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Tetrathiomolybdate Causes Formation of Hepatic Copper —Molybdenum
Clusters in an Animal Model of Wilson’s Disease
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Wilson’s disease is a human illness in which large quantities of 2 T I T T
copper accumulate in various organs, including the brain and the A Cu-s Cu--Mo
liver. It is an autosomal recessive disease arising from a mutation
in the ATP7B gene, which codes for a copper-transporting P-type
ATPase involved in copper excretidnf left untreated, it results
in hepatitis, neurological complications, and death. Treatments such
as dietary control (i.e., avoiding foods rich in copper), chelation
therapy, and dietary supplementation with zinc ameliorate the effects
of the disease, and patients with neurological symptoms have been
successfully treated with tetrathiomolybdateong-Evans Cin-
namon (LEC) rats have a homologous mutation to Wilson’s disease,
which leads to fulminant hepatitis (acute liver failure) after about
90 days and ultimately results in dedtBoth in Wilson’s disease
and in LEC rats, copper accumulates in lysosomes within hepato-
cytes? Interperitoneal injection of aqueous solutions of tetrathio-
molybdate [Mo3]?~ has been previously used to prevent or treat
pathological symptoms in LEC rat$.Tetrathiomolybdate admin-
istered in this way is strikingly effective in treating LEC rats and
can even reverse the effects of copper toxicity; it is also under
investigation to suppress tumor growth and angiogenesis by
inducing copper deficiencyMicroscopic examination of livers of
treated LEC rats indicates that both copper and molybdenum are
colocalized in lysosomes. We have investigated the molecular
mechanism of tetrathiomolybdate as a potential treatment of
Wilson's disease using X-ray absorption spectroséapyhe Mo
and Cu K-edges of isolated LEC rat liver lysosorfiels.

Figure 1 shows the Cu and Mo K-edge extended X-ray absorption
fine structure (EXAFS) of liver lysosomes from a tetrathiomolyb-
date-treated LEC rat, together with best fits and EXAFS Fourier
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transforms. Both data sets are dominated by backscattering fromFigure 1. (A) Cu (upper) and Mo (lower) K-edge EXAFS Fourier

. . . - i . transforms (phase-corrected for sulfur backscattering) and EXAFS (insets)
directly coordinated ligands, identified by curve-fitting as suffr, of thiomolybdate-treated LEC rat liver lysosomes. The solid lines show

and show clear indications of longer-range metaktal backscat-  experimental data, while the broken lines show the best fits. (B) Cu and
tering, indicating a multimetallic cluster. Quantitative curve-fitting Mo near-edge spectra (solid lines) as compared with the spectra of selected
analysis of the Mo data indicated 4 M® at a distance of 2.24 A, model compounds. For Cu, these are cuprous thiolates of different
plus 3 Mo--Cu interactions at 2.70 A, while the copper EXAFS ~coordination numbers (as indicated; [Cu(SGoHiz)z] ; 3, [Cu(SPhy]*;
indicated 3-3.5 Cu-S at 2.28 A, with slightly less than one and4, Desulforibrio gigas orange protein [#0S,CuSMoS;]*".

Cu--*Mo at 2.70 A. Thus, the EXAFS indicates that the metals
have only sulfur ligand¥: that each molybdenum has approximately
three copper neighbors, while every copper has approximately one . . ;
molybdenum neighbd# In biological samples such as we have Supporting Information) may also reflect this. Thus, the extra Cu

examined, the presence of some heterogeneity in the clusters igt?]'nlmt w;yolvzd na ?&MO C:UStetrhlejttmlL.'St bde ((:joordmait.ed by
expected, and it therefore seems likely that a mixture of related lolate igands as Inclusion of nonthiolate figands does notimprove

species occurs within the lysosomes, possibly with different cluster the fit. .
nuclearities. The copper and molybdenum K near-edge spectra are shown in

Chemical analysi4 revealed a copper:molybdenum molar ratio Figure 1B. The Mo spectrum strongly resembles that of tetrathio-

of approximately 4.5:1, suggesting that approximately one-third of Molybdate (Figure 1B), suggesting thio coordinated"Maith
approximately tetrahedral geometry. The Cu K near-edge spectrum
T Stanford Synchrotron Radiation Laboratory.

# GSF Institute for Ecological Chernisiry lacks the 8979 eV 1s> 3d peak characteristic of Cuindicating
8§ GSF Institute for Toxicology. a CuU oxidation staté® The spectra are unlike those of pure

the lysosomal copper is not bound directly to molybdenum. An
observed Ctt-Mo coordination number of slightly less than 1 (see
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Figure 2. Schematic diagram of formation of polymetallic clusters by
sequential addition of copper moieties to tetrathiomolybdate.
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Figure 3. Computed structure of [(HSCs8sM0]%~.18 The external ligands
were approximated by HSgroups.

standards but resemble a mixture of three-coordinate and four-
coordinate species (Figure 1B).

The chemistry of coppermolybdenum-sulfur clusters has been
well studied. Tetrathiomolybdate tends to form species bridged to
copper by two of its sulfur ligands, with the copper coordination
being completed by ligands external to the cluster (Figure 2).
Tetrathiomolybdate can accommodate up to six copper atoms in
this way, and structurally characterized examples are present in
the Cambridge Structural Datab#seith one, two, three, four, and
six coppers per molybdenum, three having the most entries. All
show Mo--Cu interatomic distances close to 2.70 A and-M®
bond lengths close to 2.23 RK:both of these distances are in
excellent agreement with those observed in the tetrathiomolybdate-
treated LEC rat samples and with those obtained by caclul&tion.
Cu—S bond lengths change systematically with Cu coordination
number, from 2.17, 2.26, and 2.33 A for two, three, and four
coordination, respectively. Our observation of 2.28 A is consistent
with a mixture of species, having predominant trigonal with some

four coordination, as was deduced from the near-edge. Together (13)

the data are consistent with the [(RSg34Mo]?~ cluster, a possible
structure of which is shown in Figure'8 Additional long-range
Cue--Cu interactions might be expected at about 3.63 and 5.25 A.
While small Fourier transform features appear at about these

These are the only known biological mixed-metal sulfide clusters
that do not contain iron.

In summary, the molecular basis for the beneficial effects of
tetrathiomolybdate upon LEC rats appears to be the in vivo
formation of coppermolybdenum-sulfur clusters, related to that
shown in Figure 3. This in turn suggests that the mechanism of
action may be a decrease in the bioavailability of the copper or a
change in the redox properties (both resulting from cluster forma-
tion), either alone or in combination. These results have a wider
implication for understanding the mechanism of other possible
clinical uses of tetrathiomolybdate, such as in cancer thetapy.
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