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Abstract. Cisplatin, or cis-diamminedichloridoplatinum(ll) cis-[PtCl2(NHs),], is a platinum-based anticancer
drug largely used for the treatment of various types of cancers, including testicular, ovarian and colorectal
carcinomas, sarcomas, and lymphomas. Together with other platinum-based drugs, cisplatin triggers
malignant cell death by binding to nuclear DNA, which appears to be the ultimate target. In addition to
passive diffusion across the cell membrane, other transport systems, including endocytosis and some active
or facilitated transport mechanisms, are currently proposed to play a pivotal role in the uptake of platinum-
based drugs. In this review, an updated view of the current literature regarding the intracellular transport and
processing of cisplatin will be presented, with special emphasis on the plasma membrane copper permease
CTR1, the Cu-transporting ATPases, ATP7A and ATP7B, located in the trans-Golgi network, and the
soluble copper chaperone ATOX1. Their role in eliciting cisplatin efficacy and their exploitation as

pharmacological targets will be addressed.
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Introduction. Copper (Cu) transporters have emerged as key factors at the basis of the biological
response to antitumor platinum (Pt) drugs, e.g. cisplatin, carboplatin and oxaliplatin (Figure 1),
which are among the most potent and broadly used chemotherapeutics worldwide. With respect to
the entry into the cell, it is widely accepted that the intact neutral drugs cross the plasma membrane
by passive diffusion [1]. In the case of cisplatin, this assumption is supported by the observed linear
cellular uptake that occurs without saturation up to 1 mM concentration. Furthermore, cisplatin
analogues fail to inhibit its absorption, demonstrating the absence of competition [2]. However,
accumulated evidence suggests that, together with passive diffusion, active mechanisms can
contribute to cisplatin uptake and efflux [3-5]. In this scenario, the primary actors appear to be the
organic cation transporters (OCTSs), belonging to the SoLute Carrier superfamily (SLC), and the
major copper influx transporter CTR1. Moreover, other non-saturable systems, such as fluid-phase
endocytosis mediated by membrane invagination, have been proposed [6]. In contrast, the Menkes
and Wilson disease proteins (ATP7A and ATP7B, respectively) were found to be involved in the
efflux and sequestration of cisplatin, thus increasing tumor cell resistance to the platinum therapy
[7-11]. Also the soluble Cu chaperone ATOX1, which physiologically brings Cu* from CTR1 to
the metal-binding domains (MBDs) of ATP7A and ATP7B, appears to be implicated in the
intracellular distribution of the drug resulting in cisplatin sensitivity being dependent upon the
expression levels of ATOX1 [12]. A better understanding of the Pt drug processing by Cu
trafficking proteins under physiological conditions may help to answer key issues, such as drug
availability in tumor cells and induction of resistance after an initial responsiveness, and to

orchestrate a pharmacological sensitization of tumor cells to the platinum therapy.

What is cisplatin. Cisplatin is the prototype of platinum-based antitumor drugs. It is a platinum
coordination compound synthesized for the first time by Michele Peyrone, an Italian medical
doctor, in 1844 while visiting the Justus von Liebig laboratory in Giessen [13]. Only in 1893 Alfred
Werner [14] proposed for this compound a square-planar structure which could account for the
obtainment of a cis (Peyrone’s compound) and a trans isomer (Reiset’s compound reported
somewhat earlier [15]). In the 1960s, Rosenberg and colleagues, while investigating the role of an
electric field on the viability of E. coli cells, discovered that accidental electrolysis of a platinum
electrode resulted in the formation of a small amount of a platinum compound which inhibited cell
division and caused filamentous cell growth [16] (a phenomenon already observed for the
antitumoral drug nitrogen mustard in use since the 1940s [17]). Later the same group tested the
effects of several platinum complexes on rat sarcomas with exciting outcomes for cisplatin [18]. In
1971 cisplatin was applied to a cancer patient [19] for the first time and it became available for

clinical use in 1978 as Platinol® (Bristol-Myers Squibb). Cisplatin was very effective against
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several types of solid tumors; however, the efficacy of cisplatin was often accompanied by toxic side
effects and tumor resistance, which in turn lead to secondary malignancies [19,20]. Beside cisplatin,
many other platinum derivatives have been tested in clinical trials, however only few of them (e.g.
carboplatin, approved by FDA in 1989, and oxaliplatin, approved by FDA in 2002) have received
worldwide approval for clinical practice, while some others (nedaplatin, lobaplatin and heptaplatin)
have received only regional approval for clinical use [21,22]. Other platinum drugs (such as
satraplatin, picoplatin and multinuclear BBR3464), developed with the intent to overcome the side
effects, the drug resistance, and the poor oral bioavailability of cisplatin, carboplatin and oxaliplatin
[22,23], despite encouraging preclinical in vitro and in vivo results, proved to be below expectations
at the stage of clinical trials (Figure 1). Presently, cisplatin, carboplatin, and oxaliplatin are
routinely used in frontline cancer therapy [24] and are estimated to be administered to half of all
cancer patients at some stage during their treatment regimens [25]. Platinum drugs are specifically
used for treating some types of cancers including testicular, ovarian, bladder, head and neck,
esophageal, small and non-small cell lung, breast, cervical, stomach and prostate cancers, as well as
Hodgkin’s and non-Hodgkin’s lymphomas, neuroblastoma, sarcomas, multiple myeloma,
melanoma, and mesothelioma [23]. Despite the undoubtedly positive effects of platinum
compounds, patients receiving these agents experience severe side effects that limit the dose that
can be administered. Such side effects include general cell-damaging effects (e.g. nausea and
vomiting), decreased blood cell and platelet production in bone marrow (myelosuppresion) and
decreased response to infection (immunosuppression). More specific side effects include damage to
the kidney (nephrotoxicity), damage of neurons (neurotoxicity) and hearing loss [26,27]. Key
management strategies include renoprotection and enhancing drug elimination with intravenous
hydration together with additional therapies including antiemetics and hematopoietic colony

stimulating factor [27].

Mechanism of action of cisplatin. Low concentrations of several cis-platinum compounds suppress
DNA synthesis in vitro while affecting protein and RNA synthesis to a much lower extent [28,29]
(Figure 2); thus cisplatin is considered to be primarily a DNA-damaging anticancer drug, forming
different types of bifunctional adducts [30,31]. Such adducts are recognized by a number of cellular
proteins, e.g. mismatch repair proteins and some damage-recognition proteins [32]. The presence of
cisplatin adducts in DNA, if not repaired in a reasonable time, is thought to trigger cell cycle arrest
and apoptosis (Figure 3) [33]. It is common belief that abortive attempts to repair the DNA lesions
play a key role in the cytotoxicity of the drug, and loss of the mismatch repair activity is known to
cause cisplatin resistance, a major problem in antineoplastic therapy [34]. Cisplatin may also lead to
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cell death by damaging cytoplasmic proteins and inducing apoptosis at the execution phase level
[35-37].

Of particular relevance was the early discovery by Lippard that platinum-damaged DNA can be
recognized by specific chromosomal non-histone nucleoproteins containing the High Mobility
Group Box (HMGB) [38,39]. This is believed to be a pharmaceutically relevant event, since it can
inhibit the damage repair favoring tumor cell death. On this ground the hypersensitivity of testicular
germ cell tumors (TGCT) to cisplatin treatment could be explained with the presence of HMGB-
containing protein 4 (HMGB4), preferentially expressed in testes, which uniquely blocks excision
repair of cisplatin-DNA adducts (particularly the 1,2-intrastrand cross-links) so potentiating the
sensitivity of TGCT to cisplatin therapy [39]. The correlation between higher binding affinity of
HMGB proteins towards cisplatin-DNA lesions and consequent lowering of the DNA-repair
efficiency can also account for the selection of only the RR enantiomeric form of the cyclohexane
diamine ligand for the synthesis of oxaliplatin [40,41].

In vivo, the HMGB-protein/Pt-DNA binding is further regulated by post-translational modifications
(PTMs) [42]. It was experimentally found that PTMs increase the binding affinity between the
platinated DNA and the protein, notwithstanding acetylation of lysines and phosphorylation of
serines both would be expected to reduce the positive charges on the HMGB protein and hence to
diminish the electrostatic attraction for the negatively charged DNA [42]. This apparent
contradiction was addressed in a theoretical investigation [43], where the simulation suggested that
PTMs can increase the hydrophobic contacts between the platinated DNA and the protein and,
specifically, can contribute to stabilize a key contact between the two Pt-crosslinked guanines and
the intercalating phenyl group of phenylalanine 37 (Figure 4) [44]. The increased hydrophobic
interactions can not only compensate for the loss of electrostatic interactions but also result in an
overall increase of binding affinity on passing from native to post-transcriptional modified protein
[43].

It is also worth mentioning that, besides interacting with specific chromosomal non-histone
nucleoproteins such as the HMGB-containing proteins, cisplatin can also interact with histone
proteins. Nuclear DNA is tightly assembled with histone proteins to form nucleosomes in
chromatin, and this can prevent the drug from accessing the DNA. However, the linker histone H1,
due to its exposed location and dynamic conformation, can constitute a gate to nucleosomal DNA
and favor the platination of DNA. In a recent study, the reaction of cisplatin with histone H1 was
investigated together with the interaction of the H1/cisplatin adduct with DNA [45]. The results
showed that H1 readily reacts with cisplatin and generates bidentate and tridentate adducts, with

methionine and glutamate residues as preferential binding sites. Moreover, platinated H1 can form
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H1-cisplatin—-DNA ternary complexes (Figure 5) [45]. The formation of H1-cisplatin—-DNA ternary
complexes could also inhibit the DNA repair. The crucial role of nuclear proteins in modulating the
pharmacological activity of cisplatin is also shared by non-nuclear proteins [46], some implications

will be seen in the following sections.

Mechanisms of resistance to cisplatin therapy. Several mechanisms are involved in cisplatin
resistance [37,47] that include decreased intracellular drug accumulation and/or increased drug
efflux, drug inactivation by increased levels of cellular thiols, alterations in drug target, processing
of drug-induced damage by increased nucleotide excision-repair activity, and decreased mismatch-
repair activity and evasion of apoptosis [31,48,49]. In addition, altered gene expression, DNA copy
number changes, and increased genomic instability can contribute to cisplatin resistance [37,50,51].
Among transporters, the ATP-binding cassette (ABC) transporters, the solute carriers (SLCs), and
the ATPase membrane protein superfamilies, have proved to influence the pharmacology of
platinum drugs [52,53]. In resistant cells, changes in membrane transporters can affect the
accumulation of platinum drugs by increasing drug efflux or decreasing drug uptake [54,55].

To gain information about the intracellular distribution of cisplatin, a fluorescent probe (such as the
carboxyfluorescein-diacetate, CFDA, developed by Reedjik and co-workers) was attached to
cisplatin (F-cisplatin) and its cellular localization in human osteosarcoma (U2-OS) cells followed as
a function of time. It was found that platinum rapidly enters tumor cells and is initially localized
throughout the whole cytoplasm. After 2-3 h of exposure, the probe accumulates also in the
nucleus, but 6-8 h after incubation a punctate staining of a cytoplasmic region was observed, that
persisted and became more pronounced after 24 h. The overall fluorescence in the cell decreased
over time, implying a secretion of the platinum complex. Co-localization experiments with a Golgi
apparatus-selective stain indicated the involvement of Golgi vesicles in intracellular processing of
cisplatin [56]. Quite similar results were obtained for the subcellular location of F-cisplatin in 2008
ovarian carcinoma cells. F-cisplatin in the nucleus exhibited a finely granular pattern, whereas
elsewhere in the cell the drug was distributed in discrete vesicular structures rather than being
diffusely localized throughout the cytoplasm (Figure 6) [57]. F-cisplatin accumulated in the Golgi,
in vesicles belonging to the secretory export pathway, and in lysosomes but not in early endosomes.
Moreover, F-cisplatin extensively colocalized with vesicles expressing the copper efflux protein
ATPT7A, whose expression does appear to modulate also the cellular pharmacology of cisplatin. It is
interesting to note that the compartmental distribution of F-cisplatin in the drug-sensitive (2008)
and drug-resistant (2008/C13*5.25) cells is quite different (Figure 6) [57]. Indeed, several studies of
the cellular pharmacology of cisplatin have suggested that specialized membrane-bound proteins
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mediate the uptake and efflux of the drug, and nearly all cell lines selected for resistance to cisplatin
exhibit alterations in drug accumulation [2,58]. Overall, the copper importer CTR1 [59,60] and the
copper efflux transporters ATP7A [61] and ATP7B [62,63] appear to play an important role in the
pharmacokinetics and cytotoxicity of cisplatin together with the copper chaperone ATOX1 that
mediates the transfer of copper from CTR1 to ATP7A and ATP7B [64,65].

Copper homeostasis and tumor growth. Copper is an enzymatic cofactor that in mammals is
necessary, inter alia, for cellular respiration, iron homeostasis, melanogenesis, biosynthesis of
neurotransmitter, and connective tissue formation. Copper has the ability to switch between 1+ and
2+ oxidation states conferring to cuproenzymes the ability to catalyze redox reactions. However, if
copper concentration surpasses the capacity of cellular detoxification mechanisms, it can potentiate
the toxicity of ROS by catalyzing Fenton-like reactions [66]. Pathways of copper homeostasis also
appear to regulate tumor growth. For instance, serum copper levels are elevated in cancer patients,
which correlate with disease outcome and response to therapies [67,68]. Copper also appears to be
rate limiting for mitogenic signaling pathways necessary for tumor growth (such as RAS/MAPK
signaling) at least in part due to a direct role for copper ions in regulating MAP2K1 activity [69].
Studies have also shown that copper-dependent superoxide dismutase is necessary for receptor
tyrosine kinase signaling by producing hydrogen peroxide, which blocks downstream inhibitory
phosphatases [70].

In contrast, copper-chelating drugs, such as tetrathiomolybdate or penicillamine, are known to have
anti-angiogenic and anti-neoplastic activity, confirming that copper is rate limiting for tumor
growth [71-74]. Copper chelation therapy has also shown to reduce ATP levels and suppress
pancreatic tumors in mice due to reduced activity of the copper-dependent mitochondrial
cytochrome c oxidase [75]. Nuclear factor kappa B (NFkappaB)-dependent tumorigenesis appears
also to be impaired by copper chelation [73].

Overall these studies indicate that cancer cells are vulnerable to disturbances in copper homeostasis,
and some therapeutic strategies could be based on restricting copper delivery to one or more key

enzymes with roles in cancer biology.

Regulators of copper homeostasis in cells. The main regulators of copper homeostasis in cells
include CTR1, a plasma membrane copper importer, and the copper exporting P-type ATPases
ATP7A and ATP7B (the Menkes and Wilson disease proteins, respectively). The intracellular
activity of ATP7A/B includes delivery of copper to essential cuproenzymes of the secretory
pathway and copper excretion across the plasma membrane [76—78]. Thus, loss of ATP7A in
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cultured cells results in the accumulation of copper in the cytosol and hypoactivity of various
enzymes that require copper to be transported into the secretory pathway [79-82]. The Cu-
chaperone ATOX1 (antioxidant-1 protein) chattels the Cu* ion between CTR1 and ATP7A/B.
Human CTR1 is organized into i) three transmembrane (TM) domains, ii) an N-terminal
extracellular domain rich in methionines and histidines, iii) a large intracellular loop and iv) a short
intracellular C-terminal domain. Conserved methionine (Met)-rich motifs and individual
methionines, histidines and cysteines, essential for Cu transport, are located within the extracellular
domain, within the second and third transmembrane domains and in the C-terminal tail [83].
Cu-ATPases ATP7A and ATP7B share about 54% amino acid sequence identity and contain eight
highly conserved putative transmembrane helices and a long N-terminal region containing six
putative metal binding domains (MBD) having similar structures. Each MBD has a ferredoxin like
fold and a conserved metal-binding site, MetX;CysX2X3Cys (Xi = any residue), in a solvent-
exposed loop, which contributes to the metal transport.

ATOX1 is a small protein with a ferredoxin-like fold (B1o1B2B302B4) and a metal-binding motif,
CXXC, located in the solvent-exposed B1-a1 loop, which binds a single Cu™ ion. This structure is
highly conserved among metallochaperones and soluble domains of Cu-transporting ATPases and
appears to be a requirement for the proteins to be able to exchange copper ion among them [84].

In addition to ATOX1, that delivers Cu* to ATP7A and ATP7B for injection into the Trans-Golgi-
Network (TGN), at least two other pathways are involved in the intracellular distribution of copper:
COX17, which transfers copper to the subunits of cytochrome ¢ oxidase in the mitochondria, and
CCS, which incorporates Cu into superoxide dismutase 1 (SOD1) (Figure 7) [85,86].

What renders all copper transporting proteins very likely to interact with the platinum drugs is the
high affinity for platinum of the copper binding motifs, as supported by NMR, crystallographic and

mass spectrometry experiments [87—-89] .

Efficacy of cisplatin related to CTR1. There has been considerable interest in understanding the
cellular entry mechanism of Pt drugs, as their effectiveness determines the amount of drug delivered
to the tumor cells [90,91]. Cisplatin is a neutral molecule and, as such, can enter cells by passive
diffusion. Once in the cytosol, where the concentration of free chloride is much lower than in the
extracellular fluid, it becomes positively charged via substitution of its chlorido ligands by water
molecules. In this active form, cisplatin can easily bind amino acids with sulfur-containing side
chains (e.g. cysteine and methionine) and also enter the nucleus and crosslink DNA strands [92—
97].



A yeast genetic screen for cisplatin-resistant mutants identified the copper transporter CTR1 as a
mediator of cisplatin uptake in yeast cells [98]. Moreover, CTR1-deficient mouse embryonic
fibroblasts exhibited reduced influx of cisplatin, carboplatin, and oxaliplatin [99], indicating that
CTR1 represents a significant pathway for the import of the platinum drug into the cell [59,100-
102]. Additionally, lower CTR1 levels are usually associated with increased cisplatin resistance in
tumors whereas higher CTR1 expression is associated with higher sensitivity to the cisplatin
treatment [103]. For instance, this is the case of non-small cell lung cancer, where better survival
rates have been reported for patients having higher expression of CTR1 [104]. Results contrasting
with those of CTR1 have been reported for the second copper transporter CTR2. Low levels of
CTR2 have been found to be associated with higher success rate of platinum treatment in cancer
patients [103,105] and experimental studies have also shown that cells lacking CTR2 exhibit
increased whole-cell platinum accumulation [106,107]. Furthermore, in a panel of ovarian
carcinoma cell lines, an inverse correlation between CTR2 levels and sensitivity to platinum has
been found [108]. The CTR2/CTR1 ratio was found to be higher in chemo-resistant patients so that
patients with higher CTR2 or with CTR2/CTR1 ratio greater than 1 had an adverse disease
prognosis [105]. To account for the different effects of the two copper transporters, it has been
proposed that CTR2 affects platinum accumulation via a CTR1-dependent mechanism involving the
generation of a cleaved form of CTR1 lacking the metal binding ecto-domain. As a consequence,
when CTR2 levels are high, the cells have more cleaved form of CTR1 which, in turn, has lower
affinity for both Cu and platinum and, hence, imports less metal [109]. From this point of view,
CTR2 and CTR1, and their ratio, could be prognostic markers for individual responsiveness to

platinum-based therapy (Figure 8) [109].

Mechanism of CTR1-mediated Pt uptake. The copper-transporter CTR1 is located on the plasma
membrane and contains at the extracellular N-terminus functionally essential Met-rich motifs. In an
attempt to clarify, at a molecular level, the mechanism of Pt uptake mediated by this transporter,
one of the Met-rich motifs of yeast CTR1 (Mets7 peptide) was reacted with cisplatin [87,110].
Upon reaction with Mets7, cisplatin was degraded with the complete loss of the carrier ligands in
the time of minutes. Since the ammine ligands are present in the DNA adducts formed by clinically
effective cisplatin, the potential displacement of the carrier ligands by the Met-rich motifs of CTR1
cannot be without consequences on the efficacy of the drug [111,112]. Similar results were obtained
by using peptides corresponding to the two Met-rich motifs of human CTR1: two 8mer
encompassing residues 7—14 and 4047 [113], a 20mer encompassing residues 1-20 [114], and a

55mer encompassing residues 1-55 [88].



Although it could be argued that on a shorter time scale, still compatible with cellular processes, the
ammine ligands could be retained and cisplatin not degraded, the rather bulky [Pt(NH3)2]** moiety
is unlikely to enter the cells via the same ion channel used by the much smaller Cu* ion [90], but
rather via a vesicle trafficking mechanism that could be assisted by binding of cisplatin to the Met-
rich motifs of CTR1 on the vesicle membrane [87,115]. Thus, while CTR1 transports Cu* through a
pore formed by a CTR1 multimer in the plasma membrane, on the contrary, the cisplatin transport
occurs via a quite different mechanism that depends upon endocytosis [99].

Pinocytic vesicles are constantly formed irrespective of the availability of substrates [116].
Consistent with this view, cisplatin exposure has no influence on the subcellular localization of
CTR1and the entry pathway is not saturable at elevated concentrations of platinum drugs [90,100].
Moreover, co-localization between CTR1 and a fluorescent cisplatin analogue is observed in
vesicular structures when continuous recycling of the protein between perinuclear region and cell
membrane is inhibited [117,118] (Figure 9A). Endocytic vesicles containing CTR1 may fuse with a

lysosome or may be recycled back into the membrane by exocytosis [119].

CTR1 as a therapeutic target. Upon exposure to excess copper, the CTR1 protein undergoes
endocytosis and degradation [120,121]. Thus, pretreatment of cells with high Cu levels results in
decreased cisplatin uptake and increased resistance to the platinum drug [59], whereas addition of
the Cu chelator bathocuproine disulphonate has opposite effects [98]. A peculiar Cu chelator is
ammonium tetrathiomolybdate ([(NH4)2Mo0S4], TTM), which has been granted orphan designation
in the United States and Europe for the treatment of Wilson’s disease (an autosomal recessive
disorder characterized by excess Cu deposition in various organs). TTM reduces bioavailable Cu,
primarily by forming a ternary complex (TTM, Cu and a protein such as albumin) which cannot be
absorbed by intestinal mucosal cells and is eliminated in the feces [122-124]. Using a mouse model
of human cervical cancer, Ishida et al. demonstrated that combined treatment with a Cu chelator and
cisplatin increases cisplatin-DNA adduct levels in cancerous but not in normal tissues, impairs
angiogenesis, and improves therapeutic efficacy. The Cu chelator also enhances the killing of
cultured human cervical and ovarian cancer cells with cisplatin [98]. All these results support the
view that CTR1 can represent a therapeutic target that can be manipulated with Cu chelating drugs

to selectively enhance the benefits of Pt chemotherapeutics [125,126].

Cisplatin resistance mediated by Cu-ATPases. Apart from down-regulation of CTR1, also up-
regulation of ATP7A and ATP7B (both are Cu export pumps [127]) has been associated to
increased drug resistance [128,129] (Figure 10). For instance, increased levels of ATP7A or ATP7B
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were reported to correlate with cisplatin resistance in several human cancer cell lines [58,63].
Elevated expression of ATP7A are also associated with worse outcomes in patients with ovarian or
non-small cell lung cancers who are treated with platinum-containing drugs [61,130,131]. Tumor
grafts lacking ATP7A were found to be markedly more sensitive to cisplatin chemotherapy
compared to ATP7A-expressing control tumors. Similar correlations have also been found between
cisplatin resistance and levels of ATP7B [63].

Several hypotheses have been proposed to explain the ATP7A/B dependent cisplatin resistance,
these include direct transport and sequestration of the drug into intracellular vesicles, or
sequestration through interactions between cisplatin and metal-binding domains of these proteins
[9,132,133]. Studies also showed that ATP7A can sequester cisplatin into subcellular compartments
such as lysosomes (Figure 9B) [57,118,134].

Mechanism of Pt efflux and sequestration mediated by Cu-ATPases. To gain information, at the
molecular level, on the possibility that Pt drugs can be translocated by human Cu-ATPases, an
investigation was performed in which purified microsomes, grown in COS-1 cell and enriched with
recombinant ATP7A, ATP7B or selected mutants, were adsorbed on a solid supported membrane
(SSM) and subjected to a constant potential difference (AV) applied across the whole system. When
charged species are translocated into the microsomes by the ATPases, a compensating current I(t)
flows along the external circuit and can be monitored. The experimental results indicated that Pt
drugs undergo ATP-dependent translocation in a fashion similar to that of Cu®. Moreover, co-
presence of Cu* and cisplatin inhibits translocation of both metallic species (Figure 11) [135]. Since
the N-terminal metal-binding domains of ATP7A/B contribute to the metal transporting mechanism,
the coordination of the platinum drugs to these N-terminal metal-binding domains of ATP7A/B was
investigated by NMR spectroscopy and ESI-MS [129]. Interestingly, the various metal-binding
domains (MBDs) of these ATPases show different reactivity towards cisplatin and in all cases pre-
loading with copper favors the platination of the MBDs, but to different extents. Furthermore,
platinum binding weakens the Cu* coordination, but does not expel the copper ion from the MBDs.
The latter result can explain the inhibitory effect of Cu® upon the cisplatin translocation promoted
by the Cu-ATPases [136]. Altogether, these investigations have clearly shown that Cu-ATPases are
able to translocate aquated cisplatin across a membrane, but have also shown that the co-presence of
Cu" ion (the physiological substrate) inhibits translocation. As far as this last point is concerned, it
should be kept in mind that the conditions used in the in vitro experiments are not those occurring
in vivo where the Cu* ion is firmly bound to chaperones and the free ion is estimated to be around

1017 M. This consideration highlights the complexity of Pt-loading reactions occurring in vivo, and
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how only a careful molecular investigation of the speciation occurring under physiological

conditions can elucidate the mechanism of Pt transport [137].

Cu-ATPase-based therapeutic strategies. Growing tumors actively consume Cu and employ
ATP7A/B to regulate the availability of this metal for Cu-dependent enzymes such as mitogen-
activated kinase 1 [71, 140], superoxide dismutase 1 [138], cytochrome c oxidase [75], and lysyl
oxidase (LOX) group of proteins [139], whose role in tumor growth and/or metastasis has been
documented. Simultaneously, ATP7A/B activity and trafficking allow tumor cells to detoxify
platinum-based drugs (like cisplatin), which are used for the chemotherapy of different solid tumors
(Figure 7) [140]. These findings identify ATP7A/B at the nexus between tumorigenesis and
cisplatin resistance pathways, underscoring its potential as a therapeutic target for regulating both
tumor growth and the efficacy of cisplatin treatment. Interestingly, to circumvent resistance
mechanisms against platinum drugs without heavily affecting copper homeostasis, a long list of
already approved drugs was screened to identify molecules able to maintain Cu transport to the
Golgi apparatus while inhibiting platinum excretion [141]. Using a synthetic lethality approach,
were identified three hits (Tranilast, Telmisartan, and Amphotericin B) that increased cisplatin
efficacy. All three drugs induced Pt-mediated DNA damage and inhibited either expression or
tracking of ATP7B in a tumor-specific manner. Global transcriptome analyses showed that
Tranilast and Amphotericin B affect expression of genes operating in several pathways that confer
tolerance to cisplatin. In the case of Tranilast, these comprised key Pt-transporting proteins,
including ATOX1, whose suppression affected the ability of ATP7B to traffic in response to
cisplatin. It was concluded that Tranilast, Telmisartan, and Amphotericin B could be effective drugs
that selectively promote cisplatin toxicity in Pt-resistant ovarian cancer cells and can be rapidly
repurposed to overcome resistance of tumors to Pt-based chemotherapy [141]. Also the orphan drug
TTM has been exploited for targeting Cu-transporting ATPases and found to be able to reduce the
levels of ATP7A and hence increase the cytotoxicity of cisplatin [142].

Cisplatin resistance mediated by Cu chaperone ATOX1. The Cu chaperone ATOX1 receives
cuprous ions from CTR1 and delivers them to ATP7A and ATP7B for injection into the TGN.
ATOX1 is a small protein with a ferredoxin-like fold and a CXXC metal-binding motif highly
conserved among metallochaperones and soluble domains of Cu-transporting ATPases [143] and
therefore able to exchange copper ion with them [84]. Moreover, a lysine-rich region (KKTGK),
located at the C-terminus, could represent a nuclear localization signal needed for ATOX1
translocation to the nucleus. Evidence exists that ATOX1 can act as a Cu-dependent nuclear
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transcription factor implicated in cell proliferation (over-expression of cyclin-D1) and oxidative
stress modulation in the cardiovascular system (over-expression of extracellular SOD3) [144,145].
Moreover, ATOX1 can promote inflammatory neovascularization via chaperone and transcription
factor function [146]. It is also noteworthy that ATOX1-deficient cells possess higher levels of
proteasome activity, which could be linked to its transcriptional activity. In fact, many of the
subunits constituting the proteasome contain the putative ATOX1 binding sitt GAAAGA within
their promoter regions [12]. However, other results indicate that, whereas ATOX1 is present in the
nucleus in HeLa cells, it does not bind to DNA in vitro [147], but can still mediate transcriptional
regulation via additional proteins [148]. In addition to Cu transport for loading of Cu-dependent
enzymes, ATOX1 can modulate the cell cycle by interacting with subunits of the anaphase-
promoting complex (APC). Due to its key role in the cell cycle, APC represents a putative target for
anticancer agents. In the absence of ATOXZ, cells have prolonged G2/M phases and a slower
proliferation rate. [149]. In patients with metastatic colon cancer, there is a significant increase in
the expression of nuclear ATOX1 [150] and single-cell tracking experiments demonstrate that
ATOXL is required for breast cancer cell migration [151].

Several reports indicate that the ATOXL1 levels in cells have an evident influence on their sensitivity
to cisplatin [64,65]. For instance, cancer cell lines with higher levels of ATOX1 have,
correspondingly, higher resistance to cisplatin than cell lines with lower levels of ATOX1. Using
solution and in-cell NMR spectroscopy methods, the interaction of cisplatin with ATOX1
overexpressed in E. coli was proven (in this experimental setup the intracellular environment
provides itself suitable conditions for the preservation of the protein in its active form). It was found
that cisplatin reacts nearly quantitatively with ATOX1 and that over expression of ATOX1 reduces
the amount of DNA platination and, consequently, the degree of cell filamentation [152]. The
apparently contradicting result that Drosophila ATOX1-/- mutants [65] and mouse ATOX1-/-
fibroblast cell lines [12] display lower sensitivity to cisplatin than the wild-type controls can have a
different explanation: ATOX1-/- cells could have reduced ability to accumulate cisplatin due to
their inability to trigger the endocytotic process that putatively brings cisplatin into the cell and that
accompanies the down regulation of CTR1 during cisplatin exposure. A lower uptake and
accumulation of cisplatin in vesicular compartments would result in a reduced DNA platination
[83]. Interestingly, it has been reported that platinum anticancer agents (cisplatin, carboplatin,
oxaliplatin, pyriplatin, etc.) by binding to ATOX1 can promote ATOX1 unfolding followed by
aggregation of the protein that increases as a function of the incubation time [64,153]. The
similarities between the Cu*-binding site of ATOX1, on one side, and the soluble domains of Cu-
ATPases and metallothioneins (MTs), on the other side, all characterized by CXXC sequences,
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support the notion that all of them can sequester Pt in cells as already shown in E. coli for an
ATP7B recombinant variant containing four out of six Cu*-binding domains [132] and for ATOX1
[152], thus reducing the abnormal filamentous growth promoted by cisplatin. That resistance to
cisplatin chemotherapy associated to over expression of Cu transporters is just due to sequestration
of cisplatin, with undesired beneficial effect on cancer cell viability, is not the only explanation. For
instance, by binding to ATOXL in the cytoplasm, the drug could be easily targeted for ATP7A/B-
mediated cell export [64] or inhibit the ATOX1-triggered endocytotic process that putatively brings
cisplatin into the cell [83]. Furthermore, cisplatin bound to ATOX1 may alter Cu homeostasis with
severe consequences on several other cellular functions and, in primis, cellular defense against

reactive oxygen species, hence providing alternative routes leading to cell killing.

Modes of interaction of ATOX1 with platinum drugs. Based on the high affinity of Pt?>* for S-donor
ligands, it is expected that ATOX1 binds cisplatin at the CXXC Cu-binding motif. Two early
crystal structures of ATOX1 bound to cisplatin were reported [89]. In one structure, Pt was stripped
of all its original ligands and bound to Cys12 (N,S) and Cys15 (S) of ATOX1with a molecule of
tris(2-carboxyethyl)phosphine (TCEP, a reducing agent used in the preparation of the apoprotein)
completing the square planar coordination. The second structure contained molecules of
stoichiometry cis-Pt(NHz)2(ATOX1), with each protein molecule bound to Pt through the sulfur
atom of Cys15. It is of interest to note that the crystal structure of Hg(ATOX1): also involves metal
ion coordination by the two CXXC motifs [154]. Thus, like Cu and Hg, also Pt can be
accommodated within the CXXC metal binding domain. The mode of binding of cisplatin to a
single molecule of ATOX1, in solution, was established by NMR spectroscopy measurements that
showed how the Pt atom binds to Cys12 and Cys15 while retaining the two ammine groups.
Moreover, the structural determinants of the whole protein, in the adduct, were disclosed by hybrid
Car—Parrinello density functional theory-based QM/MM simulations which showed how the
coordination of the platinum moiety modifies only minimally the fold of the protein (Figure 12)
[155]. Unexpectedly, it was found that preloading of the ATOX1 protein with Cu* favors its
reaction with cisplatin, notwithstanding the platinum moiety binds to the same coordination site as
copper. In addition, preloading with Cu* enhances the competition of ATOX1, with respect to
dithiothreitol (DTT, a small-molecule redox reagent frequently used in biology and containing a
six-member chain with two terminal thiols) for binding to cisplatin [156]. Similarly, it was shown
that apo ATOXL is unable to bind cisplatin in the presence of excess GSH but, in contrast,
preloading with Cu™ renders the ATOX1 protein competitive with GSH for binding to cisplatin
[137]. Remarkably, a mixture of cisplatin with preformed Cu*-ATOX1 exhibits near-UV circular
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dichroism signals indicative of Cu-Pt interactions as if both copper and cisplatin occupy the same
metal-binding site [64]. These results indicate that cuprous ions can directly intervene in regulating
the cellular trafficking of cisplatin.

Platinum can inhibit copper trafficking between ATOX1 and ATPases. As already underlined, the
Cu*-binding site of ATOX1 is remarkably similar to those of the soluble domains of Cu-ATPases as
required for ATOX1- mediated Cu* delivery to ATP7A and ATP7B, which are responsible for Cu
release to the secretory pathway and efflux of excess Cu from the cell. Cu* handover is believed to
occur through the formation of three-coordinate intermediates where the metal ion is simultaneously
linked to ATOX1 and to a soluble domain of Cu-ATPases [143]. Recently it has been shown that
platinum drugs can specifically bind to the heterodimeric complex ATOX1-Cu™-MNK1 (MNK1 is
the first soluble domain of ATP7A), thus leading to a kinetically inert adduct that has been
structurally characterized by solution NMR and X-ray crystallography (Figure 13) [157]. In the X-
ray structure, two alternate configurations for this heterodimer were found: one configuration
comprising Ptl and Cul and the other configuration comprising Cu2. The latter configuration,
comprising just one Cu™ ion (Cu2), had a coordination environment very similar to that found in an
analogous heterodimeric species containing just a Cd?* ion, supporting the notion that this mode of
interaction is that occurring in the physiological handover of Cu* between ATOX1 and soluble
domains of ATPases. The former configuration, comprising the Pt1 and Cul atoms, indicates that a
Cu* ion and a Pt moiety can be accommodated in the cage of four sulfur atoms (two from each
protein molecule) which forms in the metal-handover process. It is interesting to note that the Cu”*
ion, retained after Pt?* coordination, can be released to glutathione (a physiological thiol) or to other
complexing agents. Remarkably, the Pt?*-supported heterodimeric complex does not form if Zn?* is
used in place of Cu™ and transplatin (the trans isomer of cisplatin) is used instead of cisplatin. These
results thus indicate that cis-platinum drugs can specifically affect Cu™ homeostasis by interfering
with the rapid exchange of Cu® between ATOX1 and MBDs of Cu-ATPases with consequences on
cancer cell viability and migration [157].

Cisplatin handover between copper transporters. Pt-loading reactions occurring in vivo are rather
complex and different platinophiles are likely to influence each other. In the absence of other
platinofiles, it has been found that Pt-loaded ATOX1 is unable to handover Pt to MNK1 (the
terminal MBD of ATP7A) [137]. The latter result could appear in contrast with other reports that
showed that Pt can be unidirectionally transferred from cisplatin-loaded ATOX1 to MBD2 of
ATP7A [158]. However, the latter reaction was performed in the presence of TCEP which was
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shown by the same authors to react with Pt, therefore, it is conceivable that TCEP could coordinate
to platinum and, with its strong trans-labilizing effect, confer a peculiar reactivity to the Pt-protein
adduct. Similarly, it was reported that cisplatin can be transferred from ATOX1 to MBD4 of
ATP7B [159]. However the same authors also noted that increasing the time of incubation of
ATOX1 with cisplatin, less Pt was transferred to MBD4 and suggested that this trend could be
linked to changes in the Pt coordination with time (i.e., from monodentate to bidentate binding).
Moreover, also in this latter case was used an exogenous reducing agent (DTT), which also has
good coordinating ability towards Pt and could modify the reactivity of the formed complex.
Finally, it was found that platinum, once complexed to GSH, the most abundant reducing agent in
the cytoplasm, does not react with the Cu transport proteins, which is in line with the idea that GSH
can intercept the great majority of the active cisplatin entering the cell, thus buffering its cytotoxic
potential [137]. However there are indications that Cu pre-loaded ATOX1 [156] and MNK1 [135]
can behave quite differently from the apo proteins as, for instance, shown by the copper-loaded
ATOX1 that, differently from apo ATOX1, can compete successfully with GSH for binding to
cisplatin [137]. In conclusion, chelate binding of Pt to ATOX1 and to MBDs of ATPases appears to
make these adducts rather inert, so that a physiologically relevant exchange appears to be quite
improbable; however, most reactions have been carried out in the absence of Cu, the physiological
substrate for these transporters, which implies that the reaction occurring in vivo could be quite
different. It is foremost desirable that the crucial influence of Cu in prompting Pt affinity and metal

exchange between this array of transporters could be fully unraveled.

ATOX1-based therapeutic strategies. The already mentioned copper chelator TTM, an orphan drug
used in the clinic for the treatment of Wilson’s disease [160], has proved to inhibit tumor growth via
its anti-angiogenic activity [161]. Mechanistic in vitro and in vivo investigations also indicate that
TTM modulates copper levels by binding to copper proteins, such as serum albumin, ceruloplasmin
and metallothioneins [162-164]. An X-ray crystal structure showed that TTM binds to ATX1 (the
analogue of ATOXL1 in yeast) and forms a stable [TTM-Cu-(Cu-ATX1)3] complex, containing a
TTM-bridged Cu cluster which corresponds to the molybdenum cluster detected in a kidney sample
extracted from LPP rats (animal model of Wilson’s disease) treated with TTM [165]. More recently,
it has been reported that TTM can inhibit the reaction of cisplatin with Cu-ATOX1 and prevent the
protein unfolding and aggregation induced by cisplatin. Interestingly, although Ag* ion binds to
ATOX1 in a way similar to Cu*™-ATOX1, TTM does not prevent the reaction of Ag*™-ATOX1 with

cisplatin (Figure 14) [166]. These results indicate that the formation of a Mo-centered trimeric
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protein cluster in the TTM-Cu-ATOX1 system can indeed enhance the cytotoxic efficacy of

cisplatin and help to circumvent cisplatin resistance of tumor cells.

Copper-based anticancer strategies that involve biochemical pathways other than copper-
transport. The targeting of Cu with TTM has been found to induce antitumor effects in cells with
BRAF V600E-kinase mutation, which provided a strong rationale for further studies aiming at
disrupting the central role of Cu in other BRAF VV600E-positive malignancies, such as thyroid,

lung, and colorectal cancers or hairy cell leukemia [167]. The TTM chelator inhibited the growth of
melanoma cell lines resistant to BRAF or MEK1/2 inhibitors and increased the antineoplastic
activity of these inhibitors [168]. In addition, in CRC cells carrying BRAF V600E mutation, Cu
depletion induced by pharmacological treatment with TTM reduced the growth of BRAF V600E
cells in colon cancers that were resistant to BRAF inhibitors [169]. Pretreatment with TTM was also
found to significantly enhance cisplatin sensitivity by promoting p38 activation and cisplatin-
induced degradation of the epidermal growth factor receptor (EGFR) [170]. Currently, this chelator
is evaluated as an adjuvant therapy in various cancer clinical trials.

Apart from TTM, other copper chelators have been exploited. Bleomycin (a glycopeptidic antibiotic
produced by Streptomyces verticillus) and curcumin (a phytochemical agent) are chelators that gave
promising results in oncology [171,172]. Bleomycin is regularly used in combination with other
therapeutic agents such as cisplatin and etoposide in testicular cancer [173]. Curcumin may be used
in monotherapy or in combination with other anticancer agents for the prevention of cancer [174].
Not only copper chelators, but also copper ionophores have been exploited for anticancer therapy.
Copper ionophores are molecules that transport Cu ions through cellular membranes. lonophores
increase and/or redistribute intracellular Cu levels, often allowing Cu to become bioavailable [175].
These molecules have high affinity for Cu?* but low affinity for Cu*; therefore, in the reducing
environment of cytosol the Cu?* entering the cell will be reduced to the Cu* form and released by
the ionophore. Such a release of Cu® will poison the cell [176].

In the family of ionophores, several compounds such as docosahexaenoic acid (DHA), disulfiram
(DSF), thiosemicarbazones, and clioquinol have been exploited. It has to be noted that only the Cu-
complexed form of these ionophores is active as a cancer treatment because the ligands alone
(metal-free compounds) have a minimal anticancer effect [177]. Once more, the metabolism of
copper has proved to play a primary role in cancer progression and therapy thus representing a

versatile pharmacological target [178].
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Future perspectives of copper transporters for anticancer therapy. The potential of copper
transporters for anticancer research is yet beginning to unfold and further studies of the molecular
mechanisms regulating copper-transporting activities, interactions, and tracking in tumor cells will
definitely help to determine how Cu and Pt metabolic pathways are intertwined and can be
manipulated to suppress oncogenic processes. Moreover, a better knowledge of the complexity of
Pt-loading reactions occurring in vivo, and how different metallic metabolic pathways can influence
each other, will offer new opportunities for the further development and improvement of Pt-based

anticancer therapeutic strategies.
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Figure Legends

Figure 1. Structures of the clinically active Pt-drugs in use worldwide (first row) or regionally, plus
satraplatin, picoplatin, and trinuclear BBR3464 subjected to advanced clinical trials.

Figure 2. The selective inhibition of DNA synthesis in human AV3 cells grown in tissue culture by
exposure to 5 uM (1 ppm) cis-dichlorodiammineplatinum(l1) as measured by the rate of uptake of
tritiated thymidine. The RNA synthesis, measured by the rate of uptake of tritiated uridine, and the
protein synthesis, measured by the rate of uptake of tritiated leucine, are close to the control values
(the horizontal line at 100 per cent). Reproduced with permission from Ref. [28].

Figure 3. Schematic representation of the mechanism of action of cisplatin and resistance to the
drug. Reprinted by permission from Ref. [179]. Copyright © 2016 Springer-Verlag Berlin
Heidelberg.

Figure 4. An HMG-domain protein (HMGB1; domain A shown as gray ribbon) inserts a phenyl
group (yellow) into the groove created when cisplatin (platinum shown in red) forms a complex
with DNA, causing it to bend. Reproduced with permission from Ref. [44]. Copyright © 2005
American Chemical Society.

Figure 5. The histone H1 and cisplatin form a ternary complex with DNA. Reproduced with
permission from Ref. [45]. Copyright © 2019 The Royal Society of Chemistry.

Figure 6. Distribution of F-cisplatin in 2008 ovarian carcinoma cells. Cells were incubated with 2
umol/L of F-cisplatin for 1 hour in parallel, and then stained for filamentous actin (red) with Alexa
Flour 647 phalloidin and with Hoechst 33342 for nuclei (blue) prior to being imaged for F-cisplatin
(green) accumulation. A, distribution of F-cisplatin in cisplatin-sensitive 2008 cells; B, distribution
of F-cisplatin in cisplatin-resistant 2008/C13*5.25 cells; C, distribution of F-cisplatin in a single
2008 cell; D, distribution of F-cisplatin in a single 2008/C13*5.25 cell. Adapted with permission
from Ref. [57]. Copyright © 2005, American Association for Cancer Research.

Figure 7. Schematic depiction of copper and platinum distribution in tumor cell. Copper (Cu) and
cisplatin (Pt) taken up via CTRL1 (red) are transferred to chaperones ATOX1, CCS and COX17,
which ferry Cu or Pt derivates (black dash arrows) to ATP7A/B (blue) in the Golgi, to Cu—Zn
superoxide dismutase (magenta) in the cytosol and to cytochrome c¢ oxidase (green) in the
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mitochondria, respectively. In the Golgi ATP7A/B load Cu on newly synthesized cuproenzyme
lysyl oxidase (LOX, orange ball), which traffics along the biosynthetic pathway (orange arrows).
Metallated LOX is secreted to the cell exterior (orange arrows), where it promotes migration and
invasion (orange dash arrow) of the malignant cell. A significant increase in intracellular Pt induces
export of ATP7A/B (blue arrow) towards vesicular compartments and cell membrane, where
ATP7A/B drives the sequestration and efflux of excessive Pt. Bold black arrows indicate Pt/Cu
translocation across the membrane. Reproduced with permission from Ref. [140].

Figure 8. A, schematic figure depicting CTR1 and CTR2 homotrimers, and a possible way for their
interaction (heterotrimerization). B, model for CTR1-dependent cisplatin import and the modulation
of Pt uptake by truncation of CTR1. Adapted with permission from Refs. [109] (Copyright © 2014
Elsevier GmbH) and [59] (Copyright © 2013, National Academy of Sciences).

Figure 9. A, Co-localization of F-cisplatin (CFDA-Pt, green) and the marker for CTR1 (red) in
A2780 and A2780cis cells upon endocytosis inhibition with methyl-B-cyclodextrin. Yellow, the
structure is positive for CFDA-Pt and the protein marker. Scale bar, 10 um. B, subcellular
localization of ATP7A and ATP7B in A2780 and A2780cis cells. Immunofluorescence localization
of ATP7A and ATP7B (both green) in A2780 and A2780cis cells. Cell nuclei were stained with
propidium iodide (red). Ovals indicate cell periphery. Scale bar, 10 um. Adapted with permission
from Refs. [117] (Copyright © 2012 Elsevier Inc.) and [118].

Figure 10. ATP7A/B structure. A, schematic structure of the ATP7A/B. The proteins have eight
transmembrane (TM) domains, which form a pore for transport of Cu and Pt across the membrane.
ATP7A/B contain ATP-binding (red), phosphatase (green), and phosphorylation (blue) domains,
which regulate the catalytic activity of the protein. The N-terminal tail comprises six metal-binding
sites (MBSs, depicted as cyan balls) that interact with Cu or Pt and regulate the protein
conformation. In addition, the Cysteine-Proline-Cysteine (CPC) motif in the sixth transmembrane
domain plays a key role in the metal translocation along the channel. N-terminal apical sorting
signal of ATP7B is highlighted in yellow, while basolateral targeting signal in C-tail of ATP7A is
highlighted in orange. B, three-dimensional structures of ATP7B based on the existing structures of
soluble domains and the previously determined structure of the homologous LpCopA from the
bacterium Legionella pneumophila. Only MBSs 5 and 6 are shown in the model (cyan). Other
domains of the protein are depicted with the same color as in panel A: ATP-binding (red),
phosphatase (green), and phosphorylation (blue). Reproduced with permission from Ref. [140].

Figure 11. A, diagram of a microsome containing ATP7A/ATP7B adsorbed on an SSM. When
charge displacement occurs, a compensating current I(t) flows along the external circuit (the spheres
represent electrons) to keep constant the potential difference (AV) applied across the whole system.
RE = reference electrode. B, current measurements on ATP7A in the presence of cisplatin.
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Representative current transients, induced by ATP (100 uM) concentration jumps, in the presence
of: CuCl; (5 uM), Pt complex (5 uM), a mixture of CuClz and Pt complex (5 uM each), and a
mixture of CuCl; and Pt complex (5 uM each) with BCS (1 mM). The insets show the charges
related to ATP-induced current transients obtained under the various experimental conditions.
Adapted with permission from Ref. [135]. Copyright © 2014, John Wiley and Sons.

Figure 12. Structural models of apo and platinated ATOX1 emerging from QM/MM simulations
based on NMR, and CD spectra. ATOX1 backbone along with Cys12 and Cys15 side chains (left);
close up on the Cys12/Cys15 region in apo ATOX1 (center); close up on the Cys12/Cys15 region
in the Pt-adduct (right). The backbone of the protein is represented by a red ribbon. Cys12 and
Cys15 residues, along with the Pt moiety, are represented in balls and sticks with the following
color code: platinum in brown, sulfur in yellow, carbon in cyan, nitrogen in blue, and hydrogen in
white. Water molecules are represented by lines, the oxygen is colored in red and the hydrogen in
white. Reproduced with permission from Ref. [155]. Copyright © 2014, John Wiley and Sons.

Figure 13. A, crystal structure of the heterodimeric complex (green) crystallized in the presence of
[Pt(SO4)(H20)(1,2-R,R-DACH)], superimposed to that of the ATOX1—Cd(I)-Mnk1 complex
(light gray, PDB entry 3CJK). ATOX1 (chain A) and MNKZ1 (chain B) molecules are shown in
cartoon representation. Pt, Cu, and Cd atoms are shown as magenta, red, and gray spheres,
respectively. B, platinum binding site Pt1. Protein residues within 3 A from Pt and Cu are shown as
sticks, with C, O, N, and S atoms colored in green, red, blue, and yellow, respectively. Red and
black dashed lines indicate the two different metallic cores (one comprising Pt1 and Cul and the
other Cu2) of the crystallized heterodimer. Adapted with permission from Ref. [157]. Copyright ©
2019, American Chemical Society.

Figure 14. Tetrathiomolybdate inhibits the platination of Cu-ATOX1 and prevents protein
unfolding and aggregation induced by cisplatin. Reproduced with permission from Ref. [166].
Copyright © 2018, The Royal Society of Chemistry.
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