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Hybrid drugl (NO-ASA) continues to attract intense

research from chemists and biologists alike. It consists

of ASA and a—ONGO; group connected through a spacer and is in preclinical development as an antitumor

drug. We report that, contrary to current beliefs, ne

ither ASA nor NO contributes to this antitumor effect.

Rather, an unsubstituted QM was identified as the sole cytotoxic agent. QM formdl fadter carboxylic

ester hydrolysis and, in accordance with the HSAB

theory, selectively reacts with cellular GSH, which in

turn triggers cell death. Remarkably, a derivative lacking ASA and-t@NO, group is 10 times more

effective thanl. Thus, our data provide a conclusive
Equally importantly, we show for the first time that a

molecular mechanism for the antitumor activity of
“presumed invisible” linker in a hybrid drug is not so

invisible after all and is in fact solely responsible for the biological effect.

Introduction

Medicinal research is constantly seeking to improve the
efficiency of drugs. One approach involves the use of so-called
hybrid drugs, which comprises the incorporation of two drug
pharmacophores in one single molecule with the intention to
exert dual drug actioh.For example, one of the hybrid parts
may be incorporated to counterbalance the known side effects
associated with the other hybrid part, or to amplify its effect
through action on another biotarget. Some hybrid drugs are
designed to interact with multiple targets as one single molecule,
and others require prior disintegration to afford the active hybrid
components. An archetypical example of the latter class is NO-
ASA?2 which consists of ASA and a nitrate group@NG,) as
a NO donor connected by a spacer (Scheme 1). Its developmen
was based on the assumption that carboxylic ester hydrolysis
would afford ASA and an NO-donating moiety. The resulting
advantage is that the known gastrointestinal side effects of ASA
would be reduced by this concomitant release of NO (NO-hybrid
theory)? A possible application for such hybrids is in the area
of chemoprevention, because ASA is a known moderately active
chemopreventive ageftTwo NO-ASA isomers,1 (para-
isomer) and3 (ortho-isomer), were indeed found to be highly
effective in inhibiting growth of colon cancer both in vitro and
in vivo.*5 These activities were of such unexpectedly high nature
that intensive research gara-isomerl was initiated. It proved
active in a variety of different colon cancer cell lines as well as

*To whom correspondence should be addressed. Phe8(0)20-
5987603. Fax:+31(0)20-5987610. E-mail: wijtmans@few.vu.nl.

T University of Amsterdam.

*Vrije Universiteit Amsterdam.
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a Abbreviations: ASA, aspirin; BSOpL-buthionine§R)-sulfoximine;
cGMP, cyclic guanosine monophosphate; DFT, density functional theory;
EtGSH, GSH ethyl ester; FACS, fluorescence-activated cell sorter; FADD,
Fas associated protein with a death domain; GSH, glutathione; HSAB, hard-
soft acid-base; INOS, inducible nitric oxide synthase; MAPK, mitogen-
activated protein kinase; NAQJ-acetyl+-cysteine; NO, nitric oxide; NO-
ASA, nitric oxide-donating aspirin; NSAID, nonsteroidal anti-inflammatory
drug; PARP, poly(ADP-ribose) polymerase; PI, propidium iodide; QM,
quinone methide; SNAFRSnitrosoN-acetylpenicillamine; Tcf, T-cell factor;
ZORA, zeroth-order regular approximation.
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Figure 1. Induction of cell death of HT29 cells after 24 h by (A)
reference compounds 2, SNAP, and ASA and (B) model compounds
7aand5clacking the aspirin or nitrate moiety. Cell death was measured
using FACS with PI staining, and % living cells is plotted. Results are
presented as the mean of three independent experiments, with bars
depicting the standard error. The value between parentheses represents
the EGo value inuM for the respective compound.

in other cancer typé&s® and is in preclinical development as a
chemopreventive ageht® Recently, its potential for use in
combination chemotherapy was demonstrateinong others,
MAPK signaling? iNOS expression and activify,and oxidative
stres&14are involved in the apoptotic effect daf

However, we reasoned that the induction of apoptosis cannot
be explained by a hybrid action because of conflicting mecha-

© 2007 American Chemical Society
b 04/19/2007



Antitumor Effect of Nitric Oxide-Donating Aspirin Journal of Medicinal Chemistry, 2007, Vol. 50, No24Q5

Scheme 1.Synthetic Sequences for Model Compounds and Structures of SNAP and the Three Ise@1efsSNO-ASA2
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d: meta, R=CHj
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aReagents and conditions: (I) RCOCIzHt THF or DCM, rt, 2-24 h; (Il) NaBH,, THF, rt, 2 h; (lll) SOC}, pyridine, toluene or CkCly, rt or reflux,
2—24 h; (IV) AgNQO;s, CHsCN, reflux, 2-12 h.

Scheme 2.Mechanism of QM Formation for Benzyl Nitrates and Chlofide

(A) ~
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12 (NuH=GSH) 11a (NuH=H,0) 10
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a(A) Proposed mechanism of QM formation frahor other benzyl nitrates and reaction of this species with cellular nucleophiles GSH,@ndNHH
= nucleophile. (B) The QM formation from substituted benzyl chlorides is identical to the mechanism depicted in (A), H8 anithl4 instead of9 and
8, respectively.

nistic results in the literature. For example, upon treatment with both apara- or metasubstituted aromatic core. The general
1, cGMP levels do not increase while this is a typical effect of synthesis of these compounds, and of additional compounds
NO releasé® Moreover, nitrate esters of seven other NSAIDs discussed later in this paper, is outlined in Scheme 1. The
induce considerably less apoptosis comparedL.té These  appropriate hydroxybenzaldehyde was acylated with RCOOCI,
conflicting results inspired us to probe the mechanism of action and the resulting aldehyde was smoothly reduced with NaBH
for 1 from a detailed molecular point of view by investigating in THF in good yields. The benzylic alcohol thus obtained was
a set of small-molecule analogues obtained through stepwisechlorinated with the aid of SOIA final substitution reaction
omission of the hybrid components. Toward this end, we used with AGNO; in MeCN yielded the desired nitrate compounds.
organic-chemical, computational, and biochemical approachesnitially, the selection of model compounds bfinvolved the
as well as'H and**N NMR spectroscopy. In this report, we  replacement of the ASA-ester by an acetyl esi&s) @nd of
disclose our surprising finding that the designer hybrid dilg e nitrate moiety by an alcohol groulidj. Their activities were
paradoxally, is not a hybrid drug after all. investigated by measuring the extent of cell death they induce
in HT29 colon cancer cells after a 24 h incubation. As can be
seen from Figure 1A, reference compounds A8#&taisomer
Synthesis and Activity of Model CompoundsAs previously 2, and conventional NO-donor SNAP were less active than
reportedmetaisomer2 is less active than its positional isomers in inducing cell death. In sharp contrast, acetyl estaris
(1 and 3) in inducing apoptosis in colon cancer céllFhis considerably more active thdn indicating that the ASA ester
important finding suggests a crucial role for aromatic resonance is not required and that a less bulky ester increases activity
interaction. Therefore, we selected model compounds having (Figure 1B). Replacement of the nitrate group by an alcohol

Results and Discussion
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Table 1. Conversion and&dO Ratios for Investigated Compounds as Deduced from Diagnostic AMIHNMR Signal$

N L
|// conversiof major

cmpd RO thiol (%) adduct SO ratio
1 R=ASA L=0ONO; (para) NAC ~4 19a >10°
2 R=ASA L=ONO; (met3d NAC ~6 11b 0.49+ 0.05
6c R =ASA L=Cl (para) NAC ~6 19a >10°
7a R=Ac L=0ONO, (para NAC 100 19a 13.24+ 1.7
7d R=Ac L=0ONO, (met3d NAC 100 11b 0.44+ 0.04
6a R=Ac L=Cl (para) NAC 100 19a 17.0+ 2.9
6a GSH 100 12 >20°

15 R=Me L=Cl (para) NAC 100 1lc 0.15+0.01

aResults are presented as the mean of threes@por two (all others) experiments with the standard deviation given where appropriate. For exact yields
and analytical characteristics of major adducts, see Supporting Inform&atéwst compounds reacted completely to give homogeneous mixtureg, Eor
andéc, the filtrates were used due to incomplete reaction owing to low solubility and slow ester hydrbAsisnimum SO ratio was determined from
NMR and LC-MS due to low product concentratioris §c) or complex NMR spectrab@ with GSH).

(5¢) was detrimental for activity, a finding disclosed previously

by others? However, compared to an alcohol, the more electron-

hindered pivaloyl ester6b and 7b were virtually untouched
by ag methanol containing catalytic gFOOH, while their

withdrawing nitrate group imposes a different chemical reactiv- acetyl counterpart$a and 7a quickly reacted at both the
ity onto the neighboring carbon atom. This led us to recognize carboxylic ester and the benzylic group (see Supporting

that the core skeletons of and 7a in fact satisfy the
requirements for precursors to the classpaffaQMs. The
design of a few such precursors has been desctib&dnd

Information). The same results held true in aqueous medium at
pH 7.4 and 37C, that is,6b and 7b were stable, where&a
and7acompletely reacted to benzylic alcoHdlawithin hours

the major requirement is the presence of an aromatic ring (data not shown). These findings fully match previous reports

substituted with both a masked phenolic group anpaea-

on the differences in reactivity of analogous acetyl and pivaloyl

methylene group attached to a good leaving group L. QMs are esters with a phosphate leaving gré@p.

highly electrophilic species and substituted QMs, naturally

To investigate the reactivity profiles of the electrophilic

occurring as well, have been found to behave as cytotoxic agentsspecies formed after carboxylic ester hydrolysis, a set of test

by reacting with cellular nucleophiles such as GSH or DIRA!
This led us to believe that compoundsand 7a exert their
activity by yielding a cytotoxic QM 10) in a similar fashion,
with NO3™~ as the leaving group (Scheme 2A).

Rate-determining hydrolysis of the carboxylic ester group,
likely catalyzed by esterases, gives phenoBtahich at pH
7.4 can either reversibly bind a proton or it can rapidly and
irreversibly undergo a 1,6-eliminatidfwith formation of QM
10 and the biologically inert nitrate ion. QNIO represents the
simplestpara-QM conceivable. It has been studied before in
P450 oxidations op-cresol, where it is detected as a significant
metabolite?? From those studies, it is known to react mostly
with H,O and cytoplasmic GSH yielding benzylalcolidlaand
GSH-adductl2, respectively, the latter being the predominant
product. This trapping of GSH b¥0to 12 is reported to lead
to pronounced toxic effect.

Mechanistic Studies on Quinone Methide FormationQM
formation frompara-substituted benzylnitrates such Asnd

compounds was incubated in,® (pD 7.4) at 37°C in the
presence of NAC (4 equiv) as a GSH modeln these studies,
dissolution and carboxylic ester hydrolysis are the slow steps,
whereas any reactive electrophile formed will be trapped by
either NAC or water, thereby providing a useful molecular in
situ snapshot. Upon consumption of starting material (footnote
b, Table 1), the mixtures were analyzed ¥ NMR or by 'H
NMR, focusing on the shifts for the benzylic groups (Figure
2B,C). The NAC (9a—c)?® and water {1a—c) conjugation
products, the ratio of which is defined as ®© ratio, accounted

for >85% of products, except in the casel®& where the mass
balance was 73%. Noteworthy, no significant amounts of
theoretically possible regioisomeric NAC addition products, such
as resulting from direct addition to the ring 19, were observed

by NMR nor LC-MS. Interestingly, the obtaine®O ratios
(Table 1) can be clearly interpreted using the HSAB théBry.
Compounds with @ara-ester {, 6¢, 7a, 6a) selectivity yielded
NAC-adducts §O > 10, clearly visible in Figure 2B), whereas

7ais a hitherto unknown transformation. We studied key steps metaesters 2, 7d) preferentially yielded water-adduct§/Q
in this process in theoretical and practical settings. To prove < 1, clearly visible in Figure 2C). Interestingly, reactionpafra-

the role of the leaving group for the ONO, moiety, similar

MeO-BnCl (15) via a Sy1 substitution through hard catid®

molecules with a chloride atom as an alternative good leaving gave anS/O ratio <0.2. This strongly suggests that direglS

group (i.e..6a—c and13, see Schemes 1 and 2B) were studied

reaction of NAC or water witt® through hard catiod7, which

as well. Linear transit calculations were conducted on the proton is very similar tol6, is not involved (Scheme 2A). In fact, these

abstraction from pheno®and13 by HO™ ion using DF P2 at

the BLYP level. These calculations reveal that, upon deproto-

nation of phenol® and 13, the resulting phenolatésand 14
at 37 °C undergo a rapid and energetically favorable [1,6]-
elimination of the leaving group, thereby generating QbI

(see Supporting Information for graph and details). In contrast,

derivatives of9 and 13 in which deprotonation of the phenol
group is hindered by flankingert-butyl groups are known to
be stable and can be isolatée>All these observations indicate
that phenol deprotonation is the actual trigger for releasiof

data further strengthen the case for soft QM as reactive
intermediate because it prefers thiols. Tinetacompounds,
structurally not able to form QMs, preferentially react with water
through &2 on phenoll8 while expelling the hard nitrate ion.
Incubation of6a with GSH gave a slightly higher bias toward
the S-adducts compared to NACbut analysis was complex
due to extensive overlap & NMR signals. Last!*N-labeled
7a(i.e.,20) gave a singlé®N peak at 376.7 ppm (see Supporting
Information), which corresponds to th®NOs~ ion. This
confirms that nitrate only acts as a leaving group and that NO

and that this will not occur as long as the phenol is protected is not generated from thiols anth at pH 7.4 (oxidation of
by the ester group. Indeed, such rate-determining nature of theliberated*>NO in buffer leads td>NO,~ ions3! which would
initial ester hydrolysis was confirmed by the observation that give a signal at 609 pp#d.
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Figure 2. Differential reactivity of electrophilic species, formed after S5¢c  R=ASA L=OH (para) >1,000
ester hydrolysis from selected compounds, toward water or NAC/GSH.
(A) Relevant structures of intermediates involved. Note that exchange- 7a  R=Ac  L=ONO, (para) 9.3
able protons will be deuterated in the incubation studies of Table 1. '
(B,C) The 3.6-5.0 ppm regions ofH NMR spectra of fully completed 6 R=ASA L=Cl (para) 40.1
incubations of compounda (Figure 2B) andrd (Figure 2C) in RO.
Clearly visible are the methylene groups (AréRj for the thioether . oGy IEEE G -
adducts19ab at 3.65 ppm and for hydrolysis productéab at 4.4 S e Gl :
ppm. The large peak at 4.7 ppm is HOD. Integral curves for major
adducts have been cropped to allow more visual detail. ©
Compound 1

Studies on the Apoptotic Activity of Quinone Methide. - a "’°. '53. Ta.
The discussed chemical studies clearly suggest that removal of YT e g g g
one of the hybrid components frofn(i.e., giving 6¢ and 7a) 5

does not qualitatively change its chemical behavior toward == w -

cellular nucleophiles GSH and,B as all proceed through QM Seka o an = - - — -

10. Interestingly, the same holds true for compo@éadn which
both hybrid components have been removed. We therefore
speculated that all compounds with highO ratios exert
apoptotic effects simply through the actionldf Indeed, while
our work was in progress, others reported that apoptosis
induction by NO-ASA involves GSH depletidAthereby further

s o e — =T o= CECES w1210

(D)
Compound 1 2 6 6a Ta

substantiating the key role we hypothesized for QB To ] el il ol
deliver definite proof for this hypothesis, the three key model 0222 500 i 108 258,20 18 200 28_T00 %00 20100200 i
compounds &c, 7a, and 6a) were tested together with and - - ' - - =~
metaNO-ASA (2) on HT29 cells in selected pharmacological -

studies. Figure 3A,B show the measuredsg@alues for all Figure 3. General pharmacological effects of key compouid2,

: ; _ ; 6¢c, 7a, and6a on colon cancer cells. (A) Induction of cell death on
five compounds. Compourgetis about 2-fold more active than HT29 cells after 24 h. Cell death was measured using FACS with PI

.1 in |nduc_:|ng cell d?ath‘ Mqre intriguingly, f8a and7a, th's_ staining, and % living cells is plotted. Results are presented as the mean
increase in apoptotic effect is a remarkable 10-fold. We attribute of 34 independent experiments, with bars depicting the standard errors.
the latter to the higher sensitivity of small acetyl esters toward The value between parentheses represents thg \Eflie inuM for
hydrolysis as compared to the bulkier ASA esters. Just as isthe respective compound. (B) Collected g@alues of all discussed
the case forl, GSH depletion plays a key role in the case of compounds f_or_induction of cell death on HT29 cells after 24 h.
cell death by6a, 6¢, and7a because intracellular GSH levels Standard deviations were atl10%. (C) Cleavage of PARP, 116 kDa,

A if . upon incubation of HT29 cells with varying concentrations of compound
decreased significantly upon treatment with these COmpcnmds’for 8 h, as measured by Western blot. (D) Cyclin D1 levels induced in

whereas2 did not induce this depletion (Figure 5A). Again,  s\4g0 cells after overnight starvation by serum treatmensfb in
the small acetyl estefga and 7a are the most active. Another  the absence or presence of varying concentrations of compounds.
hallmark consequence of GSH depletion by NO-ASA is

activation of caspase#3.Indeed,1, 6¢, 7a, and6aall induced contrast,2 did not lead to significant PARP cleavage even at
cleavage of the typical caspase-3 substrate PARP, whereas, i800u«M (Figure 3C). The apoptotic pathway was investigated
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Figure 4. Extent of DNA fragmentation in HT29 cells induced by
incubation withl (30 and 30Q«M) or 6a (10 and 10Q«M) after 48 h,
as measured by Nicoletti assay.

blank

in further detail forl and 6a. Both compounds induce DNA
fragmentation in HT29 cells as measured with the Nicoletti assay
(Figure 4). Furthermore, the apoptotic pathway inducedlL by
and6a follows a typical mitochondrial-dependent mechanism.
That is, Jurkat cells overexpressing Bcl-2 resist cell death
induced by either compound and cell death induction was
insensitive to the deletion of the adaptor molecule FADD (see
Supporting Information). All these experiments clearly indicate
that deletion of both the-ONO, group and ASA froml does

not change the mechanism by which cell death is induced.
Moreover, they confirm the notion that apoptotic features are
induced by6a at lower concentrations than Wy It should be
noted that GSH depletion can generally trigger both apoptosis
and necrosis, depending on the circumstaft®@ge believe that

at higher concentrations of our drugs, necrosis might be induced
as indicated by low staining by an apoptosis-sensitive dye (data
not shown), visual inspection of cell death, and decreasing
intensity in Western blots (Figure 3C,D).

In addition to the discussed cytotoxic effects, compodnd
was also shown to induce cytostatic effects as it interferes with
the interaction off-catenin with Tcf in SW480 colon carcinoma
cells1® We tested the serum-induced expression of cyclin D1,
which is dependent ofi-catenin/Tcfl® and found that inhibition
of cyclin D1 induction is observed with, 6a, 6¢, and7a, while
2 is ineffective (Figure 3D).

The key GSH depletion through covalent adddét was
substantiated in more molecular detail foand for6a (devoid
of both ASA and—ONGO; group). Pretreatment of HT29 cells
with GSH-synthesis inhibitor BS® increased the sensitivity
of the cells toward cell death by and6a, whereas replenish-
ment with EtGSH* partially prevented this effect (Figure 5B).
This reconfirms that GSH depletion is a major active contributor
to the sequence leading to cell death. Previous metabolic studies
on 1 only provided UV and MS evidence for key adduc@,
but the lack of authentit2 prevented unequivocal confirmation
of the proposed molecular structi#wWe synthesized 2 from
GSH and6a, isolated it by LC-MS (55% extrapolated yield),
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and confirmed its structure by 2D-NMR and MS (Figure 5C Zl)gc:gteo?é e%%f(‘:‘;is"g?gg” ggg‘;osﬂﬁggiceg'gaogfd%'; ?X;"Egggtignthe

_ X : i y unds2,
and SL_JpporItlng I_nformatlc()jr}%. Thehuse O.f thgsslt_'andl\a/llrdde;abled intracellular GSH levels after incubation of HT29 cells with 100
]l:lnequ(;voca §SSIgt;1TentOI ag t k()e mai%:) ¥ _('%h HGEI'Z;Ct of compound for 1 h, as measured by Ellman’s assay. Results are
ormed upon incubation aof or 6a (bo uM) with H presented as the mean of three independent experiments, with bars
cells (Figure 5D). The virtual absence of other peaks in the LC depicting the standard deviations. (B) Induction of cell death of HT29
trace (detection atvz = 414) strongly suggests that no other cells by1 (50 M) and6a (5 «M) without and with pretreatment with
regioisomeric GSH adducts have been formed in the cell BSO or BS_Qfo"OWEdObY_E_tGSH- Cell death was measured using FACS
incubations, which is in accordance with the NAC incubation \tlr\?(tahricle:\tnalg;n%u?ni?\ d/; Ilt\e/;]ndgeﬁ?"esxlseeilr(ﬁtei?'sRv?/istﬁltf);rse g;efg?r:edtﬁz
studies (Vid.e supjaLowering the dru_g Concentra}tion to A0/ standard deviations. (g) SynthesiF; of key ’addluz.t (D) LCF:)-MSg
e e e R o i o o TP et s 6 ol

[0} cells treated wit plain , or 1, an

betweenl and 6a starts at the basal molecular level by their 100uM of 6a The Y-axis represents counts in million.
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Boehringer-Mannheim. Primary antibodies against PARP were
part' one part' two

purchased from Cell Signaling Technology, antibodies for actin

© were from Santa Cruz Biotechnology, antibodies for cyclin D1 were
R)Oko/(>A " _-RCOOH eOQA - f-:st from BD Transduction Laboratories, and secondary HRP-linked
siow swinea-rabbit or goate-mouse antibodies were obtained from
DAKO.
Computational Methods. All calculations were performed using
OZ;/( %» Ho/©/\se—> GSH depletion ADF 2004.01232° A double£ core, triple¢ valence, and doubly

polarized basis set (TZ2P) was used. The Bé&tlexchange
functional was used in combination with the LYP correlation
functionaf! and ZORA relativistic correctiorf$.Calculations were
Mitochondrial-dependent caspase 3 activation performed in the gas phase or with inclusion of Imp|IC|t solvent
eﬁ]ﬂ{;iggg'gg‘é’g&'}ca‘emn dependent transcription medium. The latter was carried out with the conductor-like
screening model (COSMO) of salvatié*Equilibrium geometries
were calculated, after which the linear transit method was applied
to calculate the energies and geometries along the path obtained
by hydroxide-mediated proton abstraction; the distance of the proton
to the phenolic oxygen was increased from 1.1 A to 3.0 A in 30

. . . . . .. steps. For the calculation of any energy barrier associated with the
similar ability to provide a selective GSH-consuming metabolite ormer process, the same linear transit method was applied but with
(high SO ratio), and this similarity is then amplified in down-  stepwise increase of ArGHL. distance.

Anti-tumor
effect

Figure 6. Overall mechanism of action fdk and 6a as well as for
any other precursor to QMO. L = leaving group.

stream processes. Analogously, the lackdb induce com- Cell Line. HT-29 or SW480 colon adenocarcinoma cells or
parable cell death is a direct result of the lower chemical Jurkat cells were used. Cells were counted using a cell counter
tendency of its metabolitel) to bind GSH (lowSO ratio). from Birker. Viability was determined by the trypan blue dye

Thus, hydrolysis of the phenolic ester triggers the chemical exclusion method. _
cascade, and the extent of GSH conjugation and the resulting Cell Death Assay by PI Exclusion. pEC50 CurvesCells were
apoptotic, necrotic, and transcriptional effects simply reflect the Seeded (25 000/well) and allowed to attach for 24 h. The supernatant

intrinsic physiochemical properties of the electrophiles formed Was replaced by 1.0 mL medium pretreated with a DMSO solution

. - ; . : of the compound (61000 uM, 5.0 uL). The final DMSO
|mmed|§1tely a.fter.carboxyllc ester hydro'YSIS' .That s, the concentration for all experiments was 0.5%, except for the:600
cytotoxic species is formed from the chemical linker and not

i ) experiment, where it was 1.0%. After 24 h of stimulation at@7

from any of the hybrid components. As such, this represents ahe supernatant was collected and the cells were washed with PBS
major departure from the hybrid theory on which the design of (400 uL) and detached with 40@L TE (trypsin EDTA). The

1 was based® Last, we note that has been specifically used  supernatant, PBS, and TE were centrifuged (1200 rpm for 5 min
as NO-donor in recent researé¥8Our results strongly suggest — at 4°C), and the supernatant was removed. Subsequently, the cells
that such use may not be justified because under certainwere treated with 5&L BSA with PI (1:1000). After incubation

conditions10 can be formed instead of NO. for 10 min, the cells were analyzed for PI positivity by flow
cytometry using the software “Cellquest”. For each condition,
Conclusion 10 000 events were analyzed. Cells negative to Pl were considered

L . living and used for calculation of the Eg which was done with
The initial sequence of molecular events underlying the prism software BSO/EtGSH Experiments: Cells were seeded
antitumor activity of an archetypical hybrid drug, i.e. preclinical (25 ooo/well) and allowed to attach for 24 h. The supernatant was

candidatel, and the lack thereof for thmetaisomer2, have replaced by 1.0 mL medium with or without 2001 BSO. After
been elucidated and were shown to be almost completely 4 h at 37°C, the medium was removed and the cells were washed
dictated by the physical-organic HSAB principle. Remarkably, with warm PBS (1.0 mL). Subsequently, 0.5 mL of medium with
no role in the activity for NO or ASA was identified. Rather, or without EtGSH (10 mM) was added. Aft& h at 37°C, the

the mechanism allows for the antitumor effect to be generalized geg'UT)Wfll_i re”;ﬁVed and tht‘? CeI”St V(\]’ler?t‘r/]‘/ﬁ;f]hed with Wacrim PBdS
to any phenyl ester possessingara-methylene with a leaving U mL). Then they were stimulated with the compounds an
group L (Figure 6). Thus, rate-determining carboxylic ester assayed as described abovarkat-Bcl-2 Experiments: Jurkat-
hydrolysis is followed by a rapid chain of events that ultimately neo or Bcl-2 transfectants were treated with the indicated concen-

. . . 2 trations of compound and6a at a density of 1 million/mL for 20
leads to formation of an unsubstituted QM. This QM reacts with 1, "4 cell death was directly analyzed by Pl as described above.

GSH, in response to which the cell initiates a variety of signaling Fadd Experiments: Jurkat clone JA3 or the corresponding FADD
pathways leading to cytotoxic and cytostatic effects. In their knockout clone (FADB-/—) were treated with anti-APO-1 (anti-
own right, any of such precursors to QM could be interesting Fas) to control for the efficacy of FADD deletion, as Fas-induced
for clinical purposes provided the carboxylic ester group is death completely depends on the presence of FADD, or with
appropriately tuned toward localized cleavage. Equally impor- compoundl and6a. After 20 h, cell death was analyzed using PI
tant, the identification of the NO-donating group and ASA as €xclusion as described above.
passive bystanders and a quinone methide as the unexpected DNA Fragmentation/Nicoletti Assay.HT29 cells were seeded
active agent should send out a clear warming signal to the &, dens, of 25 000l an sovied o aiach for 24 1. fter
promising field of hyb_rld drug_research. _cautlon_ should be 1 or 6a. After 48 h, the cells were trypsinized and resuspended in
exercised when selecting the (ideally) noninterfering spacer. icoletti buffer (0.1%Tx-100, 0.1% NaCitrate and 5§/mL PI).
After overnight incubation at #C, the DNA content of the
remaining nuclei was determined using FACS and Cellquest
Chemicals. Unless noted otherwise, all chemicals or reagents software.
were purchased from Sigma-Aldrich. Growth medium consisted Cellular GSH Levels. GSH levels were determined using
of IMDM (Cambrex) with 8% FCS (Cambrex, heated prior to use Ellman’s reagent (5;&dithio-bis(2-nitrobenzoic acid, DTNB). In
to deactivate esterases), glutamine (Cambrex), and Pen-Streshort, HT-29 cells were seeded in a 6-well plateb(@lis/well) in
(Gibco). Pl was purchased from Molecular Probes. Aprotinin and 2 mL of medium. After treatment with the different compounds
Lumilight were obtained from Roche, and leupeptin was from for 1 h at 37°C, cells were harvested, washed once with PBS, and

Experimental Section
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then lysed on ice in 4@L of Triton X-100 lysis buffer without
proteinase inhibitors. Lysates were cleared by centrifugation and
intracellular GSH was measured in triplicate (2D of sample
mixed with 50uL of Ellman’s reagent (0.5 mM DTNB) in HEPES
buffer (0.5 M HEPES pH 7.5, 0.1 M NacCl, 0.05% Triton-X-100).
The amount of GSH was quantified by measuring the absorbance
at 405 nm in a microtiterplate reader (BioRad) and by using a
standard curve of GSH. Percentages of GSH content from treated

cells are compared to basal GSH content measured in untreated

cells.

LC-MS Analysis of Cell Lysates. Equipment: A Shimadzu
SCL-10A/Finnigan LC-QPeca with a Phenomenex LunaG18
(150 x 4.60 mm, 5«) column was used, with the following gradient
(A = 98.8% HO, 1% MeCN, and 0.2% HCOOH; B- 98.8%
MeCN, 1% HO, and 0.2% HCOOH): 6> 5 min, 0% B; 5— 30
min, 0— 100% B; 30— 35 min, 100— 0% B; 35— 40 min, 0%

B. The flow rate was 0.4 mL/min, and detection was conducted at
m/z414 (ionization: ESI, full MS, positive mode) or UV absorption
at 254 nm.Procedure: Cells were seeded (1.2 10F/well) in 3

mL of medium and allowed to attach for 24 h. The supernatant
was replaced by 1.8 mL of medium containing the compound in
DMSO (final DMSO content 0.5%). For the blank, only DMSO
was used. After 24 h of stimulation at 3T, the supernatant was
collected and the well was washed with PBS (0.35 mL). To the
mixed supernatant and washing, 250 of TE was added. After
detachment of the cells, 75 of medium and 35Q:L of 10%
HCIQO, solution was added. The contents were mixed thoroughly
by vortexing for 3 min, and high-molecular material was removed
by sequential centrifugation (4000 rpm/20 min, then 14 000/15 min).
The supernatant was immediately stored-@8 °C until analysis.
Upon analysis, 2@L was injected and the peak fd2 (at 19.8
min) was analyzed. Coinjection with authenti® was used to
confirm peak identity, and amounts were calculated by using the
mass areas for authentl@.
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