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Abstract

Novel heteroaromatic quinols 4-(benzothiazol-2-yl)-4-hydroxycyclohexa-2,5-dienone (1) and 4-(1-benzenesulfonyl-1H-indol-2-yl)-4-
hydroxycyclohexa-2,5-dienone (2) are promising novel anticancer agents. They exhibit in vitro antiproliferative activity against colon,
renal, and breast carcinoma cell lines as well as in vivo antitumor activity in colon, renal, and breast tumor xenografts. Elucidation
of the mechanism of antitumor action of these compounds is of great importance. We show in this study that the compounds induced
apoptosis as demonstrated by caspase 3 and PARP cleavage at doses causing G2/M cell cycle arrest. Glutathione was found to play an
important role in modulating quinol-mediated cytotoxicity. In HCT 116 cells, treatment with 1 and 2 caused a 2- to 3-fold increase in the
total glutathione content, suggestive of a glutathione-mediated antioxidant response. Indeed, buthionine sulfoximine (BSO)-induced glu-
tathione depleted cells were 6–10 times more sensitive to 1 and 2, while glutathione monoethyl ester supplementation decreased the anti-
tumor potencies by 2–3 times. In further studies we determined other cellular proteins which bind to an immobilized quinol analog, and
identified several proteins including b-tubulin, heat shock protein 60, and peroxiredoxin 1 as potential molecular targets of quinols that
may contribute to their proapoptotic and antiproliferative effects.
� 2006 Elsevier Inc. All rights reserved.
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q Abbreviations: BNIP3, BCL2 adenovirus E1B 19 kDa interacting
protein 3; BSO, L-buthionine (S,R) sulfoximine; CA-IX, carbonic anhy-
drase-IX; CAD, C-terminal transactivation domain; EDAC, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride; EF-1-c, translation
elongation factor 1c; GCL, glutamate–cysteine ligase; GSHEt, glutathione
monoethyl ester; H2DCFDA, 2 0,7 0-dichlorodihydrofluorescein diacetate;
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MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NF-
jB, nuclear factor jB; Prx1, peroxiredoxin 1; ROS, reactive oxygen species;
Trx, thioredoxin; VEGF, vascular endothelial growth factor.
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A novel series of heteroaromatic-substituted hydroxycy-
clohexadienones (quinols) synthesized in our laboratory
has been evaluated for in vitro antitumor activity. Struc-
ture-activity relationship studies have identified 1

[AW464; 4-(benzothiazol-2-yl)-4-hydroxycyclohexa-2,5-
dienone] and 2 [BW114; 4-(1-benzenesulfonyl-1H-indol-2-
yl)-4-hydroxycyclohexa-2,5-dienone] as lead compounds
[1,2] (Fig. 1). In the National Cancer Institute (NCI) Devel-
opment Therapeutics Program in vitro screen of 60 human-
derived cancer cell lines, these molecules exhibit selective
growth inhibitory activity concentrated in the colon, renal,
and certain breast cell lines; 2 possesses greater growth
inhibitory potency than 1 [3]. In vivo antitumor activity
of 1 and 2 has also been demonstrated in renal, colon,
and breast tumor xenografts [1,2]. Thioredoxin-1 (Trx-1)
has recently been identified as a target for these compounds
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Fig. 1. Chemical structures of heteroaromatic-substituted hydroxycyclo-
hexadienone 1 and (arylsulfonyl) indole-substituted quinols 2 and 3.
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[3], suggesting that the mechanism/s of action of these com-
pounds is likely to involve changes in the redox state of
protein thiols.

The redox state of cellular proteins is under the rigorous
regulation of oxidants, reactive oxygen species (ROS), and
redox buffers glutathione (GSH) and thioredoxin (Trx).
GSH, the most abundant intracellular thiol molecule,
serves as an antioxidant to detoxify ROS and is involved
in the detoxification of endogenous and exogenous toxins
through formation of GSH conjugates [4]. The dithiol-di-
sulfide oxidoreductase property of 12 kDa Trx, mediated
through its active site cysteine residues, serves to protect
cellular proteins against oxidative insult, which consequen-
tially identifies the thiol protein as having several roles crit-
ical for cellular functions. For example, in cell signaling,
Trx-1 exerts redox control over several transcription fac-
tors to modulate their DNA binding activities. For
instance, through reduction of a cysteine residue in the
p50 subunit of nuclear factor jB (NF-jB) [5], Trx-1 acti-
vates NF-jB in the nucleus to increase DNA binding [6].
The transcription factor hypoxia-inducible factor 1a
(HIF-1a) is induced in response to hypoxic conditions. In
hypoxic tumors, HIF-1a expression activates the transcrip-
tion of genes involved in angiogenesis, glucose metabolism,
pH regulation, and others, leading to adaptive mechanisms
which contribute to tumor survival and progression [7,8]. It
has been reported that in cells overexpressing Trx-1, HIF-
1a and vascular endothelial growth factor (VEGF) protein
levels are increased under both normoxic and hypoxic con-
ditions [9]. Trx-1 is also found to potentiate the binding of
transcription coactivator complex CBP/p300 to the C-ter-
minal transactivation domain (CAD) of HIF-1a to increase
transcriptional activity; activation is achieved through
redox regulation of a cysteine residue in the CAD of
HIF-1a [10]. Consistent with our previous report on Trx
as a mechanistic target of quinols [3], Mukherjee et al.
[11] have reported a decrease in VEGF production in hyp-
oxic tumor cells treated with 1. In another recent study,
under hypoxia, 1 and AJM290 (a structural analog of 2

possessing a fluorine substitution at the 6-position of the
indole moiety) are found to increase HIF-1a protein levels,
but inhibit HIF-1a transactivation, thus decreasing in a
dose-dependent manner the expression levels of down-
stream target genes such as VEGF, carbonic anhydrase-
IX (CA-IX), and BCL2 adenovirus E1B 19 kDa interacting
protein 3 (BNIP-3) [12].

As promising clinical candidates, elucidation of the
mechanism of antitumor action of these compounds is of
importance. We have previously shown that quinols bind
to cysteine residues of Trx-1 [3], suggesting that protein thi-
ol oxidation plays a critical role in quinol-induced apopto-
sis. Furthermore, we have argued that the redox protein is
unlikely to be the sole target and quinols are likely to also
target reactive cysteines in other cellular proteins [3]. We
thus studied the role of the cellular GSH system in quin-
ol-dependent apoptosis in two tumor cell lines (HCT 116
and MCF-7) and demonstrated that it plays an important
role in regulating cytotoxicity induced by 1 and 2. By the
use of a quinol analog immobilized to a solid matrix, we
also identified several cellular proteins bound to the drug,
including b-tubulin, heat shock protein 60 (HSP60), and
peroxiredoxin 1 (Prx1), which represent potential molecu-
lar targets for this class of novel compounds.
Materials and methods

Drugs and cell culture. 1 and 2 were synthesized in our laboratory as
described previously [1,2]. The carboxylic acid-linked quinol compound
3 was synthesized using a palladium-catalyzed Sonogashira coupling/
intramolecular cyclization, between (methyl-3-{4-(N-(2-iodophenyl)sul-
famoyl)phenyl)propanoate and 4-ethynyl-4-hydroxycyclohexa-2,5-die-
none, as the key step followed by ester hydrolysis. Further details on
the chemical synthesis of a range of (arylsulfonyl)indole-substituted
quinols using this type of methodology will be reported in due course.
(S)-(+)-Camptothecin was purchased from Sigma–Aldrich (St. Louis,
MO). All drugs were prepared as 10 mM stock solutions in DMSO,
and stored, protected from light at 4 �C. Colon carcinoma (HCT 116
and HT29) and mammary carcinoma MCF-7 cells were maintained in
RPMI 1640 medium supplemented with 10% fetal bovine serum and
incubated at 37 �C in an humidified atmosphere of 95% air and 5%
CO2.

Western blot analysis of apoptosis. Whole cell lysates of control or
drug-treated cells were prepared by lysing cell pellets (comprised of
attached and floating cells) in lysis buffer 25 mM Tris–HCl (pH 7.5),
100 mM NaCl, 2.5 mM EDTA, 2.5 mM EGTA, 20 mM NaF, 1 mM
Na3VO4, 20 mM sodium b-glycerophosphate, 10 mM sodium pyrophos-
phate, and 0.5% Triton X-100 containing freshly added protease inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany) and 0.1% b-mercap-
toethanol. Protein concentrations were determined using a modified
Bradford assay (Bio-Rad Laboratories, Hercules, CA) as described in the
manufacturer’s manual. Equal amounts of protein (50 lg) from each
sample were separated by SDS–PAGE (10%) and electroblotted to poly-
vinylidene difluoride membranes. The blots were probed with a primary
antibody followed by a secondary antibody conjugated to horseradish
peroxidase. Polyclonal anti-caspase 3, anti-cleaved caspase 3, and anti-
PARP primary antibodies were purchased from Cell Signaling Technology
(Beverly, MA). Monoclonal anti-b-actin antibody, used to verify equal
protein transfer, was purchased from Sigma–Aldrich. Protein levels on the
blots were detected using the enhanced chemiluminescence system
(Amersham Pharmacia Biotech, Little Chalfont, UK) according to the
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manufacturer’s instructions. Three separate sets of samples for each cell
line were analyzed for each drug.

GSH measurement. Cells (3 · 106) were seeded onto 100 mm-plates and
incubated overnight before treatment with 1 and 2. Treatment at each
drug concentration for a specified duration was performed in duplicate.
Medium containing detached cells was collected and the attached cells
were trypsinized. Attached and floating cells were pooled, pelleted, and
rinsed once in ice-cold PBS, and to one of the duplicate samples (per
treatment), 3% 5-sulfosalicylic acid (1 ml) was added to extract cellular
GSH. The mixture was centrifuged to remove precipitated proteins, and
GSH was determined by the enzymatic method of Tietze [13]. Briefly, total
GSH content was assayed by following the change in absorbance at
412 nm over 6 min in a cuvette containing 0.1 M sodium phosphate, 5 mM
EDTA buffer (pH 7.5), 0.6 lM 5,5 0-dithiobis(2-nitrobenzoic acid), 10 lg/
ml yeast GSH reductase, 0.2 mM NADPH, and 20 ll of sample in a final
volume of 1 ml. GSH values were calculated from a standard curve that
was generated for each experiment using known amounts of GSH (0.125–
1.5 lM). Total GSH levels were then normalized for total protein content
that was determined from the cell lysates prepared from the remaining
duplicate samples using the modified Bradford assay (Bio-Rad
Laboratories).

Cell viability assay. Cells were seeded in 96-well plates at the following
densities: for the BSO-induced GSH depletion assays, 1 · 103 HCT 116 and
2 · 103 MCF-7 cells were seeded into each well, and for the GSH supple-
mentation assays, 3 · 103 HCT 116 and 4 · 103 MCF-7 cells were seeded
into each well. In the BSO-induced GSH depletion assays, BSO (10 and
25 lM) was added to HCT 116 and MCF-7 cells, respectively. After 24 h,
medium was removed and cells were incubated in fresh medium containing
either 1 or 2 alone (BSO-pulsed exposure) or 1 or 2 plus BSO (BSO con-
tinuous exposure). Control cells in the BSO-pulsed exposure and BSO
continuous exposure treatment groups were subjected to similar BSO
treatment as mentioned above in the absence of 1 or 2. Following 72 h
quinol treatment, viability was determined by reduction of 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as described pre-
viously [3]. In the GSH supplementation assays, 1 mM glutathione
monoethyl ester (GSHEt) was added to cells 2 h prior to 1 or 2 addition.
After drug exposure for 72 h, MTT viability assays were performed.

ROS measurement. Intracellular ROS generation was assessed using
the cell permeant dye 2 0,7 0-dichlorodihydrofluorescein diacetate
(H2DCFDA) [14]. Intracellular, membrane-bound esterases and ROS,
respectively, cleave and oxidize non-fluorescent H2DCFDA to the fluo-
rescent 2 0,7 0-dichlorofluorescein (DCF). Cells were seeded (1 · 105 cells/
well) in 24-well plates and allowed to adhere overnight. For the next 24 h,
cells to be GSH depleted were incubated with BSO (10 and 25 lM was
added to HCT 116 and MCF-7 cells, respectively), while non-GSH-de-
pleted cells were maintained in medium only. The cells were then treated
with concentrations of 1 and 2 (1: 0.5–5 lM, 2: 0.2 – 3 lM) for 3–24 h at
37 �C. H2DCFDA (final concentration 5 lM) was added for the final
30 min at 37 �C of the incubation period. Medium containing detached
cells was collected and the attached cells were trypsinized. Attached and
floating cells were pooled, pelleted, rinsed once in ice-cold PBS, and
resuspended in 0.3 ml propidium iodide (PI: 1 lg/ml PBS) solution. Cells
were kept on ice in the dark and analyzed immediately on a Beckman
Coulter EPICS-XL flow cytometer (488 nm laser). DCF fluorescence was
recorded in the FL1 channel (525 nm) and PI fluorescence in FL3
(620 nm). Data analysis was carried out using EXPO32 (Applied
Cytometry Systems, UK). PI positive cells were considered non-viable and
excluded from ROS analysis.

Plasmid constructs and transfection of HCT 116 cells. The full-length
coding sequences of HSP60 and Prx1, including a C-terminal V5 and 2·
Flag tag, respectively, were PCR-amplified from human cDNA (derived
from HEK293 cells), and cloned into the KpnI and XbaI sites of pcDNA3
expression vector (Invitrogen, Paisley, UK). Sub-confluent HCT 116 cells
grown in 100 mm-plates were transfected with pcDNA3HSP60-V5 or
pcDNA3Prx1-Flag (5 lg) using GeneJuice (Novagen, Nottingham, UK)
as the transfection reagent.

Drug immobilization, in vitro binding, and protein spot analysis. For
drug immobilization, 10 mg 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide hydrochloride (EDAC) and compound 2 or 3 (final concentration
2 mM; Fig. 1), or DMSO vehicle alone were added to 150 ll Affi-Gel 102
(amino-terminal crosslinked agarose beads, Bio-Rad Laboratories) diluted
with 50 ll DMSO. After incubation at room temperature for 4 h, the
beads were washed four times in cold PBS. HCT 116 cells grown in six
100 mm-plates were lysed in lysis buffer with a composition as described
above, but b-mercaptoethanol was omitted. The lysates were clarified by
centrifugation, and the pooled supernatants were divided and incubated
with the beads at 4 �C for 16 h. The beads were washed six times with a
buffer solution containing 1 M NaCl, 20 mM Tris–HCl (pH 7.5), and
1 mM EGTA. Bound proteins were recovered by boiling in SDS–PAGE
sample buffer containing 100 mM DTT for 30 min. The proteins were
separated by SDS–PAGE on a 12% polyacrylamide gel (120 · 120 mm),
fixed, and Coomassie stained (40% methanol, 10% acetic acid, and 1%
Coomassie blue) for 15 min. The experiment was repeated twice and gel
bands commonly identified in repeated gels were excised and placed in a
96-well plate. The plate was loaded onto the automated MassPrep robotic
liquid handling system (Waters Corp/Bio-Rad ProteomeWorks). Briefly,
gel pieces were destained in 50% acetonitrile in 50 mM ammonium
bicarbonate (NH4HCO3). The cysteine residues were reduced in 10 mM
DTT in 100 mM NH4HCO3, followed by alkylation in 55 mM iodoacet-
amide in 100 mM NH4HCO3. The gel pieces were dehydrated by aceto-
nitrile, and subjected to in-gel tryptic digestion (6 ng/ll trypsin in 50 mM
NH4HCO3, pH 8.0) for 3 h at 37 �C. Peptides were extracted in 1% formic
acid in 2% acetonitrile. C18 loaded zip-tips (Millipore Corp, Bedford,
MA) were used to load 2 ll of the peptide extracts with 1 ll of matrix
solution (a-cyano-4-hydroxycinnaminic acid) onto the wells of a stainless
steel MALDI target plate. MALDI-TOF analyses of peptide fragments
were carried out using a Waters MALDI-TOF mass spectrometer (Waters
Corp, Milford, MA) operating in reflectron mode. Proteins were identified
by analyzing peptide mass fingerprints using the MASCOT PMF database
search engine (www.matrixscience.com). Search parameters included a
peptide mass accuracy tolerance of 0.2 Da and possible modifications such
as alkylation of cysteine residues during tryptic digestion and oxidation of
methionine residues were allowed. To verify the in vitro binding of two of
the identified proteins, pooled lysates from four 100 mm-plates of HCT
116 cells transfected (48 h) with pcDNA3HSP60-V5 or pcDNA3Prx1-Flag
were divided and incubated with beads coupled with or without com-
pound 3. Bound proteins eluted (by boiling) into sample buffer were
separated by SDS–PAGE and electroblotted to polyvinylidene difluoride
membranes. Protein levels of HSP60-V5 and Prx1-Flag were analyzed by
Western blotting. Monoclonal anti-V5 (Serotec, Oxford, UK) and anti-
Flag (Sigma–Aldrich) antibodies were used.

Statistical analyses. For assays measuring ROS production and total
GSH levels, unpaired Student’s t tests were used to assess differences
between quinol-treated and control groups. For viability assays deter-
mining the sensitivity of cells to quinols, paired Student’s t tests were used
to assess differences between BSO-/GSHEt-treated and untreated groups.
A p value of <0.05 was considered statistically significant.

Results

Quinols induce caspase-dependent apoptosis

The caspase-dependent mode of cell death for quinols
was first reported in HL60 leukemia cells where pan-cas-
pase inhibitor z-VAD-FMK inhibited apoptosis induced
by 1 [15]. In the epithelial HCT 116 colon cancer cell line,
as measured by annexin V/PI staining, a similar inhibitory
effect of z-VAD-FMK (50 lM) on apoptosis induced by 1

and 2 was observed (results not shown). Induction of cas-
pase-dependent apoptosis in quinol-sensitive cell lines
(HCT 116, HT29, and MCF-7) was confirmed by positive
immunodetection of cleaved caspase 3 (17 and 19 kDa)
and PARP (89 kDa). As illustrated in Fig. 2A–C, 1 and 2
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Fig. 2. Western blot analysis of caspase 3 and PARP cleavage induced by 1 and 2. HCT 116 (A), HT29 (B), and MCF-7 (C) cells were treated with the
indicated concentrations of 1 and 2 for 12 or 24 h. Whole cell lysates were subjected to Western blotting with the indicated antibodies, showing that 1 and 2

caused a dose- and time-dependent increase in caspase 3 and/or PARP cleavage. C, control cells; P, positive control: cells were treated with camptothecin
(1 lM) for 24 h.
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caused a dose- and time-dependent increase in caspase 3
and PARP cleavage, with 2 being presented as the more
potent analog. The topoisomerase I inhibitor (S)-(+)-Cam-
ptothecin (1 lM) was used as a positive control. The Wes-
tern blot results correlated with the previously reported
irreversible G2/M cell cycle arrest induced by 1 and 2 and
their antiproliferative potencies [3], where G2/M block
and cytotoxicity were most pronounced in the most sensi-
tive HCT 116 cells. In contrast, in caspase 3-deficient
MCF-7 cells (Fig. 2C), 1 failed to induce PARP cleavage
within 24 h at all tested concentrations (3–10 lM), while
2 induced PARP cleavage at higher doses (P3 lM) at a
delayed time of 24 h.

Cytoprotective role of GSH in quinol-induced cytotoxicity

To assess effects of quinol treatment on the GSH system,
total intracellular GSH levels were quantified following 7
and 24 h exposure to 1 and 2. As shown in Fig. 3, treatment
of HCT 116 and MCF-7 cells with 1 and 2 resulted in a
time-dependent increase in GSH content. At an early time
point of 7 h, the rise was marginal, particularly in MCF-7
cells (Fig. 3B), where either an insignificant (p < 0.05)
increase or a transient decline caused by treatment with a
high dose of 1 (6 lM) was observed. By 24 h, 2- to 3-fold
enhanced GSH levels were detected (Fig. 3A and B). Eleva-
tion in total GSH content indicated a cellular antioxidant
response evoked by drug entry. To further discern the cyto-
protective role of GSH, MTT viability assays were carried
out to determine whether modulation of GSH levels would
affect cell sensitivity to 1 and 2. As cell lines exhibit differ-
ential degrees of GSH depletion, a nontoxic BSO dose to
bring about sufficient GSH depletion was predetermined.
Fig. 4A and B show the dose-response graph (representa-
tive of four separate MTT assays) for HCT 116 and
MCF-7 cells (respectively) subjected to 96 h treatment with
BSO (0.5–500 lM). A respective BSO dose of 10 and
25 lM was identified to achieve effective GSH depletion
(HCT 116 cells: 86%, MCF-7 cells: 80%) after 24 h treat-
ment. As shown in Table 1A, cells depleted of GSH by con-
tinuous exposure to BSO were 6- to 10-fold more sensitive
to 1 and 2. For cells receiving BSO pulsed treatment, there
was no significant enhancement (p > 0.05) in quinol poten-
cy, with the exception seen with HCT 116 cells treated with
2 where a twofold increase in cell sensitivity was evident
(p < 0.05, Table 1A). Conversely, cellular GSH supplemen-
tation cells caused a 2- to 3-fold decline in quinol antitumor
potency (Table 1B). Taken together, these results suggest
that GSH plays an important role in cell survival against
the cytotoxic effects of 1 and 2.
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Fig. 3. Total GSH levels in HCT 116 (A) and MCF-7 (B) cells exposed to 1 and 2. Cells were treated with 1 and 2 for 7 and 24 h and the cellular GSH
content (nmol/mg protein) was determined. Each data point was obtained from the average of three independent experiments. A time-dependent increase
was observed in both cell lines: at 7 h, the levels either rose marginally or decreased transiently, and by 24 h, the levels at all tested concentrations were
significantly increased (p < 0.05, denoted as an asterisk *) by 2- to 3-fold.
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Quinols induce transient ROS production that is not

enhanced by GSH depletion

To determine whether quinols induce ROS production,
we examined the effect of 1 and 2 on the cellular levels of
H2O2 using H2DCFDA as a fluorescent probe. In the
assay, as necrotic and late apoptotic cells were PI counter-
stained and excluded from fluorescence analysis, the mea-
sured fluorescence intensity was contributed by H2O2

accumulation in live and early apoptotic cells. Fig. 5 shows
the percentage of DCF fluorescence in drug-treated cells
over that in DMSO control cells. Of the two cell lines test-
ed, MCF-7 cells failed to evoke a statistically significant
increase in ROS production in response to all tested con-
centrations of 1 and 2 at the specified time points. In
HCT 116 cells, significantly higher (p < 0.05) ROS levels
were brought about by 1 (3 and 5 lM at 3 h, 5 lM at
7 h) and 2 (0.5, 1, and 3 lM at 3 h), although it may be
appreciated from the data that increased ROS generation
occurred transiently: levels peaked within 3–7 h quinol
exposure and were normalized by 24 h. A similar trend
was evident in MCF-7 cells, where ROS levels were lower
(in response to 1, Fig. 5A) or comparable (in response to
2, Fig. 5B) to levels detected in control cells at the 24 h time
point. We further measured ROS levels induced by 1 and 2

in GSH-depleted cells. Treatment of HCT 116 cells with
BSO (10 lM) for 24 h caused twofold increase in DCF
fluorescence (p < 0.05) (Fig. 5C). However, there was no
significant net gain (p > 0.05) in DCF fluorescence mea-
sured in these GSH-depleted cells treated with 1 (0.5, 1,
3, and 5 lM) and 2 (0.2, 0.5, 1, and 3 lM) at all time points
examined. For illustration, data obtained for cells incubat-
ed with a high dose of 1 and 2 (3 lM) are presented in
Fig. 5C. Similar results were observed with MCF-7 cells
(results not shown). The data suggest that quinol-induced
ROS formation is not enhanced by GSH depletion.

Other cellular proteins as potential molecular targets of
quinols

To explore potential protein targets of quinols, com-
pound 3 (Fig. 1), a carboxylic acid derivative of 2, was syn-
thesized. By means of the use of the coupling agent EDAC,
3 was immobilized onto the aminoalkyl agarose beads via
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Table 1
Growth inhibitory activity of 1 and 2 against HCT 116 and MCF-7 cells treated or untreated with (A) BSO or (B) GSHEt

A GI50 values (nM) of 1 and 2 evaluated on

HCT 116 cells MCF-7 cells

No BSO Pulsed BSO Continuous BSO No BSO Pulsed BSO Continuous BSO

1 440 ± 56 366 ± 49 (p > 0.05) 46 ± 13 (p < 0.05) 544 ± 12 427 ± 88 (p < 0.05) 52 ± 19 (p < 0.05)
2 239 ± 82 112 ± 63 (p > 0.05) 22 ± 11 (p < 0.05) 345 ± 128 301 ± 164 (p > 0.05) 57 ± 16 (p < 0.05)

B GI50 values (nM) of 1 and 2 evaluated on

HCT 116 cells MCF-7 cells

No GSHEt GSHEt No GSHEt GSHEt

1 194 ± 101 578 ± 164 (p < 0.05) 275 ± 95 885 ± 352 (p < 0.05)
2 104 ± 21 205 ± 33 (p < 0.05) 165 ± 75 265 ± 96 (p < 0.05)

(A) Cells pretreated with BSO (24 h) were exposed to 1 and 2 for 72 h either without (pulsed treatment) or in the continuous presence (continuous
treatment) of BSO. (B) GSHEt (1 mM) was added to cells 2 h prior to treatment (72 h) with 1 and 2. GI50 values are presented as means ± SD from 4
independent experiments. A paired Student’s t test was performed to determine the p value (given in parentheses) in each treatment (BSO/GSHEt treated)
group.
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an amide linkage formed between the carboxyl group on 3

and the free amino group at the terminal of the hydrophilic
arm of the beads. Protein bands reproducible on three
repeated Coomassie-stained gels were excised, in-gel digest-
ed with trypsin, and identified by MALDI-TOF as HSP60,
b-tubulin, translation elongation factor 1c (EF-1-c), b-ac-
tin, 40 S ribosomal protein, and Prx1 (Fig. 6A, lane 3).
Two negative controls were used: one with lysate incubated
with beads uncoupled to any drug and another with lysates
incubated with beads pretreated with 2 and EDAC
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Fig. 5. ROS levels produced in HCT 116 and MCF-7 cells following exposure to 1 and 2. (A) Levels of ROS detected in cells treated with 1 were expressed
as percentage of DCF fluorescence in each drug-treated sample over that in the corresponding DMSO control sample. Differences in ROS levels (from
three independent experiments) between the two sample groups were analyzed by Student’s t test. Significant ROS formation (p < 0.05), denoted as an
asterisk (*), was seen in HCT 116 cells treated with high doses of 1 (3 and 5 lM at 3 h, 5 lM at 7 h). (B) Similar experiment with 2, with significant ROS
formation (p < 0.05) observed in HCT 116 cells exposed to 2 (0.5, 1, and 3 lM) for 3 h. (C) HCT 116 cells depleted of GSH by preincubation (24 h) with
BSO (10 lM) were treated or untreated with 1 and 2 (3 lM) for 3, 7 or 24 h in the continuous presence of BSO. In comparison with DMSO control,
treatment with BSO alone caused an increase in DCF fluorescence by around twofold (p < 0.05) (n = 3). No significant net gain (p > 0.05) (n = 3) in DCF
fluorescence was observed between cells treated with BSO alone and cells treated with BSO + 1 or 2. Similar results were observed with the MCF-7 cells
(results not shown).

248 E.-H. Chew et al. / Biochemical and Biophysical Research Communications 346 (2006) 242–251
(Fig. 6A, lanes 2 and 1, respectively). As neither involved
drug immobilization, we observed no or faint protein
bands (as a result of nonspecific binding of proteins directly
to the beads). In order to verify the in vitro binding of two
of the proteins identified from the gel, lysates of HCT 116
cells expressing HSP60-V5 or Prx1-Flag protein were
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incubated with beads either coupled or uncoupled to 3, and
bound proteins were examined by immunoblotting using
anti-V5 or anti-Flag antibodies that specifically recognized
the proteins of interest. Western blots showed that HSP60-
V5 (Fig. 6B) and Prx1-Flag (Fig. 6C) bound to the quinol-
coupled but not to control beads.

Discussion

In vitro screening of a series of heteroaromatic-substi-
tuted quinol analogs (bearing a common hydroxycyclo-
hexadienone pharmacophore) against the NCI 60 human
cancer cell line panel demonstrated cytotoxicity in colon,
renal, and certain breast carcinoma cell lines [1–3]. Previ-
ous work focusing on lead quinols 1 and 2 has reported
their ability to induce G2/M cell cycle arrest at growth
inhibitory concentrations [3]. Here, we report the apoptosis
inducing potential of 1 and 2, as evident from the detection
of caspase 3 and PARP cleavage, at concentrations which
evoke irreversible G2/M cell cycle arrest. With respect to
the susceptibility of the investigated cell lines to quinols,
our studies showed consistency in the degree of G2/M
block and apoptosis induction, which was most profound
in the most sensitive HCT 116 cells.

To achieve a deeper understanding of the biological
effects exerted by quinols, we carried out experiments on
HCT 116 and MCF-7 cells, which comprised a model of
quinol-sensitive and -less sensitive tumor cells. In view of
the chemically reactive nature of quinols as Michael accep-
tors and the identification of the redox protein Trx as a
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putative target [3], we assessed the role of GSH in quinol-
induced cytotoxicity. The observed time-dependent
increase in intracellular GSH levels in cells treated with 1

and 2 is indicative of a GSH-mediated response. To clarify
the possible cytoprotective role of GSH, GSH depleted
(using BSO) or supplemented cells were treated with 1
and 2, and viability assays were performed. Continuous
BSO treatment increased the potency of 1 and 2 6- to 10-
fold. In contrast, pulsed BSO treatment was without effect,
with the exception of HCT 116 cells treated with 2 where a
twofold increase in cell sensitivity was evident. The lack of
an effect with pulsed BSO addition is likely to be due to
BSO not being an irreversible inhibitor of glutamate–cys-
teine ligase (GCL) and after BSO washout, GSH synthesis
could recover sufficiently. Therefore, it is proposed that in
BSO-pulsed HCT 116 cells (displaying greater sensitivity to
quinols) challenged with the more potent quinol compound
2, the transiently impaired GSH system failed to recover in
time, leading to the enhanced potency observed. GSH sup-
plementation resulted in a 2- to 3-fold decrease in the
potencies of 1 and 2. Taken together, our results indicate
that the GSH system plays an important role in quinol-in-
duced apoptosis, which is consistent with the hypothesis
that oxidation of protein thiols is a critical event in the
mechanism/s of action of these antitumor quinol
compounds.

Whereas 1 and 2 failed to evoke oxidative stress in the
less quinol-sensitive MCF-7 cell line, increased ROS gener-
ation occurring at an early onset of 3 h drug treatment was
observed in HCT 116 cells. Consistent with the findings of
studies conducted on other human cell types [16,17], BSO-
induced GSH depletion resulted in a significant increase in
ROS production. However, quinol treatment of these
GSH-depleted cells failed to enhance further levels of
ROS. The data thus suggest that, although ROS produc-
tion may account for the greater sensitivity of HCT 116
cells, antitumor quinols do not appear to depend exclusive-
ly on ROS generation to execute cytotoxicity but may
directly induce protein thiol oxidation that is counteracted
by GSH.

As the results suggest that other protein targets may
account for the proapoptotic and antiproliferative effects
of quinols, we employed mass spectrometry to identify cel-
lular proteins bound to a quinol agent that had been
immobilized onto aminoalkyl agarose beads. For these
studies, we used compound 3, which is identical to 2
except for a carboxyethyl group that is not expected to
affect the interaction of the hydroxycyclohexadienone
pharmacophore with potential target proteins. Interesting-
ly, we observed an overlap of drug bound proteins
identified in our study, and proteins detected to undergo
intra- or intermolecular disulfide bond formation under
prooxidant conditions caused by diamide treatment [18].
These proteins include b-tubulin, EF-1-c, and Prx1. In
the same work of Cumming et al. [18], a number of heat
shock proteins such as HSP90 and HSP70 were also iden-
tified as disulfide-bonded proteins during oxidative stress,
which is consistent with the detection of HSP60 in our
study. The significant overlap suggests that the mode of
quinol binding to these identified proteins is likely to be
via a cross-linkage between the electrophilic positions on
the quinol hydroxycyclohexadienone pharmacophore and
the thiol group/s on the proteins. The precedence of dem-
onstrated quinol binding to cysteine residues in Trx fur-
ther lent support to the postulation that quinols bind to
these other proteins at cysteine residues. Therefore, utiliza-
tion of a quinol analog immobilized on a solid platform to
investigate in vitro binding of cellular proteins led to iden-
tification of proteins as potential molecular targets of qui-
nols. To validate the functional significance of drug
binding to these proteins, experiments will be conducted
to determine whether quinol binding results in inhibitory
protein function and accounts for quinol-mediated cyto-
toxicity. In the context of cancer drug development, tar-
geting against tubulin, HSP60, and Prx is of relevance.
Like the anticancer agents paclitaxel and vincristine
(known to perturb microtubule assembly and disassem-
bly), quinols induce a G2/M cell cycle block. Heat shock
proteins participate in the correct folding and refolding
of proteins [19]. The role of HSP60 in cell death has yet
to be widely explored. To date, studies conducted on car-
diac myocytes have reported that HSP60 and its co-chap-
erone HSP10 possess an antiapoptotic role [20–22]. On the
contrary, it has been observed in Jurkat cells that HSP60
accelerates the activation of caspase 3 during apoptosis
[23,24]. Further work to elucidate the complex role of
HSP60 in apoptosis will clarify whether inhibition of
HSP60 is a valid drug-targeted apoptosis pathway for can-
cer treatment. Prxs are a group of antioxidant enzymes
that scavenge peroxides through active site cysteine resi-
dues [25]; quinols may possess Prx inhibitory activity by
binding to these catalytic cysteine residues. The identified
proteins thus warrant further investigation to explore the
biological significance of their inhibition and their validity
as targets for therapeutic intervention. Not least, these
proteins may provide further clarification to the still not
fully defined mode/s of action of antitumor quinols.
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