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ABSTRACT: Here we investigated cytotoxicity and DNA and protein ] —

binding of an iodido analog of picoplatin, the cis-ammine-diiodido(2- e R e

methylpyridine)platinum(II) complex (I-picoplatin). I-picoplatin (ICg, = @\ Q\

3.7—12.4 uM) outperforms picoplatin (ICs, = 11.8—22.6 yM) in the human ot . MT:":'M"" P

cancer cell lines used and shows a greater ability to overcome the cisplatin R e N
resistance of A2780 ovarian cancer cells than does picoplatin. I-picoplatin \\/./ | \\;/P |

also induces different cell cycle changes (reduced S-phase fraction and an
increase in the G2/M phase arrest) in HeLa cervical carcinoma cells
compared to both picoplatin and cisplatin. Binding of the metal compound
to DNA model systems was investigated by ethidium bromide displacement
assay and circular dichroism. Its reactivity with lysozyme (HEWL) and
pancreatic RNase A was studied by X-ray diffraction and mass spectrometry
experiments. I-picoplatin binds the DNA double helix and is able to retain
the 2-methylpyridine ligand and at least one of the two iodido ligands when bound to the two proteins. Various Pt-containing
moieties, including one based on the isomerized structure of I-picoplatin, coordinate the His and Met residues. A low-resolution
structure of the I-picoplatin/human serum albumin (HSA) adduct has also been solved. The side chains of His146, Met289, and
Met329 are the primary binding sites of the I-picoplatin moieties on HSA.

Ipicoplatin ——— Trans-isomer (ca 10%) No pic release
%> detected

™

B INTRODUCTION

Cisplatin (Figure 1), carboplatin, and oxaliplatin are used to
treat many solid tumors, either alone or in combination with
other anticancer agents.1_3 According to the United States’
National Cancer Institute (NCI) database, 10—20% of all
cancer patients are treated with these Pt-based drugs (https:/ /
www.cancer.gov/research/progress/discovery/cisplatin).*
However, the use of these compounds is associated with the
emergence of several side effects and resistance phenomena,5
and, therefore, several new Pt-based anticancer agents have
been synthesized and characterized in recent decades with the
aim of overcoming these limitations.’” Picoplatin ((cis-
amminedichlorido[2-methylpyridine Jplatinum[II]), Figure 1)
is a Pt-based drug with proven anticancer activity in vitro'® and
in vivo."" It has been shown to be active against small-cell lung
cancer'®™" and is effective against cancer cells that are
resistant to cisplatin and the other Pt-based drugs.'*™"

The binding of Pt-based drugs to DNA is recognized as a
crucial event for the anticancer activity of these molecules."*
Binding induces DNA damage that ultimately leads to cancer
cell death. However, DNA is not the only target of these drugs,
which can also bind proteins.'>'® Protein platination affects
drug bioavailability and toxicity and plays an important role in
the mechanism of action of anticancer Pt complexes.'”'® We
have studied the platination process of several proteins using a
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combined crystallographic/electrospray ionization mass spec-
trometry (ESI-MS) approach.'””® The structures of the
adducts of cisplatin,m_25 its diiodido analog26 and picoplatin27,
upon reaction with hen egg white lysozyme (HEWL) and
pancreatic RNase A have been reported.

Cisplatin binds HEWL by coordinating the side chains of
His1$S or both Argl4 and His1$ after the release of a chloride
ligand*">*** and RNase A at the level of the side chains of
GIn28/Met29, His10S and His119.2%** Both iodide ligands
remain bound to the metal in the adduct formed when HEWL
reacts with cis-[Ptl,(NH,),].*

In the case of picoplatin, results indicate that Pt fragments
are bound to His1S, Aspl8, Asp119, and both Lys1 and Glu7
of HEWL, and to His12, Met29, His48, Asp53, Met79, His105,
and His119 of RNase A, without affecting the overall structure
of the two enzymes, but possibly altering the metal binding site

. 27
environment.
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Figure 1. Structures of cisplatin, picoplatin, and their iodinated
derivatives.

A diiodido analog of picoplatin (I-picoplatin) has been
recently synthesized and characterized (Figure 1).”* Surpris-
ingly, this compound is unstable when exposed to light in
solution, wgere it releases its 2-methylpyridine (pic) ligand and
isomerizes.

Here we studied the cytotoxicity of I-picoplatin against
human ovarian carcinoma A2780 (parent cisplatin-sensitive)
and A2780R (cisplatin-resistant) cells, cervical carcinoma
(HeLa), esophageal carcinoma (OE33), triple-negative breast
carcinoma (MDA-MB-231) cell lines, and normal human lung
tissue cells (MRC-S pd30). Furthermore, to gain insight into
the interaction of this compound with biological macro-
molecules and to compare its reactivity with proteins with that
of picoplatin,”’ cisplatin®"****~*" and the diiodido analog of
cisplatin®® (Figure 1), DNA binding assays have been carried
out and the molecular structures of the adducts formed with
HEWL and RNase A, and ESI-MS data on the same adducts
have been collected. Furthermore, we have determined a low-
resolution structure of the adduct that I-picoplatin forms with
human serum albumin. The results of this structural
determination have been compared with those obtained
when crystals of HSA were treated with cisplatin.*>

B EXPERIMENTAL SECTION

Synthesis and NMR Stability Studies. I-picoplatin and
picoplatin were prepared according to the literature.”® Solvents for
NMR experiments (DMF-d,, D,0) were purchased from Chemstar
(Pilsen, Czech Republic).

I-picoplatin was dissolved in 600 uL of DMF-d,, and '"H NMR
spectra were acquired at t = 0—24 h. The sample was protected from
light during the individual experiments. 'H NMR spectrum of a-
picoline in DMF-d, was also acquired for comparison.

Cell Lines and Culture. The human ovarian carcinoma A2780
(parent cisplatin-sensitive) and A2780R (cisplatin-resistant) cells
were provided by Prof. B. Keppler, University of Vienna (Austria).
The human cervical carcinoma HelLa, the triple-negative human
breast carcinoma MDA-MB-231, the esophageal carcinoma OE33 cell
lines, and the human normal lung tissue MRC-5 pd30 cells were
obtained from the European Collection of Authenticated Cell
Cultures (ECACC, Salisbury, U.K.). The OE33, A2780, and

A2780R were cultured in RPMI 1640 medium (Biosera, Boussens,
France) supplemented with streptomycin (100 pg mL™’, Sigma,
Prague, Czech Republic), penicillin (100 U mL™, Sigma, Prague,
Czech Republic), and 10% fetal bovine serum (FBS, PAA, Pasching,
Austria), which was heat-inactivated at 56 °C before use. The
acquired resistance of A2780R cells was preserved by adding cisplatin
(1 uM; Sigma, Prague, Czech Republic) to the medium every second
subculture. The HeLa, MDA-MB-231, and MRC-5 pd30 cells were
cultured in DMEM (high glucose, 4.5 g L™, Biosera, Boussens,
France) supplemented with streptomycin (100 ug mL™"), penicillin
(100 U mL™"), and FBS, which was heat-inactivated at 56 °C before
use. The cells were maintained in a humidified incubator at 37 °C
under a 5% CO, atmosphere and subcultured twice weekly with an
appropriate plating density.

Antiproliferative Activity Testing. To evaluate the effect of
platinum complexes on cell viability, the colorimetric MTT assay was
used. Cells were plated in 96-well tissue culture plates (TPP,
Switzerland) at a density of 10* cells/well for A2780, A2780R, and
OE33, respectively, S X 10° cells/well for HeLa, MDA-MB-231, and
MRC-5 pd30 in 100 uL of growth medium and incubated at 37 °C in
a humidified 5% CO, atmosphere for 16 h (overnight). After
incubation, the cells were exposed to Pt complexes and maintained in
the incubator for additional 72 h. The stock solutions of Pt
compounds were always prepared in DMF (Serva, Heidelberg,
Germany) prior to use. The final concentration of DMF in the cell
culture medium did not exceed 0.1% (v/v). This concentration has no
effect on the cell growth. Later, 10 yL of MTT solution (5 mg mL™";
Calbiochem, Darmstadt, Germany) was added to each well, and the
plates were kept under the cultivation conditions for 4 h. At the end of
the incubation, the medium was discarded. Then, the formazan
product was solubilized in 100 uL of DMSO per well (Serva,
Heidelberg, Germany). Cell viability was assessed by measuring the
absorbance at 570 nm (reference wavelength at 630 nm) using a
Spark Tecan Schoeller reader. The reading values were transformed
into a percentage of control (% cell survival). From curves
constructed by plotting cell survival (%) versus drug concentration
(uM), the ICs, values were calculated. Antiproliferative effects were
expressed as the IC;, from three independent experiments. The ICs,
value is defined as the concentration of the agent that inhibits cell
growth by 50%.

Cell Cycle Perturbation Studies. Confluent HeLa cells were
seeded at a density of S X 10° cells/well in six-well culture plates
(TPP, Switzerland). The cells were then kept in a drug-free medium
under cultivation conditions overnight. Subsequently, the cells were
treated with the Pt compounds at their final concentrations
corresponding to ICs,, 1, values. The treatment period was 24 h.
Then, the cells were trypsinized, washed twice with PBS, and fixed
using 70% ethanol at 4 °C (Serva (Heidelberg, Germany)). Fixed cells
were processed as follows: propidium iodide staining (50 ug mL™;
Sigma (Prague, Czech Republic)) in Vindel’s solution (10 mM Tris-
Cl, pH 8.0, 10 mM NaCl, 0.1% Triton X-100, 100 ug mL~! RNase A)
for 30 min at 37 °C was performed. After the staining, samples were
measured with a FACS Verse flow cytometer (Becton Dickinson,
Germany), and cell cycle profiles were obtained. Data were processed
in FCS Express (DeNovo Software, CA). All experiments were
performed in triplicate.

DNA-Binding Studies. Calf thymus double-strand DNA (ct-
DNA, Sigma-Aldrich) solution (500 yM) was prepared by dissolving
the solid sample into SO0 mM ammonium acetate (AMAC) pH 7.5.
Ethidium bromide (EB) was purchased from Sigma-Aldrich and used
without further purification.

A fluorescence quenching assay was performed using a JASCO FP
8300 spectrofluorometer equipped with a thermostat bath using 1.0
cm quartz cells. Ct-DNA was diluted in the buffer and treated with EB
at a DNA:EB molar ratio of 5:1 for 30 min in the dark. It has been
verified that EB binds to DNA and that DMSO does not affect the
DNA—EB interaction. The quenching was evaluated by adding 2.0 uL
of the Pt complex solution, obtained by dissolving the compound in
DMSO (30 mM), to the DNA—EB complex solution, following the
fluorescence intensity after the addition of Pt-compound upon
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excitation at 545 nm. Other experimental settings were 5.0 nm
excitation/emission slit, 1.0 nm data pitch, emission range 560—750
nm, and equilibration time 5 min.

Circular dichroism (CD) spectra of ct-DNA untreated and treated
with I-picoplatin were recorded at 25 °C using a Jasco J-810
spectropolarimeter. CD spectra of 200 M ct-DNA in 10 mM AMAC,
pH 7.5, were registered in the range of 260—350 nm, averaging three
scans for each measurement and using a 0.1 cm quartz cuvette. Ct-
DNA was incubated with different concentrations of I-picoplatin for
72 h to reach the following ct-DNA:Pt molar ratios: 1:0.5, 1:1, 1:2,
and 1:3. Other analysis settings were scanning speed 50 nm X min™’,
resolution 0.2 nm, sensitivity S0 mdeg, response 2 s, bandwidth 2.0
nm.
ESI-MS Experiments. ESI-MS Analysis Settings. One mM stock
solutions (1 mM) of RNase A and HSA (both from Merck) were
prepared by solubilizing the respective lyophilized proteins in LC-MS
grade water. No further purification was performed before use. Ten
mM stock solutions of I-picoplatin were prepared by solubilizing the
sample in DMSO. For each experiment, a 1:3 molar ratio of protein
stock solution and platinum compound was diluted in 2 mM
ammonium acetate (pH 6.8) containing 3% DMSO to achieve a final
protein concentration of 100 M.

The mixtures were incubated at 37 °C for up to 48 h. Following
incubation, samples were diluted to a final protein concentration of
500 nM in 2 mM ammonium acetate solution, pH 6.8, with 0.1% (v/
v) formic acid immediately added prior to mass spectrometry analysis.

Instrumental parameters: direct infusion in ESI-MS was performed
ata 7 yuL min-1 flow rate in a TripleTOF 5600+ high-resolution mass
spectrometer (Sciex, Framingham, MA), equipped with a DuoSpray
interface operating with an ESI probe.

For each protein, ESI source parameters were optimized as follows.

RNase A: positive polarity, ion spray voltage floating (ISFV) 5500
V, temperature (TEM) 0, gas 1 (GS1) 40 L/min; gas 2 (GS2) 0;
curtain gas (CUR) 15 L/min, declustering potential (DP) 100 V,
collision energy (CE) 10 V; range 1000—2600 m/z.

HEWL: positive polarity, ISFV 5500 V, TEM 0, GS1 40 L/min;
GS2 0; CUR 20 L/min, DP 100 V, CE 10 V; range 1000—2800 m/z.

Crystallization of the Adducts Formed by I-Picoplatin with
HEWL and RNase A. HEWL and RNase A (XIIA) from Sigma-
Aldrich were used without further purification. I-picoplatin has been
synthesized according to the procedure previously described.*®
Crystals of the adduct of the metal complex with the two proteins
have been obtained by a soaking procedure,* by treating crystals of
the two proteins with a saturated solution of the Pt-compound.
Crystals of metal-free proteins were grown using hanging drop vapor
diffusion. One uL of protein and 1 yL of the reservoir were mixed in
the drop. HEWL crystals were grown using a protein concentration of
15 mg mL™" and 1.1 M NaCl and 0.1 M sodium acetate at pH 4.5 for
structure A, 0.8 M succinic acid at pH 7.0 for structure B, 2.0 M
sodium formate, and 0.1 Hepes buffer pH 7.5 for structure C. RNase
A crystals were grown using a protein concentration of 22 mg mL™"
and 20% PEG4000, 0.1 M sodium citrate pH S5.1. Crystals were
exposed to I-picoplatin solution for 3 and 7 days in the case of HEWL
and RNase A, respectively.

Crystallization of the I-Picoplatin/HSA Adduct. HSA was
purchased from Merck and extensively purified before crystallization
trials. To purify the protein sample from its oligomeric forms, a
Superdex 200 HL 16/60 prep grade SEC column connected with an
AKTA Purifier chromatograph (Cytiva, Milan, Italy) was used. The
column was equilibrated with 25 mM Tris pH 7.4, 100 mM NaCl, and
the same buffer was used as a running buffer at 1.0 mL min~" flow
rate. HSA was identified by SDS PAGE and concentrated up to more
than 100 mg mL™" with Amicon Plus 10 kDa c.off ultrafilters (Merck-
Millipore) in ddH,O.

Crystals of the adduct of I-picoplatin with HSA have been obtained
by a soaking procedure, following the protocol used to obtain crystals
of the adduct of HSA with cisplatin.’> Briefly, HSA crystals were
grown by the sitting drop vapor diffusion method using equal volumes
of 100 mg mL™" HSA and of a solution consisting of 25—30% (w/v)
PEG3350, S0 mM potassium phosphate, pH 7.5 (reservoir). Then,

HSA crystals were soaked for 7 days in a solution of the reservoir,
which was previously saturated with I-picoplatin.

Data Collection and Refinement. X-ray diffraction data collection
on HEWL, RNase A, and HSA crystals treated with I-picoplatin has
been carried out on frozen crystals, which have been cryoprotected
using a solution of the reservoir containing 30% (v/v) glycerol.

Diffraction data collections have been carried out at the Elettra
synchrotron (Trieste, Italy) on the XRD2 beamline. Data have been
scaled using the AutoPROC pipeline.** Data collection and
refinement statistics are listed in Table S1. The structures have
been solved by molecular replacement using Phaser.>® Coordinates
from PDB codes IJVT,36 193L,% and 4S1Y,**, without water and
ligands, have been used as startin§ models. Restrained refinement has
been performed using Refmac5.*” Since the diffraction data collected
on crystals of the I-picoplatin/HSA adduct were limited to 3.9 and 4.2
A, low-resolution refinements using ProSMART (Procrustes Struc-
tural Matching Alignment and Restraints Tool)* to generate
hydrogen bond external restraints (e.g., secondary structure restraints)
were carried out for this structure. Inspection of electron density
(e.d.) maps and model building have been carried out using Coot.*

To identify Pt centers, anomalous difference e. d. maps have been
inspected. Pt occupancy has been evaluated by minimizing residual
Fourier difference e. d. maps peaks.

PDB validation server (www.rcsb.org) and Coot routines™ were
used to validate the structures, which were deposited in the PDB with
these codes: 9HLK, 9HMK, 9HMQ, 9HNG6, 9HNB. Pymol (www.
pymol.org) was used to produce the figures.

B RESULTS AND DISCUSSION

Synthesis and Stability. Picoplatin and I-picoplatin
(Figure 1) were prepared as previously described.”® It has
recently been reported that I-picoplatin is unstable in DMF
and in an aqueous solution (i.e., 50% DMF-d,/50% D,0)
when exposed to ambient light (Scheme 1). In particular, a

Scheme 1. Pt-Based Species Detected in DMF Solution of I-
Picoplatin by '"H NMR”
Ambient light
HNG I\B<NH3 HNS
\Eﬁ ) \Eﬁ
= - | \N/ ! solv./ I
\/ \_/
I-picoplatin

pic release

Trans-isomer
In the dark (this work)
H3N\ E-(I I\ E(
! [’
\N/ | \N/ |
- -

I-picoplatin ——— Trans-isomer (ca 10%) Ngo pic release
L P detected

NH,

“The studied solutions were kept under ambient light (top, [ref 28])
or in the dark (bottom; this work) between the individual
experiments recorded at different time points (0—24 h).

release of the pic ligand was observed. For this reason, its
stability was studied by "H NMR in DMF (to avoid hydrolysis)
in the dark. This experiment is motivated by our interest in the
investigation of I-picoplatin in vitro antiproliferative activity
and processes connected with its mechanism of antiprolifer-
ative action (i.e., interaction with proteins). Simply said, if I-
picoplatin were unstable even in the dark, it would have to be
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Table 1. In Vitro Antiproliferative Activity (ICs, + SD; M) of I-Picoplatin, Picoplatin, and Cisplatin in Human Ovarian
Carcinoma A2780 (Parent Cisplatin-Sensitive) and A2780R (Cisplatin-Resistant) Cells, Cervical Carcinoma (HeLa),
Esophageal Carcinoma (OE33), Triple-Negative Breast Carcinoma (MDA-MB-231) Cell Lines, and Normal Human Lung
Tissue MRC-5 pd30 Cells Determined by the MTT Assay (72 h Exposure Time)

cell line I-picoplatin
A2780 3.7 +£0.8
A2780R 49 + 0.3 (1.3)
HelLa 6.0 + 1.0
OE33 54 +22
MDA-MB-231 124 + 1.6
MRC-5 pd30 232+ 12

picoplatin cisplatin
11.8 £ 0.8 2.5 +03
21.3 + 0.7 (1.8) 12.8 + 0.9 (5.1)
22.6 + 4.7 172 £ 0.9
12.5 £ 0.3 6.7 + 0.6
172 + 1.7 234 + 2.5
31+ 25 12.5 £ 0.2

“The results in the table are means + SD of three independent tests, each made in quadruplicate. The resistance factor (RF) is given in parentheses.

This RF is defined as ICq(resistant)/ICs,(sensitive) cells.

excluded from the intended antiproliferative activity experi-
ments.

However, the obtained 'H NMR results showed that I-
picoplatin is stable when protected from light, making it
suitable for biological experiments. No release of the pic ligand
was observed in the dark (Scheme 1). The only change of I-
picoplatin is connected with its partial cis-to-trans isomer-
ization, as discussed in our previous work.”® Approximately
10% of I-picoplatin changed to the trans-isomer (new
resonances at § = 9.04, 7.83, 7.31, and 3.14 ppm) after 24 h
(Figure S1).

In Vitro Antiproliferative Activity. Since numerous
Pt(II) diiodido complexes outperform their dichlorido
congeners in terms of in vitro antiproliferative activity, we
hypothesized that the potency of I-picoplatin could exceed
picoplatin; thus, it could be of pharmacological interest.

The antiproliferative activity of I-picoplatin (picoplatin and
cisplatin were also studied for comparative purposes) was
investigated in A2780, A2780R, HeLa, OE33, and MDA-MB-
231 cancer cell lines. The testing was also conducted with
healthy lung fibroblast MRC-S pd30. The results of in vitro
antiproliferative activity testing (given as ICy, [uM]) are
summarized in Table 1 (72 h exposure time).

I-picoplatin showed low-micromolar potency in the panel of
human cancer cell lines used, with cytotoxicity higher than that
observed for picoplatin and cisplatin, except in A2780 cells,
where I-picoplatin expressed lower activity than cisplatin. In
particular, I-picoplatin was markedly more toxic than both
cisplatin and picoplatin in the A2780R cells. The resistance
factor is defined as the ratio of ICg, values between cisplatin-
resistant (A2780R) and -sensitive (A2780) cells. This factor
was 5.1 and 1.8 for cisplatin and picoplatin, respectively, while
it was significantly lower for I-picoplatin (1.3). Thus, it is
confirmed that picoplatin reduces the resistance factor in
ovarian cancer cell lines with acquired resistance to cisplatin
(A2780 model in this work), consistent with previously
published results for different ovarian cancer cells."' More
importantly, I-picoplatin has the capacity to overcome the
acquired resistance of cancer cells to cisplatin treatment and is
more effective than picoplatin.

The comparison between A2780R and A2780 cells is
particularly noteworthy for picoplatin and I-picoplatin, as
A2780R cells exhibit significantly elevated §lutathione (GSH)
levels compared to their parental line."” Picoplatin was
specifically designed to be less susceptible to inactivation by
the substances that contain thiols, such as GSH, which are
linked to tumor resistance, compared to cisplatin.*’ Previous
publications have shown that picoplatin can also overcome

acquired cisplatin resistance in other cell line pairs (parental/
cisplatin-resistant), where elevated GSH levels were not part of
the resistance mechanism.'"*!

I-picoplatin was also more toxic than cisplatin and picoplatin
in HeLa and triple-negative MDA-MB-231 cells. Notably, both
cell lines are intrinsically resistant to cisplatin treatment. This
indicates that the mechanism responsible for the biological
action of I-picoplatin differs, to some extent, from that of
cisplatin. This difference allows I-picoplatin to successfully
overcome the resistance mechanisms operating in the case of
cisplatin and picoplatin. Another notable difference includes
the lower toxicity of both I-picoplatin and picoplatin in
noncancerous lung fibroblast MRC-5 pd30. Thus, these
compounds showed better selectivity for tumor cells over
normal cells compared to cisplatin. The antiproliferative
activity toward the cisplatin-sensitive OE33 cell line for I-
picoplatin and cisplatin was almost the same but picoplatin was
less effective in killing these cells.

Cell Cycle Analysis. The results of the antiproliferative
activity experiments toward human cancer cells revealed that I-
picoplatin exhibits higher activity than picoplatin and cisplatin
in the selected lines. The highest activity of I-picoplatin
compared with cisplatin and picoplatin was observed for the
HeLa cell line. These findings motivated us to study the effect
of the selected Pt compounds on the cell cycle of these cells.
HeLa cells were then treated with roughly equitoxic
concentrations (ICg, values found for these compounds in
HeLa cells treated for 72 h are shown in Table 1) of the Pt
compounds for 24 h. After the treatment period, the cells were
collected by trypsinization, ethanol fixed, and stained with
propidium iodide. Samples were then processed for cell cycle
distribution via flow cytometry.

As illustrated in Figure 2, cisplatin induces S-phase arrest in
the HeLa cell cycle, leading to a decrease in the G2/M phase
population. This outcome aligns with the cisplatin DNA-
damaging mechanism of action, consistent with previously
published data.*>** Similarly, picoplatin also arrests the HeLa
cell cycle, preventing progression to the G2/M phase, which is
nearly absent. This observation corroborates the reported
primary mechanism of action of picoplatin, namely, interfer-
ence with DNA replication.***°

These findings are further supported by antiproliferative
activity tests, which demonstrated comparable eflicacy of
cisplatin and picoplatin (within the margin of experimental
error) in HeLa cells.

In contrast, treatment with I-picoplatin results in a reduced
S-phase fraction and a significant increase in the G2/M phase
fraction compared to that of cisplatin- and picoplatin-treated
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Figure 2. Cell cycle analysis of HeLa cells. Effects of cisplatin,
picoplatin, and I-picoplatin on cell cycle distribution after 24 h of
treatment with roughly equitoxic concentrations (IC, found for these
compounds in HeLa cells treated for 72 h, Table 1). Percentages of
counts assigned to the individual populations are color coded as
follows: Gl (red), S (blue dashed), and G2/M (green). The
estimated percentages of different populations (different cell cycle
phases) of HeLa cells were acquired using FCS Express software. The
results are expressed as the mean + SD of three independent tests.
Stars at the columns in the graph indicate statistically significant
difference compared to control, untreated cells (p < 0.01).

samples, indicating G2/M phase arrest. As shown in Figure 2,
I-picoplatin exhibits a distinct impact on cell cycle phase
distribution under the investigated experimental conditions.
Moreover, the antiproliferative activity (Table 1) suggests that
I-picoplatin retains biological activity against this resistant cell
line.

Interaction with DNA. The results obtained from testing
the selected Pt compounds on the cancer cells suggest that I-
picoplatin behaves differently from cisplatin and picoplatin.
The interaction of DNA with Pt-based dru%s is acknowledged
as a key factor in their anticancer efficacy.’* Thus, to obtain
some insight into the mechanism of action of I-picoplatin, we
studied its reactivity with both DNA and model proteins.

Binding of I-picoplatin to calf thymus DNA was examined
by using the fluorescence assay and CD spectroscopy. In the
fluorescence assay, the quenching associated with the displace-
ment of ethidium bromide was used as a probe of the binding
of I-picoplatin to the double helix. Indeed, the I-picoplatin
binding to the DNA is accompanied by a reduction of the
fluorescence intensity due to the displacement of EB from the
ct-DNA-EB complex (Figure 3A). This result indicates that I-
picoplatin binds the double helix, displacing the chromophore
from its position between base pairs. To evaluate if the binding
of I-picoplatin to ct-DNA was associated with a change in the
double helix conformation, CD spectra of the nucleic acid
upon addition of different amounts of the Pt complex were
collected. CD profile of ct-DNA slightly changes in the
presence of I-picoplatin (Figure 3B), with small variation in the
molar ellipticity and wavelength of the peaks that are due to
DNA helicity and base stacking.

Electrospray Mass Spectrometry Experiments.
Although Pt-based drugs have DNA as their major target,
these drugs can also bind to proteins.'”'® For this reason, the
interaction between I-picoplatin and proteins was investigated
here by ESI-MS and X-ray crystallography using protein model
systems. The results were compared to analogous data
obtained with cisplatin and picoplatin. ESI-MS experiments
were carried out using a well-established protocol developed by
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Figure 3. (A) Emission spectra of ct-DNA-ethidium bromide complex
in the absence and the presence of I-picoplatin (0—100 yM). (B) CD
spectra of ct-DNA (200 uM in 10 mM AMAC, pH 7.5) in the
absence (black line) and in the presence of I-picoplatin at 1:0.5
(brown line), 1:1 (blue), 1:2 (violet), and 1:3 (green) ct-DNA to Pt-
complex molar ratio.

the group of the University of Florence. This procedure,
described in detail in several publications,””*”*” involves the
incubation of proteins with I-picoplatin and subsequent
analysis of the resulting adducts by ESI-MS after 24 and 48
h of incubation.

Figure 4 presents a comparative analysis of the ESI-MS
spectra of I-picoplatin interacting with RNase A and HEWL
after 24 h incubation.

The spectra corresponding to adduct formation after 48 h
are shown in Figure S2. Attempts to obtain spectra of HSA in
the presence of I-picoplatin failed, but given the complexity of
the system, this does not indicate that HSA does not bind to
the Pt compound. In all spectra collected in the presence of I-
picoplatin, the peak of the metal-free protein persists,
indicating that HEWL and RNase A were incompletely
metalated by I-picoplatin. Interestingly, adduct formation was
clearly observed when HEWL was reacted with the metal
complex (Figure 4B). In fact, in the deconvoluted spectrum,
two distinct signals at mass values higher than the 14303 Da
signal, belonging to the metal-free protein (Figure 4A), were
found. In particular, a signal was observed at 14592 Da (shift =
+288 Da), which corresponds well to the adduct of HEWL
with the [Pt(2-methylpyridine)]** fragment, and a signal was
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Figure 4. Deconvoluted spectra of (A) metal-free HEWL and (B) HEWL in the presence of I-picoplatin. (C) Metal-free RNase A and (D) RNase
A in the presence of I-picoplatin. To register spectra in panels B and D, the two proteins were incubated with I-picoplatin at 37 °C for 24 hin a 1:3

protein-to-Pt molar ratio.

found at 14721 Da (shift = +415 Da), which can be attributed
to the formation of the protein adduct bearing the [PtI(2-
methylpyridine)]* fragment. The mass spectrum of metal-free
RNase A is characterized by prominent peaks at 13681 and
13779 Da, attributed to the protein and its sulfate-bound form,
respectively (Figure 4C). The interaction of RNase A with I-
picoplatin results in a reaction pattern similar to those reported
for HEWL (Figure 4D), with the metal-free protein signal at
13680 Da and a new signal at 13969 Da, indicating a 1:1
binding of the protein with the [Pt(2-methylpyridine)]**
fragment.

Overall, these results support the conclusion that I-
picoplatin, when reacting with these two proteins, preserves
the 2-methylpyridine ligand, consistent with previous observa-
tions for picoplatin.”” One iodide ligand can also be conserved.
This is rather surprising considering that it has been shown

that in solution, I-picoplatin releases its 2-methylpyridine
ligand.”®

Structures of the Adduct with HEWL. The structure of
the HEWL adduct with I-picoplatin has been obtained under
three different experimental conditions: 1.1 M NaCl and 0.1 M
sodium acetate buffer pH 4.0 (structure A), 0.8 M succinic
acid pH 7.0 (structure B), and 2.0 M sodium formate and 0.1
M Hepes buffer pH 7.5 (structure C). Unlike the structures of
HEWL with picoplatin, where two different approaches were
chosen to produce crystals of the adducts,”” in this case a single
method was used. The drop containing protein crystals was
saturated with I-picoplatin powder. In this way, the metal
complex slowly dissolves and diffuses through crystal solvent
channels reaching the protein binding sites. In all the structures
the analysis of the Fourier difference e. d. maps suggests that I-
picoplatin reacts with the protein and Pt-containing fragments
bind the side chains of different residues with an occupancy
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<1.0. Due to the limited occupancy and possible conforma-
tional disorder, ligands coordinating the metal have not been
modeled in all the Pt binding sites. The three structures are
refined at 1.48—2.25 A resolution range. Car root-mean-square
deviations (rmsd) from the metal-free protein structure (PDB
entry 193L"7) is within the range 0.24—0.34 A. This indicates
that the overall conformation of the protein remains
unchanged upon interaction with the platinum compound.
Structure A (Figure S3A) refines to R-factor/Rg,. values of
0.206/0.269. Three Pt-containing fragments have been found
in this structure: Pt binds the side chain of His1S (Figure SA)

Figure S. Pt binding sites in HEWL structure A. (A) A Pt fragment
binds the ND1 atom of Hisl3; a second Pt center binds the NE2
atom of His15 and is close to one of N atoms of guanidinium group of
Argl4. (B) Noncovalent binding of a Pt fragment close to Lys33 is
shown. 2Fo-Fc e.d. maps are contoured at 1.00 (pale green);
anomalous difference e.d. map is contoured at 3.06 (magenta).

and is close to Argl4 (Figure SA); an additional Pt-containing
fragment is found not far from the side chain of Lys33 (Figure
SB). The side chain of His1$ has been frequently identified as
Pt binding site in the HEWL adducts of platinum complexes,
includin 5picoplatin,27 cisplatin and its diiodido ana-
log.'>*”**=" The Pt-containing fragment coordinated to the
side chain of His1$ retains one iodide ligand, as suggested by
the anomalous ed map (Figure SA). The other two ligands

have been interpreted as a water molecule and an ammonia
ligand, but from crystallographic data, we cannot exclude that
ammonia ligands are replaced by water molecules. The other
Pt center coordinated to Hisl$ is close to atoms of the Argl4
side chain and completes its coordination sphere with one
iodide and one ammonia ligand (or a water molecule). At both
sites, the square planar geometry of Pt is retained.

Close to the side chain of Lys33 (PteeeNZ atoms distance=
3.97 A), the e. d. map is not clear enough to model all Pt
ligands. However, at this site, it seems that two iodides are
bound to the metal center (Figure SB).

Three binding sites were identified also in structure B
(Figure S3B), which refines to R-factor/Rg,, values of 0.227/
0.259 and is obtained at pH 7.0. The first one is close to the
side chain of His15, where an iodide and a water molecule/
ammonia ligand were modeled close to the metal center. An
unassigned ligand would complete the Pt coordination sphere
(Figure S4A). The same I-picoplatin fragment is found close to
the side chain of Argl4, which adopts two alternative
conformations in the structure (Figure S4B). The third Pt-
containing fragment interacts with the protein, as in structure
A, not far from the side chain of Lys33 (Figure S4C).

Different results have been obtained in Structure C (Figure
S3C), which refines to R-factor/Rg,, values of 0.227/0.277. In
this structure, obtained at pH 7.5, the analysis of e. d. maps
suggests the presence of Pt atoms close to side chains of His15
(Figure SSA), and close to both Argl4 and HislS (Figure
SSA), as in Structure A (Figure SA), but also the presence of
an additional Pt binding site at the N-terminus (Figure SSB).
In all of these sites, the Pt coordination sphere is completed by
water molecules and/or ammonia ligands. Thus, in this
structure iodide ligands are not observed.

Structures of the Adduct with RNase A. RNase A
crystals with two protein chains in the asymmetric unit were
used to produce crystals of the protein adduct with I-
picoplatin. These crystals, which were obtained in the presence
of 30% DMSO, diffract X-rays at 1.78 A resolution. The X-ray
structure refines to R-factor/Rg,, values of 0.211/0.276. The

Figure 6. Pt binding sites in molecules A (light blue) and B (violet) of the adduct of RNase A with I-picoplatin. Pt binds close to (A) His12, (B)
His48, (C) Lys61, (D) His10S, (E) His119 (the side chain of His119 adopts two different conformations) of molecule A, and close to (F) His12,
(G) His48, (H) Lys61, (I) Met79, (J) His105, (K) His119 (the side chain of His119 adopts two different conformations) of molecule B. 2Fo-Fc
e.d. maps are contoured at 1.0c (light blue and violet); anomalous difference e.d. map is contoured at 3.0 (yellow).
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RNase A structure has a V-shaped motif and comprises two
subdomains defined by two antiparallel f-sheets, termed V1
(residues 61—63, 71—75, 105—111, and 116—124) and V2
(residues 42—46, 82—87, and 96—101), which are linked by a
hinge region constituted by residues 47—48, 80—81, and 102—
104.* The V-shaped motif of the protein in these crystals is
not significantly affected by Pt-containing fragment binding
(Figure S6). Ca rmsds from the structure of the metal-free
protein (PDB entry 1JVT>°) are within the range 0.27—0.52 A.
The behavior of I-picoplatin upon reaction with RNase A is
comparable to that observed with HEWL. In fact, the analysis
of the structures shows that different Pt-containing fragments
([PtL,(OH,)], [PtI(OH,),]*, [PtI(OH,)X]* (X = undefined
but not I)) coordinate residue side chains. In these fragments,
one of the water molecules could be an ammonia ligand.

The RNase A binding sites of I-picoplatin are not dissimilar
from those observed when picoplatin binds the protein under
the same experimental conditions. I-picoplatin fragments
coordinate almost to the same residues of the protein bound
to picoplatin moieties:”” the side chains of His12, His48,
Lys61, His10S, and His119 of both RNase A molecules in the
asymmetric unit and the side chain of Met79 of molecule B
(Figure 6). Lys61 is the only Pt binding identified in the
structure of the adduct with I-picoplatin that is not observed in
the structure of RNase A with picoplatin. Notably, close to
His119 of molecule A, a [Ptl,(OH,)] fragment is found, with
the I ligands trans to each other. This finding supports previous
data demonstrating that I-picoplatin is able to isomerize in
solution.”®

Structures of the Adduct with HSA. HSA is the most
abundant protein in the cardiovascular system. It is able to
bind a large variety of molecules, including metallodrugs,
affecting their distribution and efficacy.'” Despite intensive
efforts have been devoted to the identification of the details of
the interaction between metallodrugs and this protein,
structural bases of Pt-based drugs binding to HSA remain
elusive.”’ In this respect, it should be noted that structural data
on adducts formed upon reaction of HSA with Pt-based drugs
are still very rare: the only known structures of platinated HSA
are those with cisplatin in the absence’*® and presence of
fatty acids.™

Literature data demonstrated that picoplatin binds HSA,>
however details on the protein sites involved in the recognition
of the Pt-drug have not been reported until now. Here, we
have studied the reactivity of HSA with I-picoplatin, solving
two low-resolution structures of the I-picoplatin/HSA adduct.
Given the similarity of the two structures, only that at higher
resolution is here described. The HSA structure in its adduct
with I-picoplatin has been refined to a resolution of 3.9 A
(Figure 7). The final model, which lacks four residues at the N-
terminal tail, residues of loops 76—89 and 501—513 and a few
residues at the C-terminal tail, refines to a crystallographic R-
factor of 0.293 (Rg,, = 0.327). The platinated HSA structure is
almost identical to that in the absence of the metal compound:
the protein retains its heart-shape due to the assembly of three
helical domains (labeled I—III), each of which is divided into
two subdomains (A and B) and to the presence of 17 disulfide
bridges. RMSD from the starting model with PDB code
481Y** is as low as 0.04 A, but this is not surprising
considering that the structure has been refined using restraints.

Although the structure has been determined at low
resolution, it shows unambiguous evidence of Pt binding
sites (Figure 8). A total of three Pt binding sites were clearly

Figure 7. Overall structure of the adduct formed upon reaction of
HSA with I-picoplatin. His146, Met298, and Met329 are highlighted.

identified in the Fourier difference and anomalous difference e.
d. maps. Pt is found close to the side chains of His146,
Met298, and Met329 (Figure 8). Occupancy of Pt centers have
been fixed at 0.50; B-factors of metal centers are 72.3, 82.9, and
78.7 A%, respectively, in line with the B-factor values of
coordinating residue atoms. Met298 and Met329 are cisplatin
binding sites both in the absence and presence of fatty acids,
while His146 was believed to be a cisplatin binding site only in
the presence of fatty acids up to now."’

B CONCLUSIONS

The cytotoxicity of I-picoplatin, picoplatin, and cisplatin was
tested on selected human cancer cell lines with different
sensitivity to cisplatin. I-picoplatin is more effective than
picoplatin and, in most lines, also than cisplatin against the
cancer cells tested. Notably, I-picoplatin is significantly more
toxic than cisplatin and picoplatin on HeLa and A2780R lines
with intrinsic and acquired resistances to cisplatin, respectively.
I-picoplatin also exhibited some selectivity for tumor versus
noncancerous cells (Table 1). Differences were observed for I-
picoplatin and picoplatin in the case of the cell cycle
modification of HeLa cells. The results obtained from testing
the selected platinum compounds at the cellular level suggest
that I-picoplatin has an altered mechanism of action compared
to that of cisplatin and picoplatin, which may involve
additional interactions with biomacromolecules. The binding
of I-picoplatin to DNA was investigated by using EB
displacement fluorescence assay and CD. To investigate its
reactivity with proteins, we have collected ESI-MS spectra and
refined the X-ray structure of the adducts formed with HEWL
and RNase A under the same experimental conditions used to
study the reaction with cisplatin and picoplatin.”’ Recently,
picoplatin has been shown to bind HEWL and RNase A,
forming adducts with Pt-containing fragments attached to His
and Asp side chains.”” In solution, studies have shown that I-
picoplatin behaves differently to picoplatin.”® The present data
show that the iodinated derivative can retain the 2-
methylpyridine ligand and that Pt-containing fragments,
which can retain the iodide ligands, coordinate the side chains
of His1S, Argl4/His15, and the N-terminus in the adduct with
HEWL and the side chains of Hisl12, His48, His10S5, and
His119 in the reaction with RNase A, similar to picoplatin.
However, the data also show differences in the reactivity of I-
picoplatin with proteins compared with that of the parent drug.
Indeed, in the metal/protein adducts, I-picoplatin fragments
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Met329

Met298

Figure 8. Details of the Pt binding sites in platinated HSA. Pt binds close to (A) His146, (B) Met329, and (C) Met298. Anomalous difference e.d.

map of these sites is contoured at 3.0c (blue).

with I ligands in trans to each other are also found bound to
the protein residues. This finding may be related to the
different behavior of picoplatin and I-picoplatin in solution®
and to the differences in the activity of the two drugs.

Notably, the work also provides a rare example of the
structure of the adduct formed when a Pt-based compound
reacts with HSA.*’ Although solved at low resolution, the new
structure of platinated HSA clearly shows that the metal
compound binds the side chains of His146, Met298, and
Met329, suggesting that the compound reacts differently with
the protein compared to cisplatin.’***
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