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ABSTRACT: Organopalladium compounds are a new class of metal-based DOSE AND TIME-DEPENDENT VIELDS
drugs with significant yet largely unexplored therapeutic potential. Previous
studies have suggested that these compounds act as prodrugs that can strongly
interact with protein targets. However, the underlying protein metalation -
processes have scarcely been investigated to date. To gain a deeper insight into
this issue, we analyzed the interactions of two representative organopalladium =
compounds with the model protein RNase A using a strategy that combined

electrospray ionization mass spectrometry (ESI MS) and X-ray crystallography.
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structural characteristics. The crystal structures of two organopalladium/RNase PHENTISR | N “ % 8¢

A adducts were then determined. These structures revealed that the palladium-

containing fragments bind to histidine and methionine side chains.

Interestingly, one of the two complexes interacts with the catalytically important residues His12 and His119, causing significant
inhibition of the protein’s enzymatic activity. Overall, these results provide detailed insights into the main features of protein
metalation reactions promoted by organopalladium compounds as well as the nature of protein-bound palladium fragments.

B INTRODUCTION

Over the past two decades, organopalladium compounds have
attracted increasing interest in medicinal chemistry," although
research into these compounds remains less developed than
that into platinum-, gold-, and ruthenium-based drugs.2
Defined by the presence of at least one palladium—carbon

multiple cancer models and pronounced selectivity toward
ovarian cancer, with only marginal effects on non-cancerous
cells.”®” This favorable therapeutic window is preserved in 3D
patient-derived organoids and is consistent with the reasonable
aqueous solubility and chemical stability of the complexes that
is ensured by appropriate ligand frameworks.

bond, organopalladium compounds occupy a privileged
position because this linkage enables oxidative addition,
migratory insertion, 7—o¢ interconversion, and reductive
elimination with extraordinary efficiency.” While these
processes were historically exploited in homogeneous catalysis,
they are now increasingly recognized as powerful tools in
medicinal chemistry, enabling organopalladium fragments to
selectively engage with biological targets.

Within this emerging paradigm, some of us have systemati-
cally explored the anticancer activity of a broad range of
organopalladium fragments, including Pd(1I)—allyl, Pd(1I)—
butadienyl, Pd(II)—vinyl, Pd(II)—aryl, Pd(Il)—indenyl, Pd-
(II)—imidoyl, and palladacyclopentadienyl complexes, as well
as Pd(0)—olefin species and Pd(I) dimers."”"" These studies
have covered two-dimensional (2D) cancer cell models, three-
dimensional (3D) patient-derived tumor organoids, and
selected in vivo systems. Of the families investigated, Pd(II)-
allyl and Pd(1I)-butadienyl complexes have consistently proven
to be the most promising. They exhibit high cytotoxicity across
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A paradigmatic example is a Pd(II)—butadienyl complex
bearing two PTA ligands (PTA = 1,3,5-triaza-7-phosphaada-
mantane), which is soluble in water at millimolar concen-
trations and displays submicromolar cytotoxicity in both 2D
cultures and 3D tumor organoids.” This compound, hereafter
referred to as complex 1 (Scheme 1), also reduces tumor mass
in vivo while being exceptionally well tolerated, with no
detectable systemic toxicity even at doses exceeding 200 mg
kg™ in mice. Its mechanism of action is highly unconventional
for Pd-based drugs, as it primarily induces ferroptosis via
inhibition of glutathione peroxidase 4 (GPX4), a selenoenzyme
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Scheme 1. Previously Studied'® Organopalladium Compounds and Those Reported in This Work
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that suppresses lipid peroxidation.'” By triggering iron-
dependent oxidative membrane damage rather than DNA
lesions, this compound circumvents the classical resistance
pathways associated with apoptosis-based chemotherapies.
Pd(II)-allyl complexes operate through a distinct yet equally
compelling biological mechanism. Immunofluorescence studies
have shown that these compounds accumulate preferentially in
mitochondria, where they disrupt redox homeostasis and
cellular bioenergetics.” The presence of at least one N-
heterocyclic carbene (NHC) ligand significantly enhances their
biological performance by stabilizing the metal center and
modulating its reactivity in the cellular environment. Three
main families have been explored: neutral [Pd(NHC)Cl(allyl)]
species;8 cationic [PA(NHC)(L)(allyl)]* complexes,4‘13 where
L is a phosphine, NHC, or isocyanide; and allyl palladates of
the type [NHC-H][PdCl,(allyl)]."*="7 Of these, allyl
palladates have consistently proven to be the most potent
anticancer agents and thioredoxin reductase (TrxR) inhibitors,
demonstrating significantly higher activity than the neutral or
cationic Pd—allyl-NHC complexes."*™'® Their relevance is
further enhanced by their exceptionally simple, modular
synthesis. These species can be obtained in essentially
quantitative yields through the direct combination of the
[PdCl(allyl)], dimer and the appropriate azolium salt. This
process can be carried out under mild solid-state grinding
conditions, enabling the rapid generation of large compound
libraries. Importantly, previous studies from our group have
shown that the biological activity of allyl palladates arises from
the intimate association between the allyl—palladate anion and

the azolium cation. Even in polar media, a significant portion
of these species remain associated as ion pairs."*~"” While the
corresponding azolium salts are generally poorly cytotoxic or
completely inactive toward cancer cells, combining them with
the allyl—palladate fragment produces highly active com-
pounds. Moreover, while the palladium-containing anion is
essential for the biological activity, the azolium cation is not
merely a spectator, as different cation—anion combinations can
markedly influence cellular uptake, cytotoxicity, and, in some
cases, selectivity toward cancer over non-cancerous cells.
Scheme 1 shows the allyl palladate selected, in the present
study, as a representative model compound, which is referred
to as complex 2 hereafter. Further studies have demonstrated
that this framework can be chemically programmed to enhance
tumor selectivity using carbohydrate-derived azolium salts.
Notably, allyl palladates are the first palladium-based inducers
of immunogenic cell death reported to date.'*

Together, the above findings represent a significant shift in
our understanding of the role of Pd compounds in biology.
Previous studies have largely described Pd(II) and organo-
palladium complexes as DNA-binding agents with limited
potency and selectivity.'”~>' In contrast, the systems described
above primarily act through protein targeting, aligning
palladium with other successful metallodrugs, such as gold
compounds that inhibit key enzymes.'®**** Organopalladium
complexes therefore emerge as protein-reactive, mechanisti-
cally programmable metallodrugs.

In this context, the concept of protein metalation—the
formation of metal—protein adducts—has become a central
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Figure 1. Deconvoluted ESI-Q-TOF spectra of (A) metal-free RNase A and RNase A adducts with (B) complex 1 and (C) complex 2 in a 1:3

protein-to-Pd complex molar ratio. Incubation time: 24 h.

theme in the field of medicinal inorganic chemistry.”*~>” This
process governs drug transport, accumulation, activation, and
enzyme modulation. It also underpins the design of artificial
metalloenzymes and protein-based delivery systems, where the
protein scaffold is integral to the chemical and biological
functions of the metal. However, defining this process at the
molecular level can be very difficult as it involves metal
speciation, ligand exchange, redox chemistry, and selective
coordination with amino acid residues.

Recently, a joint investigative protocol involving ESI MS and
X-ray crystallography was proposed for characterizing the
protein metalation process at the atomic level.”*~*” Although
X-ray crystallography can reveal the location of metal-binding
sites within protein structures, it may fail to determine the
chemical identity of the metal ligands due to low occupancy of
metal-containing fragments in the metal/protein adducts or to
high conformational flexibility of these groups. In contrast, ESI
MS can directly reveal the stoichiometry, speciation, and ligand
composition of metal—protein adducts in solution and allows
the definition of some of the dynamic aspects of the process.
Therefore, combining the two techniques provides a
particularly powerful view of protein metalation.

Nevertheless, few comprehensive studies have employed this
integrated approach with metallodrugs that are of genuine
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pharmacological relevance and even fewer with organo-
palladium compounds. Previous work using ESI MS revealed
that organopalladium complexes can form well-defined protein
adducts;'® however, their reactivity was insufficient to produce
crystallographically tractable species.

Thus, in the present study, we first investigated the
interaction of organopalladium complexes 1 and 2 with bovine
pancreatic ribonuclease (RNase A) using ESI-MS and X-ray
crystallography.

B RESULTS AND DISCUSSION

ESI-MS Interaction Experiments with RNase A

ESI MS is a powerful tool for characterizing metallodrug—
protein interactions at the molecular level with a high
precision. To analyze the possible interactions of Pd complexes
1 and 2 with a protein, ESI MS spectra of RNase A were
recorded before and after incubation with the palladium
complexes. RNase A was selected as a model protein for these
studies since it is relatively small (124 residues, ~13.7 kDa)
and has been widely used to investigate the protein metalation
process by several metal compounds, including anticancer
. . 28 . 29 30
agents such as cisplatin™ and its derivatives,” gold,
ruthenium,®  iridium,** vanadium®’ and rhodium®* com-
. I 35
pounds and some palladium coordination complexes.” Its

https://doi.org/10.1021/acs.inorgchem.6c03237
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Figure 2. (A) ESI-MS time-course analysis of RNase A incubated with complex 1 for 24 h. (B) Magnified mass spectrum of the 14243 Da adduct,

corresponding to the RNase-Pd(II)—butadienyl bearing one PTA.
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inherent stability and extensive characterization®® provide a
robust framework for the validation and comparison of new
experimental data with literature.

First, RNase A was incubated with complexes 1 and 2 at a
1:3 protein-to-metal molar ratio for 24 h, according to
established procedures,” after which the respective ESI MS
spectra were recorded. These spectra are shown in Figure 1,
together with that of the metal-free protein. The control
spectrum of metal-free RNase A displays a primary peak,
consistent with the theoretical mass of the RNase A sequence,
at 13,681 Da. A secondary peak, at 13,779 Da, corresponds to
the sulfate-bound protein form, inherent to the commercial
sample.

Inspection of the spectra of the protein incubated with the
Pd complexes clearly shows the formation of an adduct. In the
case of complex 1, the MS spectrum reveals the formation of a
major adduct characterized by a mass increase of 563 Da
(Figure 1B), when compared to the native protein. This mass
shift is consistent with the binding to the protein of a Pd(I)-
butadienyl fragment bearing one PTA ligand. The relative
intensity of this peak is approximately 70% of that of the
residual signal of the unmodified protein. In contrast, the mass
spectrum obtained upon incubation of RNase A with complex
2 is characterized by the near-complete disappearance of the
native protein peak and the appearance of several peaks
corresponding to a variety of protein adducts bearing a
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multiplicity of Pd-containing fragments of the type PdCl(allyl)
or [Pd(allyl)]*, as well as palladium ions (Figure 1C).

ESI MS time-course experiments were then carried out to
monitor adduct formation and evolution, with the concen-
trations of the protein and the Pd complexes kept constant
throughout. Monitoring of the reaction was possible by
observing the relative intensity of the signals at different time
intervals. The obtained results demonstrate that the interaction
between the Pd(II)—butadienyl fragment bearing one PTA
ligand (derived from complex 1) and the protein reaches
equilibrium after 24 h of incubation, as evidenced by the
progressive increase of the adduct signal over time (Figure 2).

To investigate how the concentration of palladium complex
1 influences binding, we tested protein-to-metal molar ratios of
1:0.5, 1:1, 1:3, and 1:10 at two time points (3 and 24 h; Figure
3A). Interestingly, the relative abundance of the adduct at a
1:10 ratio remained consistent with that observed at 1:3,
suggesting a saturation point at higher ratios (Figure 3B).

The reaction of RNase A with complex 2 yielded more
intricate results; specifically, the number of bound Pd ions was
modulated by time and concentration, as highlighted by the
evolution of adduct signal intensities (see Supporting
Information, Figures S1—S3).

X-ray Diffraction Studies
To characterize the above adducts from the structural point of

view, crystallization experiments were carried out. Indeed, we

https://doi.org/10.1021/acs.inorgchem.6c03237
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B

Figure 4. Cartoon representation of the overall structure of the adducts formed by RNase A with Pd complexes 1 (A) and 2 (B). Molecules A of

the a.u. are colored in purple in (A) and in forest green in (B). Molecules B of the a.u. are colored in light pink in (A) and in deep teal in (B). In

both structures, Pd binding sites are highlighted and shown as bond

and stick.

were successful in obtaining crystals for protein adducts with
both organopalladium compounds by soaking metal-free
RNase A crystals in a 1.0 4L drop containing the crystallization
solution (22% PEG 4K and 10 mM sodium citrate buffer pH
5.1) saturated with Pd complex powder. After 7 days of
incubation, crystals were fished, cryo-protected in a solution
containing 70% reservoir and 30% glycerol for a few seconds,
and analyzed for X-ray diffraction. The crystals belong to the
space group C2, contain two protein molecules in the
asymmetric unit (a.u.) (molecules A and B hereafter, Figure
4), and diffract X-rays at 1.99 and 2.72 A resolution for the
adducts with complexes 1 and 2, respectively.

The structures were refined to R-factor/Rg,, of 0.211/0.234
and 0.216/0.258, respectively. The overall structures of RNase
A in both adducts with Pd complexes are very similar to that of
the metal-free protein; the root-mean-square deviation of
carbon a atoms (r.m.s.d.) between the structure of each Pd/
RNase A adduct and that of RNase A used as the starting
model (PDB code 1JVT™®) is within the range 0.26—0.40 A.

Analysis of Fourier difference electron density (e.d.) maps of
the adduct formed by RNase A with complex 1 showed that
this Pd complex has limited reactivity with the protein. Indeed,
just one naked Pd ion with 0.50 occupancy binds the protein,
close to the highly exposed side chains of Hisl05 of both
molecules of the au (Figures 4A and S). The e.d. maps close to
these binding sites are not well-defined; thus, we cannot model
Pd ligands to complete the metal coordination sphere. This is

Figure 5. Pd binding sites in molecules A (purple) and B (light pink)
of the adduct of RNase A with complex 1. Pd binds close to the side
chain of His10S of both molecules of the a.u. 2Fo-Fc e.d. maps are
contoured at 1.0 o level (purple and light pink).

not surprising, considering the partial occupancy and local
flexibility of these Pd-containing fragments. The e.d. map close
to the metal suggested to us that Pd is bound to some ligands,
which, for simplicity, have been interpreted as water molecules.
This e.d. could correspond to a part of the original ligands that
are disordered in the crystal.

Inspection of Fourier difference e.d. maps of the adduct
formed by RNase A with complex 2 showed a higher reactivity
of the Pd compound toward the protein (Figure 6). Naked Pd

20589 https://doi.org/10.1021/acs.inorgchem.6c03237
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Figure 6. Pd binding sites in molecules A (forest green) and B (deep teal) of the adduct of RNase A with complex 2. Pd binds close to the side
chains of His12 (A), Met29 (B), His105 (C), and His119 (D) of molecule A, and close to the side chains of His12 (E), His105 (F), and His119
(G) of molecule B. 2Fo-Fc e.d. maps are contoured at 1.0 ¢ level (forest green and deep teal in (A—D) and (E—G), respectively).
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Figure 7. Hydrolysis of yeast RNA in 50 mM sodium acetate buffer at pH 5.0, according to the Kunitz method.*” The variation of absorbance at
300 nm was followed as a function of time upon addition of the protein (alone or after incubation with the Pd complex) to the RNA. Four different
protein-to-Pd complex molar ratios were tested: 1:0.5, 1:1, 1:3, and 1:5. RNase A was incubated in the presence of complex 2 (A) and complex 1
(B) for 24 h. Protein concentration was 10 yM. Experiments were performed in triplicate, and curves were obtained by averaging the three

measurements.

ions, with partial occupancies (ranging from 0.25 to 0.70), are
found close to the side chains of His12, His105, and His119 of
both molecules of the a.u. and close to the side chain of Met29
of molecule A (Figure 6A—G). Even in the case of this
structure, the e.d. maps are not well-defined close to the metal
center and do not allow us to complete modeling of the Pd
coordination sphere. Water molecules have been added to the
metal center bound to the side chains of His10S and His119 of
molecule A (Figure 6C,D). A slightly larger e.d. was observed
close to the Pd center bound to the side chains of His12 and
His119 of molecule B. Here, the map has been interpreted with
the presence of a Pd-allyl fragment (Figure 6E,G). This
interpretation agrees with ESI MS data, which showed the

20590

presence of Pd-allyl fragments in the adduct that RNase A
forms with complex 2.

Ribonuclease Activity Assays

Since crystallographic results have indicated that complex 2-
derived fragments can bind RNase A close to the side chains of
His12 and Hlsll9 which are involved in the RNA recognition
by the protein,® it is reasonable to expect that RNase A could
lose its ability to degrade nucleic acids in the presence of this
Pd complex. To verify this hypothesis, the catalytic activity of
the adduct formed upon reaction of complex 2 with RNase A
has been investigated using the Kunitz assay.’” Briefly, the
assay measures the variation in yeast RNA absorbance at 300
nm over time, which occurs upon RNA hydrolysis following
the addition of a defined amount of RNase A.
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The experimental data reported in Figure 7A reveal that the
presence of complex 2 alters the ribonuclease activity of the
protein and that the loss of activity is dependent on Pd
concentration. A comparable behavior was already observed in
the adducts formed upon reaction of RNase A with V,*>*!
Ru,” Pd,*® Au,*° and Pt-based drugs.43

RNase A catalytic activity was also assessed in the presence
of complex 1, although fragments of this compound do not
bind to the protein active site. This represents a convincing
negative control for the experiments. As expected, the protein
retains significant enzymatic activity even in the presence of
high concentrations of complex 1 (Figure 7B).

B CONCLUSIONS

Organopalladium compounds are a promising class of metal-
based compounds with significant medicinal interest and
potential. The reactivity of the palladium center can be finely
and favorably tuned through the selection of appropriate
ligands, and this can be exploited for pharmaceutical purposes.
Although they are prodrugs, organopalladium derivatives
exhibit a distinct mode of action from platinum compounds.
They tend to interact weakly with DNA but strongly with
proteins. In light of these findings, it is becoming increasingly
important to describe the interaction between organopalla-
dium compounds and target proteins at the molecular level.
We have therefore characterized the reactions of organo-
palladium compounds of medicinal interest with RNase A,
using an investigative protocol based on combined ESI MS and
XRD approaches that we recently described.”*™*’ These two
techniques provide complementary information, since ESI MS
can establish the type of adduct formed and the number of
metal-containing fragments bound to the protein, while XRD
can provide the exact location of metal-binding sites. This
combined approach allows us to properly define the protein
metalation processes at a molecular level.

ESI-MS studies revealed that both organopalladium
compounds (complexes 1 and 2) were able to react with the
protein to form stable adducts through coordination of Pd-
containing fragments to protein side chains. However, the
reactivity of the two complexes toward the protein differs
significantly: complex 1 produces a single adduct with high
selectivity, whereas complex 2 forms a variety of adducts with
different metal-containing fragments bound to the protein at
multiple sites. We then successfully determined the crystal
structures of the adducts. The crystallographic data indicate
that the primary binding site for complex 1 is a histidine side
chain on the protein surface. In contrast, complex 2 can
metalate the protein at different sites, including the catalytically
important residues His12 and His119. Notably, ESI-MS and
XRD, despite their different natures, provide a comprehensive
description of the RNase A metalation process by these
organopalladium complexes. We believe that the observed
protein metalation patterns may have more general relevance.

Beyond its immediate significance to palladium drug design,
this work also has broader implications for bio-organometallic
chemistry. Previous studies on palladium complexes—most
notably the [PdCl(allyl)], dimer, whose intrinsic antitumor
activity is negligible—have shown that large protein scaffolds
such as ferritin can be used to construct artificial or hybrid
metalloenzymes based on Pd—C chemistry.** Building on this
framework, the well-defined Pd—protein adducts described
here extend this paradigm into a biologically active context by
embedding organopalladium reactivity within structured, chiral

protein environments that are functionally engaged in cellular
processes, at the interface of medicinal chemistry, structural
biology and catalysis.

B EXPERIMENTAL SECTION

Preparation of Complexes 1 and 2

Complexes 1 and 2 were available in our laboratories, having been
previously synthesized by our group according to the procedures
reported in the literature.”"® The biochemical studies described
herein were performed using the same batches employed in the
original synthetic studies. Their preparation, isolation in high yields,
and comprehensive analytical characterization have been described in
detail in those reports. The characterization included clean NMR
spectra and elemental analyses in excellent agreement with the
calculated values, confirming the high purity of the compounds.

ESI MS Interaction Experiments with RNase A

Adducts Formation. Adducts were prepared by incubating the
protein directly with the different metallodrugs at a 1:3 protein-to-
metal ratio. The mixtures were incubated in ultrapure water for 24 h
at 37 °C.

Time-Course Experiments. Adducts were prepared by incubat-
ing the protein directly with the different metallodrugs at a 1:3
protein-to-metal ratio. The mixtures were incubated in ultrapure
water for S min, 1 h, 3 h, 8 h, 12 h, and 24 h at 37 °C.

Titration Experiments. Adducts were prepared by incubating the
protein directly with different ratios of metallodrugs (1:0S, 1:1, 1:3, or
1:10 protein-to-metal ratio). The mixtures were incubated in
ultrapure water for 3 and 24 h at 37 °C.

The protein solutions were further diluted with water to a final
protein concentration of § X 1077 M. Just before analysis, 0.1% (v/v)
LC-MS grade formic acid was added. The ESI mass spectra were
acquired through direct injection at a flow rate of 7 yL/min in a
TripleTOF 5600+ high-resolution mass spectrometer (Sciex,
Framingham, MA, U.S.A.), equipped with a DuoSpray interface
operating with an ESI probe. The ESI source parameters were set as
follows for all samples. Positive polarity, Ionspray Voltage Floating
5500 V, Temperature 0, Ion source Gas 1 (GS1) 40 L/min; Ion
source Gas 2 (GS2) 0 L/min; Curtain Gas (CUR) 15 L/min,
Declustering Potential (DP) 100 V, Collision Energy (CE) 10 V,
acquisition range 1000—2600 m/z.

X-ray Crystallography

RNase A was crystallized by the hanging drop vapor diffusion method
in 22% PEG 4K, 10 mM sodium citrate buffer pH 5.1, using a protein
concentration of 20 mg mL™" (1.4 mM). Crystals of metal-free RNase
A were soaked for 1 week in a drop containing the crystallization
condition saturated with the powder of the Pd complexes 1 or 2 to
form the crystals of the respective adducts. After 7 days, the soaked
protein crystals were cryo-protected in a solution containing the
mother liquor and 30% glycerol and then flash-cooled in liquid
nitrogen for X-ray diffraction data collection. Data collection was
performed remotely on the ID23—2 beamline of the European
Synchrotron of Grenoble (ESRF), France, using a wavelength of 0.87
A. Crystals were maintained at 100 K during the data collection. Data
processing and scaling were performed using Global Phasing
autoPROC pipelines.*> Data collection statistics are reported in
Table S1. The structures were solved by molecular replacement using
Phaser,* and the structure of RNase A was deposited in the PDB
under the accession code 1JVT>® as a starting model. Model building
was carried out with Coot.*” The structures were isotropically refined
with REFMACS*® using the CCP4 suite.*” Refinement statistics are
reported in Table SI. Both structures were validated on the PDB
validation server and then deposited in the PDB under the accession
codes 30UF and 30UG, respectively.

Ribonucleolytic Activity Assays

RNase A catalytic activity was qualitatively measured according to the
Kunitz method® by monitoring cleavage of yeast RNA via UV—vis
absorption spectroscopy in the absence and presence of the

https://doi.org/10.1021/acs.inorgchem.6c03237
Inorg. Chem. 2026, 65, 20585—20594

920z 4890300 20 U0 J8sn IDINIA 40 AINN I¥VISO4 WO Aq 4pd° 2£2€099 Wwayobiou soe/96EZ L ¥29/58502/5€/59/4Pd-a]01e/feooul/Bio soe sgnd woly papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c03237/suppl_file/ic6c03237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c03237/suppl_file/ic6c03237_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c03237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

organopalladium complexes in 0.050 M sodium acetate at pH 5.0 at
room temperature. The Pd—protein adducts were obtained by
incubating RNase A with complexes 1 and 2 for 24 h using 1:0.5,
1:1, 1:3, and 1:S protein-to-metal molar ratios. The experiments were
carried out in triplicate with an RNA concentration of 0.5 mg mL™"
and an RNase A concentration of 10 yM.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c03237.

ESI-MS titration of the RNase A-complex 2 adduct at 3
h (Figure S1); ESI-MS titration of the RNase A-complex
2 adduct at 24 h (Figure S2); ESI-MS time-course
analysis of RNase A incubated with complex 2 for 24 h
(Figure S3); and data collection and refinement statistics
(Table S1) (PDF)

B AUTHOR INFORMATION
Corresponding Authors

Thomas Scattolin — Dipartimento di Scienze Chimiche,

Universita degli Studi di Padova, 35131 Padova, Italy;
orcid.org/0000-0001-7345-9670;

Email: thomas.scattolin@unipd.it

Antonello Merlino — Dipartimento di Scienze Chimiche,
Universita degli Studi di Napoli Federico II,
ComplessoUniversitario di Monte Sant’Angelo, I-80126
Napoli, Italy; © orcid.org/0000-0002-1045-7720;
Email: antonello.merlino@unina.it

Luigi Messori — Laboratorio Metalli in Medicina,
Dipartimento di Chimica “Ugo Schiff” - DICUS, Universita
degliStudi di Firenze, I-50019 Firenze, Italy; © orcid.org/
0000-0002-9490-8014; Email: luigi.messori@unifi.it

Authors

Lara Massai — Laboratorio Metalli in Medicina, Dipartimento
di Chimica “Ugo Schiff” - DICUS, Universita degliStudi di
Firenze, I-50019 Firenze, Italy; © orcid.org/0000-0003-
0765-1802

Leonardo Tozzi — Laboratorio Metalli in Medicina,
Dipartimento di Chimica “Ugo Schiff” - DICUS, Universita
degliStudi di Firenze, I-50019 Firenze, Italy

Fabiano Visentin — Dipartimento di Scienze Molecolari e
Nanosistemi, Universita Ca’ Foscari, 155 30174 Venezia-
Mestre, Italy; © orcid.org/0000-0001-9513-1182

Giarita Ferraro — Dipartimento di Scienze Chimiche,
Universita degli Studi di Napoli Federico II,
ComplessoUniversitario di Monte Sant’Angelo, I-80126
Napoli, Italy

Gabriella Tito — Dipartimento di Scienze Chimiche,
Universita degli Studi di Napoli Federico II,
ComplessoUniversitario di Monte Sant’Angelo, I-80126
Napoli, Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.6¢03237

Author Contributions

L.Ma.: Data curation, writing—original draft, investigation.
L.T.: Data curation, investigation. F.V.: Data curation,
investigation. T.S.: Conceptualization, funding acquisition,
supervision, writing—review and editing. G.F.: Data curation,
investigation. G.T.: Data curation, investigation. A.M.:

Conceptualization, funding acquisition, supervision, writing—
review and editing. L.M.: Conceptualization, funding acquis-
ition, supervision, writing—review and editing

Funding

L.M. and AM. were financially supported by the Ministero
Italiano dell’ Universita e della Ricerca (MUR) under the
PRIN 2022 program (Progetti di Rilevante Interesse
Nazionale), project code: 2022JMFC3X.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

PRIN 2022 (Progetti di Rilevante Interesse Nazionale), project
code: 2022JMFC3X, is gratefully acknowledged by L.M. and
AM. LM. and L.Ma. thank the “Dipartimento di Eccellenza
2023—2027 (DICUS 2.0)” to the Department of Chemistry
“Ugo Schiff” of the University of Florence.

B REFERENCES

(1) Scattolin, T.; Voloshkin, V. A; Visentin, F.; Nolan, S. P. A
Critical Review of Palladium Organometallic Anticancer Agents. Cell
Rep. Phys. Sci. 2021, 2 (6), No. 100446.

(2) Anthony, E. J.; Bolitho, E. M.; Bridgewater, H. E.; Carter, O. W.
L.; Donnelly, J. M.; Imberti, C.; Lant, E. C.; Lermyte, F.; Needham, R.
J.; Palau, M; Sadler, P. J.; Shi, H.; Wang, F.-X.; Zhang, W.-Y.; Zhang,
Z. Metallodrugs Are Unique: Opportunities and Challenges of
Discovery and Development. Chem. Sci. 2020, 11 (48), 12888—
12917.

(3) Biffis, A.;; Centomo, P.; Del Zotto, A.; Zecca, M. Pd Metal
Catalysts for Cross-Couplings and Related Reactions in the 21st
Century: A Critical Review. Chem. Rev. 2018, 118 (4), 2249—2295.

(4) Scattolin, T.; Bortolamiol, E.; Visentin, F.; Palazzolo, S.;
Caligiuri, I; Perin, T.; Canzonieri, V.; Demitri, N.; Rizzolio, F,;
Togni, A. Palladium(II)-H3-Allyl Complexes Bearing N-Trifluor-
omethyl N-Heterocyclic Carbenes: A New Generation of Anticancer
Agents That Restrain the Growth of High-Grade Serous Ovarian
Cancer Tumoroids. Chem. - Eur. J. 2020, 26 (51), 11868—11876.

(5) Bortolamiol, E.; Mauceri, M.; Piccolo, R,; Cavarzerani, E.;
Demitri, N.; Donati, C.; Gandin, V.; Brezar, S. K; Kamensek, U,;
Cemazar, M.; Canzonieri, V.; Rizzolio, F.; Visentin, F.; Scattolin, T.
Palladium(II)-Indenyl Complexes Bearing N-Heterocyclic Carbene
(NHC) Ligands as Potent and Selective Metallodrugs toward High-
Grade Serous Ovarian Cancer Models. J. Med. Chem. 2024, 67 (16),
14414—14431.

(6) Bortolamiol, E.; Novaselich, S.; Tupini, C.; Fagnani, S.; Gambari,
R.; Demitri, N.; Lampronti, I; Visentin, F.; Scattolin, T. Palladium-
(II)-Imidoyl Complexes: A New Piece in the Puzzle of Organo-
palladium Anticancer Agents. Eur. J. Inorg. Chem. 2024, 27 (8),
No. €202300673.

(7) Bru, F.; Vanwynsberghe, M.; Botter, E.; Tonon, G.; Visentin, F.;
Schiavo, A.; Rizzolio, F.; Cazin, C. S. J; Scattolin, T. Synthesis of
Gold(I) and Palladium(II) Complexes Bearing N-Heterocyclic
Carbene Thioglucosides with Selective Cytotoxicity Towards Ovarian
Cancer Cells. Eur. J. Inorg. Chem. 2025, 28 (11), No. e202400822.

(8) Saito, R.; Arnaut, P.; Maliszewski, B.; Tripodi, L.; Caligiuri, L;
Rizzolio, F.; Scattolin, T.; Nolan, S. P. Facile and Green Synthesis of
[Pd(NHC)(H3-R-Allyl)Cl] Complexes and Their Anticancer Activ-
ity. Dalton Trans. 2025, 54 (30), 11720—11724.

(9) Scattolin, T.; Cavarzerani, E.; Alessi, D.; Mauceri, M.; Botter, E.;
Tonon, G,; Caligiuri, I; Repetto, O.; Kamensek, U.; Brezar, S. K;
Pozza, M. D.; Palazzolo, S.; Cemazar, M.; Canzonieri, V.; Demitri, N;
Nolan, S. P,; Gasser, G.; Visentin, F.,; Rizzolio, F. Unlocking the
Potential of Organopalladium Complexes for High-Grade Serous
Ovarian Cancer Therapy. Dalton Trans. 2025, 54 (11), 4685—4696.

(10) Scattolin, T.; Caligiuri, I; Mouawad, N.; El Boustani, M,
Demitri, N.; Rizzolio, F.; Visentin, F. Synthesis and In-Depth Studies

https://doi.org/10.1021/acs.inorgchem.6c03237
Inorg. Chem. 2026, 65, 20585—20594

920z 4890300 20 U0 J8sn IDINIA 40 AINN I¥VISO4 WO Aq 4pd° 2£2€099 Wwayobiou soe/96EZ L ¥29/58502/5€/59/4Pd-a]01e/feooul/Bio soe sgnd woly papeojumoq


https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c03237?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c03237/suppl_file/ic6c03237_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Scattolin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7345-9670
https://orcid.org/0000-0001-7345-9670
mailto:thomas.scattolin@unipd.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonello+Merlino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1045-7720
mailto:antonello.merlino@unina.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luigi+Messori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9490-8014
https://orcid.org/0000-0002-9490-8014
mailto:luigi.messori@unifi.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lara+Massai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0765-1802
https://orcid.org/0000-0003-0765-1802
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonardo+Tozzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabiano+Visentin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9513-1182
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giarita+Ferraro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriella+Tito"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c03237?ref=pdf
https://doi.org/10.1016/j.xcrp.2021.100446
https://doi.org/10.1016/j.xcrp.2021.100446
https://doi.org/10.1039/D0SC04082G
https://doi.org/10.1039/D0SC04082G
https://doi.org/10.1021/acs.chemrev.7b00443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202002199
https://doi.org/10.1002/chem.202002199
https://doi.org/10.1002/chem.202002199
https://doi.org/10.1002/chem.202002199
https://doi.org/10.1021/acs.jmedchem.4c01203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.4c01203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.4c01203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.202300673
https://doi.org/10.1002/ejic.202300673
https://doi.org/10.1002/ejic.202300673
https://doi.org/10.1002/ejic.202400822
https://doi.org/10.1002/ejic.202400822
https://doi.org/10.1002/ejic.202400822
https://doi.org/10.1002/ejic.202400822
https://doi.org/10.1039/D5DT01326G
https://doi.org/10.1039/D5DT01326G
https://doi.org/10.1039/D5DT01326G
https://doi.org/10.1039/D5DT00194C
https://doi.org/10.1039/D5DT00194C
https://doi.org/10.1039/D5DT00194C
https://doi.org/10.1016/j.ejmech.2019.06.065
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c03237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

on the Anticancer Activity of Novel Palladacyclopentadienyl
Complexes Stabilized by N-Heterocyclic Carbene Ligands. Eur. J.
Med. Chem. 2019, 179, 325—334.

(11) Tonon, G.; Mauceri, M.; Cavarzerani, E.; Piccolo, R.; Santo, C.;
Demitri, N.; Orian, L.; Nogara, P. A;; Rocha, J. B. T.; Canzonieri, V,;
Rizzolio, F.; Visentin, F.; Scattolin, T. Unveiling the Promising
Anticancer Activity of Palladium(II)—Aryl Complexes Bearing
Diphosphine Ligands: A Structure—Activity Relationship Analysis.
Dalton Trans. 2024, 53 (19), 8463—8477.

(12) Dixon, S. J.; Olzmann, J. A. The Cell Biology of Ferroptosis.
Nat. Rev. Mol. Cell Biol. 2024, 25 (6), 424—442.

(13) Scattolin, T.; Bortolamiol, E.; Caligiuri, I; Rizzolio, F.; Demitri,
N.; Visentin, F. Synthesis and Comparative Study of the Anticancer
Activity of H3-Allyl Palladium(IT) Complexes Bearing N-Heterocyclic
Carbenes as Ancillary Ligands. Polyhedron 2020, 186, No. 114607.

(14) Donati, C.; Hashim, I. I; Pozsoni, N. B.; Bourda, L.; Hecke, K.
V.; Cazin, C. S. J.; Visentin, F.; Nolan, S. P.; Gandin, V.; Scattolin, T.
Investigation of the in Vitro Anticancer Potential of Bis(Imino)-
Acenaphthene—N-Heterocyclic Carbene Transition Metal Complexes
Revealed TrxR Inhibition and Triggering of Immunogenic Cell Death
(ICD) for Allyl Palladates. RSC Med. Chem. 2025, 16 (6), 2592—
2602.

(15) Scattolin, T.; Pessotto, I; Cavarzerani, E.; Canzonieri, V.;
Orian, L.; Demitri, N.; Schmidt, C.; Casini, A.; Bortolamiol, E,;
Visentin, F.; Rizzolio, F.; Nolan, S. P. Indenyl and Allyl Palladate
Complexes Bearing N-Heterocyclic Carbene Ligands: An Easily
Accessible Class of New Anticancer Drug Candidates. Eur. J. Inorg.
Chem. 2022, 2022 (16), No. 202200103.

(16) Schiavo, A.; Baio, G.; Bru, F.; Guerra, L.; Mechrouk, V.; Achard,
T.; Baldissin, S.; Bellemin-Laponnaz, S.; Cazin, C. S. J.; Tubaro, C,;
Visentin, F.; Caligiuri, I; Rizzolio, F.; Nolan, S. P.; Scattolin, T.
Expanding the Chemical Space of Allyl Palladates with Anticancer
Properties. Eur. J. Inorg. Chem. 2025, 28 (18), No. €202500146.

(17) Giani, T.; Tomasi, G; Nogara, P. A; Orian, L.; Visentin, F.;
Scattolin, T.; Biver, T. Exploring the Anticancer Properties of Indenyl
and Allyl Palladates through Their Interaction with Nucleic Acids. J.
Inorg. Biochem. 2025, 271, No. 112978.

(18) Massai, L.; Scattolin, T.; Tarchi, M.; Visentin, F.; Messori, L.
Reactions of Proteins with a Few Organopalladium Compounds of
Medicinal Interest. RSC Adv. 2022, 12 (41), 26680—2668S5.

(19) Zianna, A.; Geromichalos, G.; Fiotaki, A.-M.; Hatzidimitriou, A.
G.; Kalogiannis, S.; Psomas, G. Palladium(II) Complexes of
Substituted Salicylaldehydes: Synthesis, Characterization and Inves-
tigation of Their Biological Profile. Pharmaceuticals 2022, 15 (7),
No. 886.

(20) Shahabadi, N.; Ghaffari, L.; Mardani, Z.; Shiri, F. Experimental
and Molecular Docking Studies on the Interaction of a Water-Soluble
Pd(II) Complex Containing f-Amino Alcohol with Calf Thymus
DNA. Biol. Trace Elem. Res. 2022, 200 (4), 1988—2000.

(21) Lorenzon, T.; Vescovo, M.; Maiullari, M.; Tonon, G.;
Conceicao, N. R;; Carabineiro, S. A. C.; Mahmoud, A. G.; Dietl, M.
C.; Demitri, N.; Orian, L.; Nogara, P. A,; Caligiuri, I; Rizzolio, F.;
Hashmi, A. S. K,; Visentin, F.; Scattolin, T. Influence of the Charge of
1,3,5-Triaza-7-Phosphaadamantane-Based Ligands on the Anticancer
Activity of Organopalladium Complexes. RSC Adv. 2028, 15 (18),
14058—14071.

(22) Geri, A; Massai, L; Novinec, M.; Turel, I; Messori, L.
Reactions of Medicinal Gold Compounds with Cathepsin B Explored
through Electrospray Mass Spectrometry Measurements. ChemPlu-
sChem 2024, 89 (2), No. €202300321.

(23) Massai, L; Messori, L.; Carpentieri, A.; Amoresano, A.;
Melchiorre, C.; Fiaschi, T.; Modesti, A,; Gamberi, T.; Magherini, F.
The Effects of Two Gold-N-Heterocyclic Carbene (NHC) Com-
plexes in Ovarian Cancer Cells: A Redox Proteomic Study. Cancer
Chemother. Pharmacol. 2022, 89 (6), 809—823.

(24) Merlino, A.; Marzo, T.; Messori, L. Protein Metalation by
Anticancer Metallodrugs: A Joint ESI MS and XRD Investigative
Strategy. Chem. - Eur. J. 2017, 23 (29), 6942—6947.

(25) Messori, L.; Merlino, A. Protein Metalation by Metal-Based
Drugs: X-Ray Crystallography and Mass Spectrometry Studies. Chem.
Commun. 2017, 53 (85), 11622—11633.

(26) Merlino, A. Recent Advances in Protein Metalation: Structural
Studies. Chem. Commun. 2021, 57 (11), 1295—1307.

(27) Merlino, A.; Marzo, T.; Messori, L. Protein Metalation by
Anticancer Metal-Based Drugs Revealed through the Integration of
ESI-MS and XRD Measurements. State of the Art and Open Issues.
Front. Chem. Biol. 2026, S, No. 1758486.

(28) Messori, L.; Merlino, A. Cisplatin Binding to Proteins:
Molecular Structure of the Ribonuclease A Adduct. Inorg. Chem.
2014, 53 (8), 3929—3931.

(29) Messori, L.; Marzo, T.; Merlino, A. Interactions of Carboplatin
and Oxaliplatin with Proteins: Insights from X-Ray Structures and
Mass Spectrometry Studies of Their Ribonuclease A Adducts. J. Inorg.
Biochem. 2018, 153, 136—142.

(30) Messori, L.; Scaletti, F.; Massai, L.; Cinellu, M. A.; Krauss, I. R;
di Martino, G.; Vergara, A.; Paduano, L.; Merlino, A. Interactions of
Gold-Based Drugs with Proteins: Crystal Structure of the Adduct
Formed between Ribonuclease A and a Cytotoxic Gold(lii)
Compound. Metallomics 2014, 6 (2), 233—236.

(31) Vergara, A,; D’Errico, G.; Montesarchio, D.; Mangiapia, G.;
Paduano, L.; Merlino, A. Interaction of Anticancer Ruthenium
Compounds with Proteins: High-Resolution X-Ray Structures and
Raman Microscopy Studies of the Adduct between Hen Egg White
Lysozyme and AziRu. Inorg. Chem. 2013, 52 (8), 4157—4159.

(32) Caterino, M.; Petruk, A. A,; Vergara, A.; Ferraro, G.; Marasco,
D.; Doctorovich, F.; Estrin, D. A.; Merlino, A. Mapping the Protein-
Binding Sites for Iridium(III)-Based CO-Releasing Molecules. Dalton
Trans. 2016, 45 (30), 12206—12214.

(33) Paolillo, M.; Ferraro, G.; Gumerova, N. L; Pisanu, F.; Garribba,
E.; Rompel, A.; Merlino, A. Speciation and Structural Transformation
of a VV—Malate Complex in the Absence and in the Presence of a
Protein: From a Dinuclear Species to Decavanadate. Inorg. Chem.
Front. 2025, 12 (21), 6503—6518.

(34) Ferraro, G.; Pratesi, A,; Messori, L.; Merlino, A. Protein
Interactions of Dirhodium Tetraacetate: A Structural Study. Dalton
Trans. 2020, 49 (8), 2412—2416.

(35) Ferraro, G.; Mansour, A. M,; Merlino, A. Exploring the
Interactions between Model Proteins and Pd(II) or Pt(II)
Compounds Bearing Charged N,N-Pyridylbenzimidazole Bidentate
Ligands by X-Ray Crystallography. Dalton Trans. 2018, 47 (30),
10130—-10138.

(36) Raines, R. T. Ribonuclease A. Chem. Rev. 1998, 98 (3), 1045—
1066.

(37) Vitali, V.; Massai, L.; Geri, A,; Cosottini, L.; Mannelli, M,;
Severi, M.; Turano, P.; Gamberi, T.; Messori, L. Oxaliplatin
Bioconjugates with Human Ferritin Obtained by Protein Surface
Decoration: Characterization and Biological Evaluation. J. Inorg.
Biochem. 2025, 273, No. 113019.

(38) Vitagliano, L.; Merlino, A.; Zagari, A.; Mazzarella, L. Reversible
substrate-induced domain motions in ribonuclease A. Proteins:Struct.,
Funct., Bioinf. 2002, 46 (1), 97—104.

(39) Kunitz, M. A Spectrophotometric Method for the Measurement
of Ribonuclease Activity. J. Biol. Chem. 1946, 164 (2), 563—568.

(40) Ferraro, G.; Demitri, N.; Vitale, L.; Sciortino, G.; Sanna, D.;
Ugone, V.; Garribba, E.; Merlino, A. Spectroscopic/ Computational
Characterization and the X-Ray Structure of the Adduct of the
VIVO—Picolinato Complex with RNase A. Inorg. Chem. 2021, 60
(24), 19098—19109.

(41) Ferraro, G.; Vitale, L.; Sciortino, G.; Pisanu, F.; Garribba, E.;
Merlino, A. Interaction of VIVO—8-Hydroxyquinoline Species with
RNase A: The Effect of Metal Ligands in the Protein Adduct
Stabilization. Inorg. Chem. Front. 2023, 10 (17), 5186—5198.

(42) Hildebrandt, J.; Gorls, H.; Hifner, N.; Ferraro, G.; Diirst, M.;
Runnebaum, I. B.; Weigand, W.; Merlino, A. Unusual Mode of
Protein Binding by a Cytotoxic 7-Arene Ruthenium(II) Piano-Stool
Compound Containing an O,S-Chelating Ligand. Dalton Trans. 2016,
45 (31), 12283—12287.

https://doi.org/10.1021/acs.inorgchem.6c03237
Inorg. Chem. 2026, 65, 20585—20594

920z 4890300 20 U0 J8sn IDINIA 40 AINN I¥VISO4 WO Aq 4pd° 2£2€099 Wwayobiou soe/96EZ L ¥29/58502/5€/59/4Pd-a]01e/feooul/Bio soe sgnd woly papeojumoq


https://doi.org/10.1016/j.ejmech.2019.06.065
https://doi.org/10.1016/j.ejmech.2019.06.065
https://doi.org/10.1039/D4DT00919C
https://doi.org/10.1039/D4DT00919C
https://doi.org/10.1039/D4DT00919C
https://doi.org/10.1038/s41580-024-00703-5
https://doi.org/10.1016/j.poly.2020.114607
https://doi.org/10.1016/j.poly.2020.114607
https://doi.org/10.1016/j.poly.2020.114607
https://doi.org/10.1039/D5MD00039D
https://doi.org/10.1039/D5MD00039D
https://doi.org/10.1039/D5MD00039D
https://doi.org/10.1039/D5MD00039D
https://doi.org/10.1002/ejic.202200103
https://doi.org/10.1002/ejic.202200103
https://doi.org/10.1002/ejic.202200103
https://doi.org/10.1002/ejic.202500146
https://doi.org/10.1002/ejic.202500146
https://doi.org/10.1016/j.jinorgbio.2025.112978
https://doi.org/10.1016/j.jinorgbio.2025.112978
https://doi.org/10.1039/D2RA05332B
https://doi.org/10.1039/D2RA05332B
https://doi.org/10.3390/ph15070886
https://doi.org/10.3390/ph15070886
https://doi.org/10.3390/ph15070886
https://doi.org/10.1007/s12011-021-02803-1
https://doi.org/10.1007/s12011-021-02803-1
https://doi.org/10.1007/s12011-021-02803-1
https://doi.org/10.1007/s12011-021-02803-1
https://doi.org/10.1039/D5RA02119G
https://doi.org/10.1039/D5RA02119G
https://doi.org/10.1039/D5RA02119G
https://doi.org/10.1002/cplu.202300321
https://doi.org/10.1002/cplu.202300321
https://doi.org/10.1007/s00280-022-04438-y
https://doi.org/10.1007/s00280-022-04438-y
https://doi.org/10.1002/chem.201605801
https://doi.org/10.1002/chem.201605801
https://doi.org/10.1002/chem.201605801
https://doi.org/10.1039/C7CC06442J
https://doi.org/10.1039/C7CC06442J
https://doi.org/10.1039/D0CC08053E
https://doi.org/10.1039/D0CC08053E
https://doi.org/10.3389/fchbi.2026.1758486
https://doi.org/10.3389/fchbi.2026.1758486
https://doi.org/10.3389/fchbi.2026.1758486
https://doi.org/10.1021/ic500360f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic500360f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jinorgbio.2015.07.011
https://doi.org/10.1016/j.jinorgbio.2015.07.011
https://doi.org/10.1016/j.jinorgbio.2015.07.011
https://doi.org/10.1039/C3MT00265A
https://doi.org/10.1039/C3MT00265A
https://doi.org/10.1039/C3MT00265A
https://doi.org/10.1039/C3MT00265A
https://doi.org/10.1021/ic4004142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4004142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4004142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4004142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6DT01685E
https://doi.org/10.1039/C6DT01685E
https://doi.org/10.1039/D5QI01384D
https://doi.org/10.1039/D5QI01384D
https://doi.org/10.1039/D5QI01384D
https://doi.org/10.1039/C9DT04819G
https://doi.org/10.1039/C9DT04819G
https://doi.org/10.1039/C8DT01663A
https://doi.org/10.1039/C8DT01663A
https://doi.org/10.1039/C8DT01663A
https://doi.org/10.1039/C8DT01663A
https://doi.org/10.1021/cr960427h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jinorgbio.2025.113019
https://doi.org/10.1016/j.jinorgbio.2025.113019
https://doi.org/10.1016/j.jinorgbio.2025.113019
https://doi.org/10.1002/prot.10033
https://doi.org/10.1002/prot.10033
https://doi.org/10.1016/S0021-9258(17)41259-2
https://doi.org/10.1016/S0021-9258(17)41259-2
https://doi.org/10.1021/acs.inorgchem.1c02912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c02912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c02912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3QI01023F
https://doi.org/10.1039/D3QI01023F
https://doi.org/10.1039/D3QI01023F
https://doi.org/10.1039/C6DT02380K
https://doi.org/10.1039/C6DT02380K
https://doi.org/10.1039/C6DT02380K
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c03237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(43) Picone, D.; Donnarumma, F.; Ferraro, G.; Gotte, G.; Fagagnini,
A.; Butera, G.; Donadelli, M.; Merlino, A. A Comparison Study on
RNase A Oligomerization Induced by Cisplatin, Carboplatin and
Oxaliplatin. J. Inorg. Biochem. 2017, 173, 105—112.

(44) Abe, S.; Niemeyer, ].; Abe, M.; Takezawa, Y.; Ueno, T.; Hikage,
T.; Erker, G.; Watanabe, Y. Control of the Coordination Structure of
Organometallic Palladium Complexes in an Apo-Ferritin Cage. J. Am.
Chem. Soc. 2008, 130 (32), 10512—10514.

(45) Vonrhein, C.; Flensburg, C.; Keller, P.; Sharff, A,; Smart, O.;
Paciorek, W.; Womack, T.; Bricogne, G. Data Processing and Analysis
with the autoPROC Toolbox. Acta Crystallogr, Sect. D:Biol.
Crystallogr. 2011, 67 (4), 293—302.

(46) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; Winn, M.
D.; Storoni, L. C.; Read, R. J. Phaser Crystallographic Software. J.
Appl. Crystallogr. 2007, 40 (Pt 4), 658—674.

(47) Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K. Features
and Development of Coot. Acta Crystallogr,, Sect. D:Biol. Crystallogr.
2010, 66 (4), 486—501.

(48) 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., Sect. D:Biol. Crystallogr. 2011, 67 (4), 355—367.

(49) Winn, M. D,; Ballard, C. C.; Cowtan, K. D.; Dodson, E. J.;
Emsley, P.; Evans, P. R.; Keegan, R. M.; Krissinel, E. B.; Leslie, A. G.
W.; McCoy, A.; McNicholas, S. J.; Murshudov, G. N.; Pannu, N. S,;
Potterton, E. A.; Powell, H. R;; Read, R. J,; Vagin, A.; Wilson, K. S.
Overview of the CCP4 Suite and Current Developments. Acta
Crystallogr., Sect. D:Biol. Crystallogr. 2011, 67 (4), 235—242.

20594

https://doi.org/10.1021/acs.inorgchem.6c03237
Inorg. Chem. 2026, 65, 20585—20594

920z 4890300 20 U0 J8sn IDINIA 40 AINN I¥VISO4 WO Aq 4pd° 2£2€099 Wwayobiou soe/96EZ L ¥29/58502/5€/59/4Pd-a]01e/feooul/Bio soe sgnd woly papeojumoq


https://doi.org/10.1016/j.jinorgbio.2017.05.005
https://doi.org/10.1016/j.jinorgbio.2017.05.005
https://doi.org/10.1016/j.jinorgbio.2017.05.005
https://doi.org/10.1021/ja802463a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802463a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S0907444911007773
https://doi.org/10.1107/S0907444911007773
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444911001314
https://doi.org/10.1107/S0907444910045749
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c03237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

