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Organic copper complexes as a new class of proteasome inhibitors
and apoptosis inducers in human cancer cells
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Abstract

Here we report that organic copper complexes can potently and selectively inhibit the chymotrypsin-like activity of the proteasome in
vitro and in vivo. Several copper compounds, such as NCI-109268 and bis-8-hydroxyquinoline copper(Il) [Cu(8-OHQ),], can inhibit the
chymotrypsin-like activity of purified 20S proteasome. In human leukemia cells, proteasome inhibition occurs within 15 min after
treatment, followed by apoptosis. Neither proteasome inhibition nor apoptosis occurs in non-transformed, immortalized human natural
killer cells under the same treatment. Furthermore, proteasome inhibition and apoptosis induction were detected in prostate cancer cells
treated with the ligand 8-OHQ alone following pre-treatment with copper(II) chloride. None of these events occurred in cells treated with
copper(Il) chloride alone, 8-OHQ alone (without growth in copper-enriched media), or nickel(II) chloride pre-treatment followed by 8-
OHQ. Furthermore, we found that copper-mediated inhibition of purified 20S proteasome cannot be blocked by a reducing agent and that
organic copper compounds do not generate hydrogen peroxide in the cells, suggesting that proteasome inhibition and apoptosis induction
are not due to copper-mediated oxidative damage of proteins. Our results suggest that certain types of organic ligands could bind to tumor

cellular copper, forming potent proteasome inhibitors and apoptosis inducers at copper concentrations found in tumor tissues.
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1. Introduction

Apoptosis is a highly conserved cellular suicide program
in multicellular organisms from worms to humans [1-4].
This cellular death program serves as a means to maintain
multicellular organisms by discarding damaged and unde-
sirable cells [2,5]. Faulty execution of apoptosis, including
either excessive cell death or insufficient cell death, is a
factor in many disease states including AIDS and cancer
[2]. Apoptosis features several distinct events and mor-
phological changes, such as loss of the mitochondrial
membrane potential, proteolytic dismantling of cellular
components, DNA fragmentation, and cellular condensa-
tion into apoptotic bodies that are removed by phagocytes
[1,6]. As a distinct series of cellular pathways, apoptosis
potentially offers unique targets for chemotherapeutic
intervention. It has been suggested that cancer cells are
more sensitive to several apoptosis-inducing stimuli than
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normal cells, including proteasome inhibitors and those
affecting cellular division [7-9].

The proteasome is a massive multicatalytic protease
responsible for degrading a large number of cellular pro-
teins. These target proteins are first tagged with ubiquitin in
order to be degraded by the proteasome. Several regulatory
proteins involved in cell cycle and apoptosis processes,
such as cyclins, bcl-2 family members, and p53, are
degraded by the ubiquitin-proteasome pathway [10,11].
The eukaryotic proteasome possesses at least three distinct
activities: chymotrypsin-like (cleavage after hydrophobic
residues), trypsin-like (cleavage after basic residues), and
caspase-like (cleavage after acidic residues) [12]. In a
broad range of cell culture models, proteasome inhibitors
rapidly induce tumor cell apoptosis, selectively activate the
cell death program in oncogene-transformed, but not nor-
mal or untransformed cells, and are able to trigger apop-
totic death in human cancer cells that are resistant to
various anticancer agents [7—11]. Inhibition of the chymo-
trypsin-like, but not the trypsin-like, activity has been
found to be associated with induction of tumor cell apop-
tosis [13,14]. The antitumor activity of proteasome inhi-
bitors has been confirmed by the results of Phase I and II
trials using MLN-341 (PS-341), a potent and selective
dipeptidyl boronic acid proteasome inhibitor that recently
gained FDA approval [15-17]. Phase III clinical trials for
myeloma were conducted in spring 2003 [18]. However,
some associated side effects were observed in the PS-341
trials [15,16], suggesting that there is a need to discover
novel proteasome inhibitors with no, or much less, toxicity.

Tumor growth and metastasis depend upon angiogen-
esis, the neovascularization process [19,20] that requires
growth factors, proteases, and the trace element copper
[21-23]. Copper, but not other transition metals, is a co-
factor essential for the tumor angiogenesis processes [21—
23]. Consistently, high levels of copper have been found in
many types of human cancers [24-27]. Copper stimulates
proliferation and migration of human endothelial cells
[28,29]. A specific amount of local copper appears to be
required for angiogenesis to occur. It has been shown that
three anti-copper drugs used in the treatment of Wilson’s
disease, TM, trientine, and D-PA, have anti-angiogenic
effects in murine cancer models [30-32]. Based on this
information, several clinical trials have been performed to
evaluate the anti-angiogenic effects of these anti-copper
drugs on solid tumors [21]. The anti-angiogenic effects of
proteasome inhibitors have also been reported [33,34]. For
example, treatment with the specific inhibitor lactacystin
was previously shown to result in regions of avasculature in
developing chick embryo chorioallantoic membrane, a
common in vivo angiogenic assay [34]. However, the
relationship between copper and the proteasome remains
unclear.

Here we report that certain organic copper compounds
are potent inhibitors of the proteasomal chymotrypsin-like
activity. Furthermore, we have found that these organic

compounds, different from traditional metal chelators, like
EDTA, and anti-copper drugs, are capable of sponta-
neously forming active complexes with local copper in
tumor cells. These organic copper complexes can inhibit
proteasome activity and induce apoptosis. Further analysis
revealed that the cause of these effects is likely not
oxidative damage to proteins or DNA. These results sug-
gest that use of copper-binding compounds to bind to local
tumor or endogenous cellular copper, thus forming a
copper complex, could function as a proteasome inhibitor
strategy for chemotherapy.

2. Materials and methods
2.1. Materials

NCI-109268 was from the National Cancer Institute’s
Diversity Set Library. Fetal calf serum was purchased from
Tissue Culture Biologicals. RPMI 1640 and Dulbecco’s
Modified Eagle Media (DMEM) were purchased from
Invitrogen. Purified 20S rabbit proteasome was from Bos-
tonBiochem. A substrate for the chymotrypsin-like activity
of the proteasome, Suc-Leu-Leu-Val-Tyr-AMC, was pur-
chased from Calbiochem. A substrate for the trypsin-like
activity of the proteasome, Z-Gly-Gly-Arg-AMC, was
purchased from Bachem Bioscience Inc. Polyclonal anti-
poly(ADP-ribose) polymerase (PARP) antibody was
obtained from Boehringer, Mannheim. Monoclonal anti-
ubiquitin antibody, secondary antibodies, anti-mouse IgG-
horseradish peroxidase, and anti-rabbit IgG-horseradish
peroxidase were from Santa Cruz Biotechnology Inc.
Ethylenediaminetetraacetic acid (EDTA) was from Bio-
Rad. N-Acetyl-leu-leu-norleucinal (LLnL), MG132, cup-
ric bromide (CuBr;), cupric chloride (CuCl,), nickel chlor-
ide, manganese chloride, cobalt chloride, chromium
chloride, ferrous chloride, cadmium chloride, zinc chlor-
ide, silver chloride, ammonium molybdate, magnesium
sulfate, calcium chloride, cupric sulfate, cupric nitrate,
NAC, dimethyl sulfoxide (DMSO), DMF, PDC, 8-OHQ,
8-OHQ-5-sulfonic acid, 5,7-DCI, 5-amino-8-hydroxyqui-
noline dihydrochloride (5-amino-8-OHQ), 5-iodo-8-
hydroxyquinoline (5-iodo-8-OHQ), 8-hydroxy-7-iodo-5-
quinoline-sulfonic acid (7-iodo-8-OHQ-5-sulfonic acid),
trientine, p-PA, 1,10-PT, TM, and DBPTC, DCPTC, and
(—)-EGCG were all purchased from Sigma-Aldrich.

2.2. Mixtures of organic copper compounds

One hundred millimolar solutions of CuCl, or CuBr,
and 8-OHQ were made in DMSO or DMF as noted. Equal
volumes of the 100 mM component solutions were mixed
together to give a final soluble product at 50 mM. The
soluble product was added to cells and an equal volume of
solvent (DMSO or DMF) was used as a control. For
experiments involving the pre-treatment of cells with
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copper, both metal chloride and 8-OHQ were dissolved in
water.

2.3. Synthetic chemistry

Synthetic Cu[8-OHQ], [bis-8-hydroxyquinoline cop-
per(II)] and copper—anti-copper complexes were dissolved
in DMSO and heated at 95° for up to 5 min and vortexed
vigorously until dissolved.

2.3.1. Cu[8-OHQ],

Use of 8-hydroxyquinoline to precipitate metal ions is
well known [35]. We have utilized the procedure reported
by Ohkaku and Nakamoto for the preparation of metal 8-
hydroxyquinoline compounds [36]. Our procedure is effec-
tively identical to the one reported by Fanning and Jonassen
for the preparation of Cu[8-OHQ], [37]. A solution of
Cu(II)Cl,-2H,0 (0.507 g, 2.97 mmol) in 15 mL of distilled
water was added drop-wise to a solution of 8-hydroxyqui-
noline hemisulfate (1.228 g; 6.32 mmol) in 200 mL of 95%
ethanol. The pH of the resulting mixture, which contained a
greenish-brown precipitate, was adjusted to 7.0 by addition
of 2 M aqueous ammonia and then the mixture was filtered
and dried in a vacuum desiccator to yield 1.26 g of the
complex (100% yield of crude material). The complex is
only sparingly soluble in water. The IR spectrum was
consistent with the one reported for Cu[8-OHQ], [37].
The characterization by X-ray crystallography of Cul[8-
OHQ], prepared by precipitation of Cu(Il) salts with 8-
OHQ has previously been reported [38]. In the same
manner, Cu(Il) complexes of 8-OHI-Cu and 8-OHS-Cu
were also prepared.

2.3.2. Cu[phen]Cl,

The literature procedure [39] for the preparation of this
complex was followed. A solution of Cu(II)Cl,-2H,O
(0.449 g, 2.63 mmol) in 30 mL of 95% ethanol was added
drop-wise to a solution of 1,10-PT (0.521 g, 2.63 mmol) in
50 mL of 95% ethanol. The resulting solution was allowed
to cool to —20° in the freezing compartment of a refrig-
erator and the resulting precipitate was filtered. Concentra-
tion of the mother liquor produced a second crop of material
to produce a total yield of 0.747 g (77%) of complex.

2.3.3. Cuftrientine]Cl,

The procedure described by Siddiqi et al. was followed
[40]. A solution of Cu(II)Cl,-2H,0 (1.77 g, 10.3 mmol) in
20 mL of absolute ethanol was added drop-wise to a
solution of trientine (1.53 g, 10.5 mmol) in 100 mL of
absolute ethanol. Evaporation of the ethanol produced
3.30 g (100%) of complex.

2.3.4. Cu-TM complex (NH ,CuMoS,) using
Cu(1l)Cl,-2H,0

A procedure identical to the one described previously by
Lakshmanan et al. [41] was employed, with the exception

that ammonium tetrathiomolybdate instead of piperidi-
nium tetrathiomolybdate was used. A solution of
Cu(I)Cl,-2H,0 (0.569 g, 3.34 mmol) in 25 mL of absolute
ethanol was added drop-wise to a hot suspension of
(NH4),MoS, (0.874 g, 3.36 mmol) in 125 mL of absolute
ethanol. The pH of the resulting mixture was adjusted to
7.0 by addition of 3 M aqueous ammonia. The resulting
mixture was allowed to cool to —20° in the freezing
compartment of a refrigerator and the resulting mixture
was filtered to yield 0.539 g (53%) of the complex. The
presence of ammonium ion in our complex was confirmed
by IR spectroscopy (3300, 1416 cm ') [42]. The literature
[41,43] suggests that the complex prepared in this way
actually contains Cu(I), with reduction of Cu(Il) to Cu(l)
presumably occurring during preparation of the complex.

2.3.5. Cu—p-PA complex

A procedure identical to the one described previously [44]
was employed. p-Penicillamine (0.101 g, 0.677 mmol) was
dissolved in 15 mL of sodium acetate buffer solution (0.5 M,
pH 6.2). This solution was added to a solution of
CuCl,-2H,0 (0.0877 g, 0.516 mmol) in 2 mL of water.
An equal volume of absolute ethanol was added to the
resulting purple solution. The solution was cooled to 4°
and the precipitate that was formed was filtered and dried in a
vacuum dessicator to yield 0.108 g of material. Note thatitis
likely that the complex prepared in this way contains both
Cu(I) and Cu(II), with oxidation of (some of the) PA to the
disulfide occurring during preparation of the complex [44].
The complex presumably has the formula Nas[Cu(Il)s.
Cu(I)g(p-Pen),,Cl]-nH,0 [44].

2.4. Cell culture, drug treatment, and cell extract
preparation

Human leukemia cancer cell lines Jurkat T and HL-60
were cultured in RPMI media. Human prostate cancer
PC-3 cells were maintained in DMEM. All media was
supplemented with 10% fetal calf serum, 100 units/mL of
penicillin, and 100 pg/mL of streptomycin. A human
immortalized but non-transformed natural killer cell line
(YT cells) [45] was maintained in RPMI growth media
supplemented as above and further supplemented with
1 mM sodium pyruvate and 0.1 mM MEM non-essential
amino acids (Invitrogen). All cell lines were maintained at
37° inahumidified incubator with an atmosphere of 5% CO,.

Cells were treated for indicated times with noted molar
amounts of compounds, mixtures, or with an equivalent
volume of solvent (DMSO, DMEFE, H,0) control as listed in
individual experiments. For experiments requiring pre-treat-
ment with metal, cells were grown in standard media con-
taining 100 pM CuCl, or NiCl, as indicated. After 48 hr
growth, metal supplemented media was removed and cells
were washed twice with normal growth media and then
continued to grow in normal growth media treated with
10 M 8-OHQ or equivalent volume of solvent control.
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A whole cell extract was prepared as described pre-
viously [46]. Briefly, cells were harvested, washed with
PBS twice, and homogenized in a lysis buffer (50 mM
Tris—HCI, pH 8.0, 150 mM NacCl, 0.5% NP-40, 0.5 mM
phenylmethylsulfonyl fluoride, and 0.5 mM dithiothreitol)
for 30 min at 4°. Afterwards, the lysates were centrifuged
at 12,000 g for 30 min, and the supernatants were collected
as whole cell extracts.

2.5. In vitro proteasome activity assay

The chymotrypsin-like activity of the proteasome was
measured as previously described [47]. Briefly, purified
20S rabbit proteasome (0.10 pg) or Jurkat T cell extract
(10 pg) was incubated with 20 pM fluorogenic peptide
substrates, Suc-Leu-Leu-Val-Tyr-AMC (for chymotryp-
sin-like activity) or Z-Gly-Gly-Arg-AMC (trypsin-like
activity), for 30 min at 37° in 100 pL of assay buffer
(50 mM Tris—HCI, pH 7.5), with an inhibitor at indicated
concentrations or equivalent volume of solvent as control.
After incubation, production of hydrolyzed 7-amido-4-
methyl-coumarin (AMC) groups was measured using a
multi-well plate Wallac™ Victor® 1420 Multilabel Coun-
ter with an excitation filter of 380 nm and an emission filter
of 460 nm (Wallac). Changes in fluorescence were calcu-
lated against non-treated controls and plotted with statis-
tical analysis using Microsoft Excel™ software.

2.6. Western blot analysis

Cell lysates (50 pg) were subject to SDS-PAGE and
then transferred to a nitrocellulose membrane, followed by
visualization via the enhanced chemiluminescence (ECL)
kit (Amersham Biosciences). The ECL Western blot ana-
lysis was performed using specific antibodies to ubiquitin
and PARP as described previously [13]. Proteasome inhi-
bition was measured as accumulation of ubiquitinated
proteins and PARP cleavage served as a marker for apop-
tosis [13].

2.7. Inductively coupled plasma optical emission
spectroscopy (ICP-OES)

Analysis of the copper content of cells was performed
with a Perkin-Elmer™ Optima 4300™ DV ICP-OES
instrument. Cells were suspended in phosphate-buffered
saline and diluted to 1-7 with doubly deionized water
before analysis. Optical emissions were analyzed at three
wavelengths specific for copper: 317.393, 324.752, and
224.700 nm.

2.8. Hydrogen peroxide (H,0,) detection
Jurkat T cells were treated with 5-10 uM of a solution

prepared from the precipitation by adding CuCl, to
8-OHQ, or 5-10 uM of a mixture of CuCl, and 8-OHQ,

or 100 uM of (—)-EGCG for up to 24 hr, followed by
assaying the presence of H,O, using Amplex® Red Hydro-
gen Peroxide Kit (Molecular Probes) in accordance with
the manufacturer’s directions.

3. Results

3.1. Organic copper compounds inhibit the
chymotrypsin-like activity of the proteasome in vitro

To screen for new proteasome inhibitors, we analyzed
the 1990 compounds in the NCI Diversity Set Library. Of
them, NCI-109268 (Fig. 1A) was found to inhibit the
chymotrypsin-like activity of the proteasome, although
its efficacy was less than that of a known proteasome
inhibitor LLnL (Fig. 1A) under these conditions
(Fig. 1B). NCI-109268 inhibited the proteasomal chymo-
trypsin-like activity in both Jurkat T cell extract (Fig. 1B)
and purified 20S rabbit proteasome (Fig. 1C), with an 1csg
of ~6 uM. These results suggested that copper may play an
important role in proteasome inhibition.

Inhibition of the proteasomal chymotrypsin-like, but not
trypsin-like, activity is associated with induction of apop-
tosis in cancer cells [13,14]. Furthermore, certain protea-
some inhibitors [i.e. (—)-EGCG] can also inhibit the
caspase-like activity as well as the chymotrypsin-like
activity of the proteasome [47]. Due to this, we limited
our examination to the proteasomal chymotrypsin-like and
the trypsin-like activities since that distinction was deemed
the most important.

Owing to limited quantities of NCI-109268, we used a
similar copper complex, Cu[8-OHQ], (see Figs. 1A, 3 and
4), and determined its potency to the proteasomal chymo-
trypsin-like activity. In the first experiment, 8-OHQ was
mixed with CuCl, at 1:1 molar ratio to generate the soluble
product of 8-OHQ and CuCl,. We found that the mixture of
8-OHQ and CuCl, had much greater inhibitory effect on
the proteasomal chymotrypsin-like activity than the tryp-
sin-like activity (Fig. 1D). Surprisingly, the salt CuCl,
alone was also able to inhibit the chymotrypsin-like, and
the trypsin-like activity though much more weakly, of the
purified 20S proteasome (Fig. 1D). However, 8-OHQ alone
was incapable of inhibiting either activity (Fig. 1D). These
data suggest that copper is the essential component posses-
sing the proteasome-inhibitory activity.

3.2. Copper, but not other metal, salts are inhibitors of
the chymotrypsin-like activity of the proteasome in vitro

Since the central moiety of NCI-109268 is CuCl, and a
common component of the compounds examined is copper
(Fig. 1), we decided to examine the role of copper in
proteasome inhibition. A series of metal salts with the same
common oxidation state or from the same period as copper
was tested for their capacity to inhibit the proteasome
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Fig. 1. Organic copper-mediated proteasome inhibition in vitro. (A) Structures of National Cancer Institute compound NCI-109268, 8-hydroxyquinoline (8-
OHQ), dibromo-(1,10-phenanthroline)-copper(Il) (DBPTC), and N-acetyl-L-leucinyl-L-leucinal-L-norleucinal (LLnL). (B) Concentration-dependent
inhibition of proteasomal chymotrypsin-like activity in Jurkat cell extract (10 pg/reaction) by LLnL or NCI-109268 at the indicated concentrations as
analyzed by release of AMC groups from substrate. An equivalent volume of DMSO (DM) is used as a negative control. (C) Analysis of concentration-
dependent inhibition of purified rabbit 20S (0.10 pg) proteasomal chymotrypsin-like activity by NCI-109268. (D) Effects of CuBr, (Cu), 8-OHQ and soluble
product of their mixture (8+C) (all at 10 pM) on chymotrypsin- and trypsin-like activities of purified 20S rabbit proteasome. (—) indicates no inhibitor was

added.

activity using Jurkat T cell extract in an in vitro assay
(Fig. 2A). Only CuCl, was found to inhibit the proteasomal
chymotrypsin-like activity (Fig. 2A). To verify the role of
copper, a series of copper salts was tested for inhibitory
activity using Jurkat T cell extract. All of them were found
to inhibit the proteasomal chymotrypsin-like activity with
potency similar to that of the known proteasome inhibitor
LLnL (Fig. 2B).

We next tested whether copper-mediated proteasome
inhibition was a reversible or an irreversible (or tight
binding) process. Purified 20S rabbit proteasome was incu-
bated with CuCl, ranging from 1 to 10 pM. CuCl, by itself
possessed an 1csg of ~3 pM (Fig. 2C). On the other hand,
those reactions containing co-treatment of EDTA and cop-
per resulted in no inhibition of proteasome activity, sug-
gesting that EDTA, in this case, completely blocked
copper’s ability to inhibit the proteasome (Fig. 2C; “EDTA
Co” compared to ““No treatment”). However, if copper was

permitted to react with the proteasome before the addition
of EDTA, the 1c5q of inhibition appeared to shift to approxi-
mately 8 uM (Fig. 2C; “EDTA Post”). After a longer
exposure of the proteasome to CuCl,, the addition of EDTA
had no effect on the inhibitory nature of CuCl, and resulted
in no shift of activity (data not shown). These results
suggest that once the proteasome is inhibited by copper,
the inhibition cannot be restored by metal chelation.
Previously it has been shown that under in vitro condi-
tions, copper salts are capable of oxidizing some proteins
(such as low density lipoprotein) and that this oxidation
could be blocked by addition of NAC at 10-100 pM
[48,49]. We reasoned that if indeed CuCl, causes oxidative
damage to the purified 20S proteasome that could lead to
inactivation of the proteasome, then NAC would be able to
block the copper-mediated proteasome inhibition. To test
this possibility, the in vitro proteasome activity assay was
performed in the presence of 100 uM of NAC (Fig. 2D).
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Fig. 2. In vitro inhibition of proteasomal chymotrypsin-like activity by inorganic copper. (A) Inhibition of chymotrypsin-like activity in Jurkat cell extract
(10 pg/reaction) by 10 uM metal salts with the known proteasome inhibitor LLnL (10 pM) as control. (B) Effect of 10 uM copper (I and II) salts on
chymotrypsin-like activity in Jurkat cell extract (10 pg/reaction). (C) The effects of EDTA (5 mM) on the chymotrypsin-like inhibitory activity of 10 pM
CuCl,;, as a function of co-incubation (EDTA Co) or after 1 hr incubation of CuCl, (EDTA Post) with Jurkat cell extract (10 pg). (D) Effect of 100 uM NAC
on inhibition of the chymotrypsin-like activity of purified rabbit 20S proteasome (0.10 pg) by 5 or 10 uM CuCl,. “Cu + NAC” indicates co-incubation of

NAC and CuCl,; “Cu” indicates incubation with CuCl, but without NAC.

Co-incubation of CuCl, with NAC had no effect on the
ability of copper to inhibit the purified 20S proteasome
(Fig. 2D), suggesting that direct oxidative damage of the
proteasome is not the cause of inhibition and it is likely that
copper directly inhibits the proteasome.

3.3. Treatment with organic copper compounds, but not
inorganic copper salts, results in proteasome inhibition
and apoptosis in human leukemia cells

We then tested effects of inorganic and organic copper
on the proteasome activity in intact tumor cells. Jurkat T
cells were treated for 24 hr with 8-OHQ, CuCl,, the
mixture of 8-OHQ and CuCl,, or the synthetic Cu[8-
OHQ)], (see Section 2), all at 10 uM, followed by collect-
ing the cells and measuring the proteasomal chymotrypsin-
like activity in the prepared cell lysates (Fig. 3A). Treat-
ment with 8-OHQ had no inhibitory effect on the protea-
some activity levels measured using cell lysates, compared
to the solvent-treated cells (Fig. 3A). Treatment with CuCl,
inhibited ~30% of the proteasomal activity (Fig. 3A). In
contrast, treatment with either the mixture or the synthetic
Cu[8-OHQ], completely inhibited the proteasome activity
(Fig. 3A).

To investigate whether inhibition of the cellular protea-
some activity is associated with induction of tumor cell
death, trypan blue incorporation assay was performed in
the same experiment (Fig. 3B). Treatment for 24 hr with
the mixture or the synthetic Cu[§8-OHQ)],, but neither 8-
OHQ nor CuCl, alone, induced loss of viability in Jurkat T
cells (Fig. 3B).

To further investigate the in vivo effects of inorganic or
organic copper, we mixed 8-OHQ with CuBr, or Cu(NOs),
in DMF and obtained two different colored soluble pro-
ducts. When Jurkat T cells were treated with each of the two
products, accumulation of ubiquitinated proteins, another
measurement of proteasome inhibition [7-9], appeared as
early as 15 min (Fig. 4A) and the apoptosis-specific PARP
cleavage was apparent within 24 hr (Fig. 4B). The cells
exposed to only copper salt or 8-OHQ alone did not undergo
these changes (Fig. 4A and B). These data further suggest
that some organic, but not inorganic, copper compounds
can inhibit the proteasome and induce apoptosis in intact
tumor cells.

Various other copper ligands, in addition to 8-OHQ, were
tested as potential proteasome inhibitors when mixed with
copper(Il) salts. Jurkat T cells were treated with mixtures of
CuBr, and 8-OHQ (8-OHQ CuBr»,), 5,7-dichloro-8-OHQ
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activity (A) and cell viability (B).

(5,7-DCI 8-OHQ-Cu), pyrrolidinedithiocarbamate (PDC-
Cu), or 5-amino-8-OHQ (5-N-8-OHQ-Cu), all at 10 uM,
were able to accumulate ubiquitinated proteins at 15 min
and induce PARP cleavage by 24 hr (Fig. 4C and D). The
mixture of CuBr, and 7-iodo-8-hydroxy-quinoline-5-sulfate
(8-OHQ-I-S-Cu) neither inhibited proteasome activity nor
induced apoptosis (Fig. 4C and D).

Human leukemia HL60 cells were also treated with a
commercial organic copper compound, DBPTC (Fig. 1A)
for up to 10 hr. Levels of ubiquitinated proteins were
increased by 15-fold at 1 hr, by 60-fold at 2 hr, and reached
its maximal (150-fold) at 3 hr, which then remained high
for up to 10 hr (80-fold; Fig. 4E). In the same experiment,
PARP cleavage was detectable between 4 and 5 hr and
increased at 10 hr (Fig. 4F), further supporting the con-
clusion that inhibition of the proteasome by organic copper
occurs before apoptosis induction.

Next we synthesized several copper-containing com-
plexes to compare their proteasome-inhibitory effects
to the effects of the mixtures in Jurkat T cells. Similar

to the results of the mixtures (Fig. 4A-D), both synthetic
Cu[8-OHQ)], and DCPTC inhibited proteasome activity at
2 hr and caused apoptosis at 24 hr, while synthetic 8-OHI-
Cu and 8-OHS-Cu were not able to do so at the same
concentration (Fig. 4G and H).

Current anti-angiogenic therapies rely upon anti-copper
compounds to complex copper making it unavailable for
cellular use especially in angiogenesis [30-32]. In order to
determine the possibility of an additional mode of action of
anti-copper compounds involving proteasome inhibition,
we tested whether the anti-copper drugs, TM, trientine and
D-PA, when combined with copper, could also form pro-
teasome inhibitors and apoptosis inducers. To do so, we
synthesized complexes of Cu—TM, Cu—b-PA and Cu[trien-
tine]Cl,, and tested each of them in Jurkat T cells. None of
these copper—anti-copper complexes induced either ubi-
quitinated protein accumulation or apoptosis, in contrast to
the synthetic Cu[8-OHQ)], (Fig. 4G and H). These results
reinforce the known activity of current anti-copper drugs as
chelators of copper which block angiogenesis, and that
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H). (A, B) Mixtures of CuBr,, CuNO3, and 8-OHQ. (C, D) Mixtures of CuBr, and 8-OHQ, 5,7-dichloro-8-OHQ (5,7-DCl 8-OHQ-Cu), PDC (PDC Cu), 5-
amino-8-OHQ (5-N-8-OHQ-Cu), or 8-OHQ-7-iodo-5-sulfonic acid (8-OHQ-I-S-Cu). (G, H) Synthetic Cu[8-OHQ], (8-OHQ-Cu), 8-OHQ-7-iodo-copper(II)
(8-OHI-Cu), 8-OHQ-5-sulfonic-acid-copper(Il) (8-OHS-Cu), dichloro-1,10-phenanthroline-copper(Il) (DCPTC), Cu-TM, Cu-b-PA, and Cu[trientine]Cl,.

Cu[8-OHQY], differs due to its ability to inhibit the protea-
some and induce apoptosis in tumor cells.

It has been suggested that copper-mediated production
of H,0O, is associated with cell death [50,51]. We then
investigated whether organic copper complexes were also
able to generate H,O, prior to or during the process of
apoptosis induction. Jurkat T cells were treated with either
an aqueous solution of the precipitation prepared by adding
CuCl, to 8-OHQ, a mixture of CuCl, and 8-OHQ, or a
known peroxide producer (—)-EGCG [52,53], followed by
measurement of levels of H,O,. All time points after
copper treatment demonstrated no peroxide production
(data not shown). As a positive control [52,53], treatment
with 100 uM (—)-EGCG generated ~8 uM H,0, within
1 hr and remained high for up to 6 hr. This suggests that
H,0, production is probably not involved in these organic
copper-mediated proteasome inhibition and apoptosis
induction.

3.4. Organic copper compounds exhibit selectivity in
proteasome inhibition and apoptosis induction between
transformed and non-transformed cell lines

We then tested whether organic copper compounds
could selectively induce proteasome inhibition and apop-
tosis in tumor or transformed, but not normal or nontrans-
formed, cells. When leukemia Jurkat T cells were treated
with a 1 uM 8-OHQ-Cu(II) mixture, ubiquitinated proteins
accumulated at as early as 30 min, increased by 1 hr, and
peaked at 3 hr (Fig. 5A), but decreased by 24 hr. In the
same experiment, PARP cleavage was first detected at 3 hr
and further increased at 24 hr (note the decreased levels of
intact PARP protein and the disappearance of p85 fragment
in Fig. 5B). In contrast, the same 8-OHQ-Cu(II) mixture
treatment of non-transformed, immortalized natural killer
cells (YT) resulted in only a slight accumulation of ubi-
quitinated proteins and did not induce apoptosis (Fig. SA
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analysis for levels of ubiquitinated proteins and appearance of PARP cleavage.

and B). In a similar experiment using the tripeptidyl
proteasome inhibitor MG132, accumulation of ubiquiti-
nated proteins and induction of apoptosis were found in
both Jurkat T and YT cell lines, although YT cells were
slightly more resistant to MG132 treatment than Jurkat T
cells (Fig. 5C and D). These data suggest that organic
copper compounds have selectivity between transformed
and nontransformed cells, perhaps even more so than some
traditional proteasome inhibitors.

3.5. Tumor cells cultured in a copper-enriched
environment are sensitive to treatment with a copper
ligand

Since tumor tissues typically possess higher levels of
copper than normal tissues and anti-copper compounds are
capable of binding local copper [30-32], we decided to test

whether tumor endogenous cellular copper could interact
with a ligand to form a proteasome inhibitor and an
apoptosis inducer. Exponentially growing human prostate
cancer PC-3 cells were cultured in media containing CuCl,
[or NiCl, as control] for 48 hr and cellular copper con-
centrations increased from undetectable levels to
~165nM, as determined by ICP-OES. CuCl, or NiCl,
cultured PC-3 cells were then further incubated with
standard media containing 8-OHQ. Of all the cells exam-
ined, only those pre-exposed to CuCl, followed by treat-
ment with 8-OHQ demonstrated proteasome inhibition
(from 15 min to 24 hr after 8-OHQ treatment), and apop-
tosis (PARP cleavage at 24 hr) (Fig. 6A and B). PC-3 cells
treated with CuCl, or NiCl, alone, 8-OHQ alone, or NiCl,
followed by 8-OHQ did not show ubiquitinated protein
accumulation or PARP cleavage (Fig. 6A and B). These
results support the hypothesis that 8-OHQ is capable of
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Fig. 6. Prostate cancer PC-3 cells cultured in copper-enriched media are sensitive to treatment with 8-OHQ. PC-3 cells were treated with 100 pM CuCl, or
NiCl, for 48 hr achieving an intracellular copper concentration of ~165nM, followed by 10 uM 8-OHQ (Cu?**/8-OHQ) treatment for indicated hours.
Continuous copper(II) or nickel(I) treatment (CuCl,, NiCl,), 8-OHQ treatment without copper(Il) or nickel(Il) pre-treatment, and no treatment [(—)] were
used as controls. Samples were collected at the indicated time points and assayed by ICP-OES for cellular concentration of copper and Western analysis for
accumulation of ubiquitinated proteins (A) and appearance of PARP cleavage (B).

binding endogenous tumor cellular copper, resulting in
proteasome inhibition and apoptosis induction. Further-
more, these results suggest that the effective concentration
of the 8-OHQ-copper complex must be less than 165 nM.

4. Discussion

Toxicity of many current chemotherapeutic drugs is
partially due to their inability to distinguish normal cells
from transformed cells. Of interest is the development of
anti-angiogenic strategies and proteasome inhibitors. One
proteasome inhibitor in clinical trials is PS-341. Phase I
and Il clinical trials confirmed the antitumor activity of PS-
341 [15,16]. Studies showed that PS-341 was effective
against a variety of tumor types either alone or in combi-
natorial treatment [18]. Phase III clinical trials for mye-
loma were conducted in spring 2003 [18]. The drug has
gained FDA clearance and is in further clinical develop-
ment for use against other forms of cancer [17]. However,
the clinical trials also revealed its side effects [15,16],
suggesting that further search for new proteasome inhibi-
tors with no or little toxicity is necessary.

Towards the goal of discovering novel proteasome inhi-
bitors as potential anticancer drugs, we screened the NCI
Diversity Set of 1990 compounds with a fluorogenic in
vitro activity assay. NCI-109268, a dimer of an organic
copper complex, was found to inhibit the proteasomal
chymotrypsin-like activity (Fig. 1).

Since the central moiety of NCI-109268 is copper
chloride, we examined whether CuCl, itself and/or other
transition metal salts were capable of inhibiting the chy-
motrypsin-like activity of the proteasome. The results
showed that the copper ion, irrespective of its counter

ion, was consistently capable of inhibiting the proteasome
in a time-dependent and irreversible (or tight-binding)
manner under in vitro conditions (Figs. 1 and 2). In
addition, under in vitro conditions, the copper-mediated
proteasome-inhibitory activity can be enhanced by certain
ligands (such as 8-OHQ); data not shown) and blocked by
strong copper chelators (such as EDTA; Fig. 2C). Further-
more, in intact cells, only certain organic copper com-
pounds, but not inorganic copper salts, are able to strongly
inhibit the proteasome activity, and the potency of organic
copper complexes can be modified by altering its binding
ligands (Figs. 3 and 4).

It has been reported that proteasome inhibitors are tumor
cell apoptosis inducers [7-9,13,14]. We then examined
whether or not organic copper complexes behaved the same
way. We found that, much like other established proteasome
inhibitors, organic copper compounds were only effective
in inducing ubiquitinated protein accumulation and apop-
tosis in tumor, but not non-transformed cells (Fig. SA and
B). These results further suggested that the copper com-
plexes are similar to other proteasome inhibitors and that
the results are not due to general cellular toxicity.

Various human cancer cells contain increased levels of
copper, an essential cofactor for tumor angiogenesis [24—
27]. Without the copper-mediated tumor vascularization,
tumors cannot grow or metastasize. It has been found that
the cellular copper is not all protein-bound and can be
stored in membranes [54]. A current strategy for cancer
therapy is the inhibition of angiogenesis via copper control.
Compounds developed for Wilson’s disease, a copper
storage disease, have recently been used to control the
amount of copper found in tumor tissues as a method to
prevent angiogenesis. We found that mixing an organic
ligand such as 8-OHQ or 1,10-PT with a copper(Il) salt
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produced a soluble product that could inhibit the protea-
some in vitro and in vivo and also induce apoptosis in intact
tumor cells (Figs. 3 and 4 and data not shown). Next, we
examined synthesized organic copper compounds based on
our organic ligands and also based on current anti-copper
drugs. This strategy allowed us to study comparatively
these compounds to determine if current anti-copper drugs
were also proteasome inhibitors and perhaps possessed an
independent mode of action involving proteasome inhibi-
tion. We found that certain derivatives of quinoline in
combination with CuCl, functioned similar to each other
but quite different from complexes of known anti-copper
drugs and copper (Fig. 4G and H). These results support the
mechanism of the current anti-copper drugs as strong
chelators of copper, rendering the copper ion unavailable
for use by the cell. However, other organic ligands may be
capable of binding copper in such a manner that it would
possess proteasome inhibitory properties.

Furthermore, we tested whether or not the copper ligand
8-OHQ could interact with cellular copper and result in
proteasome inhibition and apoptosis induction. Indeed,
prostate cancer PC-3 cells grown in copper-enriched con-
ditions (to generate cells bearing elevated copper as found
in tumor tissues) are sensitive to treatment with ligand
alone (Fig. 6). These data support the idea that copper in
the tumor local cellular environment could be converted to
a cell death inducer through the mechanism of proteasome
inhibition by exposure to a copper-binding ligand (i.e. 8-
OHQ). These data further suggest that the 1csy of such
complexes would be in the nM range.

We hypothesize that the function of a copper ligand is to
shield the copper from metabolic use by the cell, to aid
delivery of the copper to the proteasome, and to increase the
effectiveness of the copper-mediated proteasome-inhibitory
activity, supported by the following arguments. First, the
copper (but not other metal) salts tested were able to inhibit
purified proteasome activity with potency similar to organic
copper compounds (1csy of 1-6 uM; Figs. 1 and 2 and data
not shown). Second, both inorganic and organic copper
compounds were capable of proteasome inhibition in vitro
in a time-dependent and irreversible (or tight binding)
manner (Figs. 1 and 2). Lastly, under in vivo conditions,
only organic copper compounds, but not inorganic copper
salts, were able to cause accumulation of ubiquitinated
proteins and induction of apoptosis (Figs. 3-6).

Therefore, we hypothesize that the chemical nature of a
copper ligand determines its capability of inhibiting the
proteasome and inducing tumor cell apoptosis due to
metabolic activities of the cell. Previous studies have
shown that some organic copper compounds can function
as DNA damaging agents [55,56]. However, under our
experimental conditions we found that DNA strand breaks
appeared several hours after proteasome inhibition and are
a consequence of apoptosis (data not shown).

Since copper is a redox active element, there was concern
that oxidation of proteins would result in upregulation of

ubiquitination enzymes, resulting in the observed accumu-
lation of ubiquitinated protein bands. We examined the
possible production of H,O, in Jurkat cultures after expo-
sure to organic copper complexes. The accumulation of
ubiquitinated proteins repeatedly occurred before or at 1 hr
exposure, however, this was not accompanied by an increase
in H,O, (Figs. 4-6, and data not shown). Furthermore, the
reducing agent NAC does not protect the proteasome from
copper-mediated inhibition in vitro even when added simul-
taneously with copper (Fig. 2D).

Most recently, two groups have reported that a zinc(II)-
dependent protease, POH1/Rpnl1, a subunit of the 19S
proteasome, is responsible for substrate deubiquitination
during proteasomal degradation [57,58]. However, accu-
mulation of ubiquitinated proteins by organic copper
compounds does not appear to involve inhibition of deu-
biquitination of substrate proteins because a ligand alone has
no effect (Figs. 3, 4 and 6) and a copper salt or an organic
copper compound was able to inhibit the purified 20S
proteasomal activity (Figs. 1 and 2). Indeed, the proteasomal
enzymatic activity was inhibited in the cells treated with the
mixture or synthetic copper compound (Fig. 3). Our data are
consistent with the argument that copper is capable of
directly inhibiting the proteasome. However, we realized
that o-phenanthroline copper complexes are capable of
oxidizing sulfhydryl groups on proteins [59] and ubiquitin
hydrolases are sulfhydryl enzymes, whether quinoline—cop-
per complexes can oxidize ubiquitin hydrolases requires
further investigation.

A unique feature of cancer cells is to accumulate high
concentrations of copper [24-27]. We believe that a strat-
egy could be developed to bind this copper with specific
ligands and form an anticancer agent within tumor tissues/
cells. Cellular concentrations of copper in tumor cells and
tissues should be high enough to promote complex forma-
tion. Tumors could be treated with copper ligands alone
that would be non-toxic to cells, but could bind to tumor
cellular copper, forming potent proteasome inhibitors. It is
possible that the affinity of a copper ligand for copper-
bearing cancer cells and the transient nature of the protea-
some inhibition might protect normal cells from toxicity.
As a result, we speculate that treatment with specific
copper ligands, like the ones reported herein, will allow
these normally innocuous compounds to become potent
tumor cell-specific killers under copper-enriched condi-
tions, which exist uniquely within many types of cancer
cells and tissues. Therefore, this approach may convert
copper, which is essential for tumor cell proliferation and
angiogenesis, into a cancer cell-killing agent.
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