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Abstract

cisplatin Atox1

Copper trafficking proteins, including the chaperone Atox1 and the P;g-type ATPase ATP7B, have
been implicated in cellular resistance to the anticancer drug cisplatin. We have determined two crystal
structures of cisplatin-Atox1 adducts that reveal platinum coordination by the conserved CXXC
copper-binding motif. Direct interaction of cisplatin with this functionally relevant site has significant
implications for understanding the molecular basis for resistance mediated by copper transport
pathways.

Cisplatin (cis-diamminedichloroplatinum(ll)) is a highly effective anticancer therapeutic in
wide clinical use. The use of cisplatin and related drugs is limited by intrinsic and acquired
cellular resistance, however.1 Although many different systems are implicated in cisplatin
trafficking within the cell,! mounting evidence suggests a linkage between cisplatin resistance
and the human copper homeostatic proteins Atox1 and ATP7A or ATP7B (Menkes and Wilson
disease proteins).2 The copper chaperone Atox1 binds Cu(l) with a conserved CXXC motif
and delivers it to the N-terminal metal binding domains (MBDs) of ATP7B and ATP7A, which
are Cu(l) specific P1g-type ATPases.2 Each human Cu(l) ATPase has six MBDs, which also
bind Cu(l) with CXXC motifs and resemble Atox1 in overall structure.* The relationship

amyr@northwestern.edu.

Supporting Information Available: Supporting methods, optical spectra, ESI-MS data, crystallographic data table, and stereo images
(Comp. Ref. 5, Table S1, Figures S1-S5) (PDF). This material is available free of charge via the internet at http://pubs.acs.org.


http://pubs.acs.org

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Boal and Rosenzweig

Page 2

between cisplatin and Cu(l) transporters is underscored by recent observations that cisplatin
therapy combined with siRNA-mediated ATP7B silencing significantly reduces tumor growth
in amouse ovarian cancer model.® This striking effect is not understood on the molecular level,
but recent in vitro data suggest that there is a direct interaction between cisplatin and the ATP7B
MBDs.® As amodel for cisplatin interaction with these domains, we have investigated cisplatin
binding to the human copper chaperone Atox1. The crystal structures reported here establish
that cisplatin binds specifically to the Cu(l) binding site in Atox1.

The structure of a stoichiometric cisplatin-Atox1 adduct (Pt-Atox1) was determined to 1.6 A
resolution (Table S1, PDB accession code 3IWL). Inductively-coupled plasma atomic
emission spectroscopy (ICP-AES) analysis shows 1.0 + 0.03 Pt ions per Atox1 (Supporting
Information). There is one monomer in the asymmetric unit, in contrast to previous metal-
bridged dimeric structures solved in the presence of Cu(l), Cd(11), and Hg(11).” The overall
fold is similar to that of Atox1 in the dimeric structures (Figure S1) with an average root mean
square deviation (rmsd) of 0.391 A for 65 Ca coordinates. The Pt(l1) ion is coordinated by
Cys12 and Cys15 from the CXXC motif with Cys(S)-Pt distances of 2.30 and 2.35 A,
respectively (Figure 1B and Figure S1). These distances are similar to those reported for
cisplatin bound to metallothionein.® Broad spectral features indicative of Pt(11)-S ligand-to-
metal charge transfer (LMCT) transitions are consistent with cysteine ligation (Figure S2).°
The orientations of the coordinating cysteines are quite similar to those observed in the other
metal-loaded Atox1 structures, with Cys15 occupying the identical position, and the sulfur and
amide nitrogen atoms of Cys12 deviating slightly (Figure 1B). The geometry is square planar
with the two cysteine ligands oriented trans to one another. The remaining ligands are provided
by the backbone amide nitrogen of Cys12 at 2.27 A and an exogenous donor best modeled as
a TCEP molecule with a TCEP(P)-Pt distance of 2.48 A. This distance is long compared to
small molecule compounds in the Cambridge Structural Database, but may be due to steric
limitations of the protein binding site. The TCEP is likely adopting several conformations as
well. The TCEP molecule forms a hydrogen bond with the side chain of Lys60, a conserved
residue proposed to play a key role in metal transfer from Atox1 to target domains.” The
crystallographic model is consistent with electrospray ionization mass spectrometry (ESI-MS)
data showing a species corresponding to Atox1 plus a single Pt(Il) ion and a TCEP molecule
(Figure S3). Thus, the chloride and ammine ligands have been displaced from cisplatin.

The structure of a dimeric cisplatin adduct Pt-(Atox1), was determined to 2.14 A resolution
(Table S1, PDB accession code 3IWX). This complex contains 0.63 + 0.09 Pt ions per Atox1.
The two molecules in the asymmetric unit are linked by the Pt(I1) ion (Figure S4) as was
observed for the previous metal-loaded Atox1 structures, also solved in space group P6s.” The
overall fold is similar to that of Pt-Atox1 with an average rmsd of 0.285 A for 65 Ca coordinates.
In the Pt-(Atox1), structure, the two Cys15 residues are coordinated to the Pt(I1) ion with Cys
(S)-Pt distances of 2.31 and 2.10 A (Figure 2). Interestingly, the two Cys12 residues are too
far away for direct coordination with Cys(S)-Pt distances of 2.48 and 2.46 A. The two additional
coordination sites are instead occupied by the ammine groups, which were modeled into two
persistent positive peaks in the difference Fourier map, resulting in square planar geometry
around the Pt(I1) ion (Figure 2A: Figure S5). The positions of the two noncoordinating cysteine
residues shift minimally to accommodate the ammine ligands, probably because each Cys12
side chain maintains a hydrogen bond with the Thrl1 side chain on the opposite monomer, as
observed previously.” The orientations of the Cys12 side chains relative to the Pt(11) atom may
constitute secondary interactions with the nonbonding face of the cisplatin adduct.19 As aresult,
the Pt(I1)-N distances of 1.99 and 1.80 A, as modeled, are slightly shorter than those observed
in other cisplatin crystal structures.1! The adduct is further stabilized by hydrogen bonding
between the ammine groups and the side chains of Thr11 and the noncoordinating Cys12. The
retention of the ammine ligands was verified by ESI-MS analysis (Figure S3).
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These two structures show definitively that cisplatin binds to the CXXC motif in Atox1.
Interaction of cisplatin with these sites is not surprising given the known affinity of Pt(lII) for
highly polarizable, oxidizing ligands.12 Although both structures reveal a square planar Pt(11)
complex, the differences between them illustrate that cisplatin interaction with a biological
CXXC metal binding site can be quite variable. In the Pt-Atox1 structure, cisplatin loses all
its original ligands, consistent with the strong nucleophilicity of S/P donors in Pt(I1) ligand
exchange reactions.12 The presence of a bulky exogenous ligand may dictate the chemical
composition of the Pt(11) binding site while preventing interaction with a second protein
molecule. Coordination by exogenous ligands in general could thus affect the equilibrium
between Pt-Atox1 and Pt-(Atox1),. In the Pt-(Atox1), structure, the chloride ligands are
replaced by the sulfur atoms from the two Cys15 side chains whereas the ammine ligands are
retained. Given that thiolates are predicted to be stronger nucleophiles for Pt(1l) and have a
greater trans effect than the ammine ligands,12 the failure of the Cys12 side chains to displace
the ammines is surprising. The structural and dynamic requirements of the protein environment
may prevent dissociation of the original ammine ligands. If loss of the ammine ligands is very
slow, the dimer structure may represent an intermediate in the cisplatin-Atox1 reaction in which
the final product is a Pt(ll) ion coordinated by four Cys-S ligands.

These findings are potentially relevant to the connection between cisplatin resistance and
copper homeostasis since cisplatin likely interacts with the ATP7B MBDs in a similar fashion.
Moreover, Atox1 has been found in the nucleus and is proposed to act as a transcription factor.
13 Cisplatin binding to the MBD CXXC motifs would be consistent with data demonstrating
that mutation of the cysteine residues abolishes the ability of the first four ATP7B MBDs to
prevent cisplatin-induced filamentation in E. coli.® The existence of additional cisplatin
binding sites within ATP7B is possible given that cisplatin stimulated phosphorylation of
ATP7B is still observed upon mutation of the first five CXXC motifs.6 The structures also
support the idea that cisplatin interaction with Cu(l) binding motifs leads to unfavorable
therapeutic outcomes not only due to unproductive cisplatin trafficking, but perhaps also as a
result of aberrant Cu(l) transport in cisplatin resistant tumors.® The presence of TCEP in the
Pt-Atox1 structure suggests that biologically relevant exogenous ligands such as glutathione
could play arole in cisplatin-protein interactions in vivo, though the different affinities of these
reducing agents for Pt(11) must be considered. Finally, the observation of a Pt(I1) bridged
dimer is significant since metal transfer between Atox1 and its target MBDs is believed to
involve complexation and ligand exchange reactions between structurally homologous
domains.# Cisplatin trafficking inside the cell may be accomplished in part by similar
mechanisms.
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Figure 1.

Crystal structure of cisplatin bound to an Atox1 monomer (Pt-Atox1). A 2F,-F. electron
density map (gray, 1.35¢) of Pt-Atox1 metal center with anomalous difference Fourier density
showing the Pt(Il) ion superimposed (green, 9c). B Superposition of metal binding sites in Pt-
Atox1 (light blue) and Cu(l)-Atox1 (salmon).
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A

Figure 2.

Crystal structure of cisplatin bound to an Atox1 dimer. A 2F,-F. electron density map (gray,
1.350) of Pt-(Atox1), metal center with anomalous difference Fourier density (green, 12¢) and
Fo-F difference density (blue, 4c) showing the ammine ligands superimposed. The two
monomers are shown in dark green and light green. B Close up view of the metal center. The
Pt(I1) ion is shown as a gray sphere and the ammine nitrogens are shown as blue spheres.
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