, ind = indazole) and (Hitnans-
[RuCly(dmso-S)(im)] (NAMI-A, im = imidazole) [1-10]. Thehemical behavior of compounds-

5 in water and in physiological buffer, their intetians with two model proteins — cytochrome c
(cyt ¢) and ribonuclease A (RNase A) — as well db & single strand reference oligonucleotide (5'-
CGCGCG-3', ODN4), and their in vitro cytotoxicitganst a human colon cancer cell line (HCT-
116) and a myeloid leukemia (FLG 294k¥ also reported.

2. Experimental procedures

2.1 Materials and methods

All chemicals were purchased from Sigma-Aldrich arsgéd as received. Solvents were of reagent

grade. The compoundgans[RuCl(PTA)4 (1), cis[RuUCL(PTA)4] (2), and [(dmsoH]trans

[RuCly(dmso-S)] were prepared as described in the literature43P-Hydrated RuGlwas a gift

from BASEF lItalia Srl, whereas hydrated RyBras purchased from Strem Chemicals.

Horse heart cytochrome c (cyt ¢) (C7752), RiboragdeA (RNase A) from bovine pancreas type

XII-A (RNase 055K7695), as well as all the chenscébr the various buffer solutions were

purchased from Sigma. Single strand oligonuclec®iN4 (5'-CGCGCG-3') was purchased from
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Jena Bioscence (Oligo4_4, 5073). All the chemieald proteins were used as received without
further purification, and the solutions were preghwith deionized water produced by a Millipore
system.

Mono- (*H (400 or 500 MHz)}*C (125.7 MHz)*!P (161 or 202 MHz)) and bi-dimension&H¢*H
COSY and*H-*C HSQC) NMR spectra were recorded at room temperain a JEOL Eclipse
400FT or on a Varian 500 spectromefit.and**C chemical shifts were referenced to the peak of
residual non-deuterated solvedt< 7.26 and 77.16 for CDg)lor were measured relative to the
internal standard DSS (= 0.00) for DO. *!P chemical shifts were measured relative to externa
85% HPO, at 0.00 ppm. ESI mass spectrometry measurememéspeeformed on a Perkin-Elmer
APII spectrometer on an Orbitrap high-resolutiomssispectrometer (Thermo Scientific, San Jose,
CA, USA) equipped with a conventional ESI sourc¥-\yis spectra were obtained on an Agilent
Cary 60 spectrophotometer, using 1.0 cm path-legg#rtz cuvettes (3.0 mL). Elemental analyses
were performed in the analytical laboratories & Bepartment of Chemistry of the University of
Bologna. A home-made LED apparatus was used fdioqeing the photochemical reactions.
Briefly, it consists of a plastic-coated cylindiell capable of hosting an NMR tube or a test-tube
(@ =20 mm, h = 110 mm). The inside of the appar&dined with four pairs of LED stripes, each
containing five LEDs of the same color that emitaimarrow spectral range (ca. 10 nm). LED
stripes of the same color are located oppositath ether. One or more colors can be activated at
the same time, and the LED emission power can ¢pdated from 1 to 40 mW. The blue LEDSs (

=470 nm) were used in this case.

2.2 Synthesis and characterization of ruthenium compounds

trans-[RuBr,(PTA)4] (3). RuBr-3H,0O (60.0 mg, 0.15 mmol) was partially dissolved imE of
ethanol. A slight excess of PTA (96.55 mg, 0.615af)rwas added and the mixture was refluxed
for 3 h. A clear solution was obtained within 1rbrfi which a dark red solid began to form. It was
eventually removed by filtration and washed withagtol. The solid was treated on the filter with
chloroform ¢€a. 10 mL) to obtain an orange solution. A small antoof grey solid that remained
undissolved on the filter was discarded. The sdlwas completely removed by rotary evaporation,
affording pure3, according to'H and *'P NMR spectra (Yield: 93.9 mg, 68%). X-ray quality
crystals of3 were obtained by slow diffusion of diethyl etheta a chloroform solution of the
complex. Elemental analysis for the raw materialcd for [G4HsgN12BroPsRu-5H0] (Mw:
979.48): C, 29.43; H, 5.97; N, 17.16. Found: C529H, 6.10; N, 17.09H NMR (D-0), & (ppm):
4.61 (br s, 24H, NB,N), 4.40 (br s, 24H, NB,P). **C NMR from the HSQC spectrum £D), &

(ppm): 70.5 (NCH,N), 51.9 (NCH,P). 3'P-NMR (D,0), 8 (ppm): —54.5 (s)'H NMR (CDCk), &
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(ppm): 4.60, 4.55 (ABq 24H, NN, Jag 13.2 Hz), 4.46 (br s, 24H, NGP). °*C NMR from the
HSQC spectrum (CD@)l, 3 (ppm): 73.5 (NCH,N), 54.0 (NCH,P). 3P NMR (CDC}), & (ppm): —
56.5 (s). ESI mass spectrumv®): 811.12 (M — Br), calcd 811.129; 733.97 (M — PTA +'R,
calcd 733.32.

Cis-[RuBr,(PTA)4] (4). trans-RuBr(PTA), (50.0 mg, 0.056 mmol) was dissolved in 5 mL ofavat
and irradiated with blue lighi(= 470 nm, 40 mW) for 2.30 h. The orange solutioneéd to yellow
within 1 h. Complete removal of the solvent by rgtavaporation afforded pute according tdH
and>'P NMR spectra, as a yellow solid (Yield: 48.0 m§%®. X-ray quality crystals of were
obtained by slow diffusion of acetone into a wataution of the complex. Elemental analysis calcd
for [Ca4HagN12BroP4RU-5H0] (Mw: 979.48): C, 29.43; H, 5.97; N, 17.16. Found: €58; H, 6.11;

N, 17.07*H NMR (D,O + exc. NaBr, see tex®d,(ppm): 4.70 (m, 24H, NB,N), 4.56 (br s, 12H,
NCH.P), 4.23 (br s, 12H, N&,P).*'P NMR (D,O + exc. NaBr, see tex®,(ppm): —24.1 (t, 2P Jp.

p = 28.2 Hz, PTAtrans to Br), —64.7 (t, 2P%Jp.p = 28.2 Hz, mutuallytrans PTAs). '"H NMR
(CDCl), d (ppm): 4.54 (br s, 12H, NGP), 4.50 (m, 24H, NB,N), 4.12 (br s, 12H, NB,P).*°C
NMR from the HSQC spectrum (CD£Id (ppm): 73.0 (NCH2N), 59.2 (NCH,P), 55.4 (NCH2P).
3P NMR (CDC}), 5 (ppm): —=27.0 (t, 2P2Jp.p = 27.4 Hz , PTArans to Br), —-67.3 (t, 2P?Jp.p =
27.4 Hz, mutuallyrans PTAs). ESI mass spectrumvg): 811.12 (M — Br), calcd 811.129.
trans-[RuCl4(PTAH),]CI (5). [(dmso}H]trans-[RuCl,(dmso-S)] (150.0 mg, 0.27 mmol) [43] was
dissolved in 15 mL of methanol, obtaining an orasgkition. 0.50QuL of 37% aqueous HCI and
two equivalents of PTA (84.8 mg, 0.54 mmol) weraledi a brown solid began to precipitate
immediately. The mixture was stirred for 1 h andrtlthe solid was collected by filtration, washed
with methanol and diethyl ether and driedvacuo. The solid was dissolved in 4.5 mL of water at
reflux. Abundant small crystals &f suitable for X-ray diffraction, were obtained umpallowing the
solution to cool down to room temperature. The tedgswere filtered, washed with a small amount
of water and driedin vacuo (yield: 115.8 mg, 72%). Elemental analysis calcor f
[C12H26NClsP.RU2H,0] (Mw: 630.67): C 22.85; H 4.79; N 13.33. Found: C 23864.51; N
13.05'H NMR (D,0), & (ppm): 0.37 (br s, 12H), —1.17 (br s, 12HSI mass spectrum: 40007z

(M - PTA), calcd 400.0.

2.3 X-ray diffraction

Data collections were performed at the X-ray ddfien beamline (XRD1) of the Elettra
Synchrotron of Trieste (ltaly), with a Pilatus 2lvhage plate detector. Complete datasets were
collected at 100 K (295 K for compoud since the crystals cracked at low temperaturé) i



monochromatic wavelength of 0.700 A through theating crystal method. The crystals were
dipped in paratone-N and mounted on the goniontetad with a nylon loop. The diffraction data
were indexed, integrated and scaled using XDS [Bd¢. structures were solved by direct methods
using SIR2014 [45], Fourier analyzed and refinedhgyfull-matrix least-squares methods based on
F? implemented in SHELXL-2014 [46]. The Coot programs used for modeling [47]. Anisotropic
thermal motion modeling was then applied to allnao Hydrogen atoms were included at
calculated positions with an isotropic temperattaetor equal to 1.2 (1.5 for disordered water
molecules) times the equivalent isotropic tempeeatiactor of the atom to which they were
bonded. CCDC-1429123), 1429111 4), 1429110 (5). Essential crystal and refinemerta,da
together with selected bond distances and angleseported in the Sl.

2.4 Spectrophotometric studies

To assess the stability of the compounds in phggioal like conditions, spectrophotometric
studies were performed by a Varian Cary 50 Bio Us-spectrophotometer. Freshly prepared
concentrated solutions (YOM for compoundsl—4, 10* M for compounds) of each compound
dissolved in milliQ water were diluted in phosphatgfer (PB, 10 mM phosphate, pH 7.4). The
concentration of each compound in the final samyds 3x10° M. The resulting solutions were

monitored by collection of the electronic spectta24 h at room temperature.

2.5 Interactions with biomolecules

Ruthenium complex—protein/oligonucleotide adduatserprepared starting from a solution of each
model protein at a concentration of 1 in 20 mM ammonium acetate buffer, pH 7.4, omfra
10™* M solution of ODN4 in milliQ water. Then, the rathium complex was added (3:1 metal-to-
protein/oligonucleotide ratio) to the solution ahé mixture was incubated at 37 °C for 24 h, using
Thermoblock (Falc, TD15093). Protein samples waerayaed after a 20-fold dilution with milliQ
water (the final concentration of the protein waghb), while ODN4 samples were diluted with a
mixture of 50% milliQ water and 50% MeOH to a firmncentration of 1QiM. ESI-MS spectra
were recorded by direct introduction of the sangtla flow rate of uL/min into an Orbitrap high-
resolution mass spectrometer (Thermo Scientificn Sase, CA, USA) equipped with a
conventional ESI source. The working conditions risthenium complex-protein adducts were as
follows: spray voltage 3.1 kV, capillary voltage ¥5and capillary temperature 220 °C. The sheath
and the auxiliary gasses were set at 17 (arbituaits) and 1 (arbitrary unit), respectively. For
acquisition, Xcalibur 2.0 (Thermo Scientific) wased and monoisotopic and average deconvoluted

masses were obtained by using the integrated Xtoadt For spectrum acquisition, a nominal



resolution (at m/z 400) of 100,000 was used. ESI-8p8ctra of the ruthenium complex-ODN
adducts were recorded in negative ion mode. Th&ingiconditions were as follows: spray voltage
4.5 kV, capillary voltage —10 V and capillary temggere 270 °C. The sheath gas was set at 10

(arbitrary units) whereas auxiliary gas was kepi @rbitrary units).

2.5 Cdllular studies

Cdll cultures. HCT-116 (human colon cancer) and FLG 29.1 (humaelony leukemia) cell lines
were maintained in RPMI 1640 medium supplementat @imM L-glutamine, 10% bovine calf
serum (HyClone) and maintained at 37°C in a hun@ditmosphere in 5% G@n air.

Pharmacology experiments. Cells were seeded in a 96-well flat-bottomedel&orning-Costar,
Corning, NY, USA) at a cell density of 4@ells per well in RPMI complete medium. Each
ruthenium compound was added at final concentratadr200uM, 100 uM, 50 uM, 10 uM, and 2
MM. After 24 h, viable cells (determined by Trypdanédexclusion) were counted in triplicate using
a haemocytometer. Each experimental point represleatmean of four samples carried out in three

separate experiments.

Trypan blue assay. Cells viability was assessed by the Trypan bkausion assay. In brief, 10 pl
of 0.4% trypan blue solution was added to 10 pllsidpension in culture medium. The suspension
was gently mixed and transferred to a haemocytam¥table and dead cells were identified and
counted under a light microscope. Blue cells fgilia exclude dyes were considered nonviable, and
transparent cells were considered viable. The p&xge of viable cells was calculated on the basis
of the total number of cells (viable plus nonvigbl&he IG, value (i.e. the dose that caused
apoptosis of 50% of cells) was calculated by fiftthe data points (after 24 h of incubation) with a
sigmoidal curve using Calcusyn software (Biosoft).



3. Results and Discussion

The present study is focused on four structuralgted Ru(ll)-PTA complexes of general formula
trans- or cis[Ru(PTARX,] (PTA = 1,3,5-triaza-7-phosphaadamantane, X =1C2), Br (3, 4)), and
on the Ru(ll)-PTA compoundrans-[RuCl,(PTAH),]CI (5, PTAH = PTA protonated at one N
atom). Their structures are synoptically represemd=igure 2.
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Figure 2. Schematic structures of compourids5.

3.1 Synthesis and chemical characterization

The preparation of the new bromo derivatitess-[RuBry(PTA)] (3) andcis-[RuBry(PTA)4] (4)
was performed following a procedure very similar tteat reported in the literature for the
corresponding chloro isometsand2, respectively [39-42], using hydrated RuBather than RuGl

as starting material. In summary, treatment of RBBLO with excess PTA in refluxing ethanol
afforded in high yieldtrans-[RuBr,(PTA)4 (3), that precipitates spontaneously. This kinetic
product was quantitatively transformed into the ritin@dynamically stablecis isomer cis-
[RuBra(PTA)4] (4) by irradiating an aqueous solution with blue tigh= 470 nm) for 2.5 h.



Figure 3. Molecular structures (50% probability ellipsoidg)trans-[RuBr,(PTA)4]-0.682(GH100)
(3, left) andcis-[RuBr(PTA)4-0.37(HO) (4, right). The crystallization water molecule withnor
occupancy factor in the structure®has been omitted for clarity. Color code for uelad atoms:
N = blue, O =red.

The molecular structures @@ and 4 (Figure 3) are closely comparable with those of th
corresponding dichloro derivatives [39-41]. To lvegiith, they show distortions from the perfect
octahedral geometry around Ru(ll) very similar hoge found inl and2. In complex3 the two
pairs of trans PTA ligands are vertically displaced in oppositeections from the average
equatorial plane (163.46(2) and 164.05(2)°). In plex4 the twotrans PTA ligands make a P—
Ru-P angle of 164.639(18)° (164.8(1)°2nand are bent towards the Br atoms. A similar bend
is found for the twocis PTA's (97.067(19)° vs 96.5(1)° i®). Thus, in both isomers the PTA
moieties move towards the less sterically encuntbezgion occupied by the two Br ligand&he
two trans Ru—Br distances i8 are nearly equal (2.5695(4) and 2.5582(4) A) dightly shorter
than those found in theis isomer4 (2.6142(14) and 2.6289(4) A), consistent with stenger
trans influence of PTA. Similarly, the Ru—P distanceghetrans isomer range between 2.3253(7)
and 2.3484(7) A (cfr 2.316(2) — 2.353(2) Al whereas it the two Ru—P distancésans to Br
are considerably shorter (2.2805(13) and 2.2654(8fr 2.260(2) Atrans to Cl in 2) than those of
the twotrans PTA’s (2.4001(5) and 2.3562(5) A; cfr 2.370(2)®2), which — in turn — are close to
(but slightly longer than) those in th@ns isomer.

The'H and®*P NMR features 08 and4 and their chemical behavior in aqueous soluti@aso
similar to those of the corresponding chloro commusu[39-42]. Whereas a light-protected®
solution of3 is perfectly stable for days at room temperatweading to NMR spectroscopy, the
cis isomer 4 immediately equilibrates with the aqua speaies[RuBr(OH,)(PTA)]" and cis-
[Ru(OH)»(PTA)4*". Pure4 — according to thé’P NMR spectrum — was obtained only upon
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addition of a large excess NaBr to theCDsolution. This geometry-dependent behavior is in
accordance with the trans influence of PTA obserwedhe X-ray structures. Consistent with
literature data on Ru(ll)-halide complexes, thentide ligands proved to be more easily released
than the chlorides [48]. An equilibrium constant2#2x10° M was measured betwednand its
mono-aqua derivativeis-[RuBr(OH,)(PTA))]" by integration of the* NMR signals (to be
compared with 1.39x1DM for complex?). The measurement was performed in the presenite of
minimum amount of NaBr sufficient to inhibit the rfoation of cis-[Ru(OH)x(PTA)L*". The
electronic absorption spectra bfand3 in chloroform (SI) show a single band of low irgéwp in

the visible regionXmax = 452 nm forl and 475 nm foB), whereas those of the less symmetrsc
isomers (Sl) are characterized by a broad bandyaptyg the overlap of two bands, at higher
frequenciesXmax = 348 nm for2 and 368 nm fod). They are attributed to MLCT transitions from
Ru(ll) to thetracceptor PTA, as in the corresponding Ru(Il)sCN [48] and Ru(ll)-dmso [49]
compounds. Consistent with this assignment, thenrabsorption band of each Br isomer is red-
shifted of ca. 20 nm compared to that of the c@uweading Cl species (bromide, being a better
donor than chloride, leads to an increase in therggnof the 4y orbitals) [48]. The electronic
absorption spectra @and4 in pure water and after addition of excess NaQlaBr are consistent
with the NMR findings in RO (SI; see below the results in phosphate buffer).

The Ru(lll) complextrans-[RuCl,(PTAH),]CI (5) had been previously identified in very low yield
upon recrystallization of (to which acis geometry had been wrongly assigned) in an aquidQlis
solution (the main product being tbes-protonated Ru(ll) speciess-[RUCL(PTA)(PTAH),]Cl,)
[40]. Its origin — either a side product in the paeation ofl due to incomplete Ru(lll) reduction, or
originated by adventitious air oxidation bfduring the prolonged crystal growing experiments —
was unclear. Even though neglected after the aigiaport, we found compleks particularly
exciting since it is structurally similar to the avbest known Ru(lll) anticancer drug candidates,
namely NAMI-A and NKP-1339 (Figure 4) [1-10].
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Figure 4. Comparison of the structurally related anionsha Ru(lll) complexes NAMI-A (left),
NKP-1339 (center) andl (represented in its anionic form with unprotona®ddh).

Interestingly, compoun®, depending on the degree of protonation of the Mgands, can be
cationic (rans-[RuClL(PTAH),]"), neutral {rans[RuClL(PTA)(PTAH)]), or anionic ffans-
[RUCly(PTA),]"). We found thab can be obtained in high yield upon treatment efRu(lIl)-dmso
precursor [(dmseH]trans-[RuCly(dmso-S)] [43] with PTA in MeOH/HCI mixtures (Scheme 1).
Due to the acidic conditions used in the prepanatimth PTA ligands undergo protonation and the
complex precipitates spontaneously in almost gtatinte yield in its cationic form.
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Cl'l,,j \\\CI + TA CI'M,, | ‘\\\CI

u —_— Ru CI
cl” I\CI MeOH/HCI CI”~ | ~cl
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Scheme 1. Selective preparation @fans-[RuCly(PTAH),]CI (5) from the Ru(lll)-dmso precursor
[(dmso}H]trans-[RuCly(dmso-S)].

Dark crystals oftrans-[RuCly(PTAH),]CI-H,O (6-H,O) suitable for X-ray structure determination
were obtained upon recrystallization of the rawdoici from water.
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Figure 5. Molecular structure (50% probability ellipsoids¥ trans-[RuCly(PTAH),|CI-H,O
(5-H20). Only the chloride in the position of maximumcaopancy is shown. Color code for

unlabeled atoms: N = blue, O =red.

The molecular structure of compléxis in close agreement with that already publisfadthis
species [40]. One N atom in each PTA ligand isyfpitotonated, as confirmed by lengthening of
the corresponding C-N bonds from 1.456(4) A to (8L A in the protonated form [27,28,38].
The positive charge of the complex is balancedrbgxernal chloride ion that is disordered over
three different positions.

The'H NMR spectrum of in D,O consists of two relatively broad peaks for bo@Tah (one for
the PGH:N and the other for the NGN protons) shifted upfield with respect to the tgiPTA
region = 0.37 and —1.17 ppm, no assignment could be mausjsistent with the fact that P of
PTA is directly bound to the paramagnetic Ru(lllcleus, we were unable to observe any
resonance in th&'P NMR spectrum (most likely the expected singlebis broad to be detected).
The visible region of the absorption spectrum5boih water shows the typical halide-to-Ru(lll)
charge-transfer manifold typical of all Ru(lll) cpiexes with a similar structure [43,48-50]: a main
broad band centered at 383 nm and a weaker baiflaim (SI). The spectrum shows a very slow
decrease of the band intensities (ca. —15 % inaf2bom temperature) without significant shifts in
the absorption maxima (Sl). Such spectral changesat consistent with slow chloride release
[43,48-50] (in fact, addition of excess NaCl affé2h induces no significant change in the

spectrum), but rather suggest a progressive adipag@nd consequent decrease of the complex
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concentration), perhaps involving species with esléght charge derived from the deprotonation

equilibria of coordinated PTAH.

3.2 Spectrophotometric analysis.

The studied compounds display a remarkable sotuhkaind a sufficient stability in water, thus
being well amenable for biological studies. UV-absorption spectroscopy was chosen as the
election method to monitor the behavior of the fteenplexes in a reference buffer at physiological
pH over a time period of 24h. Time dependent speptofiles for each compound are reported in

Figure 6 (-4) and Figure 75).
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Figure 6. Time course UV-vis spectra of compourid@®), 2 (B), 3 (C), and4 (D) dissolved in 10

mM phosphate buffer, pH 7.4, over 1 hour. Figutesasspectra recorded at t = 0 (black solid line),
10 min (red dashed line), 30 min (blue dotted linahd 1h (green dashed-dot line). (For
interpretation of the references to color in thggfe, the reader is referred to the web version of

this article.)
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Figure 7. Time course UV-vis spectra of compoubdlissolved in 10 mM phosphate buffer, pH
7.4, over 24 hours. Figures show spectra recortled 8 (black solid line),1h (red dashed line), 6h
(blue dotted line), 12h (green dashed-dot line)d &4h (brown dashed-dot-dot line). (For
interpretation of the references to color in thggfe, the reader is referred to the web version of

this article.)

For thetrans isomersl and3, contrary to what was observed by NMR spectroseoixO, where
they are stable, spectral changes occurred withenhwour (SI): for each complex the absorption
band in the visible region (456 nm fbrand 475 nm foB) progressively disappeared, whereas the
band in the near UV region shifted to lower freques (325 nm fod and 344 nm foB). These
spectral changes are ascribed to the progressieasee of the halide ligands, even though
concomitant partial release of PTA cannot be exadudConversely, theis isomers2 and 4
displayed a different behavior, similar to that iduin pure water (SI): upon dissolution in the
buffer both complexes showed a similar spectrunth wiband at 340 nm, whereas in chloroform
solution compound has a band which is red-shifted of ca. 20 nm ceoetg#o that of compoun@l
(see above). In addition, the spectra in phospbater showed no significant change with time,
consistent with the NMR findings (in2 D) that evidenced rapid equilibration of this isomers

with the mono- and diaqua species upon releaseeofialide ligands. The aquation process, that is
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expected to be more pronounced at the concentrased in the UV-vis spectra (compared to

NMR), apparently leads to the commuig[Ru(OH,)»(PTA)4]?* species.

The spectrum of compouridchanged with time in a manner similar (but fasterthat observed in

pure water (see above) (Figute

3.3 Reactions with model proteins.

The interactions of compounds5 with the model proteins RNase and cyt ¢ were syesaly
monitored by ESI-MS analysis. Results are summdriag=igure 8 (interaction with cyt c) and in
the Sl (with RNase A). In general, as can be judgenh the amount of the metallodrug-protein
adducts that are formed, the reactivity is veryitiah, in particular with compounsl Nevertheless,
careful analysis of ESI mass spectra allowed uddntify the metallic fragments that are bound to
the proteins. In most cases mono-metalated derastre formed, in which the metallic fragment
consists of the ruthenium center plus a variablelrer of PTA ligands. In particular, Figure 8
shows that in the case of cyt ¢ the main peaksbeaassigned to adducts bearing the fragments
[Ru(PTA)F*, [Ru(PTA)]?" and [Ru(PTAY*", respectively. In some cases fragments contai@ing
or Br were also detected: [RuCI(PTA) for compoundl, [RuBr(PTA)]" for compound3,
[RuBr(PTA)]" for compound4, [RuCk(PTAH)]" and [RuCl(PTAH),]" for compound5. The
interactions with RNase A (SI) lead to adducts thet similar to those obtained with cyt c.
Moreover, adducts with [RuCl](for compoundsl and2) and [RuBr| (for compound3 and 4)
were also detected.

Overall, the interactions detected between the adé¢eins and the five ruthenium complexes are
rather modest, suggesting that proteins might aqirbmary and/or relevant targets.
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Figure. 8. LTQ Orbitrap ESI mass spectra of compoundgA), 2 (B), 3 (C), 4 (D) and5 (E)
dissolved in 20 mM ammonium acetate buffer, pH ih4he presence of cyt ¢ after 24h incubation

at 37°C. The spectra in the back are the amplifinadf a region of the front spectra.

3.4 Reactionswith a single strand oligonucleoctide

The lack of relevant adduct formation with the stdd model proteins, together with the evidence
in literature that several Pt and Ru-basechmlexesmay exert their biological effects through a
direct interaction with DNA [51-53], prompted us $tudy the reactivity of the five ruthenium
complexes with a DNA model system.

Investigations were performed on a single straigbaolcleotide, ODN4, (5'-CGCGCG-3'), chosen
as reference, and the interactions were monitdremugh ESI-MS. In this case adduct formation
was far more evident than with model proteins, vilile exception of compound (Figure 9).
Adducts between the oligonucleotide and rutheniwagrhents containing more than one PTA
ligand were identified. Specifically, the main adtdbetween ODN4 and theans isomersl and3
(Figure 9A and C) contains the fragment [Ru(PJA) whereas that with theis isomers2 and4
(Figure 9B and D) bears [Ru(PTAJ". Notably, even though compou@dvas reacted with ODN4
under the same conditions as the other rutheniunptExes, a drastic decay in the intensity of ESI-
MS peaks was detected in this case, which mightebéatively ascribed to the occurrence of
aggregation/precipitation processes. Nonethelesgowa intensity spectrum could be obtained

(Figure 9B) and peak assignment was performed. Wdrth mentioning that in this case the peak
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relative to the free oligonucleotide was not dedddafter 24h incubation at 37°C, revealing that all
the ODN4 has reacted. The only adduct that couldiématified was that with the metallic fragment
[Ru(PTA)]%.

In addition to the main adduct, ESI mass spectreoafpoundd and3 show peaks corresponding
to derivatives: 2[Ru(PTA)** and [Ru(PTA)**+[RuCI(PTAX]* for compound 1,
[Ru(PTA)]*+[RuBr(PTA)]* and 2[RuBr(PTAJ" for compound3. In the case of compourd
other mono- and bis-metalated adducts were alsziget (i.e. [Ru(PTA)*" and 2[RuBr(PTAY™).

The interaction between more inert compobrahd ODN4 is less evident and only small amounts
of adducts could be detected. In fact, Figure 9&wshtwo peaks corresponding to the adducts
between ODN4 and the fragments [Ru(PFAjNd [Ru(PTA)*", while most of the free compound
in solution is in the form [RUGIPTA)]" or [RUCL(PTA),] (SI).

It is evident that, in agreement with the NMR and-Us findings reported above, the tvais
complexes Z and 4) are more reactive than the respectinans species I and 3), and that the

adduct formation is more evident with the chloridan with the bromide.
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7344

[Ru(PTA),
T4 e -
[RU(PTA),J**+ [RuCI(PTA),]* ; [RU(PTA),J2*+ [RuBr(PTA)}

[RUPTALE"  p(ry(pTa) 2
T o725 [RuBr(PTA),1* [RuBF(PTA),]*
o1 0521 10318

£
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el | l

o e o i

I
“SARN""

[Ru(PTA),J*

lative Abundance

[Ru(PTA)J*

5
[RuPTA 2ARUBH(PTA) ) ® T

Figure 9. LTQ Orbitrap ESI mass spectra of compoundA), 2 (B), 3 (C), 4 (D) and5 (E)
dissolved in milliQ water, in the presence of ODa&fter 24h incubation at 37°C.

3.5 Antiproliferative properties
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The antiproliferative properties of compourtd® were assessed against two cell lines: HCT-116
(human colon cancer) and FLG 29.1 (human acute oidydeéukemia) according to the method
described in the experimental section. Both ceksi were treated for 24 hours with increasing
concentrations of the drug and sdCralues determined (calculated through the Trypaume bl
exclusion test). The findings are summarized inlddb In general, the antiproliferative effects are
quite moderate, yet the twoos isomers2 and4 were found to be significantly more effectivertha
thetrans congenerd and3 in the leukemia cell line, whereas the cytotoyicit compound is far
lower. It is also remarkable that the cytotoxicfpeoof 1 is virtually identical to that 08, and the
same similarity was found for the twets isomers2 and4. This finding suggests that — in both cases
— similar halide-free species are ultimately resuae for the biological effects. Such species are
presumably different for the two stereoisomers beedhe activity clearly depends on the geometry
of the complex. These results, together with tlaetreity profiles toward the oligonucleotide, point
out that the biological effects may be relatedh® direct interaction of these ruthenium compounds
with DNA.

Table 1. IC5p values (M) for compoundsl-5, in comparison with cisplatin, on a solid tumotl ce
line, HCT 116, and a myeloid leukemia cell lines(G=29.1.

Compound FLG 29.1 HCT 116
trans-RUCKL(PTA), (1) >200 >100
CcisRUCL(PTA): (2) 60.83 + 0.59 >100
trans-RuBr(PTA), (3) >200 >100
Cis-RuBr(PTA)4 (4) 59.33+0.41 >100
trans-[RUCly(PTAH);]CI-2H,O (5) 84.91 +0.39 >100
Cisplatin 24.33 +0.78 7.65+0.63

@ From ref. 54° From ref. 55.

4. Conclusions

The cage-like monodentate phosphine 1,3,5-triapagsphaadamantane (PTA) has been
extensively used as co-ligand in many Ru half-saclhanticancer compounds [11-26], where it
plays a central role in increasing the aqueousbddjuand in affecting the solution behavior

[27,28]. However, no biological investigation ha=eh yet performed on ruthenium complexes in
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which PTA is the main ligand. With the aim of fil§j this gap, in this work we reported the
preparation and characterization for prospectivemigidical applications of a group of five
ruthenium-PTA-halide compounds: the four struclyraklated Ru(ll) complexes of general
formulatrans- or cis[Ru(PTARX,], X = Cl (1, 2), Br (3, 4)), and the Ru(lll) compounttans-
[RUCIly(PTAH),]CI (5, PTAH = PTA protonated at one N atom).

The chemical behavior of the Ru(ll) compounds ineamus solution was found to depend on their
structure and on the pH. In pure water, whereadrtms isomersl and3 are very stable (in the
dark), thecis analogue® and4 readily equilibrate with the aqua spects[RUX(OH,)(PTA)4]"
and cis-[Ru(OH,)o(PTA)]**. However, when dissolved in phosphate buffer gtsiplogical pH,
also thetrans isomers undergo aquation processes that can belymascribed to halide
replacement. The reactivity of the four compoundkh wvo model proteins, cytochrome ¢ (cyt c)
and ribonuclease A (RNase A), and with a DNA sirggtand reference oligonucleotide, ODN4 (5'-
CGCGCG-3), was investigated by mass spectromeittytlaeirin vitro cytotoxicities against two
representative cancer cell lines were also assebsgeneral, compounds- 4 showed a pairwise
different — structure-related — behavior, cleangicating that the four isomers do not converga to
common species but rather to two main halide-fregesisomeric Ru-PTA fragments. Their
reactivity towards cyt ¢ and RNase A was foundeayhite limited and minimal amounts of protein
adducts were formed. Compountls- 4 exhibited a far higher reactivity toward the refece
oligonucleotide than toward model proteins and i@l amounts of adducts — mainly mono-
ruthenated — are indeed formed where rutheniummfesgs are coordinated to DNA nucleobases.
The twocisisomers 2 and4) turned out to be more reactive than the respettans species1 and

3). Finally, the four Ru(ll) compounds manifestedhea moderate antiproliferative properties
against the two investigated cell lines: HCT-116ndan colon cancer) and FLG 29.1 (human acute
myeloid leukemia). Consistent with the results désd above, theis isomers2 and4 were found

to be significantly more effective than thr@ns congenerd and3 in the leukemia cell line FLG
29.1.

The only investigated Ru(lll) comple%, deserves a separate comment. It was found tcebe v
inert, both in pure water and in buffer, and bdkicainreactive towards the investigated
biomolecules and devoid of any relevant cytotoxativity towards the investigated cancer cell
lines. Given the structural similarity betwe@&nand well known anticancer compounds KP-
1019/NKP-1339 and NAMI-A, these findings were pautarly disappointing. Nevertheless, they
might suggest that for this type of anionic Ru(dmplexes, cytotoxicity is strictly related to the

activation kinetics. Whereas the lack of cytotoxativity of NAMI-A has been attributed to the fast
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kinetics that lead to aquated Ru(lll) metabolitemhle to cross the cell membrane [56-57], the
scarce activity o5 might be attributed to exceedingly slow kineticsed &o the consequential
paucity of reactive agua species. The intermediatevation kinetics (i.e. chloride release) of the
more cytotoxic KP-1019/NKP-1339 complexes are agpidy in the optimal range for observing

vitro activity.

Keywords. Ruthenium complexes; PTA; protein interactiongofiucleotide interaction; in vitro

antriproliferative activity

Highlights:

. Water-soluble Ru(ll/ll)-halide-PTA complexes (PFA 1,3,5-triaza-7-phosphaadamantane)
. Structure and pH dependent solution behavior oRih@l)-PTA complexes.

. Evident interaction of such complexes with a sirgjtand reference oligonucleotide

. Modest reactivity of the ruthenium compounds towartdel proteins

. Structure dependent antiproliferative properties thie five ruthenium compounds
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Abbreviations
Cytc Cytochrome ¢
ESI-MS Electrospray ionization mass spectrometry
KP-1019 [indHjrans-[RuCly(ind),], ind = indazole
NAMI-A [imH] trans-[RuCly(dmso-S)(im)], im = imidazole

NKP-1339 [Najrans-[RuCls(ind),], ind = indazole

ODN Oligodeoxyribonucleotide
PTA 1,3,5-triaza-7-phosphaadamantane
PTAH PTA protonated at one N atom

RAPTA Ruthenium-arene-PTA

RNase A Ribonuclease A
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Synopsis

This work reports the preparation and charactaeomabf five water-soluble Ru(ll)- and Ru(lll)-
halide-PTA (PTA = 1,3,5-triaza-7-phosphaadamantaneinplexes. The structure and pH
dependent solution behavior of the compounds, thésractions with model proteins and with a
single strand reference oligonucleotide, and tlaitiproliferative properties are discussed in

comparison with established ruthenium drug candglat clinical development.
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