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A new NHC iridium() complex (1) showing significant antiproliferative
properties in vitro is described here. Its crystal structure, solution beha-
viour and interactions with the model proteins cytochrome c (cyt c)
and lysozyme were investigated. High resolution ESI-MS measurements
suggest that this iridium() complex acts as a prodrug and binds cyt ¢
tightly through an unusual “oxidative” mechanism. Eventually, an
iridium(n)—NHC fragment is found associated to the protein.

N-heterocyclic carbene (NHC) metal complexes have received
increasing attention within the ‘“Metals in Medicine” scientific
community for their attractive biomedical properties. For instance,
several metal-carbene complexes exhibiting promising antiprolifera-
tive effects were prepared and characterised in recent years."”
Especially, numerous gold(1))-NHC complexes were investigated
and shown to be active against various cancer cell lines.*"* The
mode of action of this class of metal complexes is still debated
although there is quite a large consensus that mitochondrial
damage is a common and crucial feature of their biological
activity, in particular in the case of Au-NHC derivatives.

An interesting, yet rather poorly investigated element for
preparing new medicinally relevant metallocarbene complexes
is iridium. Iridium recently received increased attention in
its oxidation state +III as numerous iridium(ur) complexes not
only showed strong luminescence, but also manifested encour-
aging antiproliferative properties both in vitro and in vivo.">™ In
contrast, far less attention has been paid to iridium(1) complexes for
medicinal uses, possibly due to the assumed lower stability of this
oxidation state. An appreciable number of iridium()-NHC com-
plexes is however studied for applications in homogeneous catalysis.
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These iridium(1) complexes are characterized by a kinetically inert
bonding of the NHC ligand and by favourable redox properties, with
iridium switching between the oxidation states +I and +III in the
elementary steps of these catalytic reactions. Although such proper-
ties have encouraged consideration of Ir(1) derivatives in other
applications, only very few iridium(i) compounds were considered
to the present date for medicinal uses, for example for antibacterial,
antiparasitic and anticancer properties.'®'® The accumulation of
Ir(1)-NHC complexes with charged side chains in cancer cells has
been reported,'® but further biological investigations on iridium()
compounds remain extremely rare. To the best of our knowledge, no
studies concerning the interactions of iridium(i) compounds with
proteins have ever been reported. We hypothesized that a change in
its redox state might be relevant for the antiproliferative activity of
Ir(1) complexes; accordingly, relying on the demonstrated stability of
the Ir-NHC fragment, we choose to investigate such complexes for
their antiproliferative activity and for their protein interactions.
Here, we describe the synthesis and characterisation of a new
NHC-Ir()) complex, namely [1-methyl-3-(pentamethylbenzyl)-
imidazol-2-ylidene] iridium(i) cyclooctadiene chloride 1, which
has been studied as a prototype for iridium(i)-based metallodrugs.
Compound 1 was chosen because it provides good stability and
sufficient lipophilicity. The synthesis of this NHC iridium(r) complex
was accomplished in three steps. First, the imidazolium salt precursor
was synthesised by reacting 1-(chloromethyl)-2,3,4,5,6-pentamethyl-
benzene with 1-methylimidazole. This imidazolium salt was then
treated with Ag,O to generate the respective silver(r) carbene in situ.
Afterwards, addition of [Ir(COD)CI], led to the corresponding

iridium(i) carbene 1 (Scheme 1).
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Scheme 1 Synthesis of the Ir=NHC complex 1.
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Fig. 1 Molecular structure of 1. The heavy atoms are displayed at 50%
probability, hydrogen atoms were omitted for clarity. Selected bond lengths
(A) and angles (deg): Ir—C4, 2.035(7); Ir—=Cl, 2.370(2); Ir-C17, 2.107(7);
Ir-C18, 2.114(6); Ir-C21, 2.185(7); Ir-C22, 2.191(7); N1-C4, 1.379(8);
N2-C4, 1.362(8); C4-Ir—Cl, 88.7(2); C4-Ir—C17, 94.5(3); C4-Ir-C18, 89.7(3);
C4-Ir-C21, 159.0(2); C4-Ir-C22, 163.6(3); N1-C4-N2, 102.7(5).

Complex 1 was characterised by NMR, ESI-MS and elemental
analysis, confirming the identity and purity of the compound.
Single crystals suitable for X-ray diffraction were obtained by
slow evaporation of a dichloromethane solutioni (see Fig. 1).

This compound crystallises in the triclinic space group P1 and
shows the expected square-planar coordination of the iridium
centre. The bond distances for Ir-C4 and Ir-Cl (2.035(7) and
2.370(2) A, respectively) compare well with those observed in
other [Irf(COD)CI(NHC)] complexes.'*>°

To assess the stability of this low-valent Ir complex, a solution of
1 in a mixed DMSO-ammonium acetate buffer (pH 6.8, with 50%
DMSO due to poor water solubility) with a final concentration of
200 pM was analysed by time-dependent UV/Vis absorption spectro-
scopy. The changes in the spectral profile of 1 were monitored over
48 h at room temperature. Notably, the UV/Vis spectrum of 1 shows
five intense absorption bands at 379, 409, 421, 469 and 485 nm
characteristic of the iridium() center (see Fig. S2 in the ESI}).
The complex possesses a good stability in neat DMSO at 48 h but
lower stability in the mixed solvent. The observed spectral changes
consisting of the progressive decrease in intensity of the five bands
up to their disappearance may be interpreted in terms of slow
oxidation of Ir(r) to Ir(m), possibly caused by dioxygen. To confirm
this hypothesis, the experiment was repeated upon addition of
10 eq. of hydrogen peroxide (see Fig. S4, ESIT); under these latter
conditions, a very fast decrease in intensity of all bands was again
observed, confirming the redox nature of the observed spectral
changes. Likewise, if the time-dependent UV/Vis experiment is
performed in a glove box with rigorous exclusion of dioxygen (and
other oxidants), the Ir(1) complex remains unchanged over 18 h. If
the cuvette is subsequently opened up to air outside the glove box,
decomposition occurs within a few hours (Fig. S5, ESIT).

The antiproliferative activity of 1 towards the cancer cell lines MCF-7
(human breast adenocarcinoma) HT-29 (colon adenocarcinoma)
and HEK-293T cells (human embryonic kidney) was determined
by the MTT assay. The iridium complex 1 exhibits a moderate yet
appreciable cytotoxicity against all three tested cell lines with similar
ICs values ranging from 14.6 uM to 19.3 uM (Table 1).

To gain a more detailed insight into the antiproliferative effects
of complex 1, the growth of HEK-293T cells under treatment with
1 was analysed. For this purpose, we used the xCELLigence RTCA
(Real Time Cell Analyser) system, which monitors the cellular
impedance of adherent HEK-293T cells before (24 h) and during
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Table 1 ICsq values in uM of 1 for the antiproliferative effects in MCF-7,

HT-29 and HEK-293T cells.? The incubation time was 48 h, mean value =+ s.d.
are from three independent experiments

Cell line MCF-7 HT-29 HEK-293T

1 14.6 £ 2.5 19.3 + 3.8 16.1 £ 6.4

¢ Examples of dose-response curves are provided in the ESIL

treatment with 1 (additional 72 h). The measured impedance of the
cell is proportional to the total area of tissue-culture, displayed as a
dimensionless parameter termed cell index. Control cells with 0.5%
DMSO were monitored in parallel. Fig. 2 shows the time-dependent
cell growth of the HEK-293T cells under this treatment regime.

Depending on the applied concentration of complex 1, different
cell growth profiles were observed. Whereas the treatment with
10 uM has just a minor influence on the cell growth, treatment with
a concentration of 20 uM leads to significant growth inhibition,
which is in accordance with the ICs, values. Full inhibition of cell
growth is reached by a 30 pM treatment.

As shown above, the iridium(i) complex causes acceptable
in vitro cell growth inhibition effects on three representative
cell lines. To elucidate molecular mechanism of action of new
anti-cancer metallodrugs, the identification of their possible
biological targets is an issue of crucial importance. Indeed,
interactions with proteins seem to play a key role in the mode
of action of many anti-cancer metallodrugs.>"

With this in mind, we investigated the reactions of our new NHC
iridium() complex 1 with two model proteins, namely horse heart
cytochrome ¢ and hen egg white lysozyme. High-resolution electro-
spray ionisation mass spectrometry (HR-ESI-MS) is a powerful
analytical tool which enables the identification and characterisation
of the resulting metallodrug-protein adducts. Solutions of 1 were
incubated with the protein at 37 °C. At selected time points (24 h,
48 h, 72 h), aliquots were taken and analyzed on a high-resolution
mass spectrometer after electrospray ionization. Notably, several
adducts are formed in the reaction of 1 with cytochrome ¢, whereas
the intensity of peaks from adducts formed between lysozyme and 1
is too low to be characterised. The resulting ESI-MS spectrum of
cytochrome c after treatment with 1 is shown in Fig. 3.
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Fig. 2 Time dependent cell growth of HEK-293T cells after treatment
with 1 with 0.5% DMSO only (black line), and 10 uM (green line), 20 uM
(blue line) and 30 uM (red line) 1, respectively.
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Fig. 3 HR-ESI-MS of cytochrome c treated with 100 uM of 1 (complex/
protein = 10:1) in 20 pM ammonium acetate buffer, pH 6.8 recorded after
24 h (A), 48 h (B), and 72 h (C) of incubation at RT.

Within the large number of adducts formed in the reaction
of 1 with cyt ¢, the most abundant peak at 12789.4 Da can be
straightforwardly assigned to cyt ¢ bound to an iridium-NHC
fragment while chloride and cyclooctadiene ligands are fully
detached. The adduct assignment was further supported by direct
comparison of the observed and calculated isotope patterns, which
matched quite well. In addition, based on the calculated net charge,
we can deduce that protein-bound iridium has undergone oxidation
from Ir(1) to Ir(m). These observations imply that the loss of the more
labile ligands together with oxidation of the iridium center clear
the way for strong binding of kinetically inert Ir(m) to cytochrome c.
This kind of protein binding is reminiscent of the mode of binding
of the aquopentammineruthenium(i) complex to ferrocytochrome c
described by Gray and coworkers some time ago.”" In the latter
case too, a kinetically more labile ruthenium(u) species first
binds the protein upon replacement of the weak aqua ligand
with imidazole, then ruthenium(u) undergoes oxidation to the
more inert ruthenium(m) and as such remains firmly bound to
the protein. Accordingly, the cytotoxic properties of the tested
iridium(1)-NHC species might well result from protein coordina-
tion of an iridium() fragment and subsequent oxidation to
kinetically inert iridium(in)-protein adducts, with associated loss
of protein function.

In conclusion we have prepared and fully characterised here
a new iridium(1)-NHC complex and determined its single crystal
X-ray structure. The complex shows significant antiproliferative
effects in the low pM range against three different cancer cell lines.
In time-dependent cell growth experiments, full inhibition of
HEK-293T cell growth was achieved at a concentration of 30 uM.
Notably, this is the first work reporting the reactivity of a cytotoxic
iridium(1)-NHC (1) complex with proteins. The main adduct, formed
in the reaction between cytochrome ¢ and 1, results from protein
binding of a stable iridium-carbene fragment with concurring loss
of chlorido and cyclooctadiene ligands as well as simultaneous
oxidation of Ir(i) to Ir(m). Overall, these observations feature a
peculiar mechanism of iridium binding to this model protein
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accompanied by oxidation to inert iridium(u) (“oxidative protein
binding”). Although such a protein binding mechanism has been
reported before by Gray and coworkers,* it has so far never been
associated with anti-proliferative activity of metal complexes. Such
a mechanism might be further exploited for selective modification
of proteins and for tight anchoring of metal-attached carbene
groups. Thus, it is reasonable to assume that this class of
iridium(r) complexes has the potential of metalating and altering
a variety of biologically relevant cellular proteins, ultimately leading
to irreversible cell damage and death.
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