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The reactivity of the anticancer drug picoplatin (cis-amminedi-
chlorido(2-methylpyridine)platinum(i) complex) with the model
proteins hen egg white lysozyme (HEWL) and bovine pancreatic
ribonuclease (RNase A) was investigated by electrospray ionisation
mass spectrometry (ESI MS) and X-ray crystallography. The data
were compared with those previously obtained for the adducts of
these proteins with cisplatin, carboplatin and oxaliplatin under the
same experimental conditions. ESI-MS data show binding of Pt to
both proteins, with fragments retaining the 2-methylpyridine
ligand and, possibly, a chloride ion. X-ray crystallography identifies
different binding sites on the two proteins, highlighting a different
behaviour of picoplatin in the absence or presence of dimethyl
sulfoxide (DMSO). Metal-containing fragments bind to HEWL close
to the side chains of His15, Asp18, Asp119 and both Lys1 and Glu7,
whereas they bind to RNase A on the side chain of His12, Met29,
His48, Asp53, Met79, His105 and His119. The data suggest that the
presence of DMSO favours the loss of 2-methylpyridine and alters
the ability of the Pt compound to bind to the two proteins. With
both proteins, picoplatin appears to behave similarly to cisplatin
and carboplatin when dissolved in DMSO, whereas it behaves more
like oxaliplatin in the absence of the coordinating solvent. This
study provides important insights into the pharmacological profile
of picoplatin and supports the conclusion that coordinating sol-
vents should not be used to evaluate the biological activities of Pt-
based drugs.

Picoplatin (cis-amminedichlorido (2-methylpyridine) platinum
(), Fig. 1)' is a cisplatin derivative designed primarily to
overcome thiol-mediated drug resistance phenomena.* Indeed,
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the presence of a pyridine ligand should provide a steric hin-
drance to a nucleophilic attack. Over the past decades, picopla-
tin has been evaluated as a single anticancer agent®” or in
combination with other cytotoxic compounds in a wide variety
of tumour types.* ' In vitro studies have shown its ability to
overcome platinum drug resistance in cisplatin, carboplatin
and oxaliplatin resistant cell lines.'” For these reasons, it was
evaluated in the clinical trials for the treatment of small-cell
lung and colorectal cancers reaching the Phase II1.*?

As with the other Pt-based anticancer compounds, once
administered, picoplatin can bind to plasma proteins in the
blood stream, in particular to albumin, the most abundant
plasma protein, which could critically determine its bio-
availability and toxicology."*'* The effect of the protein plati-
nation by these platinum drugs is still an open question. In
fact, on the one hand, binding of the metal compound to the
protein can induce the deactivation/degradation of the drug,
making it unavailable for the final targets and causing severe
side effects, or it can favour its excretion. On the other hand,
the protein can act as a carrier for the bound Pt drug, deliver-
ing it to the cells, or as a reservoir for the drug."* To gain more
insight into the role of proteins in the pharmacokinetics of Pt
drugs, understanding of their mutual interaction is fundamen-
tal. There are several papers and reviews reporting on the
effects of the reaction of Pt compounds with proteins;'>"®
however, only a few studies have been published on the
adducts formed between picoplatin and proteins’” and no
structural data are available. For these reasons, picoplatin reac-
tivity with the model systems hen egg white lysozyme (HEWL)
and bovine pancreatic ribonuclease (RNase A) was investigated

Fig. 1 Structural formula of picoplatin.
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in detail. The two proteins have been chosen, since they have
been frequently used to study protein metalation processes.®"®
Moreover, they are cheap, stable, well folded and easy to crys-
tallize and represent a simple model system for studies using
electrospray ionization mass spectrometry (ESI MS).° In the
present study, the binding of picoplatin to the proteins was
studied in solution by ESI MS and in the solid state by X-ray
crystallography using a previously described combined
approach.’ Prior to the ESI MS experiments, the metal
complex was dissolved in DMSO to guarantee correct solubil-
isation of the sample. A freshly prepared picoplatin solution
was then incubated with the selected proteins in ammonium
acetate containing 1% DMSO. The in-solution behaviour of
picoplatin in DMSO, 10% DMSO in D,0, 1% DMSO in D,O,
10% DMSO in PBS/D,0 and 1% DMSO in PBS/D,O was
studied by "H NMR and ESI-MS (see ESI, Fig. S1-S6 and
Table S17). In all cases, picoplatin degradation was observed
and its extent depended on the DMSO concentration. In the
case of DMSO and PBS-buffered solutions (10% DMSO in PBS/
D,0 and 1% DMSO in PBS/D,0), the release of the carrier
ligand a-picoline was clearly proved by "H NMR (see ESI} for
more details). The results of studies of picoplatin stability in
the presence of DMSO indicate that picoplatin is similar to cis-
platin in terms of instability in pure DMSO.?® On the other
hand, in contrast to cisplatin and similarly to oxaliplatin, the
stability of picoplatin depends on the DMSO concentration
and the presence of PBS.

ESI MS data collected on the picoplatin/HEWL system
(details in ESI}) revealed that a [Pt(Cl)(2-methylpyridine)]"
fragment bound to the protein after 24 h (Fig. 2A). Similar
results were observed after 48 h. The data collected on the
picoplatin/RNase A system showed that a [Pt(2-methyl-
pyridine)]** fragment bound to RNase A after 24 h or 48 h
(Fig. 2B). The spectra also suggested that platinum-containing
fragments containing DMSO could bind to the latter protein.
Altogether, these data confirmed that at least one Pt-contain-
ing fragment could bind to the analysed proteins after 24 h of
incubation under the investigated experimental conditions.
Notably, these Pt-containing fragments appear to retain the
2-methylpyridine ligand and potentially a chloride ligand as
well. To obtain further information on the metal binding site
and on the effect of the picoplatin binding on the overall struc-
ture of the two proteins, crystallographic studies were carried
out.

The structures of platinated HEWL (Fig. S71) were obtained
by reacting the protein with picoplatin under two different
experimental conditions. In one case, the Pt complex was pre-
dissolved in pure DMSO, diluted with the mother liquor, and
then used to soak native protein crystals. The obtained
protein-to-Pt molar ratio was about 1:3 (structure A,
Fig. S7A%). In the other case, picoplatin was added as a powder
to a drop containing native HEWL crystals (structure B,
Fig. S7AY). In this way, it was in a large molar excess. Both
metalated HEWL structures were solved by molecular replace-
ment using the coordinates from PDB code 193L*" as a start-
ing model.
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Fig. 2 Deconvoluted mass spectra of HEWL (panel A) and RNase A
(panel B) (5 x 10~ M) in 0.1% ammonium acetate solution at pH 6.8
incubated at 37 °C for 24 h with picoplatin (dissolved DMSO) ina 1:3
protein-to-platinum compound molar ratio. Final DMSO concentration
1%.

Structure A contains 1165 atoms and refines to an R-factor
of 0.185 (Rgree 0.230) at 1.60 A resolution (see ESIf for further
details). The final model revealed that the protein remained
unaltered upon Pt binding. Indeed, Ca r.m.s. deviation (rmsd)
of HEWL was as low as 0.25 A. Fourier difference and anoma-
lous difference electron density maps suggested the presence
of two peaks due to the binding of Pt-containing fragments
close to the side chain of His15 (Fig. 3A) and of a minor peak
due to a Pt atom bridging the side chains of Lys1l and Glu7
(Fig. 3B). Close to His15 the two picoplatin fragments were
found bound to the NE2 and ND1 atoms (0.50 occupation for
both Pt centres), as previously observed in the case of
cisplatin®®*?* and carboplatin.>** In this site, the electron
density map was clear and allowed establishing the presence
of three ligands around the Pt centre: in both sites these

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Picoplatin derivative binding sites in structure A. Two Pt frag-
ments bind to the side chain of His15 (panel A), and to the side chains of
Glu7 and Lysl (panel B). 2Fo—Fc is contoured at 1.0 o level (salmon),
anomalous map at 4.0 c level (yellow).

ligands were interpreted as one NH; and two water molecules.
In this way the Pt centre completes its coordination sphere
keeping the square planar geometry (Fig. 3A). The fragment
bound to ND1 atom of His15 interacts via NH; with the OD1
atom of Asn93.

Close to the side chains of Lys1 and Glu7 the electron
density map was not well-defined, maybe also due to the low
occupation of the metal centre (0.30). Thus, only the Pt atom
was modelled (Fig. 3B).

Structure B contains 1230 atoms and refines to an R-factor
of 0.174 (Rgee 0.208) at 1.36 A resolution (see ESIf for further
details). The overall structure of the protein in the adduct was
substantially unaltered when compared to that of the metal-
free protein (Fig. S7At). Ca r.m.s. deviation (rmsd) of HEWL in
the present structure from the model of the metal-free protein
(PDB code 193L) is as low as 0.29 A. Pt atoms were found close
to the side chains of Asp18 and Asp119 (Fig. 4). The electron
density around the metal centre did not allow completing the
metal coordination sphere in these two binding sites, where
naked Pt atoms, with partial occupation (0.20 for both metal
atoms), were modelled. Asp119 has been previously identified
as oxaliplatin binding site.*®

Thus, the crystallographic analysis of HEWL adducts with
picoplatin in the absence and in the presence of DMSO gave
different results suggesting that the Pt compound has a
different reactivity towards the protein under the two different
experimental conditions studied. The comparison with the

Fig. 4 Picoplatin fragment binding sites in structure B. Pt atoms bind to
the side chains of Asp18 (panel A) and Asp119 (panel B). 2Fo—Fc is con-
toured at 1.0 ¢ level (ruby red), anomalous map at 4.0 o level (yellow).
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structures of the adducts that HEWL forms with cisplatin,***’
carboplatin®*?® and oxaliplatin®® suggests that, when dissolved
in DMSO, picoplatin acts similarly to cisplatin and carbopla-
tin. Indeed, as evidenced by Tanley and co-workers,*® upon
addition of DMSO, cisplatin and carboplatin fragments coordi-
nate to the solvent accessible His15 side chain, as observed for
picoplatin in structure A. Conversely, in the absence of DMSO,
picoplatin mimics oxaliplatin reactivity: it binds the Asp side
chains. Indeed, Asp119 has been identified as Pt binding site
in structure B and in the adduct formed upon reaction of
HEWL with oxaliplatin.>®?°

RNase A adducts with picoplatin were then obtained by
using the same approach employed to produce platinated
HEWL. Structure C was obtained using data collected on a
crystal of Pt/RNase A adduct obtained when metal-free RNase
A crystals were exposed to picoplatin in the presence of DMSO.
In another experiment picoplatin powder was added to a drop
containing metal-free RNase A crystals without addition of
DMSO (structure D). Phase problem was solved by molecular
replacement using coordinates from PDB file 1JVT®° as a start-
ing model. The final models of platinated RNase A contain

Fig. 5 Detail of picoplatin fragments bound to RNase A in the structure
C. Pt centres are found close to the side chains of Met29 and Asp53 of
chain 1 (panels A and B) and close to the side chains of Met29, His105
and His119 of chain 2 (panels C-E). In panel B, the fourth ligand of Pt
bound to Asp53 is omitted due to absence of electron density. His119
adopts two different conformations (panels E). Both could bind to the
Pt-containing fragment (panel E). The fourth ligand of Pt bound to
His119 is omitted, since it is superimposed to the alternative confor-
mation of the side chain of the His. 2Fo—Fc is contoured at 1.0 ¢ level
(limon), anomalous map at 4.0 ¢ level (blue).
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two protein molecules (chain 1 and chain 2) in the asymmetric
unit (Fig. S8A and Bf).

Structure C contains 2164 atoms and refines at 1.99 A
resolution up to R-factor of 0.193 (Rgee 0.243) (see ESIT for
further details). The overall structure of RNase A in the adduct
presents some differences when compared to the metal-free
protein deposited in the PDB under the accession code 1JVT.*
Co r.m.s.d. values of chains 1 and 2 from those of the metal-
free protein are within the range 0.40-0.52 A. Peaks were
observed in the anomalous difference and 2Fo-Fc electron
density maps close to the side chains of Met29 and Asp53 of
chain 1 (Fig. 5A and B) and close to the side chain of Met29,
His105 and His119 of chain 2 (Fig. 5C-E). In this structure, the
coordination sphere of the Pt-containing fragments bound to
RNase A indicates that picoplatin loses the 2-methylpyridine
ligand and undergoes extensive degradation upon protein
binding. Indeed, close to side chains of Met29 and Asp53 of
chain 1, Pt coordination sphere is completed by three ligands
interpreted as ammonia and water molecules, which have
replaced the original Pt ligands (Fig. 5A and B). In chain 2,
close to the side chains of Met29 and His105 only one ligand
(ammine ligand) was modelled. Finally, His119 adopts a
double conformation, and the Pt atom can bind both the His
side chain conformations, alternatively (Fig. 5E).

Structure D contains 2144 atoms, refines at 1.76 A resolution
up to R-factor of 0.199 (R 0.235) (see ESIf for further details).

The inspection of the electron density map revealed signifi-
cant differences in this structure when compared to structure
C. In particular, diffraction data of structure D indicated that
the side chains of His12, His48 and Met79 could also be plati-

View Article Online
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nated, while the side chains of Met29 and Asp53 were metal-
free (Fig. 6). The Pt atoms did not retain the 2-methylpyridine
ligand and a partial hydrolysis of picoplatin could be observed,
as found for HEWL, close to the side chains of His12 (Fig. 6A),
Met79 (Fig. 6B) and His105 (Fig. 6C) of chain 1 and close to
the side chains of His12 (Fig. 6F), His48 (Fig. 6G), His105
(Fig. 6H) and His119 (Fig. 6I) of chain 2. On the contrary, an
almost complete picoplatin molecule is observed close to the
side chains of His48 and His119 of chain 1 (Fig. 6D and E).
Here, picoplatin bound to the ND1 atom of the His side chains
upon losing one of the two chloride ligands. The NE2 atom of
His119 was also platinated, even though in this case only a
chloride could be interpreted as a Pt ligand (Fig. 6E).
Interestingly, chloride ligands were found also close to the Pt
centres bound to the side chains of His105 and His119 of
chain 2 (Fig. 6H and I).

A detailed comparison between the structure of metal-free
RNase A and structure D revealed that the Pt binding to His48
induced significant variations at the level of the His environ-
ment. In the metal-free protein, the side chain of His48 is
hydrogen bonded to OG1 atom of Thr82 and to the carbonyl
oxygen of Asp14 and in contact with the side chain of Thr17.>°
Upon platination, the hydrogen bond with Asp14 and the
contact with the side chain of Thr17 are lost. The loss of these
interactions induced complete disordering of the high flexible
loop constituted by residues 16-22, so that residues 17-21 in
chain 1 and residues 17-20 in chain 2 could not be modelled
in the electron density map.

In agreement with the observations in the case of HEWL,
picoplatin showed a different reactivity with RNase A in the

Fig. 6 Picoplatin derivative binding sites in RNase A structure D. Pt fragments bind the side chains of His12 (panels A and F), His48 (panels D and
G), His105 (panels C and H) and His119 (panels E and I) of both protein chains of the a.u., and the side chain of Met79 in chain 2 (panel B). 2Fo—Fc is
contoured at 1.0 ¢ level. Chain 1 is in yellow, chain 2 in bright orange. Anomalous difference electron density map is reported at 4.0 c level in blue.
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presence (structure C) and absence of DMSO (structure D). The
presence of DMSO in structure C favoured the loss of Pt
ligands in picoplatin, thus changing the protein binding pro-
perties of the metal compound.

Notably, cisplatin®"** and carboplatin®® bind to RNase A
close to Met29 in isomorphous RNase A crystals, while oxali-
platin®® binds to the side chains of Asp14 and Met29, His119
and, to a lesser extent, of His105.

In summary, we studied the formation of the adducts
resulting from the reaction of picoplatin with HEWL or RNase
A. There are no other structural studies of the interaction
between this compound and proteins. Our data show that
picoplatin fragments bind to HEWL without altering the
overall protein structure; the interaction of the metallodrug
with RNase A is associated with significant variations in the Pt
binding site environment. Crystallographic and mass spec-
trometry data indicate that different Pt-containing fragments
derived from the Pt-based drug can bind to the proteins close
to Met, Asp and/or His side chains. The 2-methylpyridine
ligand and possibly a chloride ion can be retained.

Comparison with the structural data collected on the same
proteins in the presence of cisplatin, carboplatin and oxalipla-
tin under the same experimental conditions reveals that pico-
platin reactivity with proteins seems more similar to that of
oxaliplatin in the absence of DMSO, and more similar to cis-
platin and carboplatin upon extensive degradation, ie. in the
presence of DMSO. These findings, once again,®! suggest
caution in the use of coordinating solvents for establishing the
biological activities of potential metal-based drugs and under-
line that different experimental conditions have to be tested to
properly evaluate the reactivity of metallodrugs with proteins.
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