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Abstract
Proliferation and apoptosis pathways are tightly regulated in a cell by the ubiquitin–proteasome
system (UPS) and alterations in the UPS may result in cellular transformation or other
pathological conditions. Indeed, the proteasome is often found to be overactive in cancer cells. It
has also been found that cancer cells are more sensitive to proteasome inhibition than normal cells,
and therefore proteasome inhibitors are pursued as antitumor drugs. The use of the proteasome
inhibitor Bortezomib for treatment of multiple myeloma and mantle cell lymphoma has proved
this principle. Recent studies have suggested that copper complexes can inhibit proteasome
activity and induce apoptosis in some human cancer cells. However, the involved molecular
mechanism is unknown. In this study, we investigated the biological activities of four amino acid
Schiff base–copper(II) complexes by using human breast (MDA-MB-231 and MCF-7) and
prostate (PC-3) cancer cells. The complexes C1 and C3, but not their counterparts C2 and C4,
inhibit the chymotrypsin-like activity of purified 20S proteasome and human cancer cellular 26S
proteasome, cause accumulation of proteasome target proteins Bax and IκB-α, and induce growth
inhibition and apoptosis in concentration- and time-dependent manners. Docking analysis shows
that C1, but not C2 has hydrophobic, pi–pi, pi–cation and hydrogen bond interactions with the
proteasomal chymotrypsin-like pocket and could stably fit into the S3 region, leading to specific
inhibition. Our study has identified the mechanism of action of these copper complexes on
inhibiting tumor cell proteasome and suggested their great potential as novel anticancer agents.
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1. Introduction
Apoptosis or programmed cell death with distinct morphological characteristics occurs in all
multicellular organisms. Apoptosis is a vital regulatory process responsible for the
elimination of unwanted cells. In addition, it plays an essential role in human development,
tissue homeostasis, and defense against mutations and viral infections [1–4]. Tumor cells are
effective at evading apoptosis. The induction of apoptosis as an anti-cancer therapy has been
actively pursued because tumor cells are more sensitive to apoptosis-inducing stimuli than
normal cells [5–7].

The ubiquitin–proteasome system (UPS) plays an important role in a multitude of cellular
processes including: cell cycle progression, DNA damage and repair, endocytosis, apoptosis,
angiogenesis, drug resistance and differentiation [8,9]. The eukaryotic 26S proteasome is
made up of two 19S regulatory particles and a catalytic 20S core. The 20S core consists of
two identical non-catalytic α rings flanking two identical catalytic β rings. At least three
distinct catalytic activities have been associated with the β-subunits of the 20S core:
chymotrypsin-like (cleavage after hydrophobic residues by the β5 subunit), trypsin-like
(cleavage after basic residues by the β2 subunit), and caspase-like or peptidyl-glutamyl
peptidehydrolyzing-like (cleavage after acidic residues by the β1 subunit) [10–12]. It has
been shown that inhibition of the proteasomal chymotrypsin-like, but not trypsin-like
activity, is associated with induction of apoptosis in cancer cells [13–15]. Notably, the
proteasomal subunits β4, β5, and β6 contribute to the full chymotrypsin-like active site in
terms of the substrate recognition. However, catalysis occurs in β5 pocket by hydrolysis of a
peptide bond at the C-terminus of hydrophobic substrates (site S1) by the nucleophilic OH
group of the N-terminal threonine. The interface at β5/β6 plays a major role in conferring
selectivity toward apolar peptide substrates (positions S2 and S3) [16].

Metal-containing drugs have existed for decades and cisplatin, a platinum containing
compound, is known as one of the most effective antitumor drugs [17–20]. Since the
approval of cisplatin by the U.S. Food and Drug Administration (FDA) in 1978, many
researchers have focused their attention on this drug [21–23]. However, cisplatin-based
chemotherapy leads to severe side effects (e.g., nephrotoxicity, ototoxicity, electrolyte
disturbance and drug resistance) that severely limit its clinical use [24–26]. Therefore, many
laboratories have been designing, synthesizing, and characterizing, from the biological point
of view, new potential metal-based anticancer drugs to reduce toxicity and improve clinical
effectiveness [27–29].

The Schiff base is a compound containing a carbon–nitrogen double bond (>C=N − R with
R = aryl or alkyl group) as a functional group formed by condensation of an aldehyde or
ketone with a primary amine. Schiff bases are able to stabilize many metals in various
oxidation states coordinating them through the lone pair of the nitrogen atom of the >C=N −
R moiety and additional functional groups [30]. It has been shown that the complexation of
a metal with a Schiff base ligand improves the anticancer efficacy of the ligand [31,32]. Our
previous work has focused on the biological activity of Schiff base–copper complexes and
we have shown that several of these complexes have significant antitumor activity,
associated with proteasome inhibition [33–36]. However, the detailed molecular mechanism
responsible for proteasome inhibition by a Schiff base–copper complex remains unknown.
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In the current study, we report the profile of cancer cell growth-inhibitory activity of four
amino acid Schiff base–copper(II) complexes (Fig. 1) and their structure–activity
relationships. We have found that the complexes C1 and C3, which contain Phen as the
second ligand, inhibit proliferation and induce apoptosis in human breast and prostate cancer
cells through inhibition of the ubiquitin–proteasome pathway. Furthermore, a computational
docking study has suggested a novel mechanism of action for these active copper complexes
to interact with and inhibit the tumor proteasome.

2. Results
2.1. Crystal structures of C1 and C2 complexes

We have previously shown that some copper complexes are able to inhibit proliferation and
induce apoptosis in human cancer cells [33–36]. In the current study, we synthesized and
characterized four amino acid Schiff base–copper(II) complexes, named complex (C) 1, 2, 3
and 4 (Fig. 1) to discover novel copper-based anticancer drugs and understand their
mechanism of action.

The crystal structures of C1 and C2 are shown in Fig. 2A and B, respectively. C1
crystallizes in the monoclinic system and the space group is C2/c. The positional disorder in
the structure of C1 is realized by the presence of two positions for CH2–CH2–CH2–S–CH3
group. For this disordered group, S1/C4/C5/H3A/H3B/H4A/H4B/H5A/H5B/H5C, the
occupation rate is 0.712 while for S1′/C4′/C5′/H3′A/H3′B/H4′1/H4′2/H5′1/H5′2/H5′3,
the occupation rate is 0.288. The Cu center adopts a distorted square-pyramidal geometry by
coordinating one carboxylate oxygen atom, one phenolate oxygen atom, one imine nitrogen
atom of the L-methionine-o-vanillin Schiff base ligand (H2L1), and one nitrogen atom of
Phen. The charge of Cu(II) is instead balanced by the hydroxyl and carboxylic groups. C2
has a similar coordination environment except that the space group is P21/c.

2.2. Inhibition of proliferation of human breast cancer MDA-MB-231 cells by C1 but not C2
We first investigated and compared the effects of C1 and C2 on cancer cell growth. Human
breast cancer MDA-MB-231 cells were treat-ed with C1 or C2 at different concentrations (5,
10 and 20 μM) for 24 h, followed by MTT assay. Cells treated with the solvent DMSO were
used as control (Fig. 3A). We found that C1 had growth-inhibitory potency in a dose-
dependent manner: at 5 μM it inhibited cell proliferation by 46%, and at 10 and 20 μM, it
inhibited about 90 and 99% of breast cancer cell growth, respectively (Fig. 3A). As a sharp
comparison, C2 did not have any inhibitory effect at even 20 μM (Fig. 3A).

2.3. Concentration-dependent proteasome inhibition and apoptosis induction by C1 but
not C2 in MDA-MB-231 cells

To investigate whether the growth-inhibitory activity of C1 is associated with its ability to
inhibit the proteasome activity and induce apoptotic cell death, MDA-MB-231 cells were
treated with various concentrations (5, 10, and 20 μM) of C1 or C2 for 24 h, followed by
measurement of the proteasome inhibition and apoptosis by multiple assays.

We found that C1 was able to inhibit the proteasomal chymotrypsin-like activity in a dose-
dependent manner (Fig. 3B). Consistently, C1 treatment caused a dose-dependent
accumulation of proteasome target proteins Bax and IκB-α (Fig. 3C). These results
supported the conclusion that C1 inhibited cellular proteasome activity in intact MDA-
MB-231 cells.

Additionally, when these cells were treated with C1, levels of XIAP, an endogenous caspase
inhibitor protein, decreased at 10 μM and disappeared at 20 μM (Fig. 3C). In the same
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experiment, both cell death-associated PARP cleavage (Fig. 3C) and cellular morphological
changes (shrunken cells and characteristic apoptotic blebbing) (Fig. 3D) were detected in
MDA-MB-231 cells treated with C1. The PARP cleavage fragment was detected and 100%
PARP protein was cleaved in cells when 20 μM of C1 was used (Fig. 3C). Morphological
changes were also observed after 24 h treatment of C1 at 10 μM, which increased to 100%
at 20 μM (Fig. 3D).

In contrast, C2 had no or little inhibition on the tumor cellular proteasome activity, as judged
by high levels of the CT activity (Fig. 3B) and lack of accumulation of proteasome target
proteins (Bax, IκB-α) (Fig. 3C). Consistent with its failure to inhibit proteasome activity,
C2 induced no or little cell death in these breast cancer cells, as demonstrated by intact
PARP protein (Fig. 3C) and small population of cells with apoptotic morphology (Fig. 3D).

2.4. Time-dependent proteasome inhibition and cell death induction by C1 but not C2 in
MDA-MB-231 cells

To detect the time-dependent effect of C1 on proteasome and apoptosis, MDA-MB-231 cells
were treated with 20 μM of C1 from 2 to 24 h. Treatment with C2 for 24 h served as a
control. We found that after only 2 h treatment with C1, the proteasome chymotrypsin-like
activity was inhibited by 80% in these breast cancer cells (Fig. 4A). The chymotrypsin-like
activity was recovered a little between 4 h and 6 h, but decreased again after 6 h (Fig. 4A).

Western blot analysis showed the levels of Bax and IκB-α proteins increased the highest in
the cells treated with C1 at 16 h (Fig. 4B). We also found that the XIAP band disappeared
after 16 and 24 h treatment (Fig. 4B). The PARP cleavage fragment appeared after 2 h
treatment, and then the cleavage band increased to 100% after 16 and 24 h, and extensive
apoptotic morphological changes were also observed after 8 h of treatment with C1 and
increased to 100% after 24 h (Fig. 4B, C). In a sharp contrast, when the cells were treated
with C2 for 24 h, although partial CT-like activity inhibition was observed, neither
accumulation of proteasome target proteins (Bax and IκB-α) nor apoptosis was found (Fig.
4A–C).

2.5. C3 but not C4 has proteasome-inhibitory and apoptosis-inducing activities when
tested in MDA-MB-231 cells

To further confirm our findings, we synthesized another pair of complexes, C3 and C4 (Fig.
1) and compared their biological activities in breast cancer MDA-MB-231 cells.

MTT assay shows that C3 but not C4 inhibited the tumor cell growth in a dose-dependent
manner (Fig. 5A). C3 treatment also caused proteasome inhibition, evidenced by decreased
levels of CT-like activity (Fig. 5B) and increased levels of Bax and IκB-α (Fig. 5C).
Exposure of the cells to C3 also resulted in decreased levels of XIAP, associated with PARP
cleavage (Fig. 5C) and apoptotic morphology changes (Fig. 5D). In contrast, C4 had little
activity to inhibit the tumor cellular proteasome activity, as evidenced by low levels of CT-
like activity inhibition and PARP cleavage. No accumulation of proteasome target proteins
and little cell death were observed in cells treated with C4 (Fig. 5B–D).

Experiments using MDA-MB-231 cells treated with C3 showed time-dependent growth
inhibition from 4 to 24 h (Fig. 6A), associated with increased levels of proteasome target
proteins Bax and IκB-α, decreased expression of XIAP, and increased levels of cell death,
all of which were time-dependent (Fig. 6B, C). As a sharp comparison, C4 treatment for 24
h failed to generate any of the above effects except a modest decrease in CT-like activity
and a low level of PARP cleavage (Fig. 6).
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These results demonstrate that C1 and C3 inhibit proteasome activity and induce apoptosis
in human breast MDA-MB-231 cells.

2.6. Effect of C1 and C3 in human breast cancer MCF-7 cells and prostate cancer PC-3
cells

To test the effect of these four copper complexes on other human cancer cells, human breast
cancer MCF-7 cells and prostate cancer PC-3 cells were treated with each complex at
various concentrations (5, 10 and 20 μM), followed by MTT (3-[4,5-dimethyltiazol-2-
yl]-2,5-diphenyl-tetrazolium bromide) assay. Again we found that C1 and C3, but not C2
nor C4, inhibited the growth of these breast and prostate cancer cells in a dose-dependent
manner (see Supplementary Information). Furthermore, apoptosis-associated morphological
changes were observed in these cancer cells when treated with C1 and C3 at as low as 5 μM.
C2 and C4 had no or little effect on both cancer cell lines (see Supplementary Information).
These results strongly suggest that C1 and C3 inhibit proliferation and induce apoptosis in
multiple human cancer cell lines.

2.7. Inhibition of the chymotrypsin-like activity of purified 20S proteasome by C1 and C3
On the basis of the cellular results showing proteasome inhibition, we then investigated
whether these copper complexes could inhibit the purified 20S proteasome. We incubated
each complex at increasing concentrations (5, 10, 20 and 50 M) with purified 20S
proteasome for 2 h in the presence of a specific proteasome fluorogenic substrate for the
chymotrypsin-like (CT-like) activity. Data shows that C1 and C3 are more potent inhibitors
of the purified proteasomal CT-like activity with IC50 values of 13.3 and 11.3 μM,
respectively, than their counterparts C2 and C4 with the IC50 values of 46.5 and 42.5 μM.

2.8. Docking studies of copper complex C1 as a proteasome inhibitor
In order to investigate the involved molecular mechanism for C1- or C3-mediated
proteasome inhibition, we utilized molecular modeling to study the binding mode of these
copper complexes in the CT-like active site. We investigated the docking of C1 and C2
(chosen as model compounds) and Bortezomib (Velcade) as a control (Fig. 7A). The
computational model was built to correctly bind Velcade into the CT-like active site of the
β5 subunit of the proteasome. The drug docks to the S1 site such that the boronic acid is
proximal to Thr1 in agreement with crystal data (Fig. 7A). However, in the crystal structure
solved by Groll and coworkers, a real covalent bond forms between the boron atom of
Velcade and the −OH group coming from the side chain of Thr1 [37]. Among the 11
hydrogen bonds known, three are predicted with Ala49, Gly47, and Thr21. A predicted
hydrogen bond between Asp-114 and the pyrizine ring of Velcade is not reproduced in the
dock due to the rotation of the ring.

Unlike Velcade, C1 does not dock into the S1 region of the CT-like pocket but in the S2 and
S3 regions between the subunits β5 and β6. There are four primary interactions that drive
C1 binding in the S3 pocket of the proteasome. The most important feature is a hydrophobic
interaction near the bottom of the pocket of the S3 binding site with the 1,10-phenanthroline
ring system (Fig. 8C). Also coordinating the binding of C1 are three residues which are on
the β6 subunit and encircle the S3 binding site: His98 (pi–pi), Arg125 (pi–cation), and
Trp25 (hydrogen bond) (Figs. 7C, D and 8A, B). Mutations at H98A and R125A result in
some binding mode degradation for C1. However, mutations at all three sites result in a
complete disruption of the binding mode. This demonstrates that C1 binding is governed at
least in part by four specific interactions. The hydrophobic character of the S3 pocket is the
primary impetus for binding but the other three residues help stabilize the binding mode into
S3 and show some redundancy. If all three residues are missing then a new binding mode
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appears that dramatically shifts C1 away from the S3 pocket. The results for C1's poses in
mutant structures compared to wild-type structures are shown in Table 1.

With the mutation H98A, C1 replaces the lost pi–pi interaction with a pi–cation with R125.
With the mutations H98A and R125A, C1 replaces the lost pi–cation interaction with a
hydrogen bond with Trp25. When all three residues are mutated to alanine, the EModel
scoring method finds a completely new binding mode for C1. This binding mode moves C1
away from the S3 pocket and into the S2 and S1 pockets. In this mode, C1 forms hydrogen
bonds with Thr21 and the backbone oxygen of Gly47. Though C1 has a disordered side-
chain, this disorder does not impact the final binding mode of C1 in the CT-active site.
Molecular mechanics calculations and SP docking results show that C1′ (with the
disordered side-chain located at lower occupation rate position) would give the same docked
position even though the side-chain's initial position varies (data not shown). This is
consistent with the behavior of GLIDE to test all possible configurations of flexible groups
during docking.

Interestingly, the binding mode observed for C2 is significantly different (Fig. 7E, F). The
pi–pi and pi–cation interactions identified for C1 are indeed absent in C2 docking. In
addition, the H-bond between the carboxylic group of C2 and Trp25, or Thr21, or Gly47 has
moved to Ala49 involving a backbone atom in lieu of the −OH group arising from the side
chain of Asp.

3. Discussion
The toxicity of many anticancer agents is partially due to the inability to distinguish between
normal and tumor cells. In order to eliminate toxicity, it is necessary to identify some
specific properties of cancer cells different from normal cells [38]. Proteasome inhibition
and anti-angiogenesis may be effective approaches in anticancer therapy due to the fact that
the cancer cells are much more dependent on these processes than normal cells [5–7]. It has
been reported that some copper complexes are capable of triggering proteasome inhibition
and apoptosis induction in cancer cells [33–36]. In order to study the involved mechanisms
of action of copper complexes, we synthesized four amino acid Schiff base–copper
complexes, tested their biological activity, and investigated the structure–activity
relationships among them.

First, we measured the antiproliferation activity of these complexes by the MTT assay, and
found that C1 and C3 suppressed the proliferation of human breast and prostate cancer cells
in a concentration-dependent manner. In addition, C1 and C3 at 20 μM inhibited
proliferation of MDA-MB-231 cells by 99% and 98%, respectively, after 24 h treatment. We
also found that C1 and C3 inhibited the proteasomal CT-like activity in intact MDA-
MB-231 cells. Proteasome inhibition was confirmed by the increased levels of proteasome
target proteins Bax and IκB-α.

We have reported that copper-based proteasome inhibitors potently induce apoptosis [33–
36], however, the mechanism is unclear. Here we investigated whether the novel copper
complexes C1 and C3 have a similar effect. The apoptosis-associated PARP cleavage and
morphologic changes were found in the MDA-MB-231 cells treated by C1 and C3.
Proteasome inhibition and apoptosis induction were also time-dependent. In contrast, C2 and
C4 had no or little proteasome-inhibitory and cell death-inducing activities in MDA-
MB-231 cells. We also found that C1 and C3, but not C2 and C4, had similar biological
effects in other cancer cells, such as human breast cancer MCF-7 cells and prostate cancer
PC-3 cells. Our data strongly suggests that the tumor proteasome is a target of the amino
acid Schiff base–copper complexes C1 and C3, and that these complexes could inhibit
proteasome activity and induce apoptosis in human cancer cells.
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To investigate the mechanism of action, we focused our attention on the chemical structures
of the copper complexes. It should be noted that only the complexes containing Phen as the
second ligand (C1 and C3) triggered proteasome inhibition and cell death whereas the
compounds C2 and C4, which involve Bpy as the second ligand, showed no or little
anticancer activity, thus pointing out that the molecule chosen as the second ligand plays a
major role in determining the cytotoxic activity of the corresponding copper-based
compound. Furthermore, on the basis of structure-based comparisons, C1 and C3 are more
hydrophobic than their counterparts C2 and C4. It is worth highlighting that CT-like activity
is responsible for protein cleavage after hydrophobic amino acid residues, and therefore the
presence of Phen as the second ligand in lieu of Bpy may account for the higher activity of
C1 and C3.

Although Fig. 2 shows that copper centers in C1 and C2 are five-coordinated, such a
transition metal can increase its coordination number to 6, leading to an octahedral geometry
as what occurs for the Cu(II)-hexaquo complex, [Cu(H2O)6]2+ with Jahn–Teller distortion.
It is possible that a bond could take place between the nucleophile amino acid residue of the
proteasomal β5 subunit and the copper ion of the complex, occupying the active site of the
enzymatic pocket, thus decreasing or completely blocking the proteolytic activity. In
addition, if a bond forms between amino acid residue of the proteasomal β5 subunit and the
copper ion, a greater stabilizing electronic delocalization effect could occur in C1 than C2,
because the former contains Phen as the second ligand, which is a molecule (completely
planar) with a higher conjugation extent and more rigid if compared to Bpy.

To further test our above hypothesis, we investigated the effect of each copper complex on
the purified 20S proteasome. Similar to cellular data, C1 and C3 showed lower IC50 values
than C2 and C4. Therefore, only compounds having Phen as a ligand have more potent
proteasome inhibitory activity.

The docking analysis provided new insights on a possible mechanism of proteasome
inhibition. The molecular modeling results may account for the data observed both in vitro
and in the purified proteasome studies (e.g., C1 and C3 proved more potent than C2 and
C4). It is worth highlighting that the binding score values predict that C1 should have
greater inhibitory capability than C2 in a cell-free system (Fig. 7B). Due to intermolecular
interactions, C1 exactly fits into the CT-like binding pocket, thus blocking the S3 region and
leading to reversible inhibition of activity. In fact, the high affinity of C1 for the sites S2 and
S3, important for the selectivity toward hydrophobic substrates, could hamper the protein
substrate access into the pocket. On the contrary, C2 lacks important intermolecular
interactions with the enzymatic pocket and is not stable in the proteasome. These differences
between C1 and C2 suggest a binding mode that is less stable for C2, resulting in decreased
inhibitory potential for C2 and that binding in S3 may be significant with respect to
inhibitory activity. Although we observed two distinct binding modes for C1 and C2, the
copper ion seems to play the same role in both cases. In fact, the metal center maintains the
ligands in fixed positions, thus pointing them to specific amino acid residues. Such a
structural role proved unexpected since metal centers are usually reactive. However, the
formation of a covalent bond between the copper ion and a residue such as Thr1 or Asp114
cannot be excluded a priori. At a molecular level, it is likely that novel copper complexes
bearing less bulky ligands show different mechanisms of inhibition, such as direct binding to
Thr1 or occupation of the S1 site similar to Bortezomib. Notably, scaffold size and
accessibility to the metal center play key roles to enable the binding to some amino acid
residues.

Zuo et al. Page 7

J Inorg Biochem. Author manuscript; available in PMC 2013 June 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4. Conclusions
We investigated the growth-inhibitory activity of four copper complexes along with their
mechanism of action. Both cellular and computational analyses of the results show that C1
and C3 are potent proteasome inhibitors and apoptosis inducers in human cancer cells. Our
study strongly suggests that the amino acid Schiff base–copper complexes which use 1,10-
phenanthroline as the second ligand could be used as novel anticancer drugs in the future.

5. Experimental section
5.1. Synthesis of copper complexes 1–4

All chemicals used for synthesis of copper complexes were purchased from Acros.

[Cu(L1)(Phen)]·9H2O (1). O-vanillin (1.52 g, 10 mmol) was added to a methanol solution
(50 mL) containing L-methionine (1.49 g, 10 mmol) and KOH (0.56 g, 10 mmol) at 70 °C.
The mixture was stirred for 6 h before adding Cu(OAc)2·H2O (1.99 g, 10 mmol) and 1,10-
phenanthroline (Phen, 1.80 g, 10 mmol). The resulting green solution was allowed to
evaporate slowly at room temperature for two weeks, yielding dark green block crystals,
which were collected by filtration, washed with Et2O and dried in vacuum (4.61 g. 67%).
H2L1 is L-methionine-o-vanillin. IR (KBr, cm−1): 3446 (br, w), 3055 (w), 2911 (w), 2830
(w), 2358 (s), 1634 (vs), 1540 (m), 1437 (s), 1362 (m), 1217 (s), 1081 (m), 849 (m), 728 (s),
667 (w), 547 (w), 419 (m). Elemental analysis calculated (%) for C25H41CuN3O13S: C,
43.66; H, 6.01; N, 6.11. Found: C, 43.39; H, 6.19; N, 5.96.

[Cu(L1)(Bpy)]·3H2O (2). Complex 2 was prepared in the same way as for 1, except for the
use of 2,2′-bipyridine (Bpy, 1.56 g, 10 mmol) instead of 1,10-phenanthroline. Dark green
block crystals were obtained within 10 days (3.38 g, 61%). IR (KBr, cm−1): 3426 (br, m),
3061 (w), 2916 (w), 2833 (w), 2359 (s), 1633 (vs), 1539 (m), 1439 (s), 1367 (m), 1220 (s),
1086 (m), 1027 (m), 853 (m), 772 (s), 669 (w), 472 (w), 418 (m). Elemental analysis
calculated (%) for C23H29CuN3O7S: C, 49.77; H, 5.27; N, 7.57. Found: C, 49.53; H, 5.46;
N, 7.49.

[Cu(L2)(Phen)] ·3H2O (3). Complex 3 was prepared in the same way as for 1, except for the
use of L-Valine (1.17 g, 10 mmol) instead of L-methionine, 2-hydroxy-1-naphthaldehyde
(1.72 g, 10 mmol) instead of o-vanillin. Dark green precipitation was obtained (4.08 g,
72%). H2L2 is L-Valine-2-Hydroxy-1-Naphthaldehyde. IR (KBr, cm−1): 3388 (br, m), 2957
(w), 2356 (s), 1620 (vs), 1513 (m), 1426 (m), 1343 (m), 1185 (m), 840(m), 726 (s), 668 (m),
569 (w), 428 (w). Elemental analysis calculated (%) for C28H29CuN3O6: C, 59.31; H, 5.16;
N, 7.41. Found: C, 59.06; H, 5.29; N, 7.26.

[Cu(L2)(Bpy)]·3H2O (4). Complex4 was prepared in the same way as for 3, except for the
use of 2,2′-bipyridine (1.56 g, 10 mmol) instead of 1,10-phenanthroline. Dark green
precipitation was obtained (4.29 g, 79%). IR (KBr, cm−1): 3383 (br, s), 2945 (w), 2361 (s),
1621 (vs), 1540 (w),1437 (s),1389(m), 1186 (m), 1031 (m), 830 (m), 754 (s), 667 (m), 617
(w), 454 (w). Elemental analysis calculated (%) for C26H29CuN3O6: C, 57.51; H, 5.38; N,
7.74. Found: C, 57.36; H, 5.49; N, 7.63.

5.2. Biological reagents and antibodies
Stock solutions of compounds were prepared by dissolution in DMSO (20 mM) and stored
at −20 °C DMEM/F-12, RPMI-1640, penicillin, and streptomycin were purchased from
Invitrogen (Carlsbad, CA). Fetal bovine serum was purchased from Tissue Culture
Biologicals (Tulare, CA). MTT and other chemicals were purchased from Sigma Aldrich
(St. Louis). Fluorogenic peptide substrate Suc-LLVY-AMC was purchased from Calbio-
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chem (San Diego, CA). Mouse monoclonal antibody against human poly (ADP-ribose)
polymerase (PARP) was purchased from Biomol International LP (Plymouth Meeting, PA).
Mouse monoclonal antibodies against Bax (B-9), IκB-α (H-4), and XIAP (A-7), and goat
polyclonal antibody against actin (C-11) and all secondary antibodies were purchased from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). The concentrations of all antibodies were
200 μg/mL.

5.3. X-ray structure determination for C1 and C2
Suitable single crystals of C1 and C2 were analyzed on a computer-controlled Bruker
SMART-1000 CCD diffractometer equipped with graphite monochromated MoKa
(λ=0.71073 Å) radiation at 298(2) K. The structures were solved by a direct method and
refined with the full-matrix least-squares technique using the SHELXTL-97 program
package. The non-hydrogen atoms were refined anisotropically by full-matrix least-squares
calculations on F2. The hydrogen atoms were added theoretically, riding on the concerned
atoms and not refined.

5.4. Cell cultures and whole-cell extract preparation
MDA-MB-231, MCF-7 and PC-3 lines were purchased from American Type Culture
Collection (Manassas, VA). MDA-MB-231 human breast cancer cells were cultured in
DMEM (Dulbecco's Modified Eagle Medium)/F-12 media. MCF-7 human breast cancer
cells and PC-3 human prostate cells were cultured in RPMI-1640 media. All media were
supplemented with 10% fetal calf serum, 100 U/mL of penicillin, and 100 mg/mL of
streptomycin. All cells were maintained at 37 °C and 5% CO2. Whole cell extracts were
prepared as described previously [39]. Briefly, cells were harvested, washed with PBS
(Phosphate Buffered Saline) and homogenized in a lysis buffer (50 mM Tris–HCl, Ph=7.5,
150 mM NaCl, 0.5% NP-40, 0.5 mM phenyl-methylsulfonyl fluoride, and 0.5 mM
dithiothreitol) for 30 min at 4 °C. Afterwards, the lysates were centrifuged at 12,000 g for 12
min at 4 °C and the supernatants collected as whole-cell extracts.

5.5. Cell proliferation assay
MDA-MB-231 cells were seeded in triplicate in a 96-well plate and grown until 70–80%
confluence, followed by treatment with indicated agents for 24 h. Then, the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was performed as described
previously [40].

5.6. Inhibition of purified 20S proteasome activity
The chymotrypsin-like activity of purified 20S proteasome was measured as previously
described. Purified rabbit 20S proteasome (35 ng) was incubated in 100 μL assay buffer (20
mmol/L Tris–HCl, pH=7.5) with different concentrations of complexes and 20 μM of the
fluorogenic peptide substrate Suc-LLVY-AMC for the proteasomal chymotrypsin-like
activity for 2 h at 37 °C. Equivalent volume of solvent DMSO was used as control. After
incubation, production of hydrolyzed AMC groups was measured with a Wallac Victor 3
Multilabel Counter with an excitation filter of 365 nm and an emission filter of 460 nm.

5.7. Proteasomal chymotrypsin-like activity in cell extracts
Whole cells extracts (4 μg) were incubated for 2 h at 37 °C in 100 μL of assay buffer (50
mM Tris–HCl, pH=7.5), with 20 μmol/L fluorogenic peptide substrate Suc-LLVY-AMC for
assessment of proteasomal chymotrypsin-like activity. After incubation, production of
hydrolyzed AMC groups was measured with a Wallac Victor 3 Multilabel Counter with an
excitation filter of 365 nm and emission filter of 460 nm. Changes in fluorescence were
calculated against the DMSO treated control.
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5.8. Cellular morphologic analysis
A Zeiss Axiovert-25 microscope was used for all microscopic imaging with phase contrast
for cellular morphology. Cells that became round and detached were considered to be
apoptotic.

5.9. Western blot analysis
Various breast and prostate cancer cell lines were treated as indicated in the figure legend.
Equal amounts of cell lysate (40 μg) were separated by SDS-polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane. Western blot analysis was
done using specific antibodies against Bax, IκB-α, XIAP, PARP and actin, followed by
visualization with the enhanced chemiluminescence reagent.

5.10. In silico docking analysis
The docking investigation was carried out by means of the software GLIDE from
Schrödinger's discovery Suite (2011 release) and the Protein Data Bank file PDB:2F16
(yeast 20S proteasome with Bortezomib covalently bound). Bortezomib was used as a
control to verify that the docking procedure was able to reproduce the crystal position of
Bortezomib. Grids were constructed using the Bortezomib crystal position as the center.
Grid size was set to maximum to allow un-biased exploration of the binding site. Water
molecules in the crystal structure and the covalent bond between Thr1 and Velcade were
removed.

Amino acid residues Asp, His and Glu were set as protonated due to the noted hydrogen
bond between Asp114 (subunit β6, site S2) and Velcade. The hydrogen bond network was
optimized so that the proton on Asp114 was pointed to the pyrizine ring of Velcade.
Hydroxyl groups on key residues (Thr1, Thr21, and Asp114) were set to freely rotate owing
to the low crystal structure resolution (2.8 Å). The crystal structure underwent a constrained
energy minimization in order to optimize the overall structure to a local energy minimum.
The model proved able to correctly place Bortezomib. The pose with the lowest estimated
free energy of binding yields the best binding mode for the molecule compared to the
original crystal located position [Root-Mean-Square Deviation or RMSD of 1.21 for GScore
−9.190 Kcal/mol].

To compare the mutations for changes in binding modes, two different scoring methods
were used to determine the most favorable mode for the complex under each condition: the
standard scoring method (GScore) and a refined scoring method (EModel; more heavily
weights hydrophobic interactions). The results for Bortezomib's EModel poses in
comparison with crystal position are shown in Table 2.

This shows that Velcade is more sensitive to mutations at Arg125 and other positions than
with the His98. Additionally, its binding mode degrades substantially in the mutated
proteasome. This control provides confidence that any binding mode changes due to
mutations can be detected by the docking software.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The chemical structures of H2L1, H2L2, C1, C2, C3 and C4. C1 andC2 are derived from
H2L1 while C3 and C4 are from H2L2. Phen and Bpy present in complexes C1/C3 and C2/
C4, respectively, are to chelate the copper atom.
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Fig. 2.
Thermal ellipsoid plot of C1 (A) and C2 (B), drawn at the 30% probability level. Selected
bond distances (Å) and angles (deg) for C1: Cu–N1 1.918(6), Cu–N2 2.002(7), Cu–N3
2.261(7), Cu–O1 2.001(6), Cu–O3 1.936(6), N1–Cu–N2 171.0(3), N2–Cu–N3 76.6(3), and
O1–Cu–O3 160.4(2), and for C2: Cu–N1 1.922(2), Cu–N2 1.996(2), Cu–N3 2.265(2), Cu–
O1 2.0242 (18), Cu–O3 1.9327(18), N1–Cu–N2 171.92(9), N2–Cu–N3 76.93(9), and O1–
Cu–O3 153.69(8).
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Fig. 3.
Dose response experiment using C1 and C2 in human breast cancer MDA-MB-231 cells.
MDA-MB-231 cells were treated with either solvent DMSO or C1 and C2 at 5, 10, 20 μM
for 24 h. (A) Anti-proliferative effects of C1 and C2. MDA-MB-231 cells were treated with
C1 and C2 for 24 h, then medium was removed and cells were treated with MTT solution.
(B) The inhibition of CT-like activity in MDA-MB-231 cells treated with C1 and C2. (C)
Western blot analysis using antibodies to proteasome target proteins (Bax and IκB-α),
XIAP, and PARP. (D) Cellular morphological changes visualized by phase-contrast
imaging.
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Fig. 4.
Time response experiment using C1 and C2 in human breast cancer MDA-MB-231 cells.
MDA-MB-231 cells were treated with 20 μM of C1 and C2 for the indicated hours. (A)
Kinetic studies on the inhibition of CT-like activity. (B) Western blottinganalysis using
antibodies to proteasome target proteins (Bax and IκB-α), XIAP, and PARP. (C) Cellular
morphological changes visualized by phase-contrast imaging.
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Fig. 5.
Dose effects of C3 and C4 in human breast cancer MDA-MB-231 cells. MDA-MB-231 cells
were treated with either solvent DMSO or C3 and C4 at indicated concentrations for 24 h,
followed by the measurement of (A) anti-proliferative effects, (B) the proteasomal CT-like
activity, and (C) levels of proteasome target proteins (Bax and IκB-α), XIAP, and PARP.
(D) Cellular morphological changes.
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Fig. 6.
Time effects of C3 and C4 in human breast cancer MDA-MB-231 cells. MDA-MB-231 cells
were treated with 20 μM of C3 and C4 for the indicated hours, followed by the
measurement of (A) the proteasomal CT-like activity, and (B) levels of proteasome target
proteins (Bax and IκB-α), XIAP, and PARP. (C) Cellular morphological changes.
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Fig. 7.
Docking poses obtained by means of software GLIDE. (A) Bortezomib (white carbons)
compared to its crystal pose (green carbons) (PDB:2F16). (B) Overlap of C1 (blue carbons)
and C2 (green carbons) by molecular surface visualization. Copper in orange, β5 in cyan,
and β6 in purple. (C and D) C1 using a ribbon backbone representation and a molecular
surface representation by space filling, respectively. (E and F) C2 using a ribbon backbone
representation and a molecular surface representation by space filling, respectively.
Distances of intermolecular interactions are in yellow.
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Fig. 8.
The binding modes of C1 inside wild-type residue, mutant residue and S3 hydrophobic
pocket. (A and B) C1 using two binding modes with the residues: His98 from the native H98
pose (pi–pi interaction), Arg125 from the mutant H98A pose (pi–cation interaction). The
green line and orange line denote pi–pi and pi–cation interactions, respectively. (C) The
phenanthroline ring of C1 has hydrophobic interaction with the bottom of the S3 binding
region.
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Table 1

RMSD of calculated C1 binding modes in mutant structures compared to WT structures.

H98A R125A W25A RMSD

Y – – 2.31

Y Y – 2.16

Y Y Y 10.47
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Table 2

RMSD of calculated Bortezomib binding mode compared to crystal position.

H98A R125A W25A RMSD

Y – – 1.13

Y Y – 11.20

Y Y Y 6.43
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