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Semisynthesis and Screening of a Small Library
of Pro-Apoptotic Squamocin Analogues:
Selection and Study of a Benzoquinone Hybrid
with an Improved Biological Profile.

Séverine Derbré¢,” Romain Duval,”” Gaél Roué,™ Aurelio Garofano,”
Erwan Poupon,*? Ulrich Brandt,” Santos A. Susin,*™ and

Reynald Hocquemiller®

Acetogenins of Annonaceae, including squamocin (1), exert spec-
tacular cytotoxicity and the most potent inhibition of NADH:ubi-
quinone oxidoreductase known so far. Cell death induced by
these natural products was identified as apoptosis and was
thought to be linked to alterations in mitochondrial function.
Quinone-squamocin hybrid compounds were semisynthesized
and evaluated for their pro-apoptotic properties with a screening
method based on dissipation of the mitochondrial transmem-

Introduction

The acetogenins are a class of natural products of the Annona-
ceae plant family. They exert a wide variety of biological activi-
ties, including an impressive cytotoxicity (ICs, between 107°
and 10 m), which has been reported on various tumor cell
lines, and a very powerful inhibition of complex | (NADH:ubi-
quinone oxidoreductase) in mitochondrial transport systems.”
In addition, cell death induced by some mono- and bis-tetrahy-
drofuran acetogenins has been described over the past few
years as an apoptotic process.>* Some mitochondrial respira-
tory-chain inhibitors such as rotenone, antimycin A, and oligo-
mycin have already been implicated in programmed cell death
independently of the expression of the anti-apoptotic protein
Bcl-2, suggesting a direct link between the inhibition of mito-
chondrial respiration and apoptosis.”! The development of ace-
togenin derivatives as anti-neoplasic agents, for example, also
relies on the elucidation of their modes of action and their se-
lectivity on the cell cycle. This latter point is important, as the
natural acetogenins exhibit their promising cytotoxicity despite
a complete absence of selectivity toward the cell cycle.””

The o,f-unsaturated y-methylbutyrolactone ring, which is
common to a large number of natural acetogenins, is not es-
sential for complex | inhibition,”® as it can be suppressed® or
substituted with a ubiquinone ring."" By synthesizing fluo-
rescent acetogenin derivatives, we recently demonstrated the
role of the terminal part of acetogenins in the pro-apoptotic
activity as well. The bis-tetrahydrofuran motif flanked with hy-
droxy groups and lipophilic chains was confirmed to be in-
volved in the recruitment of the molecule almost exclusively to
mitochondrial membranes.""?
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brane potential (A¥,,). Herein, we report a short one-step synthe-
sis of a squamocin carboxylic acid analogue. For the first time on
a natural product, the radical decarboxylation and quinone addi-
tion reaction has enabled preparation of a library of squamocin-
quinone hybrids and four other analogues. Squamoquinone, ten-
fold more potent than squamocin as an inducer of apoptosis,
emerged as a promising compound, as it induces apoptosis
through a mitochondrial caspase-dependent pathway.

To improve the acetogenin profile as a therapeutic agent
and to elucidate the acetogenin mechanisms of action, squa-
mocin (1, a powerful cytotoxic bis-tetrahydrofuran acetogenin
and an inhibitor of complex|, Figure 1) was selected for the
semisynthesis of quinone-squamocin hybrid compounds.

It has been shown that exchange of the terminal butenolide
unit with 2,3-dimethoxy-5-methylbenzoquinone in different
acetogenins makes it possible to either maintain™ or in-
crease'” the potency of complex | inhibition, as the y-lactone
group is completely substitutable with the ubiquinone ring.
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Figure 1. Structure of squamocin (1, isolated from the seeds of Annona reticulata). Simpli-

fied structure-activity relationship elements are indicated."**¥

Furthermore, several quinones with antitumor activity have
been implicated in the induction of apoptosis,'® as have been
acetogenins. Any study of cytotoxicity or apoptotic potential
of semisynthetic acetogenin—quinone compounds has yet to
be reported or envisaged in published work to date. Conse-
quently, we decided to embark upon the design of new squa-
mocin analogues with a focus on the replacement of the unsa-
turated lactone with diverse quinone rings. Starting from natu-
ral squamocin, selective and reliable synthetic methods had to
be chosen carefully to enable the transformation of small
amounts of substrate.

The pro-apoptotic potential of squamocin and quinone de-
rivatives was evaluated on Jurkat lymphoid T cells by screening
the induction of the disruption of mitochondrial transmem-
brane potential (AW,), one of the first biochemical hallmarks
of the apoptotic process.'*'® Squamoquinone 14, tenfold
more efficient than natural squamocin, emerged as a promis-
ing compound. The molecule has been selected for further
studies of its pro-apoptotic properties relative to those of
squamocin (1).

Results and Discussion
Semisynthesis and retrosynthetic analysis

In 1987, Barton and co-workers expanded the practicality of
radical decarboxylation to the synthesis of sterically hindered
quinones. This involves the effective “substitution” of one car-
boxylic acid function by a quinone. The concept of the reac-
tion is based on the generation of a radical from a photosensi-
tive thiohydroxamic ester and the subsequent trapping by a
quinone in a disciplined radical chain reaction (Scheme 1).l'"/'®

Herein, we broaden the scope of this reaction to the modifi-
cation of natural compounds. To our knowledge, this is the
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Scheme 1. Radical decarboxylation and quinone addition reaction.

ChemMedChem 2006, 1, 118 -129

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

first time the reaction has been applied in a semisyn-
thesis context, and on high molecular weight scaf-
folds as well. As stated above, our synthetic plan
relies on the availability of a carboxylic acid function
such as that in 2, derived from squamocin. Therefore,
this required a convenient oxidative degradation of
the terminal lactone ring in 1 (Scheme 2).

Squamocin carboxylic acid synthesis. Recently, a-ke-
toester and o-ketoacid derivatives of squamocin
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Scheme 2. Retrosynthetic analysis: a) radical decarboxylation and quinone
addition (-----); b) new oxidative degradation.

were obtained from the tert-butyldimethylsilyl (TBDMS) ether
of squamocin 3 after oxidative treatment with sodium period-
ate and catalytic ruthenium chloride."

Inexpensive and less toxic potassium permanganate ap-
peared to be a suitable alternative for obtaining the a-ketoest-
er from terminal butenolide by olefin oxidation. Squamocin (1)
was first protected as its tri-OTBDMS silylether derivative 3.
Surprisingly, treatment of protected squamocin 3 with KMnO,
(4 equiv) in acetone/water (5:1) at room temperature overnight
led to the squamocin-acid derivative 4 directly and cleanly
with a good yield of 70% (Scheme 3). More gratifyingly, the
same oxidation reaction could be applied directly to the natu-
ral squamocin (1) without hydroxy group protection to effect
the same three-carbon loss in just one step. This afforded acid
2 in a lower but acceptable 60% yield.

Even if a-ketoester of type A (Scheme 4) was not isolated,
the following mechanism can be proposed. First, as was de-
scribed with the ruthenium-catalyzed periodic oxidation of
acetogenin butyrolactone, permanganate anions could pro-
voke the oxidation of the a,p-unsaturated y-methylbutyrolac-
tone olefin to afford lactic a-ketoester A in the method com-
monly used to obtain the corresponding lactate and to deter-
mine the absolute configuration of €36.2*2" Hydrolysis of A
furnishes a-ketoacid B (two carbon atoms are lost in this step).
As was previously described with calcium hypochlorite®® and
sodium perborate,””® such o-ketoacids can be decarboxylated
under oxidative conditions. In fact, the resulting keto tautomer
B is in equilibrium with the corresponding enol form C. This
allows reaction with a second molecule of permanganate and
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Scheme 3. Degradation of the lactone into a carboxylic acid group:

a) TBDMSOT( (4.0 equiv), DMAP (cat.), pyridine, RT, 2 h (80%); b) KMnO,

(4 equiv), H,O/acetone (1:5), RT, 24 h (70%); c) TBAF (1 m in THF, 100 equiv),
50°C, 6 h (90%); d) KMnO, (4 equiv), H,0O/acetone (1:5), RT, 24 h (60 %).
DMAP = 4-(dimethylamino)pyridine; TBAF =tetra-n-butylammonium fluoride;
TBDMSOTf = tert-butyldimethylsilyl trifluoromethanesulfonate.

the formation of an unstable intermediate D, which is further
decarboxylated to afford squamocin-acid derivative E/2.2

Chimeric squamocin-quinone compounds through radical de-
carboxylation and quinone addition. For reasons of polarity, we
first decided to target the quinone analogues by starting with
the less polar squamocin-acid 4. Thus, thiopyridine-N-oxide
(1.2 equiv) was condensed with 4 under classical coupling con-
ditions (DCC, 4-DMAP (cat.)) to furnish thioxydroxamic ester 5
in 80% yield (Scheme 5). Exposure of 5 to light in CH,Cl, in the
presence of the desired quinones (3 equiv) made the anticipat-
ed synthesis of protected squamocin-thiopyridylquinones 6-8
possible. This crucial photochemical step proceeded in accept-
able to good and reproducible yields with the three selected
quinones. The simple p-benzoquinone was selected first to test
the feasibility of the reaction. This was followed by the use of
2,3-dimethylbenzoquinone and naphthoquinone. The use of
symmetric quinones was found to be effective in avoiding
problems in regioselectivity and in subsequent purification
steps.

MnO,
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Scheme 5. Synthesis of quinones: a) thiopyridine-N-oxide (1.2 equiv), DCC
(2 equiv), DMAP (cat.), CH,Cl,, RT, 24 h (80%); b) hv, quinone (3 equiv),
CH,Cl,, 0-10°C, 1-2 h (6: 51%, 7: 54%, 8: 39%); ) HF (75 equiv), CH;CN/
CH,CI, (1:5), RT, 45 min (9: 86%, 10: 43%, 11: 97 %); d) Raney nickel

(10 equiv m/m), THF, reflux, 45 min (12: 69%, 13: 80%); e) HF (75 equiv),
CH;CN/CH,Cl, (1:5), RT, 45 min (14: 70%, 15: 77 %); f) thiopyridine-N-oxide
(20 equiv), DCC (2 equiv), DMAP (cat.), CH,Cl,, RT, 24 h (75%); g) hv, benzo-
quinone (3 equiv), CH,Cl,, 0-10°C, 1 h (20%). DCC = 1,3-dicyclohexylcarbo-
diimide.

To evaluate the influence of the thiopyridyl moiety on bio-
logical activity, TBDMS-protected quinones 6-8 were subjected
to either direct desilylation (Scheme 5, route c)) or reductive
desulfurization (route d)). In the former case, treatment with

For the latter route, the thiopyridyl group attached
to the quinone ring was removed under reductive
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Scheme 4. Plausible mechanism of permanganate-mediated degradation of the o,f-un-
saturated y-methylbutyrolactone olefin group to a carboxylic acid, as discussed in text.
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conditions with an excess of Raney nickel in THF. The
hydroquinone intermediates (not isolated) were im-
mediately reoxidized to the corresponding quinones
with MnO, to obtain the second set of analogues
after deprotection: squamocin-quinones 14-15 (70-
80% yield).

Despite repeated efforts, the desulfurization of
naphthoquinone adduct 11 was unsuccessful under
the conditions used. Ultimately, we attempted to
apply the radical decarboxylation directly to unpro-
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tected squamocin-acid derivative 2. To avoid the intramolecu-
lar lactonization with the reactive hydroxy group at C15, 2 was
esterified with thiopyridine-N-oxide (20 equivalents) in the
above-described coupling conditions to afford a 75% yield of
the corresponding photosensitive thiohydroxamic ester. This
ester was then decarboxylated upon exposure to light in
CH,Cl, in the presence of p-benzoquinone (3 equivalents). The
expected hybrid compound 9 was formed along with a mix-
ture of by-products with the same or similar R; values, necessi-
tating its purification by preparative HPLC.**2*

Another intriguing feature was observed in earlier attempts
to effect desulfurization on 9. Squamoquinone 14 was ob-
tained as expected but was eventually found to be in equilibri-
um with another compound. NMR spectroscopic studies of the
mixture in CDCl; supports the structure cyclo-14 (Scheme 6).

9

I 2.41 [

s, 6.61 —

cyclo-14

Scheme 6. Formation of 14 from 9: Raney nickel (10 equiv m/m), THF, reflux,
15 min (50%); "H NMR (400 MHz, CDCl,): splitting patterns and shifts (J,
ppm) are indicated.

These observations can be mechanistically rationalized with
the assumption that a cyclic hydroquinone derivative can be
generated by intramolecular Michael addition of one secon-
dary hydroxy function (presumably that at C19) onto the qui-
none nucleus. In fact, a benzylic methylene group adjacent to
the hydroquinone may explain the de-shielded triplet (6=
2.53 ppm) in comparison with the corresponding signal in the
spectra of 14 (0=2.41 ppm). The regioselectivity of the addi-
tion may be deduced from the appearance of two singlets
(0=6.61 and 6.89 ppm), which indicate two uncoupled pro-
tons. Further studies aimed at a better understanding of the
formation of cyclo-14 and its synthesis as a sole product are
underway. The interest in such cyclic quinones is exemplified
by the promising antitumor and pro-apoptotic properties of
ansamycins.?>?"!

Full exploitation of background reactions in radical decarboxy-
lation and quinone addition. The chemical diversity was ex-
panded by exploiting a few side reactions of the photochemi-
cal process. Indeed, the yield of radical decarboxylation and
quinone addition is constantly diminished by parasitic terminal
reactions, which give further analogues that can be considered
worthy of biological evaluation.

ChemMedChem 2006, 1, 118 -129
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Thus, the decarboxylative rearrangement product of thiohy-
droxamic ester 5 (that is, protected squamocin-thiopyridine
16) was isolated and characterized as a constant yet minor by-
product, regardless of the quinone type. From a biological
point of view, such a pyridine derivative could be effective as a
complex | inhibitor (for example, 1-methyl-4-phenylpyridinium,
MPP+).2¥ Sulfide 16 was obtained by photochemistry®' after
exposure of ester 5 to light in CH,Cl, in the absence of a radi-
cal scavenger (Scheme 7). Eventually, TBDMS groups were re-
moved by using the conditions previously described, to afford
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Scheme 7. Synthesis of additional squamocin analogues under photochemi-
cal conditions: a) hv, CH,Cl,, 0-10°C, 1 h (24%); b) HF (75 equiv), CH;CN/
CH,Cl, (1:5), RT, 45 min (75%); c) hv, thiophenol (3 equiv), CH,Cl,, 0-10°C,

1 h (50%); d) HF (75 equiv), CH;CN/CH,Cl, (1:5), RT, 45 min (100%); e) hv,
tert-butanethiol (4 equiv), CH,Cl,, air, 0-10°C, 1 h and PPh; (1,5 equiv) (60%);
f) HF (75 equiv), CH;CN/CH,Cl, (1:5), RT, 45 min (83 %).

The conversion of a carboxylic acid group into an alcohol
with the loss of a carbon atom (R—CO,H — ROH) is normally a
multistep procedure. Radical decarboxylation provides a con-
venient alternative to existing methods, with triplet oxygen as
an excellent radicophile. In the presence of a thiol group, the
hydroperoxy radical generated can be reduced in situ into the
corresponding hydroperoxide, which in turn can be reduced to
an alcohol with excess thiol.”® Regarding the squamocin sub-
strate, photodecarboxylation was simply performed in CH,Cl,
with air bubbling in the presence of excess tert-butyl thiol.
Thus, ester 5 was converted into alcohol 20 (60% yield,
Scheme 7). Final deprotection led to “squamocinol” 21.

Recently, terminally unsubstituted acetogenins, obtained
through a long total synthesis, were introduced as potent in-
hibitors of complex | by Miyoshi and co-workers.”! However,
the global significance of this result remains ambiguous. To ad-
dress this issue, an efficient and versatile semisynthetic access
to representative lactone-devoid acetogenins must be devel-
oped. To quickly and efficiently obtain such compounds, we
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again used the radical decarboxylation procedure. Light expo-
sure initiated the smooth decarboxylation of 5, and a slight
excess of thiophenol as a proton source allowed formation of
the corresponding noralkane-type derivative 18 with 50%
yield (Scheme 7)."*2* As usual, the TBDMS protecting groups
were removed to afford Alac-squamocin 19.

Biological investigations

Highly cytotoxic acetogenins, including squamocin, have been
described as pro-apoptotic inducers.” Although this phenom-
enon is likely to be linked to the impairment of complex | ac-
tivity, such a correlation has not been demonstrated so far.
Therefore, we evaluated the pro-apoptotic potential of squa-
mocin and its analogues; representative compounds were se-
lected, and their inhibition of mitochondrial complex | was
measured. The promising compound squamoquinone 14 was
selected for further studies of apoptotic processes.

Evaluation of the pro-apoptotic potential of squamocin and its
derivatives. Cells undergoing apoptosis show an early disrup-
tion of mitochondrial transmembrane potential (MTP, AW, ).""
MTP dissipation can be detected with the help of cationic lipo-
philic dyes such as DiOC4(3). As the disruption in AW, consti-
tutes a constant event of apoptosis,l'*'>3%3" the measurement
of this alteration can be used in the identification of new pro-
apoptotic drugs. In this context, we used flow cytometry to
screen squamocin and semisynthetic analogues for their ability
to provoke MTP disruption and, consequently, to induce cell
death. Double staining with propidium iodide (PI) allowed us
to check cell impermeability and thereby to ensure the process
observed was not necrosis. Our screening indicated that only
compounds 14 and 15 possessed a higher pro-apoptotic po-
tential than squamocin (Figure 2). The other quinone ana-
logues that contain a thiopyridyl group (compound 9) or a
naphthoquinone (compound 11) were far less effective than

AW, loss / %
(%))
o

Figure 2. Squamocin (1) and its semisynthetic analogues (compound num-
bers indicated) provoke AW, disruption in Jurkat T cells. After treatment for
24 h (white bars, 1.5 um; gray bars, 15 um; gray bars, 30 pum), Jurkat cells
were labeled with both DiOC(3) and propidium iodide (PI) and analyzed by
flow cytometry. MTP loss was observed with DiOCg(3) staining. As a positive
control, etoposide (10 um) induced AW, loss on 80+ 10% of the cells (three
independent experiments). Note that only 14 and 15 appeared to be more
potent pro-apoptotic inducers than squamocin.
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the natural product. The bulkiness of such functional groups
could explain their decreased potency if the action of acetoge-
nins is indeed mediated through protein inhibition. Yet as the
oxidative potential of benzoquinones increases with methyl
group® or thiophenol group substitution,®® the redox poten-
tial of 14 exceeds that of 9 and, by extension, those of 10 and
11. This electrochemical characteristic could influence the ac-
tivity of quinone-squamocin analogues.

Mitochondrial complex | inhibition and the pro-apoptotic po-
tential. Representative analogues were chosen for further in-
vestigation particularly to elucidate the potential link between
the induction of apoptosis and the impairment of mitochondri-
al function. Their inhibitory activity toward complex| (beef
heart submitochondrial particles, SMP) was evaluated by using
the method previously described by Okun et al.**¥ Squamocin
(1) remained the most powerful inhibitor in comparison with
analogues 9 and 14, which were significantly less active
(Table 1). Moreover, protected squamocin 3 was nearly inactive
(NADH oxidase on SMP: >3000 nm) and carboxylic acid 2 re-
sulted as a good but less potent inhibitor.

Table 1. Inhibition of complex| induced by squamocin and its
analogues.”

Compound IC5o [NnM] Compound 1C5 [NM]
1 1.3 9 10

2 40 14 15

3 >3000 rotenone® 30

[a] Evaluated on bovine heart submitochondrial particles (SMP) through
NADH:n-decylubiquinone oxidoreductase activity according to previously
described methods.** [b] Reference inhibitor.

The lack of both pro-apoptotic potential and inhibitory activ-
ity toward complex | observed for squamocin 3 confirms that
the integrity of the polyoxygenated core motif of the acetoge-
nins is a key factor for the induction of both phenomena.3¢
Our results show no clear relationship between complex| in-
hibition and the pro-apoptotic potential of acetogenin deriva-
tives. Squamocin-carboxylic acid 2, although a potent inhibitor
of NADH:ubiquinone oxidoreductase, does not show any pro-
apoptotic effect. With a likely pK, value of ~3-4 under physio-
logical pH conditions, the molecule should be negatively
charged; this could prevent 2 from crossing the cellular
plasma membrane to access the mitochondrion. Reciprocally,
although squamoquinone 14 appears to be tenfold less potent
as an inhibitor of complex | than squamocin (1), it is about ten-
fold more powerful as an apoptotic inducer on Jurkat cells, in-
dicating an important and specific contribution of the benzo-
quinone moiety at the level of cellular targets other than mito-
chondrial complex I. The possibility of 14 being reduced to its
hydroquinone form by complex | and subsequent inhibition of
complex lll by the resulting metabolite cannot be excluded. In
that way the inhibition of both complex | and Il could explain
the induction of apoptosis. Furthermore, Ricci et al. recently
demonstrated a link between complex | and the disruption of
mitochondrial function during apoptosis.®” Therein, the au-
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thors presented the 75 kDa subunit (p75) of respiratory com-
plex I, NDUFS1/NUAM, as a critical caspase substrate of the mi-
tochondrial intermembrane space. Indeed, the caspase-depen-
dent cleavage of p75 is responsible for the disruption of elec-
tron transport and AW,, leading to production of radical
oxygen species (ROS), loss of ATP production, and mitochon-
drial damage.

Apoptotic activity of natural squamocin (1) and semisynthetic
squamoquinone 14 on Jurkat Tcells. Our screening work re-
vealed the spectacular pro-apoptotic potential of squamoqui-
none 14 relative to that of 1. Contrary to all expectations, de-
spite its benzoquinone structural relationship with ubiquinone,
this compound exhibited a weak inhibitory effect toward mito-
chondrial complex | relative to squamocin. These initial biologi-
cal results encouraged us to select 14 for further studies of the
apoptotic processes.

Since the report of Kerr in 1965, two types of morphological-
ly distinct cell death have been distinguished: necrosis and
apoptosis.’¥ Necrosis is thought to be a passive death and in-
flammatory process characterized by swelling and rupture of
cell membranes, dissolution of organized structures, and pro-
teolysis. Apoptosis is a controlled biological process for the
elimination of defected cells. As amphiphilic molecules, aceto-
genins could have been implied in a necrotic process. However
the work of Zhu et al. described several characteristic features
of apoptosis in the HL-60 leukemia cell line.” Our present
work confirms and completes their results.

Differential cytotoxic effects of natural squamocin and squa-
moquinone in Jurkat cells. Previous studies have described ace-
togenins and particularly squamocin as impressive cytotoxic
compounds on various cell lines.®” To compare the lethal ef-
fects of squamocin and squamoquinone, Jurkat cell death was
measured by flow-cytometric analysis of Pl incorporation into
permeabilized cells. As depicted in Figure 3, treatment with
both compounds at concentrations ranging between 1 and
15 pum for 3 to 24 h induced cell death in a dose- and time-de-
pendant manner. Importantly, squamoquinone-induced cell
death occurred more rapidly and at much lower concentra-
tions than that brought on by squamocin. These results were
confirmed by fluorescence microscopy analysis of the incorpo-
ration of Celltracker green and Hoechst 33342 into Jurkat cells
treated for 6 h with squamocin at 30 um or squamoquinone at
only 5 pM. Indeed, the two molecules induced both a decrease
in green fluorescence (which indicates the inactivation of the
esterase activity responsible for sensor cleavage and fluores-
cence) and an increase in nuclear blue labeling that results
from the condensation of chromatin in dying cells. However,
whereas these features are observed in 100% of the cells treat-
ed with squamoquinone at 5 um, a consequent proportion of
cells remained viable and could proliferate even if cultured
with squamocin at 30 um (Figure 3 B).

Apoptotic hallmarks of cell death induced by squamocin and
squamogquinone. There are several reports in which cell death
induced by acetogenins has been described as an apoptotic
process.®**% Using DiOC4(3), we measured the mitochondrial
membrane permeability in Jurkat cells”"*? treated with the
squamocin and squamoquinone. In parallel, aberrant surface

ChemMedChem 2006, 1, 118-129

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPERS

Pl-positive cells / %

10 15
NT  Etop.

15 30 1 5

Squamocin

15 30

Squamoquinone

100 4
90

Pl-positive cells / %

Control

Etoposide

Squamocin  Squamogquinone

Figure 3. Induction of Jurkat lymphoid T cell death by squamocin and its an-
alogue squamoquinone. A) Evaluation of nuclear permeability by a cytomet-
ric analysis of Pl incorporation into chromosomal DNA. Jurkat T cells were
cultured for 3-24 h in the presence of 1, 14 (1-30 pum as indicated), or eto-
poside (Etop., 10 um) as a positive control, followed by determination of nu-
clear permeability to Pl to establish dose-response and time-response
curves. NT: no treatment. Lower chart: etoposide, 10 um (——e——); squa-
mocin, 15 uM (----- O----- ); squamoquinone, 15 UM (s++++Asses2). Values are
means (+ SD) of three independent experiments. B) Evaluation of cell viabili-
ty by fluorescence microscopy. After treatment with squamocin (30 pm),
squamoquinone (5 pum), or etoposide (40 um) as a positive control, cells
were stained by Celltracker green (middle row) together with Hoechst 33342
(bottom row) and examined by Hoffman modulation contrast (HMC, top
row) and fluorescence microscopy. Each image shows an area of

40X 40 um?,
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exposure of phosphatidylserine (PS) was monitored by a fluo-
rescent annexin V-APC conjugate (APC =allophycocyanin).***
In both cases, cells were stained with Pl to discriminate be-
tween healthy, apoptotic, and necrotic cells. Cellular oxidation
was evaluated by labeling cells with hydroethidine (HE), which
is oxidized into ethidium (Eth) following intracellular produc-
tion of ROS."" As depicted in Figure 4, Jurkat T cells treated for
6 h with drugs at a concentration range of 1-15 um underwent
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Figure 4. Relationship between AW | disruption, ROS production and PS ex-
posure. Determination of A) AW, loss, B) ROS production, and C) PS aber-
rant exposure in Jurkat cells treated with squamocin, squamoquinone (1-

15 um as indicated), or etoposide (Etop., 10 pm) for 6 h. NT: no treatment.
After treatment, cells were labeled with DiOC¢(3), HE, or annexin V. Values
are means (+SD) obtained from three independent experiments. Squamocin
and its benzoquinone analogue provoke three early events that are charac-
teristic of apoptosis.
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several features of apoptotic cell death, including AW, disrup-
tion, ROS production, and finally PS exposure in a dose-depen-
dent manner. According to the above results, the treatment
with squamoquinone induced programmed cell death at lower
concentrations than treatment with squamocin. Co-staining
with Pl confirmed that the rapid cytotoxic effects observed
with squamoquinone 14 was apoptosis. Indeed, MTP de-
creased and PS was exposed in cells treated with 14 (2.5 um)
that retained their plasma membrane integrity.

Squamocin and squamoquinone induce apoptosis through a
mitochondrial pathway. Two major signal-transduction path-
ways classically characterize apoptosis: the intrinsic pathway
places the mitochondrion at the heart of the programmed cell
death phenomenon.™ The extrinsic pathway, commonly
named the “death receptors” pathway, starts by an extracellu-
lar signal, which activates transmembrane proteins.*® As men-
tioned above, squamocin is a powerful inhibitor of NADH:ubi-
quinone oxidoreductase. Earlier on, it seemed immediately evi-
dent that acetogenins enter cells and mitochondria, where
they inhibit complex | to result in ATP deprivation and apopto-
sis.? However, ATP depletion could equally block apoptosis;
complex | inhibition could also be responsible for necrosis, and
another target, not necessary mitochondrial, could be implied
in apoptosis.”*" Recently, for the first time, the synthesis of
fluorescent acetogenins has allowed our research group to
confirm that squamocin enters cells, with mitochondria as the
primary target."? Mitochondria play a central role in the con-
trol of cell life and death and can kill by 1) the disruption of
electron transport, oxidative phosphorylation, and adenosine
triphosphate (ATP) production; 2) the release of proteins that
trigger the activation of the caspase family proteases; and
3) the alteration of cellular redox potential.””

To explore the involvement of mitochondria in the lethal
processing of 1 and 14, we evaluated the conformational acti-
vation of the pro-apoptotic Bak protein by immunofluores-
cence in Jurkat cells treated with both compounds for 6 h, by
means of an N-terminus-targeted anti-Bak monoclonal anti-
body. As observed in etoposide-treated cells, and as is depict-
ed in Figure 5A, mitochondrial Bak is detected in its activated
form in cells treated with squamocin or squamoquinone. Nu-
clear apoptotic bodies, characteristic of late-stage events in
the apoptotic process, are concomitantly formed (Figure 5A).
To assess the regulatory function of the Bcl-2 family of pro-
teins,®” we then used Jurkat cells in which either the anti-
apoptotic Bcl-2 (Jurkat/Bcl-2) or Bcl-xL (Jurkat/Bcl-xL) proteins
are overexpressed. In comparison with cells transfected with
the vector alone (Jurkat/neo), only Jurkat/Bcl-xL cells showed a
marked protective effect on AW, disruption induced by squa-
mocin (15 pum) or squamoquinone (2.5 pum, Figure 5B). In con-
trast, Bcl-2 overexpression did not confer any protection
against the cytotoxic effects of either compound, whereas it
partially protected Jurkat cells from etoposide-mediated cellu-
lar stress. The two anti-apoptotic molecules are known to exert
different protective activity, which depends on the mode of
apoptosis induction. Accumulating data present Bcl-2 as a cru-
cial protector against stress-induced apoptosis, probably result-
ing from its indiscriminant localization at the endoplasmic re-
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Figure 5. Role of mitochondria and Bcl-2 family proteins in apoptosis in-
duced by squamocin and its analogue 14. A) The activated form of the pro-
apoptotic protein Bak was detected by immunofluorescence (red-labeled re-
gions) concomitantly with nuclear condensation (Hoechst 33342, blue-la-
beled regions) after treatment of Jurkat T cells with squamocin (15 pm) or
squamoquinone (5 pum) for 6 h; etoposide (10 um) was chosen as a positive
control. Each image shows an area of 20 x 20 um?. B) The overexpression of
Bcl-xL (hashed bars) in Jurkat T cells prevents AW, loss (determined by per-
centage of cells low in DiOC4(3)) whereas Bcl-2 (dotted bars), another
member of the anti-apoptotic Bcl-2 family of proteins, does not; data col-
lected following apoptosis after treatment with squamocin (15 um), squamo-
quinone (2.5 um), or etoposide (40 um) as a positive control for 6 h. Black
bars: negative control cells transfected with vector alone. Values are means
(£ SD) obtained from three independent experiments. C) The role of mito-
chondria in apoptosis induced by squamocin or squamoquinone is con-
firmed by immunofluorescence analysis, as the perinuclear staining for cyto-
chrome c in control Jurkat Tcells changed to a diffuse pattern of cytosolic
staining in cells treated with squamocin (15 um) or its analogue 14 (5 pum)
for 6 h. Etoposide (10 um) was chosen as a positive control. Top row:
Hoechst 33342; bottom row: anti-cytochrome ¢ immunofluorescence. Each
image shows an area of 10x 10 um?.

ticulum (ER), mitochondrial, and nuclear membranes.”" At the
mitochondrial level, Bcl-2 generally inhibits the loss of AWYm to
a lesser extent than does Bcl-xL."?

The pivotal role of mitochondria in apoptosis induced by 1
and 14 is reinforced by the subcellular immunofluorescence la-
beling of cytochrome c. Upon release into the cytosol, cyto-
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chrome c associates with Apaf-1 and with the inactive pro-cas-
pase 9 in an ATP-dependent manner to form a complex called
an “apoptosome”, which induces the cleavage and the subse-
quent activation of caspase 9. This enzyme, as a leading activa-
tor of the caspase family of cysteine proteases, initiates the
caspase cascade, which terminates in the activation of the ef-
fector caspases, including caspases 3, 6, and 7. These latter are
responsible for the cleavage of various cellular substrates and
carry out oligonucleosomal DNA fragmentation, leading to the
apoptotic cell morphology. Indeed, in Jurkat cells treated with
squamocin or squamoquinone for 6 h, and as is the case for
etoposide-treated cells, the diffused (cytosolic) pattern of cyto-
chrome c contrasts with the mitochondrial-intensive labeling
observed in control cells (Figure 5C). Altogether, these data
demonstrate the implication of the Bcl-2 family of proteins,
particularly the Bak-Bcl-xL heterodimer, in mitochondrial
matrix swelling, outer mitochondrial membrane disruption,
and the cytosolic apoptotic processing provoked by squamo-
cin and its derivative 14.

Squamocin and squamoquinone induce caspase-dependent
DNA fragmentation. The above results argue in favor of the ac-
tivation of a direct mitochondrial pathway following treatment
with compounds 1 and 14. We next assessed the integrity of
DNA in treated Jurkat cells by agarose gel electrophoresis. As
shown in Figure 6 A and B, both oligonucleosomal and large-
scale (=50 kb) DNA fragmentations were observed in Jurkat
cells treated with etoposide, as well as squamocin and squa-
mogquinone. This was correlated with the appearance of cells
with a hypo-diploid DNA content (sub-G,) after treatment in
the same conditions for 24 h (Figure 6C). Importantly, both
fragmentations where abolished if cells were pre-treated with
the general caspase inhibitor z-VAD.fmk, suggesting that the
mitochondrial alterations essentially lead to caspase-depen-
dent nuclear apoptosis (Figure 6A and B). Moreover, and as
pointed out in Figure 6D, mitochondrial permeability and PS
exposure induced by squamocin and 14 were decreased by
pre-treatment with z-VAD.fmk. Similarly, z-DEVD.fmk (an inhibi-
tor of caspase 3 and caspase 7) and z-LEHD.fmk (a caspase 9
inhibitor) were also able to block the programmed cell-death
process activated by 1 and 14. This implies that, as with cells
dying from classical apoptosis, the effector caspase 3 and ini-
tiator caspase 9 are activated in squamocin- and squamoqui-
none-treated cells following mitochondrial depolarization, af-
fecting both cytosolic and nuclear integrity.

Conclusions

The chemistry described herein resulted in a flexible and rapid
preparation of a small focused library of analogues of natural
squamocin (1). As a cornerstone of our strategy, the radical de-
carboxylation and quinone addition reaction found its utility as
an interesting reaction in the design of natural-product-like
compounds. It was effective and reliable in the transformation
of a long fatty-acid-like substrate (C;,) for which conventional
methods have often failed. Hybrid 14, squamoquinone,
emerged from the pro-apoptotic screening as a promising
compound. We demonstrate that, like squamocin, 14 induces
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Figure 6. Caspase-dependent nuclear apoptosis induced by etoposide, squamocin, or squamoquinone in Jurkat
cells. A) Determination of oligonucleosomal DNA fragmentation in Jurkat cells after treatment with squamocin (1,
15 pm), squamoquinone (14, 2.5 pm), or etoposide (Etop., 40 pum) in the presence (+) or absence (—) of z-
VAD.fmk (50 um) for 16 h; NT: no treatment. B) Assessment of large-scale DNA fragmentation by field inversion
gel electrophoresis (FIGE) in Jurkat cells treated as described in part A). Note that squamocin and squamoquinone
along with etoposide induce DNA fragmentation that is blocked by the z-VAD.fmk caspase inhibitor. C) After treat-
ment of Jurkat cells with squamocin (15 um), squamoquinone (2.5 pum), or etoposide (40 um), cells were harvested,
alcohol-fixed and stained with PI. DNA fragmentation is expressed as the percentage of cells with hypo-diploid
DNA. Similar to the effects etoposide, 1 and 14 induce ~20% of the cells with sub-diploid DNA content (sub-G,).

Biopside Sguamocin Squamo-
quinone

reactions were carried out under
an argon atmosphere with dry sol-
vents under anhydrous conditions.
Yields refer to chromatographically
and spectroscopically homogene-
ous materials, unless otherwise
stated. Reactions were monitored
by thin-layer chromatography
(TLC) carried out on Kieselgel silica
gel plates (60F-254, Merck) with
UV light as the visualizing agent if
required, and sulfuric vanillin re-
agent and heat as developing
agent. Kieselgel silica gel (60, parti-
cle size 40-63 um, Merck) was

B Control used for flash chromatography.

B z-VAD.fmk
z-VDVAD.fmk
@ z-DEVD.fmk
m z-|[ETD.fmk

m z-LEHD.fmk

Tri-OTBDMS squamocin 3: 4-Dime-
thylaminopyridine (DMAP, cat.) and
squamocin  (1.015g, 1.63 mmol)
were mixed in pyridine (15 mL). At
0°C, tert-butyldimethylsilyl trifluor-
omethanesulfonate (1.725 g,
1.5mL, 6.53 mmol, 4equiv) was
added dropwise, and the mixture
was stirred at room temperature
for 2 h. After dilution with water,
the mixture was extracted with di-
ethyl ether (5x20 mL). The com-
bined organic layers were dried
(Na,S0O,), filtered, and concentrated
under decreased pressure. The
crude mixture was then purified
by flash chromatography on silica
gel (C¢H,,/AcOEt 95:5) to give 3
(1.058 g, 80%).

D) The effect of several caspase inhibitors was evaluated by the incubation of Jurkat cells initially with z-VAD.fmk,

z-VDVAD.fmk, z-DEVD.fmk, z-IETD.fmk, or z-LEHD.fmk (50 um each), inhibitors of caspases in general, caspases 2, 3,
8, and 9, respectively. Then after treatment with squamocin (30 um), squamoquinone (2.5 pm), or etoposide

(40 pm) for 6 h, the percentage of cells with AW, loss and PS aberrant exposure was determined by flow cytome-
try after staining with both DiOC(3) and annexin V-APC. Values were determined from annexin V-APC-positive
cells and are means (+SD) obtained from three independent experiments. Inhibitors of caspases 3 and 9 are able

to block apoptosis caused by squamocin or squamoquinone.

apoptosis in a classical mitochondrial caspase-dependent path-
way in Jurkat lymphoid Tcells. Squamoquinone is tenfold
more potent than its naturally occurring precursor. However,
with regard to the discrepancy between complex | inhibition
and apoptotic processing, a direct effect of squamocin and
squamogquinone on mitochondrial membrane structure cannot
be ruled out.” Such an effect by 1 and 14 may be due to their
own properties of interaction with lipid membranes,'>*3 and
may lead to the disruption of the Bak-Bcl-xL heterodimer in
the mitochondrial outer membrane, leading to the conforma-
tional activation of Bak, membrane depolarization, and apop-
totic processing.®¥ Further experiments based on Bcl-xL levels
and localization are needed to explore this hypothesis, but this
may explain the stronger protective effect of Bcl-xL in compari-
son with Bcl-2 in cells treated with our squamocin compounds.
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Preparation of carboxylic acids 2
and 4: squamocin (1) (589 mg,
0.95 mmol) or protected squamo-
cin 3 (1.611 g, 1.67 mmol) was dis-
solved in acetone. KMnO, (4 equiv)
was dissolved in water and added
to the mixture under vigorous stir-
ring. After 24 h at room tempera-
ture, MnO, was filtered and acetone evaporated. The aqueous
layer, adjusted to pH 4 with a solution of citric acid (4%), was ex-
tracted with CH,Cl,. The combined organic layers were dried
(Na,SO,) and concentrated under decreased pressure. The crude
mixture was then purified by flash chromatography on silica gel
(CH,Cl,/MeOH 95:5) for 2 (330 mg, 60%) and (C¢H,,/AcOEt 9:1) for
4(1.010 g, 70%).

Preparation of the unprotected thiohydroxamic ester derivative
and protected thiohydroxamic ester 5: In a flask protected from
light, carboxylic acid 4 or 2 and 2-thiopyridine-N-oxide (20 equiv
for 2 and 1.2 equiv for 4) were mixed in CH,Cl, (10 mL) at 0°C.
DCC (2 equiv) was added slowly, and the mixture was stirred at
room temperature overnight. After completion of the reaction,
N,N-dicyclohexylurea (DCU) was removed by filtration on a celite
column. The filtrate was concentrated under decreased pressure at
30°C. The crude mixture was purified by flash chromatography
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(CH,Cl,/MeOH 98:2 for unprotected thiohydroxamic ester, C;H,,/
Et,0O 7:3 for 5) leading to 2 (128 mg, 75 %) or 5 (220 mg, 80 %).

Radical decarboxylation and quinone addition to give 6-8: In a
pyrex tube, 5 and the appropriate quinone (3 equiv) were mixed in
CH,Cl, (2 mL). The reaction mixture was subsequently exposed to
light from a halogen lamp (500 W) placed ~20 cm away while
maintaining the temperature between 0and 10°C. After comple-
tion of the reaction (1 h, monitored by TLC), the reaction mixture
was diluted with CH,Cl, (20 mL), and the remaining quinone ex-
tracted in its hydroquinone form by a saturated solution of sodium
thiosulfate (4x40 mL). The organic layer was dried (Na,SO,), fil-
tered through a small MnO, column, and concentrated under de-
creased pressure. The crude mixture was then purified by flash
chromatography (C¢H;,/AcOEt 97:3) to give 6 (120 mg, 51%), 7
(59 mg, 54%) or 8 (55 mg, 39%).

Elimination of the thiopyridyl group to obtain 12 and 13: A solu-
tion of quinone 6 (21 mg, 0.019 mmol) or 7 (16 mg, 0.015 mmol) in
dry THF (2 mL) was treated with excess Raney nickel (W-2, 50%
slurry in water, 200 mg) at reflux for 45 min. The reaction mixture
was then filtered through a small celite column, washed with
CH,Cl, and Et,0, and the filtrate was concentrated under decreased
pressure. The residue was dissolved in CH,Cl, (4 mL) and washed
with a solution of aqueous copper sulfate (10%, 3x5 mL) and then
water (2x5 mL). The organic fraction was dried (Na,SO,) and con-
centrated under decreased pressure. The residue was treated with
excess MnO, (50 mg) while stirring in CH,Cl, at room temperature
for 15 min for oxidation, filtered on a small celite column, and con-
centrated to give 12 (13 mg, 69%) or 13 (12 mg, 80%).

Radical rearrangement of 5 into 16: In a pyrex tube, thiohydroxa-
mic ester 5 (44 mg, 0.043 mmol) was dissolved in benzene (2 mL,
(caution!)). The reaction mixture was exposed to light from a halo-
gen lamp (500 W) placed ~20 cm away while maintaining the
temperature between 0and 10°C. At the end of the reaction
(~10 min, monitored by TLC), the mixture was concentrated
under decreased pressure, dissolved in CH,Cl,, and washed with a
solution of aqueous copper sulfate (10%). The organic layer was
dried (Na,S0,) and concentrated under decreased pressure. The
residue was then purified by flash chromatography (C¢H,,/AcOEt
99:1, 95:5, and 8:2) to give 16 (10 mg, 24 %).

Radical decarboxylative hydroxylation to afford 20: tert-butanethiol
(18 mg, 22 uL, 0.204 mmol, 4 equiv) was added to a solution of 5
(52 mg, 0.051 mmol) in toluene (5mL) at 0°C. The reaction mix-
ture, stirred under air bubbling, was exposed to light from a halo-
gen lamp (500 W) placed ~20cm away for 1 h. Triphenylphos-
phine (20 mg, 0.077 mmol, 1.5 equiv) was added, and the mixture
was stirred for 5 min. The solvent was evaporated under decreased
pressure, and the residue was purified by flash chromatography
(CgH,,/AcOEt 97:3) to give 20 (27 mg, 60 %).

Radical reduction to afford 18: Thiophenol (5mg, 5 pL,
0.048 mmol, 3 equiv) was added to a solution of thiohydroxamic
ester 5 (16 mg, 0.016 mmol) in CH,Cl, at 0°C. The reaction mixture
was exposed to light from a halogen lamp (500 W) placed ~20 cm
away for 1 h with the temperature kept between 0and 10°C. At
the end of the reaction, the organic layer was washed with an
aqueous saturated solution of NaHCO,, dried (Na,SO,), and concen-
trated under decreased pressure. The residue was purified by flash
chromatography (C4H,, followed by C¢H,,/AcOEt 95:5) to give 18
(7 mg, 50%).

Elimination of TBDMS groups to afford 2, 9-11, 14, 15, 17, 19 and
21: to a solution of silylated compound (4: 20 mg, 22 umol; 6:
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73 mg, 67 umol; 7: 15 mg, 14 pmol; 8: 47 mg, 42 umol; 12: 11 mg,
11 umol; 13: 10 mg, 10 pmol; 16: 6 mg, 6 pmol; 18: 6 mg, 7 umol;
20: 10 mg, 11 umol) in CH,CI,/CH;CN (5:1) in an ice bath, HF was
added dropwise (50% aq., 75 equiv). The mixture was stirred at
room temperature for 45 min and quenched with an aqueous satu-
rated solution of NaHCO,. The deprotected product was extracted
with CH,Cl, (3x5mL), and the combined organic layers were
washed with an aqueous saturated solution of NaHCO; (3x 10 mL)
and concentrated under decreased pressure to give 2 (11 mg,
90%), 9 (42 mg, 86%), 10 (45 mg, 43%), 11 (32mg, 97%), 14
(5mg, 70%), 15 (5mg, 77%), 17 (3 mg, 75%), 19 (4 mg, 100 %),
and 21 (5 mg, 83%).

Biology. Cell culture and treatments: Jurkat cells (clone E6-1) were
cultured in complete culture medium (RPMI 1640 supplemented
with 10% fetal calf serum (FCS), L-glutamine (2 mm), and penicil-
lin/streptomycin (100 UmL™" each)) and maintained at 37°C in a
humidified atmosphere of CO, (5%). For the screening of squamo-
cin derivatives, cells were cultured to a density of 5x10° mL™' on
flat-bottomed 96-well plates (Nunc). 10° cells (200 uL) per well
were treated with a given derivative (1.5, 15 and 30 um) for 24 h.
For the characterization of apoptotic pathways, Jurkat cells at a
density of 5x10° mL™" were treated with compounds 1 or 14 in a
concentration range of 1-30 um for 1-24 h. To avoid practical
problems linked with the particular physicochemistry of acetoge-
nins, each derivative was distributed in absolute ethanol (10 mm)
and diluted in complete culture medium to a final concentration
of 60 um. Of this, 100 uL were added to 100 pL of cultured cell sus-
pension (10° cellsmL™") to afford the dilution at 30 um. Apoptosis
was induced by treatment of cells with the topoisomerase Il inhibi-
tor etoposide (Sigma-Aldrich, St. Louis, USA); apoptosis was inhib-
ited by pre-incubation (30 min) with the general caspase inhibitor
z-VAD.fmk (50 um), the caspase3 and caspase 7 inhibitor z-
DEVD.fmk, the caspase 2 inhibitor z-VDVAD.fmk, the caspase 9 in-
hibitor z-LEHD.fmk, or the caspase 8 and caspase 10 inhibitor z-
IETD.fmk (all from Enzyme Systems Products, Livermore, USA).

Cytofluorometric determination of cell death: To evaluate cell per-
meability, control and treated cells were stained with propidium
iodide (0.5 pgmL~', Sigma-Aldrich, St. Louis, USA), and the fluoro-
chrome incorporation was immediately analyzed on a flow cytome-
ter (FACSCalibur, BD Biosciences, San Jose, USA). AW, was mea-
sured after incubating cells at 37°C for 15 min with the cationic lip-
ophilic fluorochrome DiOCq(3) (40 nm, Sigma-Aldrich, St. Louis,
USA). In parallel, cells were also stained with hydroethidine (2 um,
Molecular Probes, Eugene, USA) and with an annexin V-APC conju-
gate (1 uL, Bender Medsystems, Vienna, Austria) to measure the
generation of superoxide anion and to assess aberrant PS expo-
sure, respectively. For quantitation of hypo-diploid cells, Jurkat
cells were treated with squamocin (15 pm), its derivative 14
(2.5 um), or etoposide (40 um) for 24 h. After two washes in phos-
phate-buffered saline (PBS), cells were fixed with ethanol (70%)
and placed overnight at —20°C. Prior to analysis, cells were
washed, re-suspended in PBS containing RNase A (100 ugmL™")
and Pl (2 ugmL™"),** and immediately analyzed by flow cytometry.
For each labeling, a total of 10000 events were considered.

Bcl-2 and Bcl-xL overexpression: Jurkat cells were stably transfect-
ed either with pcDNA3.1 control vector (Neo), or with pcDNA3.1-
subcloned human Bcl-2 and Bcl-xL inserts, kindly provided by Dr.
J. L. Fernandez-Luna (University Hospital of Santander, Spain).”®

Fluorescence microscopy: After treatment with squamocin (30 um)
or its benzoquinone analogue 14 (5 um) for 6 h, Jurkat cell viability
was evaluated with the viability sensor Celltracker (Molecular
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Probes). Briefly, harvested cells were stained at 37°C for 15 min
with the fluorescent probe (10 mm), washed in PBS, and fixed with
paraformaldehyde (1%) for 15 min. After a second wash in PBS,
cells were centrifuged on glass cover-slips coated with poly-L-
lysine, counterstained for DNA detection with Hoechst 33342
(1 um, Sigma-Aldrich, St. Louis, USA), and mounted in Mowiol (Cal-
biochem, La Jolla, USA). Preparations were observed with a Nikon
Eclipse TE2000-U microscope, and analyzed with Nikon ACT-1 soft-
ware. For immunofluorescent labeling of intracellular Bak and cyto-
chrome ¢, Jurkat cells were treated with squamocin (15 um) or its
benzoquinone analogue 14 (5 um) for 6 h, and then prepared on
glass cover-slips coated with poly-L-lysine, as described above.
Cover-slips were washed twice in PBS, and cells were briefly per-
meabilized with PBS containing saponin (0.1 %), as described previ-
ously.”” A mouse-derived antiserum against Bak or cytochrome c
was added to permeabilized cells (1/100 and 1/150, respectively,
BD Pharmingen, San Diego, USA), and monitored with a goat anti-
mouse IgG conjugated to TRITC (1/150, Sigma-Aldrich, St. Louis,
USA). Cover-slips were then mounted and analyzed as above.

DNA gel electrophoresis: For field inversion gel electrophoresis
(FIGE), cells were treated with squamocin (15 um) or its benzoqui-
none analogue 14 (2.5 um) for 6 h, washed once in PBS, and in-
cluded in agarose plugs (2x 10° cells). DNA was then prepared as
previously described,”® and separated on a FIGE Mapper cell (1%
agarose, 0.5XTBE, Bio-Rad Laboratories). Running conditions:
180 V (forward pulse), 120 V (reverse pulse), and 1.5 and 3.5 s for
the initial and final switch times (forward and reverse pulses, linear
ramp) for 20 h. For the detection of nucleosomal DNA fragmenta-
tion, DNA was extracted from lysed cells according to standard
protocols in the presence of protease K and RNAse A, and then
subjected to conventional horizontal agarose gel electrophoresis
(1.8%, TAE) followed by staining with ethidium bromide.
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