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Novel Schiff Base Copper Complexes of Quinoline-2 Carboxaldehyde as Proteasome Inhibitors
in Human Prostate Cancer Cells
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We report the synthesis of novel 1:1 Schiff base copper complexes of quinoline-2-carboxaldehyde showing
dose-dependent, antiproliferative, and proapoptotic activity in PC-3 and LNCaP prostate cancer cells. We
found that quinoline thiosemicarbazoR¢FPA-137) was the most potent and inhibited proteosome activity

in intact human prostate cancer PC-3 and LNCaP cells; @€4 and 3.2uM, respectively) compared to
clioquinol and pyrrolidine dithiocarbamate @&of 10 and 20uM), supporting the novelty o2.

Introduction copper levels are as high asu®/100 mL (equivalent to 0.3

The ubiquitin-proteasome pathway has been extensively #M) and in malignant prostates as high as 12#100 mL
studied in human cancers, which is known to play an important (equivalent to 19.5M).” The role of copper metal in the
role in regulating cell proliferation and cell dediflt has been  ubiquitin—proteasome pathway is as yet undetermined. Although
well-established that through a tight regulation of cell growth COPPer alone has been known to inhibit the activity of purified
inducers and growth inhibitors, an optimum balance of cell proteasom® and COppe.rlcompIexes are able to |nh|b|t.the
proliferation and cell death can be achieved. In cancer cells, Cellular proteasome activity, the exact mechanism remains to
however, an altered balance between cell growth inducers andP€ explored. _ _
inhibitors leads to disruption of the cell cycle, causing deregu-  The quinoline scaffold having a formyl/acetyl group adjacent
lated growth and inhibition of intrinsic apoptotic cell death 0 @ heterocyclic nitrogen can be easily appended with phar-
pathways. Thus, proteasome inhibition is a desirable target for Macophores bearing amino groups to yield Schiff base com-
controlling the aberrant growth of tumor cells. pounds with a wide range of transition metals such as copper,

Proteasome inhibitors are known to induce cell death rapidly although their potential of arresting growth of cancer cells
and selectively in oncogene-transformed but not normal or femained unexploret. In the present study, we describe
untransformed cells. They are also able to trigger apoptosis inSynthesis and characterization of four such Schiff bases of
human cancer cells that are resistant to chemothéraptany quinoline-2-carboxaldehydg 3, 5, and7 (FPA 136,138, 140,
natural and synthetic inhibitors of proteasome have been@nd 142) and their copper complexzst, 6, and8 (FPA 137,
developed, which include lactacysfirthreonine benzyl ester 139, 141, and 143). The cytotoxic effects of quinoline deriva-
macrocycle (TMC95Y,peptide aldehydespeptide boronates, tives 1—8 were tested in prostate cancer cell lines PC-3 and

peptide inyl sulfoneg, epoxyketoned? peptidee-keto alde- LNCaP, and the apoptotic cell death was measured by histone/
hyded! anda-ketoamides, 5-methoxy-1-indanone-3-acetic pep- DNA enzyme-linked-immunosorbent assay (ELISA). We further
tide derivatived? and bivalent inhibitord3 Z-Leu-Leu-Leu- investigated the in vitro effects of these compounds in LNCaP

aldehyde (MG 132) was one of the first synthetic inhibitors to Cells and observed accumulation of ubiquitinated proteins and
be described and used in the inhibition of proteaséhtdost ~ the apoptosis-specific poly ADP-ribose polymerase (PARP)
of them have the amide structural motif necessary for specific cléavage after 24 h. On the basis of our results, we propose
recognition by the proteasome site. The major outcome from that the hydrophilic thiocarbonyl side chain may confer anti-
the work by Dou et al. has shown that neither 8-hydroxyquino- Proliferative activity of quinoline-copper complexes, which
line nor copper(ll) chloride alone can inhibit proteasome or could inhibit the ubiquitir-proteasome pathway in human
induce apoptosis but the copper complex of 8-hydroxyquinoline Cancers.

can potently and selectively inhibit the chymotrypsin-like
activity of the proteasome in vitro and in viv&. In our earlier
studies, we have shown that certain heterocyclic compounds Chemistry. The novel complexe$, 3, 5, and7 were obtained
such as clioquinol and pyrrolidine dithiocarbamate act as potentin satisfactory yields by reacting the parent ligand quinoline-2-
antitumor compounds by binding to endogenous copper in carboxaldehyde with. thiosemicarba_zone and \./ariou.s hydraz_ines
prostate and breast cancer céfigVe have proposed that highly such as benzoyl, nicotyl, and salicyl hydrazides in refluxing
elevated levels of copper can be tumor-specific and use of Methanol. Further, the copper complexes were obtained by heating
copper chelators might be one of the useful strategies for cancer}cqulv Oflfhfhfree I'?ﬁqqs atmdt Cugh methanth;qlutéor;] at 401
therapies. The levels of copper seem to vary in in vitro cultures verar, e syninelic srategy 1S summarized in scheme ...

f | level h S A h Compositional Studies.The analytical and spectroscopic data
rom low to trace levels, whereas in in vivo situations the serum 4| synthesized ligands and their metal complexes are sum-

marized in Table 1 in Supporting Information, which indicate 1:1
* To whom correspondence should be addressed. Phone: 313'576'8327sto|ch|ometry for all copper Comp|exesl The metal Complexes are

Fax: 313-576-8389. E-mail: fsarkar@med.wayne.edu. ; - - . . ;
* Department of Pathology, Wayne State University, School of Medicine. insoluble in nonpolar organic solvents but dissolve in polar organic

Experimental Section

i University of Pune. solvent like DMSO. Their molar conductivities in DMSO indicate
S The Prevention Program and Department of Pathology, Wayne State the nonelectrolyte nature for these compouldSn the basis of
University, School of Medicine. the microanalytical data, it is concluded that the obtained Cu(ll)
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Scheme 1Synthesis of Quinoline-2-carboxaldehyde Derivatives A
1, 3,5, and7 and Their Copper Complexes 4, 6, and8 )
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complexes exist in a monoaligned fashion that requires a ratio of Compound 2 (uM)
1:1:1 for ligand, metal ion, and counterion such as chloride. Concentration (1M)
Spectroscopy and MagnetismThe electronic spectra of the  Figure 1. (A) Chemical structures of compoundsnd2. (B) Plot of
ligands1, 3, 5, and7 in DMSO solvent exhibit intense bands in  cell growth inhibition in LNCaP cells after treatment withand 2 for
the range 306350 nm, which are assigned-r s* transitions 72 h. (C) Plot showing ELISA apoptosis assay in LNCaP cells (control,
(Table 1 in Supporting Informatioy. All copper compounds 10 and 2uM 1 and2, respectively) for 72 h.
exhibit a band around 666700 nm suggestive of square-pyramidal
geometry around the central metal ion witlz-¢¢ as the ground
state?! The absorption at 450 nm observed for the compaoiisd
ascribed to the S— Cu(ll) charge-transfer barfd, while the ICs0 (uM)
absorption in the region 46430 nm is due to the oxygen to copper compd PC-3 LNCaP
charge-transfer transitio®.
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Table 1. ICsp Values of Compound$—8 by MTT Assay in Prostate
Cancer Cell Lines PC-3 and LNCaP

The observed magnetic moments for the copper complexes are ; ée 31
in the range 1.61.7 ug, which is characteristic of monomeric 3 20 25
copper complexes. The slightly lowered magnetic mometit§5 4 NE? ~50
ug) observed in the case of metal compfis probably due to the 5 NE2 NE2
covalent nature of the metasulfur bond (Table 1 in Supporting 6 20 >50
Information)?* The low-temperature EPR spectra of the copper ; gg gé

complexes were recorded in DMSO glass at 77 K. The spectrum
of 2 display four-line copper hyperfine lines and yield a relatipn aNE: not effective.

> g > 2.0 characteristic of monomeric copper complex (Table 1

in Supporting Information). A similar feature has been observed peak around-1.00 V, which is due to reduction of the azomethine
in the spectrum of other copper complexes. Kivelson and Nieman (C=N) function3° An additional quasi-reversible peak centered
have pointed out that compounds having: 2.3 are ionic in nature between—0.55 to —0.75 V is assigned to reduction of aroylhy-

while those withg, < 2.3 are covalent in character. Thevalues drazone moiety* The corresponding copper complex@s 4, 6,

for the present series of complexes are higher tgas 2.0, and 8) exhibit a reversible Cu(ll)/Cu(l) redox couple centered in

revealing the square-pyramidal geométry. the ranget+0.33 t0+0.37 V (Figure 1 in Supporting Information),
The infrared spectrum of the parent compouhdginoline-2- indicating a facile reduction. The ipa/ipc ratios for all copper

carboxaldehyde has a band at 1709 tfTable 2 in Supporting complexes fall in the range 0-8.94, indicating that the copper
Information) due to the carbonyl group. On the other hand, the redox couples are 705% reversible.

band at 1583 cmi is due to the pyridine nitrogen atom. On ] ) ) ]

condensation with the thiosemicarbazide side chain, the carbonylBiological Results and Discussion

absorption is replaced by a new imine band at 1602'éwith Compoundd—8 shown in the Scheme 1 were tested for their
two additional bands around 3273 and 3399-tmue to the gy growth inhibitory effect in PC-3 and LNCaP prostate cancer
asymmetric and symmetric stretches of the terminal amino gfoup. cell lines. The IGo values by MTT assay in PC-3 and LNCaP

The thiocarbonyl absorption ih is located at 1116 cm for this cells are given in Table 1. Interestinaly. the most effective
compound, while in case of the hydrazone derivativ&s( and S aré given | : restingly, S ctiv

7), the stretching NH vibration is observed between 3200 and 3400 derivative was found to b, the copper complex of the Schiff
cm'. The amide carbonyl frequencies for the compounds can be Pase quinoline thiosemicarbazone, which showed high cell kill
seen around 1600-1665 178 During metal complexation the Schiff ~ in LNCaP and PC-3 cell at ig of 5 and 7uM after 72 h of
base ligandsl( 3, 5, and7) behave as a neutral, tridentate moiety treatment. The chemical structures bfand 2 are shown in
forming two five-member chelate rings around the central metal Figure 1A. A dose-dependent cell growth inhibition of LNCaP
ion through donor atoms. The imino frequency={N) and cells after treatment withh and its copper compleR at 72 h
thiocarbonyl sulfur (€=S) for ligand1 observed at 1602 and 1116 \yas observed (Figure 1B).

cm™' were found to be shifted to lower wavenumbers upon ieOni At Sl
complexation (1522 and 1091 cHhindicating their involvement in;freit:\slgn:ﬁoglll ?ggrzzﬁnﬁngg;\é@gg ?,Ch%lig];;"ﬁ”ew(?os er
in metal coordination. Similarly, such an observation has been lex6 sh d sliaht cell i ,h'b't' t 20M | PP
observed in the case of the ligan@®s%, and7), as shown in Table compiexo snowed slight cell growth inhi ||0n§1 2'0 In

2 in Supporting Information. The absence of a band around2600 PC-3 cells. Among the three hydrazone derivatives, none
2500 cnt' in 1 indicates the presence of a thione form for this possessed very good antiproliferative activity in the cancer cell
compounck® lines tested except compouBgwhich showed slight cytotoxic

Cyclic Voltammetry. Under the experimental conditions, the activity in LNCaP and PC-3 cells (g of 20 and 25uM,
Schiff base ligandsl( 3, 5, and7) exhibit an irreversible reduction  respectively). The effects of quinoline derivativand its copper
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€ Figure 3. Inhibition of proteosome activity and apoptosis inhibition
= 1 in prostate cancer LNCaP cells treated with DMSO for control, @uCl
2 MY = alone,1 (10 uM), solution mixtures ofl and CuC} (10 uM), and2 (5
-% : EE 0 Cucl, and 1QuM). (A) Western blot analysis for accumulation of ubiquitinated
e jg‘g m1 proteins as an indicator for proteosome inhibition. Treatment of LNCaP
= % ZE§ g 1+cucl, cells with (1) a solution mixture df with CuClk and (2) copper complex
& 2§ a2 2 alone results in ubiquitinated protein accumulation, suggesting
g L §§ proteosome inhibition. (B) Western blot analysis for cleavage of PARP
B ;5§ as an indication of apoptosis. Treatment witalone, solution mixture
E °; S PP p " % of 1 and CuC}, and copper compleg results in cleavage of PARP,
S Concentration (1M} indicating that these complexes are capable of inducing apoptosis.
Figure 2. Inorganic copper complex mediated proteasome inhibition

complexed with metals such as copper, it leads to stable
proteasome inhibitory molecules, as indicated by the cyclic
voltammetric studies and the scan rate dependence of thé Cu
Cul* couple rather than physical mixtures of known quinones
complex 2 were evaluated by ELISA for the detection of and coppet® Ligand1 shows an irreversible peak atl.00 V
apoptotic cell death in LNCaP cells after 72 h of treatment.  (Figure 1A in Supporting Information) and a peak due to the

The 1G5 concentrations of quinoline were correlated with aroylhydrazone side chain arour®.55 to—0.75 V, whereas
the inhibition of cell growth because measured derivatives its copper compleX has a reversible redox peak centered at
showed increased apoptosis (Figure 1C) by the MTT assay in+0.33 to +0.37 V (Figure 1B in Supporting Information),
all the cell lines tested. Our observations suggest that apoptosidndicating scan rate dependence of th&'@0u' couple (Figure
ELISA assay could be useful for drug development and 1C in Supporting Information).
chemosensitivity assessment because it can distinguish clinically Owing to the inhibitory effect on PC-3 and LNCaP cell
useful anticancer compounds from toxic compounds with a very proliferation, copper comple® and its ligandl were selected
potent 1Go (as in the case @), and thus, it is a sensitive assay for further investigation to test the in vitro effects of these
for detecting apoptosis induced by novel antitumor compounds. compounds along with the inorganic copper metal alone in
From these observations we concluded that the thiol side chainLNCaP cells. When LNCaP cells were treated with DMSO
substitution at the £position of the quinoline moiety upon  (vehicle control), copper salt alone, no accumulation of ubig-
copper complexation leads to generation of a highly potent uitinated proteins was observed. However, when the solution
antiproliferative compound. Previously, it had been reported that mixture of ligandl and copper (1:1) was tested on LNCaP cells,
the thioester adduct, lactathione, leads to generation of an activeafter 24 h, a moderate level of ubiquitinated proteins was seen
form within Jurkat cells, which leads to proteasome inactiva- compared to the ligand or copper salt alone. A significant
tion.32 It has been shown by Kikuchi and others that inhibition accumulation of ubiquitinated proteins (Figure 3A) was observed
of proteasomal chymotrypsin-like activity is associated with with the Schiff base copper compl@&xat 10uM compared to
induction of apoptosis in tumor cels. a lower concentration (xM) of 2, DMSO control, and the

To investigate the effects of these novel quinoline derivatives mixture of ligand1 and copper (1:1). The accumulation of
1, 3, 5, and7 and their copper complexes, we also carried out ubiquitinated protein was comparable between the Schiff base
in vitro assays using 20S purified proteasome and intact LNCaP copper complexX2 and the physical mixture of and CuC},
cells to assess the effects of the Schiff base copper complexesndicating that quinolines upon metal complexation yield potent
with CuChk as control. Our results using 20S proteasome molecules capable of inhibiting proteosome activity. Moreover,

in vitro: (A) 20S purified proteasome; (B) LNCaP whole-cell extract
after treatment with Cu@lalone,1, solution mixture oflL with CuCb,
and2.

confirmed previous findings by Dou et #lwhere CuCJ salt
alone inhibited proteasome activity at ans¢CGof 3.5 uM
compared to the copper compl&and its ligandl, which
showed an Ig higher than 1@M in inhibiting 20S proteasome

(Figure 2A). However, when we tested the effects of the copper

complex2 and its ligandl with copper salt alone, our results
in intact LNCaP cells revealed that the copper com@eand
mixture of 1 and copper (I of 3.2 and 4uM, respectively)
are more potent in inhibiting proteasomehymotrypsin-like
activity compared tdl and CuCj} alone (IGo = 10 uM), as
shown in Figure 2B.

we observed th& shows the apoptosis-specific PARP cleavage,
which was apparent within 24 h in LNCaP cells (Figure 3B).
These results suggest that Schiff base copper compducais
inhibit the proteasome and induce apoptosis in tumor cells.
Copper complexes have been reported to mediate cell death
via oxidative stress through generation of hydrogen perdXitke.
To determine whether the Schiff base quinoline derivafive
and its copper complexgenerated kD, in LNCaP cells during
induction of apoptosis or acted via a different mechanism, we
carried out an KO, assay using the Amplex Red hydrogen
peroxide kit (Molecular Probes). The LNCaP cells were treated

These observations show that the presence of a cytotoxicwith three concentrations df and2 (4, 7, and 1QuM) for 24

pharmacophore at positiorp @ the parent quinoline creates a

h followed by measurement of,8; at various time points from

far more potent anticancer agent. When these ligands are furtherl to 6 h. The absorbance values were normalized to control
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and plotted as absorbance at 560 nm versus concentration in (8) Adams, J.; Behnke, M.; Chen, S.; Cruikshank, A. A,; Dick, L. R.;

uM. The Schiff base quinoline derivative and its copper complex Grenier, L.; Klunder, J. M.; Ma, Y. T.; Plamondon, L.; Stein, R. L.
. . . . . Potent and selective inhibitors of the proteasome: dipeptidyl boronic

did not generate hlgh levels szBz (Flgure 2A In Supportlng acids.Bioorg. Med. Chem. Lettl998 8, 333-338.

Information). The standard 4@, curve was plotted as shown (9) Lightcap, E. S.; McCormack, T. A.; Pien, C. S.; Chau, V.; Adams,

in Figure 2B in Supporting Information. At 1M, copper J.; Elliott, P. Proteasome inhibition measurements: clinical applica-

tion. J. Clin. Chem200Q 46, 673—-683.

derivative2 shqw; an almost 2-folq Iovyered ab;orbance Fhan (10) Elofsson, M.: Splittgerber, U.: Myung, J.: Mohan, R. Crews, C. M.
10uM H;0; as indicated by the plot in Figure 2A in Supporting Towards subunit-specific proteasome inhibitors: synthesis and evalu-
Information. Thus, induction of apoptosis by these compounds gtzign of peptidenl, f1-epoxyketonesChem. Biol 1999 6, 811—
!n LNCaP cells is not throth O).(I.datlve stress but .thro_th (11) Lynas, J. F.; Harriott, P.; Healy, A.; Mckarvey, M. A.; Walker, B.
|nh|p|t|on pf the proteasqmgubmunm pathway, resulting in Inhibitors of the chymotrypsin-like activity of proteasome based on
the induction of apoptosis in LNCaP prostate cancer cells as di- and tri-peptidyla-keto aldehydes (glyoxalsgioorg. Med. Chem.
shown by our results. Lett 1998 8, 373-378.
(12) Lum, R. T.; Nelson, M. G.; Joly, A.; Horsma, A. G.; Lee, G.; Meyer,
. S. M.; Wick, M. M.; Schow, S. R. Selective inhibition of the
Conclusions chymotrypsin-like activity of the 20S proteasome by 5-methoxy-1-
Nitrogen heterocyclic compounds have been used widely in glggglrf dipeptide benzamidéioorg. Med. Chem. Letf1998 8,
the pharmaceutical industry, medicine, and agriculture for their (13) Loidi, G.; Groll, M.; Musiol, H. J.; Huber, R.; Moroder, L. Bivalency
biological activity because of their antimicrobial, antipyretic, as a principle for proteasome inhibitidProc. Natl. Acad. Sci. U.S.A
anti-inflammatory, and anticancer properties. We have described 1999 96, 5418-5422.

the synthesis and structural characterization of novel copper (14) Cséﬁigie';"(-aha '\t/r|1ae' ;(')ST';; r‘z{g‘;‘gé nf-e 'Qgri]tt’gi?]r: dotfh?r‘fa iﬁei F’S“"F?gt'gg&
quinoline-2-carboxaldehyde complexes. These synthesized Schiff 693,617, December 2, 1997. A '

base compounds are different with respect to their various (15) Daniel, K. G.; Chen, D.; Harbach, R. H.; Guida, W. C.; Dou, Q. P.
functional groups attached to the quinoline ligand. The cytotoxic Organic copper complexes as a new class of proteasome inhibitors

activity is also affected by the nature of the side chains at ggg f%c;ptlofé%i_”ldlugfrsm human cancer cBlischem. Pharmacol
position G, and our in vitro findings show that these compounds (16) Daniel, K. G.: Chen,'D.; Orlu, S.; Cui, Q. C.; Miller, F. R; Dou, Q.

have high antiproliferative activity against prostate cancer cell P. Clioquinol and pyrrolidine dithiocarbamate complex with copper

lines PC-3 and LNCaP. Furthermore, these compounds are to form proteasome inhibitors and apoptosis inducers in human breast
. . . . cancer cellsBreast Cancer Re2005 7, R897—R908.
capable of inducing apoptosis in prostate cancer cells without (17) Habib, F. K.; Dembinski, T. C.: Stitch, S. R. The zinc and copper

oxidative stress, as indicated by theQd assay. The highest content of blood leucocytes and plasma from patients with benign
cytotoxic activity was observed for the copper complethat as) aErlqu méglgtnagt groz}a;%“n- A?hET-BACéa1982 };\1 §t29—33r!15- <
T -Sonbati, A. Z.; Al-Shihri, A.; EI-Bindary, A. A. Stereochemistry
inhibited chymotrypsin-like proteasome activity in intact prostate containing heterocyclic aldehyde. Part XI. Novel ligational behavior
LNCaR cancer ce]ls. OU_I’ .study StrOngly. suggests that the of quinoline as chelate ligand toward transition metal iSpectro-
strategies adopted in modifying the parent ligand with introduc- chim. Acta, Part A2004 60, 1763-1768.

tion of cytotoxic thiocarbonyl side chains enhance the antitumor (19) ;‘f\f‘éxis‘%r tJHelmzrgifer?zfa‘égﬂdgcctg’é%inmﬁﬁ)snuginegtjﬁz‘&%fga”ic
property with subsequent lowering ofggvalues. Furthermore, Chem. Re. 1971 7, 81-122. P ’

the Schiff base copper compl&xcan inhibit the proteasome (20) Lever, A. B. P.Inorganic Electronic Spectroscopy2nd ed.;
and induce apoptosis as shown by PARP cleavage in prostate 1 IE:I_Se\_lleriBNEIW T_'Qrkhl984- M. ALicand Field Th J

; AT iggis, B. N.; Hitchman, M. A.Ligan e eory and Its
tquI’ LNCaP_ cells. In (_:onclu5|on, the present Wor!(_md!cates Application 1st ed.; Wiley-VCH: New York, 2000; Chapter 10, pp
that introduction of a thiocarbonyl group at the @osition in 282-310.
the quinoline moiety upon copper complexation leads to (22) West, D. X.; Salberg, M. M.; Bain, G. A; Liberta, A. E.; Valdes-

generation of a potent anticancer agent that can be used for Martinez, J.; Fernandez-Ortega, S. J. Binuclear copper(ll) complexes
of 5-nitrosalicylaldehyde N(3)-substituted thiosemicarbazofiem-

targeting the ubiquitinrproteasome pathway for the treatment sition Met. Chem1996 21, 206-212.
of prostate cancer. (23) West, D. X,; Yang, Y.; Klein, T. L.; Goldberg, K. I.; Liberta, A. E.;
. . . . . Valdes-Martinez, J.; Toscano, R. A. Binuclear copper (Il) complexes
Supporting Information Available: Experimental details for of 2-hydroxyacetophenone 4N-substituted thiosemicarbazBods.
the determination of biological activity, spectral data, and elemental hedron1995 14, 1681-1693.
analysis results for all new compounds. This material is available (24) Kato, M.; Fanning, J. C.; Jonassen, H. B. Copper(ll) complexes with
free of charge via the Internet at http://pubs.acs.org. subnormal magnetic momen&hem. Re. 1964 64, 99-128.

(25) Reddy, K. H.; Sambasiva, P.; Babu, P. Synthesis, spectral studies
and nuclease activity of mixed ligand copper(ll) complexes of
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