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Abstract: This study describes new platinum(Il) cationic five-coordinate complexes (1-R,R’) of the
formula [PtR(NHC)(dmphen)(ethene)]CFsSOs (dmphen = 2,9-dimethyl-1,10-phenanthroline), con-
taining in their axial positions an alkyl group R (methyl or octyl) and an imidazole-based NHC-
carbene ligand with a substituent R’ of variable length (methyl or octyl) on one nitrogen atom. The
Pt-carbene bond is stable both in DMSO and in aqueous solvents. In DMSO, a gradual substitution
of dmphen and ethene is observed, with the formation of a square planar solvated species. Oc-
tanol/water partitioning studies have revealed the order of hydrophobicity of the complexes (1-
Oct,Me > 1-Oct,Oct > 1-Me,Oct > 1-Me,Me). Their biological activity was investigated against two
pairs of cancer and non-cancer cell lines. The tested drugs were internalized in cancer cells and able
to activate the apoptotic pathway. The reactivity of 1-Me,Me with DNA and protein model systems
was also studied using UV-vis absorption spectroscopy, fluorescence, and X-ray crystallography.
The compound binds DNA and interacts in various ways with the model protein lysozyme. Re-
markably, structural data revealed that the complex can bind lysozyme via non-covalent interac-
tions, retaining its five-coordinate geometry.

Keywords: platinum(Il); five-coordinate complexes; glycoconjugation; cytotoxic activity; DNA
binding; protein X-ray structure; lipophilicity

1. Introduction

Cisplatin [1] and its derivatives are successfully used in the clinical treatment of can-
cer diseases. However, their administration is often accompanied by side effects that se-
riously affect the quality of life of patients [2]. Current strategies to enhance their perfor-
mance involve the accurate tailoring of the coordination environment of the compounds,
to make their action selective towards target cells, improve their stability, facilitate
transport in physiological fluids, increase internalization in cells, and favour accumula-
tion in selected biological compartments. This variety of options has produced a plethora
of platinum(Il) and platinum(IV) complexes, respectively, square planar and octahedral,
endowed with biologically active fragments [3,4], modular and stable ligands [5-10], or
functions that can be interfaced with supramolecular structures [11].

Recently, our research group has contributed to this emerging area by proposing new
five-coordinate platinum(Il) glycoconjugate complexes [12-15] (1) with the following
structural motifs (Figure 1):
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Figure 1. General structure of type 1 complexes.

We designed our structures aiming at conferring specific qualities to these agents,
taking full advantage of the high versatility of the trigonal bipyramidal (tbp) scaffold. This
coordinated saturation enhances their stability in biological milieux and hence, their
chance at reaching the cellular target intact. This property is guaranteed by the simulta-
neous presence of the sterically hindered 2,9-dimethyl-1,10-phenanthroline (dmphen) and
the m-acid ligand ethene, which balance the delicate electronic equilibrium within the
equatorial plane of the trigonal bipyramid [16]. One axial position is occupied by a target-
ing ligand containing a sugar fragment. Glycoconjugation aims to selectively deliver the
agent to cancer cells [17], exploiting the overexpression of glycosyl receptors, to satisfy
their increased uptake of carbohydrates (“Warburg effect”), which is necessary to sustain
cell growth and proliferation. Remarkable results were obtained with a tbp Pt(II) complex
containing a glucoconjugate N-heterocyclic carbene ligand, which was demonstrated to
be highly active and by far more selective for cancer cells, compared to cisplatin [14]. Car-
bene ligands are highly versatile synthetic platforms that can be variously decorated and
confer good resistance to their complexes under hydrolytic conditions such as those of
biological fluids [6].

The other apical position of the tbp, which in our previous structures hosted a halide
(X) or a methyl (Me), can be further exploited to provide additional features to the com-
plexes. This consideration inspired the possibility of adding further diversity, taking a cue
from recent studies on the fine engineering of platinum agents. It has been demonstrated
that the introduction of hydrophobic groups in the coordination sphere of metal com-
plexes can have a positive impact on their cytotoxicity, cellular uptake, and selective
transport in cellular targets [11,18-26]. This work aimed to verify the effect of fatty alkyl
chains in the following family of type 1 complexes (Figure 2).
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Figure 2. Structure of the complexes prepared within this study.

Hydrophobic n-octyl groups were added both in the apical position and in the car-
bene ligand, along with a simple methyl group. Thus, a set of four complexes spanning
from the less aliphatic 1-Me,Me to the more aliphatic 1-Oct,Oct were synthesised and
fully characterized. The ability of 1-Me,Me to interact with model DNA and protein sys-
tems was demonstrated, and studies of cytotoxicity have disclosed that increasing the
length of the chain enhances its antiproliferative activity.

2. Results and Discussion
2.1. Synthesis and Characterization

The synthesis of the target platinum(II) complexes involved the initial preparation of
pro-carbene imidazolinium salts Im-R (Scheme 1).

Né\N/ R'\+N//\N/

N R I N
/ '\ (R=methyl I N
N”  or n-octyl) N~

acetonitrile, A
—_—

0" foAc 0" /onc
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Im Im-Me: R'= methyl
Im-Oct: R'= n-octyl

Scheme 1. Synthesis of the pro-carbene species Im-Me and Im-Oct.

The imidazole precursor Im [12] was treated with an excess of the appropriate alkyl
iodide to yield the pro-carbene precursor Im-Me or Im-Oct (Scheme 1). The alkylation
was carried out in refluxing acetonitrile and the cationic products were isolated in a nearly
quantitative yield by the removal of the solvent. A high-frequency shift of the NMR sig-
nals (Figures S1 and S2) of the three heterocyclic protons is indicative of the presence of a
positive charge. For instance, Figure 3 compares the NMR spectra of Im and Im-Oct in
deuterochloroform.
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Figure 3. The '"H NMR spectra of Im (trace 1) and Im-Oct (trace 2) in CDCls.

The platinum precursors used to synthesise the glucoconjugated complexes were ob-
tained through the oxidative addition (path i of Scheme 2) of methyl iodide or n-octyl
iodide to the Pt(0) precursor [Pt(dmphen)(ethene)], affording the five-coordinate species
2-Me and 2-Oct in excellent yields as light yellow powders. Treatment with silver triflate
in acetone promoted the formation of the solvato species 3-Me and 3-Oct. They were im-
mediately reacted with the appropriate silver carbene complex Ag-R’ (iii), obtained by
treating the imidazolinium salts Im-R” with silver oxide (iv). Transfer of the carbene lig-
and, assisted by the precipitation of Ag-1, completed the synthesis of the type 1-R,R’ com-
plexes.
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Scheme 2. Synthesis of the silver precursors (Ag-R’) and platinum 1-R,R” complexes.

The products (complete names in Table S1) were characterized by 'H and *C NMR
spectroscopy (Figures S3-512), which allowed for the unequivocal assessment of their
structure, thanks to the following relevant observations. The two halves of dmphen are
not equivalent due to the presence of the chiral sugar ligand. The four ethene protons
resonate as an AA’BB’ multiplet or accidentally as a singlet flanked by the expected satel-
lites due to coupling with %Pt nuclei. The chemical shift was at a low frequency (2-2.5
ppm) due to the intense m-backdonation in the Pt-alkene bond. In accordance with this,
olefin carbon signals were also detected at ca. 30 ppm. The signal of the methyl on plati-
num was at alow frequency in both the proton and carbon spectra, while the n-octyl chain
gave rise to a crowded set of signals in the aliphatic region. Sugar protons showed the
expected pattern of signals with H,H-couplings in accordance with their relative position
in the glucose ring. Finally, as expected, the C(carbene)-Pt signal was found at a high
frequency (173.8-172 ppm). Figure 4 displays the proton NMR spectrum of 1-Me,Oct, in
which some of the above evidence has been highlighted.
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Figure 4. The '"H NMR spectrum of 1-Me,Oct in CDCls.

2.2. In-Solution Stability of 1-R,R’ Complexes

The stability of the complexes in DMSO-ds, the solvent used to prepare stock solu-
tions for biological experiments, was evaluated by recording their UV—vis absorptions and
TH-NMR spectra over time.

UV-vis absorption spectra of 1-Me,Me were recorded in DMSO for 5 h and then after
24 h and 7 days (Figure 5). The Pt complex showed a maximum of absorbance at 278 nm
and two shoulders at 260 and 300 nm. The kinetic measurements highlight the poor sta-
bility of 1-Me,Me in DMSO since, after just a few minutes, a variation in the spectral pro-
file occurred. In fact, the Amax experienced a blue shift from 278 to 269 nm, giving rise to
an isosbestic point at 275 nm. In addition, a decrease in the absorbance of the shoulder at
300 nm is observed, together with an absorbance increase in the shoulder at 260 nm. These
findings suggest that an exchange of metal ligands with DMSO occurs. The exchange con-
tinued over time and the spectra significantly changed from 0 to 7 days. It is highly prob-
able that a slow release of ethene and dmphen can occur. This would lead to the formation
of the square planar species of type 4-R,R’, as reported in Scheme 3.
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Figure 5. Time-course UV—vis spectra of 50 uM of 1-Me,Me in DMSO.
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Scheme 3. Reactivity of 1-R,R’ complexes in DMSO-ds.

The NMR data confirm (Figures S13-516) this hypothesis and demonstrate that the
progress of the process is influenced by the steric hindrance of the alkyl substituent on Pt:
after 24 h, the molar ratios of 1-R,R’/4-R,R” are, respectively, 1.8/1 for 1-Me,Me and 1-
Me,Oct and 4.5/1 for 1-Oct,Me and 1-Oct,Oct. This finding indicates that the presence of
the octyl chain on the platinum centre represents the major obstacle to exchange. In all
cases, no cleavage of the Pt—carbene bond was detected. Figure 6 reports the 'H NMR
spectra of 1-Me,Oct after dissolution, 1.5, 5, and 24 h.

Lol

T Ty Ty

Ll

_ L -
S | 5% 0 AT APV
L L

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
ppm

Figure 6. The 'H NMR spectrum of 1-Me,Oct in DMSO-ds after dissolution (bottom), 1.5, 5, and 24
h (up).

T
0.0

Attempts to evaluate their stability in aqueous solutions were complicated due the
poor solubility of the complexes in water. Only for 1-Me,Me was it possible to prepare a
solution in the mixed solvent D20:DMSO-ds 10:1. After 24 h, no appreciable changes in
the NMR spectra of the complex were observed (Figure S17). To further study the stability
of 1-Me,Me in aqueous solvents, UV—vis absorption spectra over time were collected un-
der the two experimental conditions (20% ethylene glycol, 0.1 M sodium acetate buffer at
pH 4.0 and 0.6 M sodium nitrate and 2.0 M sodium formate, 0.1 M Hepes buffer at pH
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7.5), used to obtain crystals of the adducts with the model protein hen egg white lysozyme
(HEWL). HEWL has been used as a model system to study the interaction with proteins
of several metallodrugs [27-30], including cisplatin [31-33], oxaliplatin [34,35], and car-
boplatin [31,32]. The 1-Me,Me complex appeared more stable in these solutions than in
DMSO (Figure S18, A and B). Under the first condition, 1-Me,Me showed three signals: a
maximum at 275 nm and two minor peaks at 255 and 313 nm (Figure S18A). Over time, a
red shift of the Amax from 275 to 278 nm and of the peak at 313 nm, which shifted up to 317
nm, was observed. Under the other condition, spectra of 1-Me,Me showed a Amax at 277
nm and a minor peak at 300 nm (Figure S18B). Under this condition, the compound was
stable over time and only a slight precipitation of the sample took place. Such results con-
vinced us that five-coordinate compounds are the species administered to cells if DMSO
stock solutions are immediately diluted in an aqueous medium.

2.3. Partition Coefficients of 1-R,R” Complexes

The partition coefficients in octanol/water (log Pow) were measured using the shake-
flask method [36], by calculating the equilibrium concentrations through UV spectra (Ta-
ble 1).

Table 1. Octanol/water partition coefficients.

Complex Log Poiw
1-Me,Me 042
1-Me,Oct 0.74
1-Oct,Me 1.14
1-Oct,Oct 0.80

Complexes with the methyl group on the platinum centre are more hydrophilic than
the ones with n-octyl. Among this first type of complexes, an increase in the length of its
R group is connected to an increase in its hydrophobicity. Conversely, for complexes with
n-octyl on platinum, there is an inversion of this trend. Therefore, the order of hydropho-
bicity of the complexes is the following: 1-Oct,Me >1-Oct,Oct > 1-Me,Oct > 1-Me,Me. This
tendency, although counterintuitive because it does not reflect the content of the carbon
atoms in the complexes, has already been observed in other studies on platinum agents
and has been attributed to the extent of ligand surface exposition [37,38].

2.4. Interaction with DNA

The interaction of Pt-based drugs with biological macromolecules deeply affects their
biological activity. DNA represents a target for this kind of metallodrug, while proteins
are considered both as carriers and targets. To obtain information on the reactivity of the
synthesised Pt compounds with DNA, fluorescence intercalation displacement assays [39]
have been performed using ethidium bromide (EB) as the DNA intercalator. When bound
to DNA, EB has an emission fluorescence of significant intensity. On the other hand, when
it is displaced by a competitive DNA-binding molecule, it undergoes quenching by water
molecules. Thus, if a molecule binds DNA by displacing EB, a significant reduction in the
fluorescence intensity of the EB-DNA complex will be observed. Upon addition of 1-
Me,Me to the EB-DNA complex, a significant reduction in fluorescence intensity was
found (Figure 7). This finding demonstrates that the complex binds DNA.
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Figure 7. Fluorescence quenching of a 20 pM EB-DNA complex upon titration with a solution of 1-
Me,Me in 0.05 M of ammonium acetate at a pH of 7.5, reported as a function of the Pt compound
concentration.

2.5. Interaction with Proteins

To obtain information on the reactivity of 1-Me,Me with proteins, the X-ray structure
of the adducts that the Pt compound forms with HEWL was solved. It was preventively
verified that under these conditions, the complex does not degrade in the presence of the
protein (Figure S18C,D).

The structures were obtained using crystals grown in 20% ethylene glycol, 0.1 M so-
dium acetate buffer at pH 4.0, and 0.6 M sodium nitrate (Structure A, Figure 8A) and in
2.0 M sodium formate and 0.1 M Hepes at pH 7.5 (Structure B, Figure 8B), refined at 1.25
and 1.33 A resolutions, respectively (Table S2).

Figure 8. Overall structures of the adducts formed upon the reaction of 1-Me,Me with HEWL in
20% ethylene glycol, 0.1 M sodium acetate buffer at pH 4.0, and 0.6 M sodium nitrate (Structure A)
and in 2.0 M sodium formate and 0.1 M Hepes at pH 7.5 (Structure B).

In both cases, the Pt compound binding did not significantly affect the protein’s ter-
tiary structure. The root mean square deviation of the Ca atoms from the structure of the
metal-free HEWL (PDB code 193L) [40] were within the range of 0.16-0.23 A. However,
under the two conditions, different results were obtained.

In Structure A, two Pt binding sites were observed (Figure 9A,B), close to the His15
and Asp119 side chains. In both these binding sites, Pt seems to adopt a square planar
geometry, suggesting that the complex lost its 5C geometry. The definition of Pt ligands
at these metal binding sites is not clear. In the final Structure A, at the His15 binding site,
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a Pt atom coordinated by water molecules was modelled, while close to Asp119, it ap-
peared that a dmphen ligand could be present. Both His15 and Asp119 have already been
identified as Pt binding sites [34,35,41,42]. In Structure B, a single Pt binding site was ob-
served (Figure 9C). Notably, in this structure, a Pt-containing fragment non-covalently
bound to the protein was found. This Pt-containing fragment retained its 5C geometry. In
fact, the electron density map allowed for modelling all the ligands of the platinum centre,
if the glucoconjugated part of the carbene ligand was excluded (Figure 9C). This finding
agrees with the results of UV—vis absorption spectroscopy suggesting that 1-Me,Me does
not show any variation in its structure in the presence of the protein, under the crystalli-
zation conditions used to obtain Structure B.

Figure 9. Pt binding sites in Structures A (A,B) and B (C). Atoms were placed where we were con-
fident of their assignment. The 2Fo-Fc maps (violet) are shown at the 1.0 o values. An anomalous
difference electron density map (yellow) is shown at the 30 contour level. The Pt atoms are shown
in grey.

2.6. Effects of Complexes on Cell Viability

To evaluate their biological activity, the effects of the four complexes on cell viability
were evaluated in eukaryotic cell models. For this purpose, experiments were performed
on two cancer cell lines, i.e.,, human epidermoid carcinoma cells (A431) and murine fibro-
blast BALB/c-3T3 transformed with the SV40 virus (SVT2), and on two non-cancer cell
lines, i.e., immortalized human keratinocytes (HaCaT) and immortalized murine fibro-
blasts (BALB/c-3T3). Cells were incubated with increasing concentrations of 1,Me-Me,
1,0ct-Me, 1,Me-Oct, and 1,0ct-Oct (from 0.1 to 50 uM). After 48 h of incubation, cytotox-
icity was determined by MTT assay [43] and cell survival was expressed as the percentage
of viable cells in the presence of each complex compared with that of the untreated cells
(Figure 519).

The ICso values (the concentration of the complex able to reduce cell viability to 50%)
and the selectivity indexes (SI) (the ratio between the ICso values of the non-cancer cell line
and cancer cells) of the compounds are reported in Table 2.

Table 2. ICs values (uM) obtained for Pt complexes on HaCaT, A431, BALB/c-3T3 and SVT2 cells
after 48 h incubation. The selectivity indexes (SI) are indicated by the ratios between the ICso values
of the immortalized cells and cancer cells.

HaCaT A431 SI BALB-¢/3T3 SVT2 SI
1-Me,Me 84+1.7 20+2 0.42 26+1 9.8+0.3 2.65
1-Me,Oct 8.0+0.1 73+04 1.1 8.3+0.4 76+1.1 1.09
1-Oct,Me 64+1.0 23+0.1 2.78 71+0.1 8.6+0.6 0.83
1-Oct,Oct 6.4+0.8 5.0+0.6 1.28 7.3+0.7 45+1.3 1.62

Overall, despite the ICso values being in the low micromolar range, only a slight se-
lectivity towards cancer cells was observed. Interestingly, in the case of the A431 cells, the
ICso values increased with hydrophilicity, with 1-Oct,Me being the most active and 1-
Me,Me being the least. Moreover, the SI decreased with hydrophilicity, suggesting that
the higher the hydrophobicity of the drug, the higher the selectivity observed. Indeed, in
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the case of the A431/HaCaT couple, it was pleasantly observed that greater activity of 1-
Oct,Me was accompanied by a higher SI (2.78). By contrast, in the case of SVT2, the highest
SI was found for the most hydrophilic compound (1-Me,Me, SI of 2.65) with respect to 1-
Oct,Me, which showed the lowest SI value.

2.7. Cytotoxicity Pathways of 1-Me,Me and 1-Oct,Me

To further investigate the molecular mechanisms of cell death induced by the two
complexes that showed the highest SI values, the effects of 1-Me,Me and 1-Oct,Me were
analysed in cancer cells. In particular, SVI2 and A431 were incubated for 48 h with 1-
Me,Me and 1-Oct,Me, using the ICso value concentrations. At the end of incubation, up-
take and cell death mechanisms were evaluated. As shown in Table 3, both complexes
were able to enter cells, but 1-Oct,Me was more internalized on A431 with respect to 1-
Me,Me on SVT2. This result is in agreement with the higher toxicity of 1-Oct,Me, as it is
better able to enter cells at a lower concentration. Finally, apoptosis was investigated by
Western blot analyses using specific antibodies against pro-caspases 9 and 3. As shown in
Figure 10, both complexes were able to induce the activation of apoptosis, as a significant
decrease in pro-caspases 9 and 3 levels was observed in both cell lines.

Table 3. The uptake of 1-Me,Me and 1-Oct,Me in cancer cells. Cells were incubated with either 1-
Me,Me or 1-Oct,Me, with each one tested at its ICso value (9.8 pM 1-Me,Me on SVT2 and 2.3 uM 1-
Oct,Me on A431). After 48 h, cells were analysed by ICP analysis, as described in the Materials and
Methods section. Data shown are the means + S.E. of three independent experiments.

Samples Pt ng/10° Cells
Untreated SVT2 <0.0001
SVT2 incubated with 1-Me,Me 0.772 £ 0.010
Untreated A431 <0.0001
A431 incubated with 1-Oct,Me 143+1.3
SVT2 A431
1-Me,Me - + 1-Oct,Me - +

pro-caspase 9 pro-caspase 9

B-actin B-actin

pro-caspase3 pro-caspase 3

k!

B-actin B-actin

I Untreated

I Untreated
3 1-Oct,Me

3 1-Me Me

U

pro-caspase 9/p-actin
(fold change)
@ 3 )
8 8
pro-caspase 9/p-actin
(fold change)
° g 8 g
| H

o

I Untreated

Il Untreated
3 1-Oct,Me

[ 1-Me Me

I
S

pro-caspase 3/p-actin
(fold change)
° g g
‘ .
pro-caspase 3/g-actin
(fold change)
s 8 8 B

Figure 10. Apoptosis analysis in cancer cell lines. Cells were incubated with the molecule being
tested, with each one at its ICso value (9.8 uM 1-Me,Me on SVT2 and 2.3 uM 1-Oct,Me on A431).
After 48 h, protein extracts were analysed by Western blot using anti-pro-caspases 9 and 3. 3-actin
was used as the loading control. The densitometric analysis is reported below the Western blot im-
ages. Black bars, untreated cells; grey bars, treated cells. Data shown are the means + S.D. of three
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independent experiments. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001 with respect
to untreated cells.

3. Materials and Methods

All solvents and reagents were purchased from Merck KGaA (Darmstadt, Germany)
and used without any further purification. NMR spectra were recorded using a 400 Bruker
Avance with Ultrashield or a 500 Varian Inova spectrometer at 298 K. Chemical shifts are
given in parts per million (ppm, 0), referenced to the solvent peaks of CDCls ({H NMR 6 =
7.26, BC NMR 6 = 77), DMSO-ds ("H NMR 6 = 2.50, 3C NMR 6 = 39.52), and D20 ("H NMR
0 =4.79 ppm). Coupling constants are quoted in Hz (J). The '"H NMR and *C NMR split-
ting patterns were designated as singlet (s), doublet (d), triplet (t), quartet (q), double dou-
blet (dd), and broad (br). Splitting patterns with a difficult interpretation or visualization
were designated as multiplet (m). The compounds Im-Me [44], [Pt(dmphen)(ethene)] [45],
and 2-Me [44] were prepared according to procedures in the literature. In describing the
NMR assignments, the scheme adopted for numbering the carbon atoms within the rings
is reported as the following (Figure 11).

Pt'L,
! /2\
4/ *2/ \5:4/
Il I \
_da_ -N /‘/1_\\
?I 100 \Pt+Ln 5. .N
6. _10a_ / N
o |
/
SR (\) L OAc
5|
AcO—g-7
64///3
AC(\) OAc

Figure 11. Numbering scheme for the carbon atoms within the rings.

For the ICP-MS analyses, high-purity water (resistivity of 18.2 M(Q2 cm) was obtained
from a Milli-Q unit (Millipore, Burlington, MA, USA) and was used for the standard so-
lution preparation and sample dilutions. Nitric acid (HNOs, 69% v/v Ultratrace® ppb-trace
analysis grade) was provided by Scharlab (Barcelona, Spain). A certified reference solu-
tion containing Pt at 100 mg/L of ultrapure grade for ICP by VWR Avantor® (Radnor
Township, PA, USA) was used.

3.1. Synthesis of Im-Oct

n-Octyl iodide (0.85 mL, 4.7 mmol) was added to a solution of Im (0.15 g, 0.31 mmol)
in 2 mL of acetonitrile. The light yellow solution was stirred under reflux for 3 h. The
solvent was removed and the orange oil was washed with n-hexane. A white powder was
obtained (yield: 97%). 'H NMR (500 MHz, 298 K, CDCls): 6 10.17 (s, 1H, H2 imidazolium),
8.71 (s, 1H, H5 triazole), 7.72 (s, 1H, H5 imidazolium), 6.02 (d, 1H, 3Ju1-12=9.3 Hz, H1 glu),
5.57 (t, 1H, 3213 = 9.4 Hz, H2 glu), 5.46 (t, 1H, 3Jus-1a = 9.5 Hz, H3 glu), 5.31 (t, 1H, 3Jnsws
=9.8 Hz, H4 glu), 4.41-4.30 (m, 3H, H6 glu, and NCH>), 4.22 (s, 3H, nMe), 4.19 (dd, 1H,
Jue-te overlapped, 3[us-16 = 1.8 Hz, H6' glu), 4.15-4.08 (m, 1H, H5 glu), 2.09 (s, 3H, OAc),
2.07 (s, 3H, OAc), 2.04 (s, 3H, OAc), 2.02-1.93 (m, 2H, CH>), 1.90 (s, 3H, OAc), 1.47-1.17
(m, 10H, CH2), and 0.95-0.77 (m, 3H, Me). *C NMR (125 MHz, 298 K, CDCls): 6 170.6 (CO),
169.9 (CO), 169.4 (CO), 169.0 (CO), 137.7 (C2 imidazole), 134.1 (C4 imidazole), 126.4 (C4
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triazole), 124.0 (C5 triazole), 120.2 (C5 imidazole), 85.8 (C1 glu), 75.3, 72.6, 70.5, and 67.6
(C2-C5 glu), 61.5 (C6 glu), 50.7 (NCHz), 36.7 (nMe), 31.7, 30.2, 29.1, 29.0, 26.3, and 22.6 (6
CHz), 20.9 (OAc), 20.6 (x2, OAc), 20.4 (OAc), and 14.1 (Me).

3.2. Synthesis of 2-Oct

n-Octyl iodide (0.5 mL, 2.7 mmol) was added to a suspension of [Pt(dmphen)(eth-
ene)] (0.43 g, 1.0 mmol) in 5 mL of dry toluene and the mixture was stirred at room tem-
perature. After 1 h, n-hexane was added to complete the precipitation of a yellow solid,
which was recovered and washed with n-hexane. The solid was dissolved in dichloro-
methane, and the solution was filtered on a thin pad of FLORISIL® (100-200 mesh) and
crystallized with n-hexane (light brown solid —yield: 65%). 'H NMR (500 MHz, 298 K,
CDCls): 0 8.31 (d, 2H, ] =8.2 Hz, H4 and H7 dmphen), 7.85 (s, 2H, H5 and H6 dmphen), 7.77
(d, 2H, | =8.2 Hz, H3 and H8 dmphen), 3.33 (s, 6H, Me dmphen), 3.31 (dd, 2H, Jr:=85.2 Hz,
H ethene—partially overlapped), 2.22 (dd, 2H, Jrt = 62.0 Hz, ethene), 1.14-0.7 (m, 12H, Ha:
phatic), 0.75 (t, 3H, | = 7.3 Hz, Me aliphatic), and 0.36-0.23 (m, 2H). *C NMR (125.7 MHz, 298
K, CDCls): 6 161.2 (x2, C2 and C9 dmphen), 145.2 (x2, C10a and C10b dmphen), 137.3 (x2,
C4 and C7 dmphen), 128.5 (x2, C4a and C6a dmphen), 126.1 (x2, C5 and C6 dmphen), 125.8
(x2, C3 and C8 dmphen), 31.7, 31.0 (x2), 30.7 and 30.3 (5 CHz), 29.2 (x2, Me dmphen), 28.9
(x2) (ethene, Jre = 382 Hz), 22.6 (CH>), 19.6 (PtCHo>, Jrt= 638 Hz), and 14.1 (Me).

3.3. Synthesis of Ag-R’ Complexes

The appropriate Im-R’ precursor (0.30 mmol) was dissolved in 6 mL of acetone. Then,
silver(I) oxide (0.046 g, 0.20 mmol) was added. The colourless mixture was stirred for 2 h
in the dark. The light yellow mixture was filtered on a Celite® to remove the excess of
silver oxide and the resulting colourless solution was used in situ as described in the fol-
lowing paragraph.

3.4. Synthesis of 1-R,R’ Complexes

The appropriate type 2-R complex (0.30 mmol) was suspended in 6 mL of acetone.
Then, thallium triflate (0.10 g, 0.30 mmol) was added and the yellow mixture was stirred
for 15 min. The suspension was centrifuged to separate the thallium chloride. The result-
ing solution, containing the type 3-R complex, was treated with the solution of Ag-R’ pre-
pared as described above. The mixture was stirred for 60 h in the dark. The resulting so-
lution was filtered on a Celite® to separate the silver iodide. The solvent was removed and
a solid was obtained. The crude residue was dissolved in dichloromethane and filtered on
a pad of basic activated aluminium oxide. The solution was treated with diethyl ether
until the precipitation of a solid and subsequently washed again with diethyl ether. The
products were obtained as yellow/light brown solids. 1-Me,Me (yellow solid —yield:
55%). 'H NMR (500 MHz, 298 K, CDCls): 6 8.49 (s, 1H, H5 triazole), 8.47 (d, 3JHa-ts5 or Hr-t6 =
8.1, 1H, H4 or H7 dmphen), 8.45 (d, 3/u7-t8 or He-15 = 8.1, 1H, H7 or H4 dmphen), 7.94-7.86
(m, 4H, H3, H5, H6, H8 dmphen), 7.08 (s, 1H, H5 imidazole), 5.85 (d, 1H, 3Juit2=9.4 Hz,
H1 glu), 5.75 (t, 1H, 3213 = 9.4 Hz, H2 glu), 5.35 (t, 1H, 3/us-1a = 9.4 Hz, H3 glu), 5.24 (¢,
1H, 3Juans = 9.8 Hz, H4 glu), 4.25 (dd, 1H, 2Jue-te = 12.6 Hz, 3Jus-ne = 4.6 Hz, H6 glu), 4.13
(dd, 1H, Yue-ne = 12.6 Hz, 3Jus-ne = 1.9 Hz, H6' glu), 4.05-4.00 (m, 1H, H5 glu), 3.56 (s, 3H,
N-Me), 3.45 (s, 6H, Me dmphen), 3.33 (s, 3H, N-Me), 2.48 (AA’BB’, 4 H, Jr: = 68.4 Hz, eth-
ene), 2.03 (s, 6H, OAc), 1.99 (s, 3H, OAc), 1.78 (s, 3H, OAc), and 0.18 (s, 3H, Jet=45.7 Hz,
PtMe). 1¥C NMR (100 MHz, 298 K, CDCls): o 172.1 (C carbene), 170.7 (CO), 170.1 (CO),
169.4 (CO), 168.8 (CO), 161.3 and 161.2 (C2 and C9 dmphen), 145.9 (x2, C10a and C10b
dmphen), 138.9 and 138.8 (C4 and C7 dmphen), 135.9 (C4 imidazole), 128.7 (x2, C4a and
C6a dmphen), 126.7 and 126.6 (C5 and C6 dmphen), 126.1 and 126.0 (C3 and C8 dmphen),
125.6 (C4 triazole), 124.5 and 122.0 (C5 triazole and C5 imidazole), 121.0 (q, CFs, Jcr =321
Hz), 85.1 (C1 glu), 74.8, 73.4, 70.0 and 67.7 (C2-C5 of glu), 61.5 (C6 of glu), 37.2 (nMe), 36.4
(nMe), 30.1 (x2, ethene, Jee=355 Hz), 28.7 (x2, Me dmphen), 20.8 (OAc), 20.7 (x2, OAc), 20.3
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(OAc), and -6.6 (PtMe, Jrt =464 Hz). Calculated for CsoHasFsN7O12PtS: C, 43.01; H, 4.26; and
N, 9.00. Found: C, 43.28; H, 4.33; and N, 8.87. 1-Me,Oct (yellow solid —yield: 63%). H
NMR (400 MHz, 298 K, CDCls): 6 8.62 (s, 1H, H5 triazole), 8.47 (d, 3Juatis or ti7-16 = 8.7, 1H,
H4 or H7 dmphen), 8.45 (d, 1H, 3Ju7-#8 or ta-t15 = 8.7, H7 or H4 dmphen), 7.96-7.82 (m, 4H,
H3, H5, H6, H8 dmphen), 7.09 (s, 1H, H5 imidazole), 5.89 (d, 1H, 3Jui-+2 = 9.4 Hz, H1 glu),
5.82 (t, 1H, 3Jm-13 = 9.2 Hz, H2 glu), 5.36 (t, 1H, 3/us-ns = 9.2 Hz, H3 glu), 5.25 (t, 1H, 3rs-15
=9.7 Hz, H4 glu), 4.26 (dd, 1H, 2Jse-ne' = 12.7 Hz, 3Jus-16 = 4.5 Hz, H6 glu), 4.14 (dd, 1H, Jne-
e = 12.7, 3Jusne = 2.3 Hz, H6' glu), 4.09-4.01 (m, 1H, H5 glu), 3.70 (br, 2H, NCHz), 3.57 (s,
3H, nMe), 3.45 (s, 6H, Me dmphen), 2.47 (AA’BB’, 4 H, Jr: = 68.4 Hz, ethene), 2.04 (s, 3H,
OAc), 2.03 (s, 3H, OAc), 1.99 (s, 3H, OAc), 1.78 (s, 3H, OAc), 1.40-1.10 (m, 12H, CH2), 0.92
(t, 3H, Me), and 0.19 (s, 3H, Jr: = 46.5 Hz, PtMe). 3C NMR (100 MHz, 298 K, CDCls): 6 172.0
(C carbene), 170.7 (CO), 170.1 (CO), 169.4 (CO), 168.7 (CO), 161.1 and 161.0 (C2 and C9
dmphen), 145.9 (x2, C10a and C10b dmphen), 138.8 and 138.7 (C4 and C7 dmphen), 135.8
(C4 imidazole), 128.7 and 128.6 (C4a and Cé6a dmphen), 126.7 and 126.5 (C5 and C6
dmphen), 126.4 and 126.2 (C3 and C8 dmphen), 126.1 (C4 triazole), 124.7 (C5 triazole),
121.0 (q, CFs, Jer = 321 Hz), 118.9 (C5 imidazole), 85.0 (C1 glu), 74.7, 73.4, 69.9 and 67.6
(C2-C5 glu), 61.5 (C6 glu), 49.5 (NCH>), 36.4 (nMe), 31.8 (CHz), 30.6 (CH2), 30.1 and 30.0
(ethene), 29.3 (CHz), 29.2 (CH>), 28.7 (x2, Me dmphen), 26.8 (CHz), 22.7 (CHz), 20.7 (OAc),
20.6 (x2, OAc), 20.3 (OAc), 14.1 (Me), and -6.6 (PtMe, Jrt = 466 Hz). Calculated for
CusHeoFsN7O12PtS: C, 46.54; H, 5.09; and N, 8.26. Found: C, 46.39; H, 5.14; and N, 8.20. 1-
Oct,Me (light brown solid —yield 62%). 'H NMR (400 MHz, 298 K, CDCls): 6 8.49 (d, 1H,
3JH4-H3 or H7-t8 = 6.9, H4 or H7 dmphen), 8.49 (s, 1H, H5 triazole), 8.47 (d, 1H, 3Jn7-Hs or Ha-H3 =
6.8, H7 or H4 dmphen), 7.96-7.86 (m, 4H, H3, H5, H6, H8 dmphen), 7.06 (s, 1H, H5 imid-
azole), 5.85 (d, 1H, 3Jm-12 = 9.3 Hz, H1 glu), 5.75 (t, 1H, 3Ju2-13 = 9.4 Hz, H2 glu), 5.35 (t, 1H,
3us-ta = 9.3 Hz, H3 glu), 5.24 (t, 1H, 3ns-us = 9.7 Hz, H4 glu), 4.25 (dd, 1H, 2Juste = 12.6 Hz,
3Jus-ne = 4.7 Hz, H6 glu), 4.13 (dd, 1H, 3Jus-ue = 1.8 Hz, H6' glu), 4.06-4.00 (m, 1H, H5 glu),
3.52 (s, 3H, N-Me), 3.46 (s, 6H, Me dmphen), 3.29 (s, 3H, N-Me), 2.37 (s, 4 H, Jr:=75.5 Hz,
ethene), 2.03 (s, 6H, OAc), 1.99 (s, 3H, OAc), 1.78 (s, 3H, OAc), 1.13 (t, 2H, 3] =7 Hz, Jrt =
62.2 Hz, Pt-CH>), 1.10-0.92 (m, 8H, CH>), 0.90-0.80 (m, 2H, CH>), 0.77 (t, 3H, Me), and 0.56
(br, 2H, CH2). 3C NMR (100 MHz, 298 K, CDCls): 6 173.8 (C carbene), 170.8 (CO), 170.1
(CO), 169.4 (CO), 168.8 (CO), 161.0 and 160.9 (C2 and C9 dmphen), 145.8 and 145.7 (C10a
and C10b dmphen), 138.8 and 138.7 (C4 and C7 dmphen), 135.9 (C5 imidazole), 128.8 (x2,
C4a and C6a dmphen), 126.8 and 126.7 (C5 and C6 dmphen), 126.1 and 125.9 (C3 and C8
dmphen), 125.7 (C4 triazole), 124.4 and 122.0 (C5 triazole and C4 imidazole), 121.0 (q, CFs,
Jer =317 Hz), 85.1 (C1 glu), 74.8, 73.3, 70.0 and 67.6 (C2-C5 glu), 61.5 (C6 glu), 37.1 (nMe),
36.4 (nMe), 33.3 (CH>), 31.8 (CH), 30.9 and 30.8 (ethene), 30.0, 29.2, 29.1 and 28.9 (x2) (3
CH2 and Me dmphen), 22.6 (CHz), 20.7 (OAc), 20.6 (x2, OAc), 20.3 (OAc), 14.1 (Me), and
13.8 (PtCHz, Jrt = 458 Hz). Calculated for CsHeoFsN7O12PtS: C, 46.54; H, 5.09; and N, 8.26.
Found: C, 46.73; H, 4.99; and N, 8.35. 1-Oct,Oct (light brown solid —yield 71%). '"H NMR
(400 MHz, 298 K, CDCls): 6 8.61 (s, 1H, H5 triazole), 8.49 (d, 1H, 3Jus-1s or 7-ns = 8.7 Hz, H4
or H7 dmphen), 8.47 (d, 3] v7-ts or -3 = 8.9 Hz 1H, H7 or H4 dmphen), 7.98-7.82 (m, 4H,
H3, H5, H6, H8 dmphen), 7.06 (s, 1H, H5 imidazole), 5.89 (d, 1H, 3Jui-t2= 9.4 Hz, H1 glu),
5.82 (t, 1H, 3Jm-13 = 9.2 Hz, H2 glu), 5.35 (t, 1H, 3Jus-1s = 9.2 Hz, H3 glu), 5.25 (t, 1H, 3/ra-15
=9.7 Hz, H4 glu), 4.26 (dd, 1H, Yue-ne = 12.7 Hz, 3Jns-1e = 4.6 Hz, H6 glu), 4.14 (dd, 1H, 3]us-
ne = 2.1 Hz, H6' glu), 4.09-3.99 (m, 1H, H5 glu), 3.65 (br, 2H, N-CHz), 3.53 (s, 3H, N-Me),
3.46 (s, 6H, Me dmphen), 2.36 (s, 4 H, Jrt = 73 Hz, ethene), 2.04 (s, 3H, OAc), 2.03 (s, 3H,
OAc), 1.99 (s, 3H, OAc), 1.78 (s, 3H, OAc), 1.40-1.20 (m, 10H, CH>), 1.13 (t, 2H, Pt-CH>),
1.10-0.90 (m, 10H, CHz), 0.91 (t, 3H, 3] =7 Hz, Me), 0.77 (t, 3H, Me), and 0.55 (br, 2H, CH>).
13C NMR (125 MHz, 298 K, CDCls): 6 173.6 (C carbene, Jri=702 Hz), 170.8 (CO), 170.1 (CO),
169.4 (CO), 168.8 (CO), 160.8 (x2, C2 and C9 dmphen), 145.8 (x2, C10a and C10b dmphen),
138.7 and 138.6 (C4 and C7 dmphen), 135.8 (C4 imidazole), 128.8 and 128.7 (C4a and C6a
dmphen), 126.8 and 126.6 (C5 and C6 dmphen), 126.6 and 126.3 (C3 and C8 dmphen),
126.1 (C4 triazole), 124.8 (C5 triazole), 118.9 (C5 imidazole), 85.0 (C1 glu), 74.7, 73.5, 69.9
and 67.7 (C2-C5 glu), 61.5 (C6 glu), 49.4 (NCH>), 36.4 (nMe), 33.3 (CH), 31.8 (x2, CH>),
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30.9 (x2, ethene), 30.6, 29.9, 29.4, 29.3, 29.2, 29.1 and 28.9 (x2) (6 CH2 and Me dmphen), 26.8
(CH>), 22.7 (x2, CH>), 20.8 (OAc), 20.7 (x2, OAc), 20.4 (OAc), 14.2 (Me), 14.1 (Me), and 13.7
(PtCHy). Calculated for CssH7aFsN7O12PtS: C, 49.53; H, 5.80; and N, 7.63. Found: C, 49.32;
H, 5.71; and N, 7.52.

3.5. In-Solution Stability of 1-R,R’ Complexes

The stability of the 1-R,R’” complexes in DMSO was studied by dissolving 5 mg of
each complex in 250 uL of DMSO-ds and then diluting 200 uL of this solution with 300 uL
of DMSO-ds. The stability of the 1-R,R” complexes in aqueous solvents was studied by
dissolving 5 mg of each complex in 250 uL of DMSO-ds and then diluting 50 uL of this
solution with 500 pL of D20. The '"H-NMR spectra of the resulting solutions were recorded
over time.

UV-vis absorption spectra of 1-Me,Me were collected at 25 °C on a JASCO V-750 UV-
vis spectrophotometer in the range of 240-500 nm, using a platinum compound concentra-
tion of 50 pM in 100% DMSO as well as under the crystallization conditions of 20% ethylene
glycol, 0.1 M sodium acetate buffer at pH 4.0, and 0.6 M sodium nitrate and 2.0 M sodium
formate and 0.1 M Hepes at pH 7.5, in the absence and in the presence of HEWL. The
HEWL:1-Me,Me molar ratio was 1:3. Each measurement was repeated three times.

3.6. Partition Coefficients

Partition coefficients for the platinum complexes were determined in triplicate in an
n-octanol/water system, with different ratios (1:1, 1:2, 2:1). Each complex was dissolved in
n-octanol at the concentrations 16.7, 12.5, or 10 uM and subsequently, an appropriate vol-
ume of water was added. The mixtures were shaken mechanically for 1 h to ensure the
distribution between the two solvent phases. The samples were then centrifuged (13,000
rpm, 10 min). Afterwards, the platinum concentration was determined in the octanol
phases by UV-vis spectrophotometry, after collecting a calibration line for each complex.
Results are expressed as the logarithm of the partition coefficient of octanol/water (log
Pow), which is the logarithm of the concentration of platinum in the n-octanol divided by
its concentration in the aqueous layer.

3.7. DNA Binding Assays

The ethidium bromide (EB) displacement assay was performed on a HORIBA Flu-
oroMax-4 spectrofluorometer equipped with a thermostat bath. Calf thymus DNA was
incubated with EB in 0.05 M of ammonium acetate at pH 7.5, at a DNA:EB molar ratio of
1:5 for 30 min in the dark at room temperature. Then, the fluorescence quenching of this
complex was evaluated by adding to it increasing amounts of Pt compounds dissolved in
DMSO (20 mM). Samples were equilibrated for 5 min before collecting each spectrum. The
other experimental settings comprised the following: a 1.0 cm quartz cell, 5.0 nm excita-
tion/emission slit, 560-750 nm range, and 50 nm minutes scanning speed. Data were ob-
tained as the average of three independent measurements.

3.8. Crystallization of the Adducts Formed by the Reaction of 1-Me,Me with HEWL

HEWL crystals were grown using the hanging drop vapour diffusion method and
the following reservoirs:

(a) 20% ethylene glycol, 0.10 M sodium acetate at pH 4.0, and 0.60 M sodium nitrate
(b) 2.0 M sodium formate and 0.1 M HEPES at pH 7.5.
The crystals of the protein adduct with 1-Me,Me were obtained by the soaking pro-

cedure. The HEWL crystals were soaked in a solution consisting of 83% reservoir, 17%
DMSO, and 3.3 mM 1-Me,Me.
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3.9. Structure Solution and Refinement of Structures A and B

The structures of the P-HEWL adducts were solved by the molecular replacement
method, using the HEWL coordinates deposited in the PDB under the accession code 193L
[40] as a model. Refinements were carried out with a CCP4 REFMACS [46], and the model
building, adjustments, and inspection of the electron density maps was manually carried
out using WinCoot [47].

The Pt binding sites were unambiguously identified by comparing 2Fo-Fc, residual
Fo-Fc, and anomalous difference electron density maps. The two structures were refined
to the R-factor/Reee values of 0.187/0.219 and 0.184/0.218, respectively. The details of the
crystallographic and refinement parameters are given in Table S2. The refined models and
structure factors were deposited in the Protein Data Bank under the accession codes 8BOY
and_8BOV. The coordinates and structure factors, including anomalous data, were pro-
vided to the reviewers and editor for the review process.

3.10. Cell Culture and Cytotoxicity

The immortalized human keratinocytes (HaCaT) were from Innoprot. Human The
A431 epidermoid carcinoma, murine BALB/c-3T3, and SVT?2 fibroblasts were from ATCC.
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St.
Louis, MO, USA), supplemented with 10% foetal bovine serum (HyClone), 2 mM L-glu-
tamine, and antibiotics, all from Sigma-Aldrich, under a 5% COz-humidified atmosphere
at 37 °C. To test the effects of the complexes on cell viability, cells were seeded at a density
of 2.5 x 10° cells per well in 96-well plates. After 24 h, cells were incubated with increasing
concentrations (from 0.1 to 50 uM) of the four complexes. After 48 h, cell viability was
assessed by the MTT assay, as previously reported in [43]. Cell viability was expressed as
the percentage of viable cells in the presence of the Pt complexes compared to the controls,
represented by untreated cells and cells supplemented with identical volumes of DMSO.
Each sample was tested in three independent analyses, each carried out in triplicate.

3.11. Uptake Experiments

To study the uptake of the complexes, SVT2 and A431 were incubated for 48 h in the
presence of 1-Me,Me and 1-Oct,Me, respectively, at their ICso concentrations. At the end
of incubation, Pt determination was performed by inductively coupled plasma mass spec-
trometry (ICP-MS, Aurora M90; Bruker, Ettlingen/Leipzig, Germany) in the “Normal Sen-
sitivity” mode. Calibration curves for the quantification of Pt ranged from 0.1 to 100 pg/L
and were constructed daily by the analysis of the standard solutions prepared immedi-
ately before analysis. All standards used for analysis were prepared in HNOs solution
(2%, v/v). The internal standards were ¥Y and 15In in both the calibration curve and sam-
ple analyses. The linearity was acceptable with an R? value greater than 0.9996. The treat-
ment of the cells involved a wet digestion: after centrifugation, cell samples were wet di-
gested with 1 mL of ultrapure HNO:s (67-69%, v/v). The mixture was gently boiled over a
water bath (90 °C) for 3 h until a clear solution was obtained. After cooling, HNO:s solution
(2%, v/v) was added up to a final volume of 10 mL. The obtained solutions were analysed
by ICP-MS. Under this condition, the quantification limit for Pt was equal to 0.001 ng
Pt/109 cells.

3.12. Western Blot Analysis

The SVT2 were seeded on six-well plates at a density of 2.5 x 105 cells/well, whereas
A431 was seeded at a density of 3 x 10° cells/well. After 24 h, cells were treated with 9.8
uM of 1-Me,Me or 2.3 uM 1-Oct,Me. After 48 h of incubation, Western blot analyses were
performed by using pro-caspase 9 (Cell Signaling Technology, Danvers, MA, USA) and
pro-caspase 3 (Abcam, Cambridge, MA, USA) antibodies, as reported by Del Giudice et
al. [48] Protein intensity levels were normalized using (3-actin (Sigma-Aldrich, St. Louis,
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MO, USA). The chemiluminescence detection system was purchased from Bio-Rad (Her-
cules, CA, USA).

3.13. Statistical Analysis

All experiments were performed in triplicate. The results are presented as the mean
of the results obtained after three independent experiments and compared by one-way
ANOVA according to Bonferroni’s method (post hoc), obtained using GraphPad Prism
for Windows, version 6.01.

4. Conclusions

This study demonstrates the versatility of platinum(Il) anticancer agents with a co-
ordination number of five. Previous studies on methyl/carbene complexes with trigonal
bipyramidal geometry [14] have demonstrated that their structural diversity is enriched
by introducing variable-length alkyl groups in strategic positions of the coordination en-
vironment. This allows for a comparison of biological activity among complexes with dif-
ferent lipophilicity, revealing different behaviours of the drug being tested, depending on
the cell system being analysed. The tested drug was internalized in cancer cells and able
to activate the apoptotic pathway. One might speculate that the activity of the complexes
may reside in the different compositions of their plasma membranes. Accordingly,
changes in the structural arrangements of membrane lipids may influence their lipid core
and consequently their overall surface properties [49,50]. The structural study also re-
vealed a variety of interactions between the metal fragment and the model protein HEWL.
In one of these, the metal complex retained its 5C geometry and established non-covalent
interactions with the protein. These data, along with the observation that the same com-
plex is stable for days in an aqueous solvent, demonstrate the great structural robustness
of this class of compounds and encourage further study towards understanding and op-
timization.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms24032369/s1.

Author Contributions: Conceptualization, D.M.M., A.M. (Antonello Merlino) and F.R.; methodol-
ogy, A.A, MM, VL, G.T. and M.T; validation, G.F., P.I, M.E.C., A M. (Alessandra Marano) and
M.T.; investigation, A.A., G.F., V.L.,, AM. (Alessandra Marano), M.M., P.I. and G.T.; data curation,
AA, MEC, GF, VL, AM. (Alessandra Marano), M.M., G.T. and M.T.; writing—original draft
preparation, A.A., P.I, D.M.M., A M. (Antonello Merlino) and F.R.; writing—review and editing,
M.M., D.M.M., A M. (Antonello Merlino) and F.R.; supervision, F.R.; funding acquisition, D.M.M.
and F.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Universita di Napoli Federico II, grant number
“000023_ALTRI_CDA_75_2021_FRA_RUFFO”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

1. Rosenberg, B.; Vancamp, L.; Trosko, J.E.; Mansour, V.H. Platinum Compounds: A New Class of Potent Antitumour Agents.
Nature 1969, 222, 385-386. https://doi.org/10.1038/222385a0.

2. Oun, R;Moussa, Y.E.; Wheate, N.J. Oun, R.; Moussa, Y.E.; Wheate, N.J. The side effects of platinum-based chemotherapy drugs:
A review for chemists. Dalton Trans. 2018, 47, 6645-6653. https://doi.org/10.1039/C8DT90088D.

3. Johnstone, T.C.; Suntharalingam, K.; Lippard, S.J. The Next Generation of Platinum Drugs: Targeted Pt(I) Agents, Nanoparticle
Delivery, and Pt(IV) Prodrugs. Chem. Rev. 2016, 116, 3436-3486. https://doi.org/10.1021/acs.chemrev.5b00597.

4. Kenny, R.G.; Marmion, C.J. Toward Multi-Targeted Platinum and Ruthenium Drugs—A New Paradigm in Cancer Drug
Treatment Regimens? Chem. Rev. 2019, 119, 1058-1137. https://doi.org/10.1021/acs.chemrev.8b00271.



Int. ]. Mol. Sci. 2023, 24, 2369 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Wai-Yin Sun, R.; Lok-Fung Chow, A.; Li, X.-H.; Yan, ].].; Sin-Yin Chui, S.; Che, C.-M. Luminescent cyclometalated platinum(ii)
complexes containing N-heterocyclic carbene ligands with potent in vitro and in vivo anti-cancer properties accumulate in
cytoplasmic structures of cancer cells. Chem. Sci. 2011, 2, 728-736. https://doi.org/10.1039/C0SC00593B.

Zhao, W.; Ferro, V.; Baker, M.V. Carbohydrate-N-heterocyclic carbene metal complexes: Synthesis, catalysis and biological
studies. Coord. Chem. Rev. 2017, 339, 1-16. https://doi.org/10.1016/j.ccr.2017.03.005.

Bouché, M.; Bonnefont, A.; Achard, T.; Bellemin-Laponnaz, S. Exploring diversity in platinum(iv) N-heterocyclic carbene
complexes: Synthesis, characterization, reactivity and biological evaluation. Dalton Trans. 2018, 47, 11491-11502.
https://doi.org/10.1039/C8DT02113A.

Zou, T,; Lok, C.-N.; Wan, P.-K,; Zhang, Z.-F.; Fung, S.-K.; Che, C.-M. Anticancer metal-N-heterocyclic carbene complexes of
gold, platinum and palladium. Curr. Opin. Chem. Biol. 2018, 43, 30-36. https://doi.org/10.1016/j.cbpa.2017.10.014.

Cucciolito, M.E.; Trinchillo, M.; Iannitti, R.; Palumbo, R.; Tesauro, D.; Tuzi, A.; Ruffo, F.; D’Amora, A. Sugar-Incorporated N-
Heterocyclic-Carbene-Containing Complexes: Synthesis, Characterization, and Cytotoxic. Eur. J. Inorg. Chem. 2017, 316, 4855—
4961. ISSN: 1434-1948, 1099-0682e. https://doi.org/10.1002/ejic.201700768.

Rehm, T.; Rothemund, M.; Bér, A, Dietel, T.; Kempe, R.; Kostrhunova, H.; Brabec, V.; Kasparkova, J.; Schobert, R. N,N-
Dialkylbenzimidazol-2-ylidene platinum complexes—effects of alkyl residues and ancillary cis-ligands on anticancer activity.
Dalton Trans. 2018, 47, 17367-17381. https://doi.org/10.1039/C8DT03360A.

Datta, P.; Bang, S.; Yue, Z.; Beach, T.; Stilgenbauer, M.; Wang, H.; Bowers, D.].; Kurokawa, M.; Xiao, H.; Zheng, Y.-R. Engineering
liposomal nanoparticles of cholesterol-tethered amphiphilic Pt(iv) prodrugs with prolonged circulation time in blood. Dalton
Trans. 2020, 49, 8107-8113. https://doi.org/10.1039/DODT01297A.

Cucciolito, M.LE.; D’Amora, A.; De Feo, G.; Ferraro, G.; Giorgio, A.; Petruk, G.; Monti, D.M.; Merlino, A.; Ruffo, F. Five-
Coordinate Platinum(Il) Compounds Containing Sugar Ligands: Synthesis, Characterization, Cytotoxic Activity, and
Interaction with Biological Macromolecules. Inorg. Chem. 2018, 57, 3133-3143. https://doi.org/10.1021/acs.inorgchem.7b03118.
Cucciolito, M.E.; De Luca Bossa, F.; Esposito, R.; Ferraro, G.; ladonisi, A.; Petruk, G.; D’Elia, L.; Romanetti, C.; Traboni, S.; Tuzi,
A et al. C-Glycosylation in platinum-based agents: A viable strategy to improve cytotoxicity and selectivity. Inorg. Chem. Front.
2018, 5, 2921-2933. https://doi.org/10.1039/C8QI00664D.

Annunziata, A.; Cucciolito, M.E.; Esposito, R.; Imbimbo, P.; Petruk, G.; Ferraro, G.; Pinto, V.; Tuzi, A.; Monti, D.M.; Merlino, A;
et al. A highly efficient and selective antitumor agent based on a glucoconjugated carbene platinum(ii) complex. Dalton Trans.
2019, 48, 7794-7800. https://doi.org/10.1039/CO9DT01614G.

Annunziata, A.; Cucciolito, M.E.; Esposito, R.; Ferraro, G.; Monti, D.M.; Merlino, A.; Ruffo, F. Five-Coordinate Platinum(II)
Compounds as Potential Anticancer Agents. Eur. ]. Inorg. Chem. 2020, 2020, 918-929. https://doi.org/10.1002/ejic.201900771.
Albano, V.G.; Natile, G.; Panunzi, A. Five-coordinate alkene complexes of palladium(Il) and platinum(II). Coord. Chem. Rev.
1994, 133, 67-114. https://doi.org/10.1016/0010-8545(94)80057-X.

Pettenuzzo, A.; Pigot, R.; Luca, R. Metal-based glycoconjugates and their potential in targeted anticancer chemotherapy.
Metallodrugs 2015, 1, 36-61. https://doi.org/10.1515/medr-2015-0002.

Konkankit, C.C.; Vaughn, B.A.; Huang, Z.; Boros, E.; Wilson, J.J. Systematically altering the lipophilicity of rhenium(i)
tricarbonyl anticancer agents to tune the rate at which they induce cell death. Dalton Trans. 2020, 49, 16062-16066.
https://doi.org/10.1039/DODT01097A.

Stilgenbauer, M.; Jayawardhana, A.M.D.S,; Datta, P.; Yue, Z.; Gray, M.; Nielsen, F.; Bowers, D.J.; Xiao, H.; Zheng, Y.-R. A
spermine-conjugated lipophilic Pt(iv) prodrug designed to eliminate cancer stem cells in ovarian cancer. Chem. Commun. 2019,
55, 6106-6109. https://doi.org/10.1039/C9CC02081K.

Jayawardhana, A.M.D.S.; Stilgenbauer, M.; Datta, P.; Qiu, Z.; McKenzie, S.; Wang, H.; Bowers, D.; Kurokawa, M.; Zheng, Y.-R.
Fatty acid-like Pt(iv) prodrugs overcome cisplatin resistance in ovarian cancer by harnessing CD36. Chem. Commun. 2020, 56,
10706-10709. https://doi.org/10.1039/DOCC02174A.

Bavetsias, V.; Lanigan, RM.; Ruda, G.F.; Atrash, B.; McLaughlin, M.G.; Tumber, A.; Mok, N.Y.; Le Bihan, Y.-V.; Dempster, S.;
Boxall, K.J.; et al. 8-Substituted Pyrido [3,4-d]pyrimidin-4(3H)-one Derivatives As Potent, Cell Permeable, KDM4 (JM]JD2) and
KDM5  (JARID1) Histone Lysine Demethylase  Inhibitors. J. Med.  Chem. 2016, 59, 1388-1409.
https://doi.org/10.1021/acs.jmedchem.5b01635.

Awuah, 5.G.; Zheng, Y.-R.; Bruno, P.M.; Hemann, M.T.; Lippard, S.J. A Pt(IV) Pro-drug Preferentially Targets Indoleamine-2,3-
dioxygenase, Providing Enhanced Ovarian Cancer Immuno-Chemotherapy. J. Am. Chem. Soc. 2015, 137, 14854-14857.
https://doi.org/10.1021/jacs.5b10182.

Johnstone, T.C.; Lippard, S.J. The Effect of Ligand Lipophilicity on the Nanoparticle Encapsulation of Pt(IV) Prodrugs. Inorg.
Chem. 2013, 52, 9915-9920. https://doi.org/10.1021/ic4010642.

Varbanov, H.; Valiahdi, S.M.; Legin, A.A ; Jakupec, M.A.; Roller, A.; Galanski, M.S.; Keppler, B.K. Synthesis and characterization
of novel bis(carboxylato)dichloridobis(ethylamine)platinum(IV) complexes with higher cytotoxicity than cisplatin. Eur. J. Med.
Chem. 2011, 46, 5456-5464. https://doi.org/10.1016/j.ejmech.2011.09.006.

Renfrew, A K; Juillerat-Jeanneret, L.; Dyson, P.J. Adding diversity to ruthenium(II)-arene anticancer (RAPTA) compounds via
click chemistry: The influence of hydrophobic chains. ]. Organomet. —Chem. 2011, 696, 772-779.
https://doi.org/10.1016/j.jorganchem.2010.09.067.



Int. ]. Mol. Sci. 2023, 24, 2369 19 of 20

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Silva, H.; Barra Carolina, V.; Rocha Fillipe, V.; Frézard, F.; Lopes Miriam, T.P.; Fontes, A.R.S. Novel Platinum(II) Complexes of
Long Chain Aliphatic Diamine Ligands with Oxalato as the Leaving Group. Comparative Cytotoxic Activity Relative to
Chloride Precursors. J. Braz. Chem. Soc. 2010, 21, 1961-1967. https://doi.org/10.1590/S0103-50532010001000023.

Messori, L.; Merlino, A. Cisplatin binding to proteins: A structural perspective. Coord. Chem. Rev. 2016, 315, 67-89.
https://doi.org/10.1016/j.ccr.2016.01.010.

Messori, L.; Merlino, A. Protein metalation by metal-based drugs: X-ray crystallography and mass spectrometry studies. Chem.
Commun. 2017, 53, 11622-11633. https://doi.org/10.1039/C7CC06442].

Merlino, A.; Marzo, T.; Messori, L. Protein Metalation by Anticancer Metallodrugs: A Joint ESI MS and XRD Investigative
Strategy. Chem.—A Eur. ]. 2017, 23, 6942-6947. https://doi.org/10.1002/chem.201605801.

Merlino, A. Recent advances in protein metalation: Structural studies. Chem. Commun. 2021, 57, 1295-1307.
https://doi.org/10.1039/DOCCO8053E.

Tanley, S.W.; Schreurs, A.M.; Kroon-Batenburg, L.M.; Meredith, J.; Prendergast, R.; Walsh, D.; Bryant, P.; Levy, C.; Helliwell,
J.R. Structural studies of the effect that dimethyl sulfoxide (DMSO) has on cisplatin and carboplatin binding to histidine in a
protein. Acta Crystallogr. D Biol. Crystallogr. 2012, 68, 601-612. https://doi.org/10.1107/S0907444912006907.

Tanley, S.W.; Schreurs, A.M.; Kroon-Batenburg, L.M.; Helliwell, ].R. Re-refinement of 4g4a: Room-temperature X-ray diffraction
study of cisplatin and its binding to His15 of HEWL after 14 months chemical exposure in the presence of DMSO. Acta
Crystallogr. F Struct. Biol. Commun. 2016, 72, 253-254. https://doi.org/10.1107/52053230X16000856.

Ferraro, G.; Pica, A.; Russo Krauss, I; Pane, F.; Amoresano, A.; Merlino, A. Effect of temperature on the interaction of cisplatin
with the model protein hen egg white lysozyme. |BIC . Biol. Inorg. Chem. 2016, 21, 433-442. https://doi.org/10.1007/s00775-016-
1352-0.

Messori, L.; Marzo, T.; Merlino, A. The X-ray structure of the complex formed in the reaction between oxaliplatin and lysozyme.
Chem. Commun. 2014, 50, 8360-8362. https://doi.org/10.1039/C4CC02254H.

Marasco, D.; Messori, L.; Marzo, T.; Merlino, A. Oxaliplatin vs. cisplatin: Competition experiments on their binding to lysozyme.
Dalton Trans. 2015, 44, 10392-10398. https://doi.org/10.1039/C5DT01279A.

OECD. Test No. 107: Partition Coefficient (n-Octanol/water): Shake Flask Method; OECD Publishing: Paris, France, 1995.

Oldfield, S.P.; Hall, M.D.; Platts, J.A. Calculation of Lipophilicity of a Large, Diverse Dataset of Anticancer Platinum Complexes
and the Relation to Cellular Uptake. . Med. Chem. 2007, 50, 5227-5237. https://doi.org/10.1021/jm0708275.

Pizarro, A.M.; McQuitty, R.J.; Mackay, E.S.; Zhao, Y.; Woods, J.A.; Sadler, P.J. Cellular Accumulation, Lipophilicity and
Photocytotoxicity =~ of Diazido Platinum(IV) Anticancer =~ Complexes. ChemMedChem 2014, 9, 1169-1175.
https://doi.org/10.1002/cmdc.201402066.

Tse, W.C.; Boger, D.L. A Fluorescent Intercalator Displacement Assay for Establishing DNA Binding Selectivity and Affinity.
Acc. Chem. Res. 2004, 37, 61-69. https://doi.org/10.1021/ar030113y.

Vaney, M.C.; Maignan, S.; Riés-Kautt, M.; Ducruix, A. High-Resolution Structure (1.33 A) of a HEW Lysozyme Tetragonal
Crystal Grown in the APCF Apparatus. Data and Structural Comparison with a Crystal Grown under Microgravity from
SpaceHab-01 Mission. Acta Crystallogr. Sect. D 1996, 52, 505-517. https://doi.org/10.1107/S090744499501674X.

Tanley, S.W.; Starkey, L.V.; Lamplough, L.; Kaenket, S.; Helliwell, ].R. The binding of platinum hexahalides (Cl, Br and I) to hen
egg-white lysozyme and the chemical transformation of the Ptl6 octahedral complex to a PtI3 moiety bound to His15. Acta
Crystallogr. F. Struct. Biol. Commun. 2014, 70, 1132-1134. https://doi.org/10.1107/S2053230X14014009.

Tanley, S.W.; Schreurs, A.M.; Kroon-Batenburg, L.M.; Helliwell, J.R. Re-refinement of 4xan: Hen egg-white lysozyme with
carboplatin in sodium bromide solution. Acta Crystallogr. F Struct. Biol. Commun. 2016, 72, 251-252.
https://doi.org/10.1107/52053230X16000777.

Ferraro, G.; Imbimbo, P.; Marseglia, A.; Illiano, A.; Fontanarosa, C.; Amoresano, A.; Olivieri, G.; Pollio, A.; Monti, D.M.; Merlino,
A. A thermophilic C-phycocyanin with unprecedented biophysical and biochemical properties. Int. . Biol. Macromol. 2020, 150,
38-51. https://doi.org/10.1016/j.ijbiomac.2020.02.045.

Annunziata, A.; Ferraro, G.; Cucciolito, M.E.; Imbimbo, P.; Tuzi, A.; Monti, D.M.; Merlino, A.; Ruffo, F. Halo complexes of
gold(i) containing glycoconjugate carbene ligands: Synthesis, characterization, cytotoxicity and interaction with proteins and
DNA model systems. Dalton Trans. 2022, 51, 10475-10485. https://doi.org/10.1039/D2DT00423B.

De Felice, V.; Funicello, M.; Panunzi, A.; Ruffo, F. Stable five-coordinate [Pt(N Nt")(olefin)(R)X] complexes formed by oxidative
addition to [Pt(N N')(olefin)] precursors. ]. Organomet. Chem. 1991, 403, 243-252. https://doi.org/10.1016/0022-328X(91)83105-D.
Murshudov, G.N.; Skubak, P.; Lebedev, A.A.; Pannu, N.S.; Steiner, R.A.; Nicholls, R.A.; Winn, M.D.; Long, F.; Vagin, A.A.
REFMACS for the refinement of macromolecular crystal structures. Acta Crystallogr. D Biol. Crystallogr. 2011, 67, 355-367.
https://doi.org/10.1107/50907444911001314.

Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr. D Biol. Crystallogr. 2010,
66, 486-501. https://doi.org/10.1107/S0907444910007493.

Del Giudice, R.; Imbimbo, P.; Pietrocola, F.; Martins, I.; De Palma, F.D.E.; Bravo-San Pedro, ].M.; Kroemer, G.; Maiuri, M.C.;
Monti, D.M. Autophagy Alteration in ApoA-I Related Systemic Amyloidosis. Int. ]. Mol. Sci. 2022, 23, 3498.
https://doi.org/10.3390/ijms23073498.



Int. ]. Mol. Sci. 2023, 24, 2369 20 of 20

49. Ruggieri, S.; Roblin, R; Black, P.H. Lipids of whole cells and plasma membrane fractions from Balb/c3T3, SV3T3, and
concanavalin A-selected revertant cells. J. Lipid Res. 1979, 20, 772-783. https://doi.org/10.1016/S0022-2275(20)40030-6.

50. Preta, G. New Insights Into Targeting Membrane Lipids for Cancer Therapy. Front. Cell Dev. Biol. 2020, 8, 571237.
https://doi.org/10.3389/fcell.2020.571237.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



