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ABSTRACT: The relative affinity of the cationic triangular
metallaprism, [(pCH;C4H,Pr')¢Ruq(tpt),(dhbq);]%* ([1]%%),
for various amino acids, ascorbic acid, and glutathione (GSH)
has been studied at 37 °C in aqueous solutions at pD 7, using
NMR spectroscopy and electrospray ionization mass spec-
trometry (ESI-MS). The metallaprism [1], which is consti-
tuted of six (pCH;C¢H,Pr)Ru corners bridged by three
1,4-benzoquinonato (dhbq) ligands and connected by two
2,4,6tri(pyridin4yl)1,3,5-triazine (tpt) triangular panels, dis-
assembled in the presence of Arg, His, and Lys, while it remains
intact with Met. Coordination to the imidazole nitrogen atom
in His or to the basic NH/NH, groups in Arg and Lys displaces
the dhbq and tpt ligands from the (p-cymene)Ru units, and
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subsequent coordination to the amino and carboxylato groups forms stable N,N,O metallacycles. The binding to amino acids
proceeds rapidly, as determined by NMR spectroscopy. Interestingly, solutions of [1]%* are able to catalyze oxidation of the thiol
group of Cys and GSH to give the corresponding disulfides and of ascorbic acid to give the corresponding dehydroascorbic acid.
Competition experiments with Arg, Cys, His, and Lys show the simultaneous formation of one single adduct, the (p-cymene)Ru-
His complex, and oxidation of Cys to cystine. Furthermore, the (p-cymene)Ru-His complex formed upon the addition of His to
[1][CF;SO;]¢ is able to oxidize Cys to cystine much more efficiently than [1]. These results provide evidence against
interaction with proteins as process in the release of encapsulated guest molecules. Oxidation of Cys and GSH to give the
corresponding disulfides may explain the in vitro anticancer activity of [1]%*.

B INTRODUCTION

The use of ruthenium complexes as anticancer agents was
introduced and developed in the early 50s by Dwyer and co-
workers," but this research was mostly overlooked until the
opportune discovery of cisplatin by Rosenberg and co-workers.”
The subsequent developments in ruthenium anticancer drugs
were mainly popularized by Clarke in the 1970s.”> Indeed,
ruthenium possesses several favorable chemical properties that
indicate it may be a strong candidate to supplant platinum and
to form a basis for rational anticancer drug design.* Interestingly,
a number of ruthenium complexes have been found to
display a significantly higher degree of selectivity toward can-
cerous cells than the leading commercially available platinum
drugs,”® resulting in reduced damage to healthy tissue.® Two
inorganic Ru-based drugs, KP1019” and NAMI-A,® (Chart S1
in the Supporting Information, SI) have recently completed
phase I clinical trials and have started (NAMI-A), or are expected
soon to start a phase II study.”® Despite their structural similarities,
both compounds showed very different activities: NAMI-A
appeared to be effective against lung metastases, whereas
KP1019 showed activity against colon carcinomas. In the late
1980s, it was found that trans-Ru complexes were much more
cytotoxic than their cis-counterpart, which is in stark contrast to
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the relative activities of the geometric isomers of Pt(II)
complexes.” This feature already pointed to likely differences in
the mechanisms of action of Ru(Ill) and Pt(II) complexes.

Numerous reviews on Ru anticancer drugs have tended to
concentrate either on a single compound”'® or on a group of
complexes,'" and their different modes of reactivity in bio-
logical media.'> Even though the mechanism of action and the
biological targets of ruthenium drugs have not yet been fully
elucidated, very recent evidence in the literature points to
similarities in the mechanisms of action of various types of Ru
anticancer complexes. For instance, specific antimetastatic
activity, which was until recently regarded as a unique property
of NAMI-A and its analogues, has also been demonstrated for
RAPTA-type areneruthenium complexes (Chart S1 in the SI)."?
As with NAMI-A, the antimetastatic activity of areneruthenium
complexes appears to be related to interactions with the extra-
cellular matrix and the cell surface, rather than with DNA in the
cell nucleus.'

More than 25 years ago, Maeda et al. addressed the potential
value of macromolecular drugs and noted that increased
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permeability leads to higher uptake of large molecules and
proteins.'* Their observation was that the damaged lymphatic
drainage of cancer cells leads to the selective retention of large
molecules inside the cells."”> This phenomena has been called
the enhanced permeability and retention (EPR) effect. Therefore,
large compounds are required in order to effectively exploit the
size-selective uptake of drugs into tumor cells.'®

The self-assembly of transition metal complexes with
polydentate ligands to give discrete supramolecular assemblies,
which has been first pioneered by Fujita,17 appears very pro-
mising to exploit this EPR effect. So far, numerous two- and
three-dimensional supramolecular structures incorporating
square-planar transition metal ions have been synthesized and
characterized.'® These molecular architectures are very versatile
and have been used in a large variety of agpplications such as gas
storage, catalysis, and drug delivery.'” ™"

There has been therefore increasing interest in the anticancer
properties of supramolecular areneruthenium assemblies during
the past few yeau‘s.20 For instance, a series of trinuclear (p-cymene)
Ru metallacycles connected with aminomethyl-substituted 3-
hydroxy-2-pyridone ligands were evaluated in vitro against cancer
and fibroblast cell lines. It was postulated that these water-soluble
trinuclear complexes undergo fragmentation after uptake, thus
giving rise to cytotoxic mononuclear complexes.”' Stang et al.
have recently synthesized new [2 + 2] metallarectangles with
interesting in vitro cytotoxic properties for various human
cancer cell lines.”” They have also synthesized hexanuclear
areneruthenium-prismatic cages”** from which one showed
a remarkable low micromolar activity (ICs, = 3.4 uM) on the
AS549 cell line.**

We have recently synthesized a number of areneruthenium
metalla-assemblies, in particular water-soluble hexacationic
metallaprisms that form hexanuclear cages.md’23 Notably, these
metallaprisms were capable of encapsulating planar Pt and Pd
acetylacetonate complexes,”® as well as planar aromatic com-
pounds of various sizes.”* In these systems the encapsulated
guest is stable, with the physical properties of the prism being
retained following encapsulation. Interestingly, the metallaprism
[1]%* itself exhibits a remarkable activity (IC, = 23 M) against
A2780 cancer cell lines, which increases with the encapsulation
of planar Pt and Pd acetylacetonate complexes (ICs, = 12 and
1 uM, respectively) suggesting transport and leaching of the
guest once inside the cell.”>* However, for all cytotoxic areneru-
thenium metalla-assemblies investigated so far, very little is
known about the mechanism of antitumor action, uptake, release
of the guest, and the other biological processes.

Given the lack of information with metalla-assemblies, we
report here a comparative study of the interactions of [1]°*
with various biological ligands. Since it was shown that [1]¢
can encapsulate biologically active guest molecules and can
leach them once inside the cell,>® these experiments were
undertaken to establish the nature of the species that are effec-
tively transported into the cell, possible mechanisms of detoxi-
fication, as well as further information on the possible cellular
target that may be related to its antitumor activity. The results
showed that [1]%* specifically interacts with the thiol groups of
Cys and GSH, and with the side chain of His, Lys, and Arg.
Remarkably, [1]%* efficiently catalyzed oxidation of ascorbic
acid, and the thiols Cys and GSH give dehydroascorbic acid
and the corresponding disulfides, which may explain its in vitro
anticancer activity. The reactions with His, Lys, and Arg formed
stable decomposition products that have been fully charac-
terized. Similarly to the mechanisms of action of numerous
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Ru-drugs investigated so far, our results strongly suggest that
[1]%* possesses a different mechanism of cancer cell cytotoxicity
as compared to Pt-drugs.

B EXPERIMENTAL SECTION

Material and Methods. Chemicals obtained from commercial
suppliers were used as received and were of analytical grade;
RuCl;-3H,0 was obtained from Johnson Matthey; r-Ala, L-Arg, L-
Cys, L-Gln, 1-Gly, 1-His, L-Lys, L-Met, L-Phe, L-Ser, and L-Trp were
purchased from Acros; L-Asn, L-Asp, L-Glu, L-Ile, L-Leu, L-Pro, L-Thr, L-
Tyr, and L-Val were purchased from Alfa Aesar; and L-ascorbic acid
was purchased from Hinseler AG.

NMR data were acquired at a temperature of 310 K using a Bruker
Avancell 500 MHz NMR spectrometer equipped with an inverse dual
channel ('H, X) z-gradient probehead (BBI) or on a Bruker Avancell
400 MHz NMR spectrometer equipped with an inverse dual channel
('H, X) z-gradient probehead (BBI).

1D 'H NMR data were acquired with 16—64 transients into 32k
data points over a width of 12 ppm using a classical presaturation to
eliminate the water resonance. A relaxation delay of 6 s was applied
between transients.

2D '"H—'H NMR COSY data were acquired over a frequency width
of 12 ppm in both F, and F, into 2k complex data points in F,
(acquisition time = 213 or 170 ms) using 128 or 256 t, increments. A
relaxation delay of 2 s between transients was used for all experiments.
The data were recorded using 4 or 8 transients, depending on the
samples. The water resonance was suppressed by means of a pre-
saturation routine. A few 'H 2D ROESY NMR data were recorded
with mixing time of 200 ms (Tr-ROESY scheme®) using 128 transients,
but were mostly unusable.

2D 'H-"*C HSQC NMR data were acquired, with *C decoupling
during the acquisition period, over an F, frequency width of 12 ppm
into 2k complex data points (acquisition time = 213 or 170 ms).
Transients (16—32) were accumulated for each of 196 t, increments
over an F| frequency width of 180 ppm centered at 90 ppm. Phase-
sensitive data were acquired in a sensitivity-improved manner using an
echo—antiecho acquisition mode.

2D 'H-"3C HMBC NMR data were acquired over an F, frequency
width of 12 ppm into 2k complex data points (acquisition time = 213
or 170 ms). Transients (64—96) were accumulated for each of 196 ¢,
increments over an F, frequency width of 200 ppm centered at
100 ppm. Phase-sensitive data were acquired in a sensitivity-improved
manner using an echo—antiecho acquisition mode.

2D 'H-DOSY NMR experiments were acquired with a standard
pulsed-gradient stimulated echo (LED-PFGSTE) sequence containing
bipolar gradients.”® For all experiments, the airflow was increased to
670 L/min, and the NMR tube was spun. Experimental parameters
were A = 100 ms (diffusion delay), 7 = 1 ms (gradient recovery delay),
and T = S ms (eddy current recovery delay). For each data set, 4k
complex points were collected, and the gradient dimension was
sampled by means of 32 experiments in which the gradient strength
was linearly incremented from 1.0 to 50.8 G/cm. The gradient
duration 6/2 was adjusted to observe a near-complete signal loss at
50.8 G/cm. Typically, the 6/2 delay was chosen in the 1.6—2.0 ms
range. A 2 s recycle delay was used between scans for data shown. For
each data set, the spectral axis was processed with an exponential
function (3—5 Hz line broadening), and Fourier transform was applied
to obtain 8k real points. The DOSY reconstruction was realized with
8k complex points in the detection dimension and with 256 points in
the diffusion dimension. The number of scans ranged from 16 to 64
and was adapted to each sample. All NMR data were processed using
Topspin (versions 2.1 or 3.0, Bruker Switzerland).

Mass spectrometric analyses were performed on a LTQ Orbitrap
XL mass spectrometer (Thermo Fisher Scientific, Bremen, Germany),
equipped with a nanoelectrospray ion source.

Stability in Aqueous Solution. In order to evaluate the stability
of [1]%" in aqueous solution, the metallaprism [1][CF,SO,]s (2 mg)
was dissolved in 0.6 mL of D,O, and the sample was analyzed by 'H
NMR spectroscopy. To study a potential effect of the presence of
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chloride and other anions, we dissolved [1][CF;SO;]¢ in S0 mM D,O
solutions of NaCl, KCI, KI, KF, and Na,CO;. In all cases, '"H NMR
spectra were recorded immediately after sample preparation, and every
2 h during 24 h.

Reactions with Biological Ligands Monitored by NMR
Spectroscopy. If not otherwise specified, all binding experiments
were carried out by mixing solutions of the metallaprism [1]-
[CF;S0;]4 (2 mg) in 0.6 mL of D,O with 10 equiv of the different
ligands. Since [1][CF;SO5], is between 30 and 40 times heavier (M =
3345 g/mol) than the biological ligands considered and its solubility in
water is about 4 mg/mL, the biological ligands could not been
incubated with [1][CF;SO,] at ratios inferior to 6:1. All reactions
were first monitored by 1D 'H NMR spectra. 2D homonuclear
"H-'H and heteronuclear 'H—'3C NMR experiments were recorded
once steady state was confirmed in the '"H NMR spectra. Preliminary
experiments on [1]%* and biological ligands were undertaken at pD = 7,
ie., close to the pH value of bloodstream, and at pD = 3.5, i.e., close
the pH of cancer cells. The pD values of D,O solutions were measured
by use of a glass electrode and addition of 0.4 to the pH meter
reading.”” Minor differences were noticed between the two sets of
NMR spectra, and the spectrum recorded at pD = 5.5 exhibited
additional resonances near the original resonances of [1]%* (Figure
§37). A lower pD value seemed to initiate a reaction, probably because
at pD = 5.5, the tpt moiety can be protonated. The resonances of His
remained however unchanged, and the kinetic and the resulting
adducts formed upon the addition of His were absolutely identical at
both pD values. Therefore, all experiments presented in this work were
undertaken at pD = 7. As our aim was to study the interactions
between [1]® and biological ligands in conditions close to physiological
conditions, oxygen was not excluded from the solutions. In addition, as
preliminary experiments, we monitored by 1D and 2D NMR spec-
troscopy the interactions between [1]* and His in D,O and in D,0
with 50 mM NaCl. Analysis revealed that the kinetics and the resulting
adducts formed upon the addition of His were absolutely identical
with or without 50 mM NaCl. The only difference in the spectra arose
from the changes observed in the spectra of [1]®* upon the addition of
50 mM NaCl presented in the Results and Discussion section.
Therefore, for simplifying the analysis, all reactions were performed in
D,0. The 'H and "*C chemical shifts of free ascorbic acid, Arg, Cys,
His, Lys, and GSH recorded in D,O at 37 °C are given in Tables S1
and S2 in the SL

Mass Spectrometry Studies on the Binding to Selected
Biological Ligands. Stock solutions of [1][CF;SO;],, Arg, Cys, His,
Lys, and GSH (each 0.598 mM) were prepared in H,O. Solutions of
[1][CF;S0,]¢ were incubated with the selected amino acid at a 1:6
molar ratio for 24 h at 37 °C. In order to follow the competitive
reaction of [1]%* with amino acids, a mixture [1]6+/Arg/ Cys/His/Lys
(ratio 1:6:6:6:6) was prepared and incubated for 24 h. The samples
were analyzed in the positive ion mode with a voltage of +700 V
applied to the glass emitter (New Objective, Woburn, MA). The tube
lens was at +150 V, and the transfer capillary was held at 200 °C.
Spectra were acquired in the FTMS mode over a range from m/z 200
to 2000 with a resolution of 100 000 at m/z 400. Calibration of the
instrument was performed with ProteoMass LTQ/FTHybrid ESI
positive mode calibration mix (Supelco Analytical, Bellefonte, PA).
The Xcalibur software package (Xcalibur 2.0.7, Thermo Fisher Scientific)
was used for instrument control and data processing.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The hexanuclear metal-
laprism [1][CF;SO,]¢ (Chart 1) was prepared from the dinu-
clear complex [(p-cymene),Ru,(dhbq)CL] and tpt in the
presence of silver triflate according to the literature method.”>*’
The 'H NMR spectrum of [1]® in D,O is fairly simple and
contains a doublets at 6 8.56 and 8.58 assigned to the H, and Hy
of tpt, two doublets at 6 6.09 and 5.84 assigned to the p-cymene
ring protons, one singlet at 5.99 assigned to the six isolated
protons of dhbq, and one septet at 5 2.91, one singlet at § 2.19,
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Chart 1. Hexanuclear Metallaprism [1][CF;SO;]¢

>©\ —‘ (CF3S04)g

p-cymene

and one doublet at 5 1.3 for the p-cymene protons. The
chemical shifts (obtained from '"H—"*C HSQC and HMBC NMR
spectra) were found at § 183.7 (CO), 153.4 (CH,), 144.3 (Cyy),
1244 (CHp), 104.7 (C,em), 1020 (CHy), 99.5 (Cpom), 837
(CH, o), 813 (CH,. Cym), 30.8 (CH(CH,),), 207 (CH-
(CH3)2): and 17.2 ((CHs) )

Stability in Aqueous Solution. In order to assess the
stability of [1]°* in solution, we first recorded the 'H NMR
spectra of [1]%* dissolved in D,0O during 24 h. The '"H NMR
spectra showed no signal changes after 24 h at 37 °C, thus
indicating that [1]®" remains stable (Figure 1A). On the other
hand, the addition of 50 mM NaCl seemed to initiate a reaction
(Figure 1B). The same result was observed by using KCl
instead of NaCl (Figure S2 in the SI). By using KF the reaction
was much slower, and after 24 h the decrease in signal intensity
of the original resonances was much less observable than with
the salts containing chlorine.

In the presence of [Cl7], after 4 h, additional resonances
appeared, and changes in the spectra were clearly observed. The
intensity of the tpt resonances decreased whereas new
resonances emerged adjacent to the original tpt resonances.
The same phenomenon was observed for the resonances of
p-cymene ligands. The NMR data suggest slow addition of
[CI7] after dissolution in aqueous environment. This might be
because of either the increased electron density at the metal
center or possible interactions between the nitrogen atoms of
tpt and [Cl”]. A DOSY spectrum showed that [1]®" does not
disassemble upon the addition of [Cl™], but rather that [CI~]
interacts/binds on tpt (Figure S3 in the SI). Indeed, the dif-
fusion coefficient of [1]°* upon the addition of [Cl~] was identical
to the diffusion coefficient of [1]%" in pure D,0, thereby indicating
no disassembling (Figure S3 in the SI). Finally, the addition of
50 mM Na,CO; seemed to initiate another type of reaction
(Figure S4 in the SI). Immediately after the dissolution of
[1][CF;805]4 in a Na,COj; solution, the 'H NMR spectrum
revealed the disappearance of the tpt resonances, as well as a
strong decrease of the dhbq resonance’s intensity and the ap-
pearance of a second set of resonances for the p-cymene group
slightly upfield shifted. During the following 24 h the ratio
between the two sets of p-cymene resonances increased to
about 1:10. A DOSY spectrum (Figure SS in the SI) showed
that this new set of p-cymene resonances belongs to two new
complexes, with a substantial lower molecular mass compared
to complex [1][CF;S0;]s. Taken together, these results strongly
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Figure 1. Stability of [1]°" assessed by "H NMR spectra recorded during 24 h. Left: [1]°" in D,O. Right: [1]%* in D,O with the addition of 50 mM

NaCL

suggest that [CO;*] rapidly react with [1]® and displace tpt
and dhbq which precipitate in water solutions, and only the
p-cymene group remains bound to the Ru-atom. To validate
this assumption, the precipitate was collected and dissolved in
DMSO-dy, and the resulting '"H NMR spectrum confirmed the
presence of tpt (Figure S6 in the SI). All results considered
together, these measurements showed that the metallaprism
[1]%* remains stable for about 2 h upon the addition of chlorine
salts, but disassemble rapidly upon the addition of carbonate.

B REACTIONS WITH BIOLOGICAL LIGANDS

Reactions with Ascorbic Acid and Glucose. Currently,
metallodrugs like cisplatin or carboplatin are administered
intravenously, and hence, they may encounter a number of
reactive biomolecules such as proteins in the bloodstream.
Serum proteins like transferrin or albumin can play a divergent
role either in delivery of metal based anticancer drugs to their
cellular targgets or in deactivating them even before reaching the
target(s).”® Therefore, the reactions of [1][CF;SO;]s with
various biological ligands, such as amino acids, ascorbic acid,
glucose, and GSH, were investigated to gain insights into its
reactivity to biomolecules and potential metabolization.

Ascorbic acid and glucose were chosen because of their
concentrations in the bloodstream (the human body maintains
the blood and cytosol ascorbic acid level between 20 to 40 uM
and the blood glucose level between 3.6 and 5.8 mM), thus
making them potential binding partners for metallodrugs. In
the various NMR spectra recorded after 24 h, no changes for
the resonances of [1]®* and of glucose as compared to the
resonances of [1]% and glucose alone in solution were
observed (Figure S7 in the SI). On the other hand, directly
after the addition of 6 equiv of ascorbic acid to a solution of
[1][CF,;S0,]¢ the slow formation of a new species could be
evidenced in the NMR spectra. The addition of ascorbic acid
resulted in the appearance of new resonances at & 4.20, 4.30,
4.61, and 4.79, adjacent to the resonances of ascorbic acid
(6 3.78, 4.10, and 4.99) (Figure 2). These new resonances
increased over time, relative to the resonances of ascorbic acid,
and, in agreement with the literature, were assigned to the
arising formation of dehydroascorbic acid.”® After 24 h, the
spectra revealed that about 50% of ascorbic acid was oxidized to
dehydroascorbic acid. Markedly, the '"H and "*C chemical shifts
of [1]® remained essentially unaffected upon the addition of
ascorbic acid, which led to the conclusion that ascorbic acid or
dehydroascorbic acid does not form stable adducts with [1]%.
However, the resonances of tpt and dhbq were significantly
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Figure 2. Excerpt of the 2D 'H—"*C HSQC NMR spectrum of the
mixture [1]%*/ascorbic acid (ratio 1:6) recorded after 24 h (red). For
comparison, excerpts of the "H—'3C HSQC NMR spectra of [1]%*
(black) and free ascorbic acid (blue) were added.

broadened, which may indicate that ascorbic acid/dehydroas-
corbic acid slightly interacts with [1]%*, probably through 7—x
interactions between the tpt/dhbq moieties and the double
bonds of ascorbic acid/dehydroascorbic acid.

From these NMR experiments, it became apparent that [1]%*
can act as a catalyst for oxidation of ascorbic acid. This charac-
teristic is known for Ru-complexes,®® and it was for instance
shown that NAMI-A can be reduced by a variety of agents
present in vivo, including ascorbic acid.>" The ability of [1]° to
oxidize ascorbic acid might have an important biological signifi-
cance, since ascorbic acid typically reacts with oxidants of the
reactive oxygen species (ROS), usually hydroxyl radicals formed
from hydrogen peroxide. These radicals are damaging to cells at
the molecular level because of their possible interaction with
nucleic acids, proteins, and lipids.

Reactions with Amino Acids and GSH. His, Met, and
Cys are known to interact and to form adducts with many Ru-
anticancer com3plexes,32 and numerous reports can be found in
the literature.> The study of the potential interactions with
other amino acids such as Arg or Lys has not received much
attraction, although there is experimental evidence that most of
the amino acids bind to Ru-complexes.>**** Since very little is
known about the mode of action, uptake, and biological processes
of [1][CF;S0;]s and of metalla-assemblies in general, the
reactions of [1]{CF;S0;]¢ with all natural amino acids were
investigated. As expected, no reactions could be evidenced with
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most of the amino acids, and major changes in the NMR
spectra were noticed only upon the addition of Arg, Cys, His,
and Lys (Table S3 in the SI), showing that under the con-
ditions studied coordination of either the carboxylato or the
amino groups in amino acids to [1]®" remains weak. The reac-
tions observed could therefore be unequivocally attributed to
the interactions of [1]°" with the respective side chains (thiol of
Cys, basic amine groups of Arg and Lys, and the imidazole
group of His).

Reactions with Met. Rather surprisingly, no reaction
occurred within 24 h with Met, and the resulting mixture was
stable in solution for more than 72 h (Figure S8 in the SI). Met
is known to undergo favorable binding interactions with metal-
lodrugs, and in particular with platinum35 and gold anticancer
complexes.**>*® Ruthenium complexes also undergo favorable
binding interactions with Met.>*° For instance, Hartinger et al.
showed that Met decomposed the areneruthenium complexes
of 3-hydroxy-2('H)-pyridones within minutes. It was argued
that the reactivity was because of the ability of Met to act as
bidentate chelating ligands, with the thioether of Met and N1
or N3 atoms of the imidazole moiety.”” A similar observation
has been reported for related pyrone-derived complexes. It was
also shown by Sadler et al. that the Ru(II) organometallic
antitumor complex [(7°-biphenyl)RuCl(en)][PF¢] reacts with
Met and gives rise to the adduct [(;7°biphenyl)Ru(S-L-MetH)-
(en)]*, although only 27% of complex reacted.>® Thus, unlike
these Ru-complexes, [1]%* does not form a stable adduct
with Met.

Reactions with Cys. The interaction between [1]%* and
Cys in D,0 was monitored by 1D and 2D NMR spectroscopy
as well as by ESI-MS measurements. The addition of 10 equiv
of Cys resulted in the appearance of new resonances at 0 4.17,
3.46, and 3.27, adjacent to the resonances of Cys (6 Ha 4.01; §
Hp 3.08, 3.14). These new 'H resonances increased over time,
relative to the resonances of Cys, and, in agreement with the
literature, were assigned as arising from cystine.>® After 48 h,
the spectra revealed that oxidation of Cys to cystine was
completed (Figure 3).
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Figure 3. 'H NMR spectra of [1]°" directly after adding 10 equiv of

Cys (A), after 24 h (B), and after 48 h (C). The conversion of Cys

(M) into cystine (*) starts directly after the incubation and is
completed after 48 h.

1
ppm

Formation of cystine was further confirmed by ESI-MS
spectra of these solutions after 24 h of incubation, which showed
peaks consistent with the presence of cystine (m/z observed
241.0, calculated for cystine 241.1). Interestingly, titrations with
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Cys revealed that the 'H and "*C chemical shifts of the aCH
and SCH, groups of Cys were affected, but also the chemical
shifts of [1]* (Figures 3 and S9 in the SI) suggesting that
cystine forms stable adducts with [1]®". However, formation of
stable adducts with [1]®" would imply the displacement of tpt
and dhbq from the Ru-atom. Since both tpt and dhbq are
completely insoluble in water, their 'H resonances should not
be visible in the NMR spectra. These resonances are however
clearly visible (Figure 3). The DOSY spectrum confirmed that
[1]° remains intact, since the diffusion coefficient of [1]%* after
24 h of incubation with Cys remained identical to the diffusion
coefficient of [1]% alone (Figure S10 in the SI). It should be
however mentioned that many new additional resonances are
visible in the various NMR spectra, especially in the regions of
the aromatic p-cymene and dhbq. The exact origin of these
additional resonances and the structure of the [1]®" upon the
addition of Cys were not further investigated. The stability of
[1]%* upon the addition of Cys was further confirmed by ESI-
MS spectra recorded after 24 h of incubation, which showed
peaks consistent with the presence of [1]%* {m/z observed
687.3 and 966.4, consistent for [1 + 3 (CF;S0;)]** and [1 + 2
(CF4805)]*} (Figure 4). From these "H NMR titration experi-
ments, it became apparent that [1]®" can act as a catalyst for
oxidation of Cys to cystine.

Reactions with GSH. The stimulating results obtained
with Cys prompted us to investigate whether [1]%* would also
be able to catalyze the conversion of GSH to oxidized GSH
(GSSG). The thiol-containing tripeptide GSH (y-Glu-Cys-Gly)
is the major reducing agent in cells and is present in most cells
in millimolar concentrations (0.5—10 mM). The catalytic con-
version of GSH to GSSG may be directly related to anticancer
activity, since cancer cells are known to have a higher GSH pool
than healthy cells, and in all living cells, more than 90% of the
total GSH pool is in the reduced form (GSH) and less than
10% exists in the disulfide form (GSSG). An increased of
GSSG-to-GSH ratio is considered to be indicative of oxidative
stress, which damages all components of the cell, includin%
proteins, lipids, and DNA, and which may lead to apoptosis.®

In a pioneering study, Sadler and co-workers demonstrated
that areneruthenium iodoazopyridine complexes act as catalysts
for oxidation of the tripeptide GSH, thus suggesting to be at the
origin of the observed anticancer activity.** However, incu-
bation of 10 mM GSH with these complexes led to steady
oxidation of only 4.6 mM GSH to GSSG, whereas oxidation of
Cys to cystine is complete after 24 h with [1]%* as catalyst. Our
recently reported areneruthenium complex [(p-cymene),-
Ru,(SC¢H,p-CH;);]" can also efficiently catalyze oxidation
of GSH to give the corresponding GSSG, with turnover
frequencies after 50% conversion (TOFj,) of about 8 h™'.*'

Similar NMR and ESI-MS experiments to those carried out
with Cys were performed. GSH (6 equiv) was added to a
solution of [1][CF;SO;]¢ in D,0, and the resulting mixture
was first monitored by 'H and *C NMR spectroscopy. Directly
after mixing the peptide and the metallaprism [1][CF;SO;]¢
the NMR spectra indicated no changes in the reaction mixture.
However, after 24 h of incubation, significant changes in the
NMR spectra could be observed. The resonances of tpt were
significantly broadened whereas the resonances for dhbq dis-
appeared completely (Figure S11 in the SI). Some resonances
of GSH were shifted compared to free GSH, and subsequent
analysis indicated a complete oxidation of GSH to GSSG, since
the original Ha and Hf resonances of Cys in GSH (8 Ha Cys
4.58; & Hp Cys 2.96, 3.01) were replaced by the characteristic

dx.doi.org/10.1021/ic2021935 | Inorg. Chem. 2012, 51, 1057—1067
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Figure 4. ESI-MS spectrum (positive mode) of [1][CF;S0;]4 and Cys (ratio 1:10) in H,O recorded after 24 h. The peak consistent with the

presence of cystine (m/z = 241.0) is highlighted.

Ha and Hpf resonances of GSSG (6 Ha Cys 4.82; § Hf Cys
3.07, 3.35).* Formation of GSSG was further confirmed by the
ESI-MS spectrum of the mixture after 24 h of incubation, which
shows peaks consistent with the presence of GSSG (m/z
observed 613.16, calculated for GSSG 613.17) (Figure 6).
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Figure 5. '"H—"H COSY NMR spectrum of [1]%* after adding 6 equiv
of GSH (red) and after 24 h (black). The shifts of the Ha and Hf
resonances of Cys (red arrows) are clearly visible (black arrows),
indicating oxidation of GSH to GSSG.

The chemical shifts of [1]®* were also significantly affected
upon addition of GSH (Figure S and S11 in the SI). However,
as pointed out before for Cys, formation of stable adducts with
the (p-cymene)Ru units of [1]%* could be ruled out, since the
resonances of both tpt and dhbq were still visible in the various
NMR spectra and the diffusion coefficient of [1]°" after 24 h of
incubation with GSH remained identical to the diffusion
coefficient of [1]°* alone (Figure S12 in the SI).

The complete oxidation observed for Cys and GSH in the
presence of [1]%* suggests that a partial oxidation of free thiols
present in blood plasma must be considered as a possible mech-
anism of action. The major thiol source in blood plasma is the
protein human serum albumin (HSA) which is present at
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approximately 0.63 mM concentration. This protein serves a
number of important functions including the transport of drugs,
metals, and hormones. Nevertheless, the only available thiol in
HSA (Cys 34) is buried below the surface of the protein*’ and
hence is much less accessible than the thiol group in Cys and
GSH. Yet, the results shown here suggest that [1]®* may interact
with Cys 34 of HSA.

Reactions with Arg. Various NMR and ESI-MS experi-
ments comparable to those performed for Cys and GSH were
performed. The addition of Arg results in the immediate
appearance of two new Ha resonances at 0 3.51 and 3.66
nearby the Ha of free Arg at & 3.41. New resonances between
0 5.39 and 0 5.91 appeared as well, whereas the tpt resonances
around & 8.50 disappeared. As expected, after reaching
equilibrium state, the resonances of free Arg at § 3.41 (Ha);
1.60, 1.69 (Hp); 1.69 (Hy); and 3.19 (HS) remained also visible
in the spectrum, and the ratio between the new Arg resonances
and the resonances of free Arg is approximately 1:1:1, consistent
with the hypothesis that one Arg reacts with one (p-cymene)Ru
unit (Figure S13 in the SI). Curiously, the aCH and pCH,
resonances of free Arg in the mixture (§ 3.41 and 1.60, 1.69,
respectively) are downfield shifted compared to free Arg
(6 3.32 and 1.64, respectively). No ready explanation could be
found to explain these shifts.

Upon coordination of Arg to the (p-cymene)Ru unit the
p-cymene ring protons give four doublets, because of the
epimerization of the chiral metal center and the presence of
nonequivalent aromatic protons (Figure S13 in the SI). Con-
cerning the behavior of coordinated Arg, only the 'H and "*C
resonances of the aCH and SCH groups are significantly
shifted compared to free Arg. Further analysis of the various 2D
spectra revealed that the resonances at 6 3.51 and 3.66 arose
from the Ha of coordinated Arg to [1]%, whereas the resonances
of tpt at & 8.56 and the resonance of benzoquinone at 6 5.99
are missing in the spectra (Figures S13 and S14 in the SI).
Therefore, taken together, these NMR spectra suggest that the
reaction of [1]° with 10 equiv of Arg takes place within a few
minutes with quantitative release of the tpt and dhbq ligands,
because of the ability of the amino and carboxyl groups of

dx.doi.org/10.1021/ic2021935 | Inorg. Chem. 2012, 51, 1057—1067
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Figure 6. ESI-MS spectrum of [1][CF;SO;]¢ and GSH (ratio 1:6) in H,O recorded after 24 h. The peak consistent with the presence of GSSG

(m/z = 307.1) is highlighted.

Arg to replace the N- and O-atoms of tpt and dhbq on the
(p-cymene)Ru unit.

As a plausible mechanism, Arg may first coordinate to the Ru
atom via one of the basic NH, group of the side chain inducing
the quantitative release of the tpt moiety. Through this first
coordination, the two Ru—O bonds between the Ru atom and
dhbq are released by the carboxylato and the amino groups of
Arg which can act as second and third ligands, thus forming a
N,N,O chelate adduct (Chart 2). Formation and structural

Chart 2. Suggested (p-Cymene)Ru-Arg Chelate Complexes
Obtained upon the Addition of Arg to [1]%*

—o |

|
HN Ru\
o L

HoN 0o
characterization of such areneruthenium metallacycles with a-
amino acids have already been described.>*** The ability of the
amino and carboxylato groups of Arg to replace the O-atoms of
dhbq on the Ru atom offers the possibility of obtaining two

distinct chiral adducts.**** It has been already widely demon-

strated that the various bond lengths and angles in areneruthenium
45

complexes significantly deviate from an ideal tetrahedron.
Therefore, the two N,N,O and N,O,N chelate adducts are
intrinsically chiral, which explains the occurrence of two distinct
'H and "*C resonances for the aCH and SCH groups in the
observed complexes. Curiously, the 'H and *C resonances of
the p-cymene ring did not exhibit the expected two sets of four
resonances, characteristic upon addition of a-amino acids to
[RuCl,(arene)],.** Formation of the chelate adducts was further
supported by the 2D 'H—"*C HMBC NMR spectrum (Figure S15
in the SI) which showed that the carbonyl resonances of these
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adducts are upfield shifted by 10 ppm compared to the
carbonyl resonance of free Arg.

To further support these assumptions, 'H DOSY NMR
experiments were performed. As can be seen, the DOSY
spectrum of the mixture [1]°/Arg exhibits two sets of
resonances, which correspond to molecules of different sizes
(Figure 7). The resonances belonging to the smallest molecule

log(m2/s)

bt
T T

- =9.0

| -

-8.0
ppm

9 8 7 6 5 4 3 2 1

Figure 7. 2D 'H DOSY NMR spectrum of the mixture Arg/[1]%*
(ratio 10:1, red) recorded after 36 h, as well as superimposed 2D 'H
DOSY NMR spectra of [1]¢ (black) and Arg (blue) for comparison.

can be attributed to free Arg (lower red line, Figure 7), while
the other set of resonances belongs to the newly formed chelate
adducts obtained in solution upon the addition of Arg to [1]%*
(upper red line, Figure 7). Compared to [1]® (black line,
Figure 7), the DOSY spectrum clearly shows that this new
(p-cymene)Ru-Arg adduct is smaller than [1]%* alone, thus
confirming the quantitative release of the tpt and dhbq ligands
upon the addition of Arg observed in the various 1D and 2D
NMR spectra.

Formation of the (p-cymene)Ru-Arg complex could be
confirmed by ESI-MS measurements. The ESI-MS spectrum
recorded on the mixture of [1]%* with Arg exhibited a peak at

dx.doi.org/10.1021/ic2021935 | Inorg. Chem. 2012, 51, 1057—1067
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Figure 8. ESI-MS spectrum (positive mode) of the mixture [1J6+:Axg (ratio 1:10) in H,O, recorded after 48 h. The peak consistent with the
presence of the newly formed adduct [(p-cymene)Ru-Arg + H]" is highlighted.

m/z 409.1 which can be assigned to the adduct [(p-cymene)-
Ru-Arg + H]*. In addition, the peak at m/z 175.1 belonging to
free Arg could also be found in the spectrum (Figure 8).

Reactions with Lys. Figure S16 shows the 'H NMR
spectra obtained before and after the addition of 10 equiv of
Lys into a solution of [1]°" in D,0. As observed with Arg, the
p-cymene ring protons exhibit four doublets between & 5.64
and 5.91 upon coordination of Lys to (p-cymene)Ru units. As
expected, the resonances of free Lys at § 3.65 (Ha); 1.39, 1.46
(Hp); 1.68 (Hy); 1.83 (H6); and 2.98 (He) are also visible in
the spectra (Figure S16 and S17). A small signal appears at
0 349 nearby the Ha of Lys suggesting formation of an adduct
by the addition of Lys to [1]®. In addition, the 2D 'H—"3C
HSQC NMR spectrum reveals that two adducts are actually
formed, since the Ha resonance at § 3.65 is correlated to two
distinct Ca resonances, at § 54.7 and 62.8, respectively (Figure
S17 in the SI). As observed with Arg, the aCH and fCH,
resonances of free Lys in the mixture (§ 3.65 and 1.39, 1.46,
respectively) are shifted compared to free Lys (5 3.42 and 1.72,
1.74, respectively).

2D spectra as well as a DOSY spectrum showed that the
reaction of [1]% with 10 equiv of Lys takes place within minutes
with quantitative released of the tpt ligands, again possibly because
of the ability of the NH group of Lys to replace the N-atoms
of tpt on the Ru atom. Also, the dhbq seems to be replaced
quantitatively by Lys, since its typical resonances could not be
identified in the 'H as well as in the 'H-"3C HSQC NMR
spectra (Figure S17 in the SI). As found before for Arg, only
the 'H and "*C chemical shifts of the ®CH and of the carbonyl
groups were significantly shifted upon coordination of Lys to
[1]¢ (Figures S17 and S18 in the SI), therefore suggesting that
Lys is bound to the Ru atom via the carboxylato and the amino
groups to form the same type of N,N,O chelates (Chart 3).

As can be seen in the DOSY spectrum (Figure 9), the [1]%*/
Lys mixture exhibits two sets of resonances, which can be
correlated to molecules of different sizes. The resonances
belonging to the smallest molecule can be attributed to free Lys
(lower red line, Figure 9), while the other set of resonances
belongs to the newly formed chelate adducts upon the addition
of Lys to [1]°" (upper red line, Figure 9). As observed for Arg,
the DOSY spectrum clearly indicates that the molecular mass of
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Chart 3. Suggested (p-Cymene)Ru-Lys Chelate Complex
Obtained upon the Addition of Lys to [1]%*

-8.0
ppm

3 2 1

(2]
o -

Figure 9. 2D 'H DOSY NMR spectrum of the mixture Lys/[1]%*
(ratio 10:1, red) recorded after 24 h, as well as superimposed 2D 'H
DOSY NMR spectra of [1]%* (black) and Lys (blue) for comparison.

the chelate adducts is significantly inferior to that of [1]%* alone
(black line, Figure 9), which confirms the quantitative release of
the tpt and the dbhq ligands upon the addition of Lys observed
in the various 1D and 2D NMR spectra.

Formation of the new adducts could also be confirmed by
ESI-MS measurements. The ESI-MS spectrum recorded on the
mixture of [1]% with Lys exhibited a peak at m/z 381.11 which
can be assigned to the newly formed adduct [(p-cymene)Ru-
Lys + H]". In addition, the peak at m/z 147.11 which belongs
to free Lys could also be found in the spectrum (Figure S19 in
the SI).

Reactions with His. Figure 10 shows the "H NMR spectra
obtained after the addition of 10 equiv of His into a solution
of [1][CF;SO;]s in D,O. As observed for Arg and Lys, the
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Figure 10. "H NMR spectra of [1]%" and 10 equiv His recorded after
24 h (A), of [1]°* (B), and of free His (C). The resonances of free His
are indicated by small black solid squares, and the resonances of
coordinated His by *.

p-cymene ring protons gave four doublets upon coordination of
His to the Ru atom, thus once again suggesting breakage of the
hexacationic metallaprism. The addition of His also results in the
appearance of new resonances at 0 3.77, 2.94, and 3.01 near the
resonances of free His, as well as new resonances at § 7.19 and
8.50. The resonances of free His at 6 3.97 (Ha); 3.20, 3.27 (Hp);
8.16 (H2inidmore); and 7.19 (H4iquoe) are also visible in the
spectrum after reaching equilibrium, and the ratio between the new
His resonances and the resonances of free His is approximately
6:4, suggesting that each (p-cymene)Ru unit reacts with one His.

Analysis of the various 2D spectra reveals that the resonances
between & 8.50 and 6.96 arose from coordinated His to [1]%*
and free His, whereas the resonances of tpt and of dhbq are
again not visible in the spectra (Figure S20 in the SI). These
findings also suggest, as found for Arg and Lys, that the reaction
of [1]® with 10 equiv of His takes place with quantitative
release of the tpt ligand, possibly due to the ability of N(3) to
replace the N-atoms of tpt on the Ru atom (Chart 4). The 2D

Chart 4. Suggested (p-Cymene)Ru-His Chelate Complex
Obtained upon the Addition of His to [1]%*¢

N,
3N/4 \NHZO
4 \ 5 Q
1N
H

“The numbering of the imidazole group used in the text is indicated.

'"H-"C HMBC NMR spectrum (Figure S21 in the SI) con-
firms formation of a chelate adduct, since the carbonyl resonance
is downfield shifted by more than 10 ppm as compared to the
carbonyl resonance of free His. In support of these findings, the
DOSY NMR spectrum of the mixture [1]%/His exhibits two
different sets of diffusion coefficients, which, according to the
other NMR spectra, belong to free His and to the newly formed
chelate complex (Figure S22 in the SI). Interestingly, in
contrast to Arg and Lys, which formed two chelate adducts with
[1]%, only one new resonance for the «CH group is observed
in the NMR spectra, suggesting either formation of one single
adduct, or that the 'H and "*C resonances of the aCH group
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resonate exactly at the same frequency in the two adducts. It
seems however more likely that the imidazole group of His,
being much less flexible than the alkyl chains of Arg and Lys,
prevents formation of two adducts.

These findings are supported by the ESI-mass spectrum
obtained after mixing [1][CF;SO;]¢ and His (ratio 1:10) in
which the peak at m/z 390.1 was assigned to [(p-cymene)Ru-
(His) — H] . The peak at m/z 156.1 is assigned to free His. The
presence of free tpt m/z 313.1 could also be evidenced (Figure
$23 in the SI).

B COMPETITION EXPERIMENTS

In order to test the relative affinity of [1]%* for the thiol group
of Cys compared to other potential coordinating ligands pre-
sent in the amino acid side-chains, competition experiments
were carried out between the amino acids Arg, Lys, His, and
Cys. NMR titration experiments are performed in which 6 equiv
of each amino acid is added to a solution of [1][CF;SO;]4 in
D,0. After reaching the equilibrium, the NMR spectra show
again evidence that Cys was partially oxidized to cystine. The
resonances of both the tpt or dhbq moieties are absent from the
1D and 2D spectra, which suggest a coordination of at least one
amino acid to [1]%*. Analysis of the 'H and HSQC NMR
spectra (Figures 11 and S24 in the SI) showed the presence of

ppm
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Figure 11. Aliphatic part of the "H—"*C HSQC NMR spectrum of the
mixture [1]%/Arg, Cys, His, and Lys in D,O (ratio 1:6:6:6:6)
recorded after 24 h (black contours). The aliphatic parts of the
'H-3C HSQC NMR spectra of Arg, red contours; Cys, blue
contours; His, green contours; and Lys, magenta contours, were added
for comparison. The resonances of cystine are indicated by plain blue
arrows, and the low-field shifts of the «CH and SCH of Arg and Lys
by dashed black arrows.

free Arg, Cys, His, and Lys, as well as of cystine and coordinated
His (Figure S25 in the SI). In this competition experiment, the
same shift of the «CH and fCH resonances of free Arg and Lys
in the mixture compared to the free components is also observed.

These findings are further confirmed by the 'H DOSY NMR
spectrum (Figure S26 in the SI), which exhibits four distinct
diffusion coefficients, corresponding to free His, free Arg, Cys,
and Lys, the adduct (p-cymene)Ru-His, and [1]%* upon the
addition of Cys, respectively. The NMR results could be con-
firmed by ESI-MS experiments. The ESI-mass spectrum of the
mixture [1]6+/Arg, Cys, His and Lys (ratio 1:6:6:6:6) in H,O,
recorded after 24 h (Figure S27 in the SI) exhibits peaks at
m/z = 175.1, m/z = 156.1, m/z = 147.11, and m/z = 390.1,

dx.doi.org/10.1021/ic2021935 | Inorg. Chem. 2012, 51, 1057—1067
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consistent with Arg, His, Lys, and to the adduct complex
[(p-cymene)Ru-His + H]", respectively.

Interestingly, oxidation of Cys to cystine still occurs in the
presence of the three other amino acids, suggesting that only
the (p-cymene)Ru or (p-cymene)Ru-His moiety is required
for catalyzing this reaction. To test this hypothesis, a further
competition experiment was carried out: by adding 10 equiv of
His to a solution of [1][CF;SO;]4 in D,0O, and after reaching
the equilibrium, 6 equiv of Cys was added directly to the mixture
containing the (p-cymene)Ru-His complex. Then addition of 6
equiv of Cys results in the appearance of the resonances at §
4.17, 346, and 3.27 corresponding to cystine, while the original
resonances of Cys (6 Ha 4.01; § Hf 3.08, 3.14) are now absent
in the spectra (Figure 12).

ppm
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Figure 12. 'H-"*C HSQC NMR spectrum of the mixture [1]%/His
(ratio 1:10) with a subsequent addition of 6 equiv Cys recorded after
24 h in D,O.

These results demonstrate that the adduct complex
(p-cymene)Ru-His is able to catalyze oxidation of Cys to cystine.
The conversion seems to be even more effective using the
(p-cymene)Ru-His complex compared to [1]%, and is as good
as with the areneruthenium complex [(p-cymene),Ru,(SCsH,-
p-CH;);]*, which can convert Cys to cystine with turnover

frequencies after 50% conversion of about 8 hLH

B CONCLUSIONS

The focus of this research was to establish the relative affinity of
[1]%* for biological ligands in physiological conditions, and
therefore to predict the complexes or adducts that would most
likely form in biological media, including blood plasma. No
evidence for coordination to [1]%* of the carboxylato or amino
groups in most of the amino acids was detected using '"H NMR
spectroscopy. In contrast, the imidazole group of His, the basic
amino groups of Lys and Arg, were shown to break the hexa-
nuclear metallaprism [1]%, and to coordinate to the (p-cymene)
Ru unit, thus generating various stable adducts. Interestingly, these
results suggest that Arg, His, and Lys act as chelating ligands for
the Ru atom. Most probably, His coordinates first to Ru via
N(3) of the imidazole ring, whereas Arg and Lys coordinate
first to Ru via the basic NH groups of the side chain. This first
coordination induces the quantitative release of the tpt moiety,
which activates the two Ru—O bonds between the Ru atom and
dhbq. The carboxylato and the amino groups can thus act as
second and third ligands, thus forming a stable N,N,O chelate
adduct with the remaining (p-cymene)Ru moiety. On the other
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hand, our results show that [1]%* remains inert in the presence
of glucose, and strongly support the fact that it can act as a
precatalyst for oxidation of ascorbic acid to dehydroascorbic
acid, of Cys to cystine and of GSH to GSSG, which might
explain its good cytotoxicity (ICso = 23 uM) against A2780
cancer cell lines.

The coordination chemistry of [1]%* contrasts with the coor-
dination chemistry of some other Ru-complexes, which showed
strong interaction with Met,***” and weak, labile coordination
to carboxylate groups in amino acids.*® The results reported in
this study strongly suggest that [1]%* will preferentially react to
amino groups, while simultaneously oxidizing ascorbic acid,
Cys, and GSH to dehydroascorbic acid, cystine, and GSSG. Thus,
serum proteins like serum albumin and transferrin are attractive
targets for 1] and more generally for areneruthenium metalla-
assemblies. The coordination mode of [1]%" is distinct from the
coordination chemistry of other cytotoxic Ru-complexes, and
the results are consistent with other studies that do not neces-
sarily implicate Ru-DNA adducts in the mechanism of action.
Further studies to determine the coordination of nucleotides
and DNA to areneruthenium metalla-assemblies will be useful
in further establishing their mechanism of action. Furthermore,
our results show that the complex (p-cymene)Ru-His formed
upon the addition of His to [1][CF;SO;]4 can very efficiently
oxidize Cys to cystine. Further studies to determine the ability
of (p-cymene)Ru-(amino acid) complexes to oxidize GSH to
GSSG will also be useful in understanding the mechanism of
action of this class of compounds.
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