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ABSTRACT: Heterocyclic analogues of squamocin have been semisynthesized by condensation reactions
between squamocin-derivedR-keto esters and heterodinucleophiles. The strong complex I inhibitory potency
of squamocin-benzimidazole, a hybrid derivative, illustrates for the first time the functional analogy existing
between the terminal butenolide of annonaceous acetogenins and heteroaromatic substructures of classic
inhibitors of the enzyme. This finding supports the categorization of this atypical group of inhibitors as
antagonists of the ubiquinone substrates. In addition, competition experiments of squamocin-benzimidazole
versus squamocin and rolliniastatin-2 suggest that the binding of this hybrid inhibitor is responsible for
a negative allosteric effect at the level of the first ubiquinone-binding site (A site) of mitochondrial complex
I. This result supports the existence of a large cooperatively regulated inhibitor/ubiquinone-binding pocket
located within the catalytic core of the enzyme, consisting of the association of the previously defined
affinity sites A and B.

Acetogenins from Annonaceae exhibit a broad range of
biological activities (e.g., cytotoxic, insecticidal, and anti-
parasitic) (1) resulting from potent inhibition of the NADH-
ubiquinone oxidoreductase (complex I) as a highly conserved
mitochondrial target (2, 3), causing a drop of ATP biosyn-
thesis and cell death by apoptotic mechanisms (4). From a
mechanistic viewpoint, the precise interaction between these
new types of agents, which are structurally unrelated to
classic complex I inhibitors, and their enormous enzymatic
target is unknown. In particular, the role of the terminal
butenolide as a quasi-ubiquitous and necessary moiety in the
core of the acetogenins remains a puzzling question, this
nucleus being substitutable by various lactonic prints (5, 6)
but not by simple carboxylic or ether functions (7). For the
first time, Hoppen et al. showed that the butenolide of
acetogenins was completely substitutable by the ubiquinone
ring (8), suggesting that this part of the inhibitor was
specifically acting at the level of a quinone-reduction site.
In marked contrast, Hamada et al. recently introduced
lactone-devoid, terminally unsubstituted acetogenins as
inhibitors of similar potency than their lactonic counterparts
(9). Such analogues, however, exhibited no competition with
the model compound, suggesting a mode of interaction
different from that of natural acetogenins (10-12). We report
here the semisynthesis and biochemical evaluation of a small
library of lactone-devoid heterocyclic analogues of squamo-

cin 1 (Figure 1), a potent respiratory inhibitor among this
class of compounds (10). These derivatives were targeted
because of the analogy existing between readily synthesizable
substructures and known pharmacophores of complex I
inhibitors. The key reaction of this strategy is a preparative
ruthenium(VIII)-catalyzed periodic oxidation of the terminal
lactone of protected squamocin1p (13), leading to aceto-
genin-derivedR-keto esters2p and 3, which were in turn
condensed with the appropriate 1,2-heterodinucleophiles
(Scheme 1).

MATERIALS AND METHODS

Materials.Squamocin1 was isolated in significant quantity
from the seeds ofAnnona reticulata, collected in Vietnam,
using a described procedure (14). NMR spectra (1H, COSY,
HOHAHA, NOE, HMQC, HMBC experiments) were re-
corded on a Bruker AC-200 (200 MHz) or a Bruker AM-
400 (400 MHz) spectrometer. Mass spectra (MS or HRMS)
were recorded on a Kratos MS-80 Rf spectrometer. Column
chromatography was performed with silica gel 60 (9385
Merck) or Sephadex LH-20 (Pharmacia). TLC were per-
formed on aluminum plates coated with silica gel 60F254 (554
Merck) and revealed with vanillin-sulfuric acid reagent.
Solvents used in this study were dried and redistilled using
described procedures. 2-n-Decylubiquinone (DB1), rotenone,
capsaicin, and myxothiazol were purchased from Sigma;
DQA was a generous gift from Aventis-Cropscience (Frank-
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furt am Main, Germany); rolliniastatin-2 and 2-n-undecylqui-
nolone6 were kind gifts from Dr. M. Degli Esposti (School
of Biological Sciences, University of Manchester, UK) and
Prof. W. Oettmeier (Ruhr-Universita¨t, Bochum, Germany),
respectively; 1-n-decylbenzimidazole14 and 1-geranyl-2-
methylbenzimidazole15 were synthesized according to
Kuwano et al. (15).

Semisynthesis.Compounds1p, 2p, 5p, 5, 12, 13p, 13, and
16 were obtained as previously described (13).

Compound3. To a solution of lacticR-keto ester2p (1.10
g, 1.09 mmol) in MeOH (19 mL) was added MeOH-washed
Amberlyst-15 (2.20 g). The mixture was heated to 60°C
and stirred at that temperature for 5 h. The reaction medium
was diluted by EtOAc (19 mL) and filtered over Celite-545.
The filtrate was evaporated in vacuo and the residue
chromatographed over a column of Sephadex LH-20 (CH2-
Cl2 100%), yielding methylR-keto ester3 (438 mg, 66%)
as a colorless resin:1H NMR (200 MHz, CDCl3) δ 0.88
(m, 3H, H-34,J ) 6.8 Hz), 1.60 (m, 4H, H-18, H-21), 1.93
(m, 4H, H-17, H-22), 2.82 (t, 2H, H-3,J ) 8 Hz), 3.40 (m,
1H, H-15), 3.57 (m, 1H, H-28), 3.82-3.93 (m, 5H, H-16,
H-19, H-20, H23, H-24), 3.86 (s, 3H, H-35); ESIMSm/z
635 (M + Na)+, 651 (M + K)+.

Compound4. To an ice-cold solution ofR-keto ester3
(27 mg, 44µmol) in MeOH (0.8 mL) was added dropwise
a solution ofo-aminophenol (10 mg, 88µmol) in MeOH
(0.4 mL). The mixture was stirred for 1 h at 0°C then 2 h
at room temperature. The reaction medium was evaporated
in vacuo, and the residue filtered over a small column of
Sephadex LH-20 (CH2Cl2/MeOH 97:3 v/v), furnishing
benzoxazinone4 (26 mg, 88%) as a pale-yellow solid:1H
NMR (400 MHz, CDCl3) δ 0.87 (t, 3H, H-34,J ) 6.7 Hz),
1.65 (2H, H-4), 1.61 (m, 4H, H-18, H-21), 1.96 (m, 4H,
H-17, H-22), 2.88 (t, 2H, H-3,J ) 7.7 Hz), 3.39 (m, 1H,
H-15), 3.59 (m, 1H, H-28), 3.84 (m, 4H, H16, H-19, H-20,
H-23), 3.91 (m, 1H, H-24), 7.28 (dd, 1H, H-39,J ) 8.4

Hz), 7.35 (td, 1H, H-37,J ) 7.7 Hz,J ) 7.9 Hz), 7.46 (td,
1H, H-38,J ) 7.7 Hz), 7.73 (dd, 1H, H-36,J ) 7.9 Hz);
ESIMSm/z672 (M + H)+, 694 (M+ Na)+, 710 (M+ K)+;
HRESIMS m/z (M + H)+ calculated 672.4839, found
672.4846.

Compound7p.To an ice-cold solution ofR-keto ester2p
(150 mg, 0.15 mmol) in MeOH (3 mL) was added dropwise
a solution of 3-methoxy-o-phenylenediamine (22.5 mg, 0.163
mmol) in MeOH (1.25 mL). The mixture was stirred for 2
h at 0°C, diluted by water (3 mL), and extracted by CH2Cl2
(3 × 5 mL). The organic phases were gathered, dried (Na2-
SO4), and then evaporated in vacuo. The crude product was
chromatographed over a column of silica gel (EtOAc/
cyclohexane 30:70 v/v), furnishing 37-methoxyquinoxalinone
7p (74 mg, 48%) as a pale-yellow solid:1H NMR (200
MHz, CDCl3) δ 0.02-0.06 (m, 18H, Me-Si), 0.87 (m, 30H,
tBu-Si, H-34), 1.66 (m, 4H, H-18, H-21), 1.83 (m, 6H, H-4,
H-17, H-22), 2.96 (t, 2H, H-3,J ) 8 Hz), 3.60 (m, 2H, H-15,
H-28), 3.76 (m, 1H, H-24), 3.87 (m, 4H, H-16, H-19, H-20,
H-23), 3.87 (s, 3H, H-41), 7.10 (dd, 1H, H-37,J ) 8.9 Hz),
7.20 (s, 1H, H-39), 7.27 (dd, 1H, H-36), 11.64 (s, 1H, NH);
ESIMSm/z1043 (M+ H)+, 1065 (M+ Na)+, 1081 (M+
K)+.

Compound7. To a solution of 37-methoxyquinoxalinone
7p (30 mg, 28.8µmol) in MeOH (1 mL) was added MeOH-
washed Amberlyst-15 (240 mg). The mixture was heated to
40 °C and stirred at that temperature for 7 h. The reaction
medium was diluted with EtOAc (1 mL) and filtered over
Celite-545. The filtrate was evaporated in vacuo and the
crude product chromatographed over a column of Sephadex
LH-20 (CH2Cl2 100%), furnishing 37-methoxyquinoxalinone
7 (12 mg, 59%) as a pale-yellow solid:1H NMR (200 MHz,
CDCl3) δ 0.87 (t, 3H, H-34,J ) 6.5 Hz), 1.64 (m, 4H, H-18,
H-21), 1.82 (m, 1H, H-4), 1.95 (m, 4H, H-17, H-22), 2.93
(t, 2H, H-3, J ) 8 Hz), 3.42 (m, 1H, H-15), 3.62 (m, 1H,
H-28), 3.89 (s, 3H, H-41), 3.90 (m, 5H, H-16, H-19, H-20,
H-23, H-24), 6.66 (d, 1H, H-36,J ) 2 Hz), 6.90 (dd, 1H,
H-38), 7.72 (d, 1H, H-39,J ) 8 Hz), 10.78 (s, 1H, NH);
ESIMSm/z723 (M + Na)+, 739 (M+ K)+; HRESIMSm/z
(M + H)+ calculated 701.5105, found 701.5110.

Compound8. To a solution ofR-keto ester3 (40 mg, 65.4
µmol) in toluene (1.2 mL) was added 2,3-diaminopyridine

FIGURE 1: Structures of novel squamocin-derived inhibitors of complex I.

Scheme 1
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(9.2 mg, 84.4µmol) and then imidazole (9.0 mg, 0.13 mmol).
The reaction mixture was heated to 45°C, stirred at that
temperature for 3 h, and then evaporated in vacuo. The crude
product was chromatographed over a column of Sephadex
LH-20 (CH2Cl2/MeOH 97:3 v/v), furnishing 39-pyridopy-
razinone8 (27 mg, 61%) as a white amorphous solid:1H
NMR (200 MHz, CDCl3) δ 0.87 (t, 3H, H-34,J ) 6.5 Hz),
1.61 (m, 4H, H-18, H-21), 1.88 (m, 1H, H-4), 1.97 (m, 4H,
H-17, H-22), 3.02 (t, 2H, H-3,J ) 7.6 Hz), 3.39 (m, 1H,
H-15), 3.59 (m, 1H, H-28), 3.84 (m, 4H, H-16, H-19, H-20),
3.93 (m, 2H, H-23, H-24), 7.43 (dd, 1H, H-37,J ) 4.5 Hz,
J ) 8.1 Hz), 7.75 (dd, 1H, H-36), 8.65 (dd, 1H, H-38);
ESIMSm/z672 (M + H)+, 694 (M+ Na)+, 710 (M+ K)+;
HRESIMS m/z (M + H)+, calculated 672.4951, found
672.4957.

Compound9p. To a solution ofR-keto ester2p (156 mg,
0.15 mmol) in toluene (2.5 mL) was added 1,2-diaminoan-
thraquinone (48 mg, 0.2 mmol) and then AcOH (254µL,
4.62 mmol). The mixture was heated to 70°C and stirred at
that temperature for 15 h. The reaction medium was
evaporated in vacuo, the residue retaken in cyclohexane, and
the insoluble filtered over Whatman GF/A. The filtrate was
evaporated in vacuo, and the crude product chromatographed
over a column of silica gel (EtOAc/cyclohexane 30:70 v/v),
furnishing anthraquinobenzopiperazinone9p (118 mg, 66%)
as a dark-violet solid:1H NMR (400 MHz, CDCl3) δ 0.02-
0.07 (m, 18H, Me-Si), 0.87 (m, 30H,tBu-Si, H-34), 1.65
(m, 4H, H-18, H-21), 1.85 (m, 4H, H-17, H-22), 2.31 (dt,
2H, H-4,J ) 7.3 Hz), 3.60 (m, 2H, H-28, H-15/H-24), 3.76
(m, 1H, H-15/H-24), 3.87 (m, 2H, H-19, H-20), 3.90 (m,
2H, H-16, H-23), 5.93 (t, 1H, H-3,J ) 7.6 Hz), 7.02 (d,
1H, H-36,J ) 8 Hz), 7.64 (dd, 2H, H-41, H-44), 7.68 (d,
1H, H-37), 8.17 (m, 2H, H-42, H-43), 10.09 (s, 1H, amide-
NH, NOE H-36/NH), 11.59 (s, 1H, enamine-NH, NOE H-3/
NH); ESIMS m/z1143 (M + H)+, 1165 (M + Na)+.

Compound9. To a solution of anthraquinobenzopiperazi-
none9p (57 mg, 50µmol) in a MeOH/t-BuOH/heptane 73:
24:3 v/v/v mixture (4 mL) was added MeOH-washed
Amberlyst-15 (450 mg). The mixture was heated to 45°C
and stirred at that temperature for 10 h. The reaction medium
was diluted by EtOAc (2 mL) and filtered over Celite-545.
The filtrate was evaporated in vacuo and the crude product
chromatographed over a column of Sephadex LH-20 (CH2-
Cl2/MeOH 97:3 v/v), furnishing anthraquinobenzopiperazi-
none9 (34 mg, 85%) as a dark-violet solid:1H NMR (200
MHz, CDCl3) δ 0.87 (t, 3H, H-34), 1.64 (m, 4H, H-18,
H-21), 1.89 (m, 4H, H-17, H-22), 2.32 (dt, 2H, H-4,J ) 8
Hz), 3.41 (m, 1H, H-15), 3.61 (m, 1H, H-28), 3.90 (m, 5H,
H-16, H-19, H-20, H-23, H-24), 5.95 (t, 1H, H-3,J ) 8
Hz), 7.05 (d, 1H, H-36,J ) 8 Hz), 7.71 (dd, 2H, H-41,
H-44), 7.75 (d, 1H, H-37), 8.26 (m, 2H, H-42, H-43), 9.64
(s, 1H, amide-NH), 11.68 (s, 1H, enamine-NH); ESIMSm/z
823 (M + Na)+; HRESIMS m/z (M + H)+ calculated
801.5054, found 801.5052.

Compound10. To a solution ofR-keto ester3 (80 mg,
0.13 mmol) int-BuOH (2.5 mL) was added a solution of
aminoguanidine·HCl (72 mg, 0.65 mmol) and NaOAc (245
mg, 3.26 mmol) in water (2.5 mL). The biphasic mixture
was heated to reflux and stirred for 5 days. The upper organic
phase was decanted, and the aqueous phase reextracted by
t-BuOH (2× 3 mL). The organic phases were gathered, dried
(brine then Na2SO4), and then evaporated in vacuo. The

residue was twice resuspended in an ice-cold CH2Cl2/EtOAc
80:20 v/v mixture and the mother liquor discarded. The crude
product was retaken in a CH2Cl2/MeOH 50:50 v/v mixture
and filtered over cotton. The filtrate was evaporated in vacuo,
furnishing triazine10 (44 mg, 53%) as an amorphous white
solid: 1H NMR (200 MHz, CDCl3/MeOD 50:50 v/v)δ 0.87
(t, 3H, H-34), 1.60 (m, 4H, H-18, H-21), 1.94 (m, 4H, H-17,
H-22), 2.54 (t, 2H, H-3,J ) 7 Hz), 3.39 (m, 1H, H-15),
3.52 (m, 1H, H-28), 3.65 (m, 1H, H-24/H-23), 3.84 (m, 4H,
H-24/H-23, H-16, H-19, H-20); ESIMSm/z637 (M + H)+,
659 (M + Na)+, 675 (M + K)+. HRESIMSm/z(M + H)+

calculated 637.4895, found 637.4850.
Mitochondrial Complex I Assays.Inhibition of the NADH

oxidase activity of complex I from bovine SMP was
evaluated as described previously (12). Inhibition of the
NADH:DB activity was evaluated on a 96-well plate, using
a membrane concentration of 100µg/mL (21 µg SMP per
well), in a Tris-HCl buffer (50 mM, pH 7.4) containing 1
mM EDTA, 2 µM antimycin, 2 mM KCN, and 60µM DB.
Inhibitors were added as DMSO solutions, the proportion
of which never exceeded 2% and had no influence on the
control enzymatic activity. The wells were homogenized by
vibrating the plate for 4× 15 s, and reaction was started by
adding NADH (final concentration of 100µM). Enzymatic
activity was measured following NADH oxidation at 340-
400 nm (ε ) 6.22 mM-1 cm-1) on a Molecular Devices
SPECTRAmax PLUS384 spectrophotometer at 23°C. Each
assay was performed in triplicate. Residual enzymatic
activity, defined as the membrane NADH oxidase activity
not inhibited by a high concentration of inhibitor (1µM),
was subtracted when calculating theI50 values (defined as
concentrations required for half-maximal inhibition). Residual
NADH:DB oxidoreductase activities were as follow: squa-
mocin 1, 12%; benzimidazole13, 28%; quinoxalinone5,
21%; benzoxazinone4, 26%; imidazole16, 25%; 1-geranyl-
2-methylbenzimidazole15, 13%; rolliniastatine-2, 8%; DQA,
27%; rotenone, 10%. Significant residual activity may be
explained by some partial blockade of the access to the active
site(s) for Q in the presence of these inhibitors. Competition
experiments were performed according to Degli Esposti et
al. (10).

RESULTS

Inhibitor Design and Semisynthesis.Squamocin1 was first
protected as its tri-O-TBDMS silyl ether derivative1p and
then oxidized into lacticR-keto ester derivative2p as
described in our previous work (13). As the conditions used
to desilylate the three secondary alcohols of the acetogenin
skeleton (i.e. Amberlyst-15/MeOH) were sometimes found
to be incompatible with the neoformed heterocyclic system
(methanolysis of compound4 and irreversible linkage of
basic compounds8 and10 to the resin), certain analogues
were obtained by direct condensation of the corresponding
1,2-heterodinucleophiles with methylR-keto ester3 (Scheme
2). Importantly, the initial silylation of squamocin would
allow the biological evaluation of protected heterocyclic
triether analogues: while acetogenins are known to lose
potency upon peracetylation (5, 16), it is noteworthy that
the great majority of complex I inhibitors possesses strictly
lipophilic side chains (17-21). Therefore, a significant
activity of O-silylated heterocyclic analogues of squamocin
1 cannot be excluded.

Squamocins as Inhibitors of Mitochondrial Complex I Biochemistry, Vol. 45, No. 8, 20062723



As explained in the Introduction, the heteroaromatic nuclei
tested as substitutes for the natural butenolide of squamocin
1 are structurally analogous to known pharmacophores of
complex I inhibitors (21). In particular, the structure-activity
relationships within this class of agents suggest that (a) 1,3-
diazine systems (e.g. pyrimidines, quinazolines, benzimida-
zoles), as well as heteroatoms engaged in apara relationship,
constitute privileged patterns for heterocyclic nuclei of
inhibitors and (b) the interaction of carbonyl functions (e.g.,
p-quinones, 4-quinolones, chromones), and to a certain extent
that of hydroxy groups (4-pyridinols), is superimposable to
the one of intracyclic nitrogen atoms (e.g., pyrimidines,
quinazolines) with the inhibition sites of the enzyme. Less
importance was assigned to the ring position of the poly-
oxygenated chain of the acetogenin, in view of results in
the pyridinol (22, 23) and pyrazole (24-26) series. Moreover,
its atypical structure and strong amphipathy are presumably
responsible for a distinct interaction with complex I relative
to the apolar chains of classical inhibitors.

Aiming to first semisynthesize a lactonic heterocyclic
analogue of squamocin, benzoxazinone4 was targeted and
obtained by condensingo-aminophenol with unprotected
methyl R-keto ester derivative3. Similarly, the protected
lactic R-keto ester2p was condensed with aromatico-
diamines to yield quinoxalinone derivatives5, 7, 8, and9
(27) (Scheme 2). Acetogenins-derived quinoxalinones are
very similar electronically to 2-alkylquinolones, which are
classical mitochondrial inhibitors (17), an agent such as 2-n-
undecylquinolone6 being a moderately potent but specific
complex I inhibitor (Figure 2). In addition, the condensation
of lactic R-keto ester2p with 1,2-diaminoanthraquinone
permitted the introduction of a terminal quinone moiety on
the squamocin skeleton, furnishing the interesting polycyclic
anthraquinobenzopiperazinone derivative9 as one major
regioisomer after deprotection.

We next targeted triazine10as a pseudochimeric analogue
of squamocin that could be compared to HOE 11077911, a

potent synthetic pesticide whose biological target is complex
I (18, 21) (Figure 3). Such kind of derivatives also seemed
of interest as they feature monocyclic, electron-rich mimics
of the natural lactone, in view of the more lipophilic and
bulky nuclei introduced above. As explained previously,
unprotected triazine10was obtained by directly condensing
aminoguanidine.HCl on methylR-keto ester3 (27) (Scheme
2).

As part of this pharmacomodulation of squamocin1 by
heterocyclic semisynthesis, several original analogues, de-
scribed in our recent paper (13), were also of interest (Figure
4). Benzimidazole derivative13 is a hybrid-type inhibitor,
considering that the benzimidazole nucleus is the pharma-
cophore of synthetic insecticides acting as complex I
inhibitors (19, 28, 29). The dicyanoimidazole nucleus of
analogue16shows marked steric and electronic analogy with
that of tebufenpyrad17, a pyrazole pesticide also targeting
the mitochondrial enzyme (18, 26). Besides, lipophilic
2-substituted-4,5-dicyanoimidazoles have insecticidal/acari-
cidal properties (30) that could reflect an inhibition of
complex I. On the other hand, pyrazinol12 is featured by a
phenolic moiety that is not known to be a pharmacophore
of complex I inhibitors and the influence of which on the
activity has to be evaluated.

Inhibition of Mitochondrial Complex I.The activity of the
obtained heterocyclic derivatives of squamocin1 was evalu-
ated against complex I from bovine heart submitochondrial
particles (SMP), measuring inhibition of NADH oxidase and
NADH:DB oxidoreductase activities (Table 1). Benzimida-
zole13 was found to be a powerful inhibitor of the enzyme,
being of comparable potency to squamocin1 and 1-geranyl-
2-methylbenzimidazole15, and 10 times more active than
simple 1-n-decylbenzimidazole14 (10, 28, 29). Similarly,
quinoxalinone5 possessed a high activity that was superior
to that of 2-n-undecylquinolone6 (17) and showed a loss of
potency identical to that of benzimidazole13 under quasi-

Scheme 2a

a Reagents and conditions: (a) Amberlyst-15, MeOH, 60°C, 5 h,
66%; (b)o-aminophenol, MeOH, 0°C to rt, 3 h, 88%; (c) 5-methoxy-
o-phenylenediamine, MeOH, 0°C, 2 h, 48%; (d) Amberlyst-15, MeOH,
40 °C, 7 h, 59%; (e) 1,2-diaminoanthraquinone, AcOH, toluene, 70
°C, 15 h, 66%; (f) Amberlyst-15, MeOH/t-BuOH/hexane (73:24:3) v/v/
v, 45 °C, 10 h, 85%; (g) 2,3-diaminopyridine, ImH, toluene, 45°C, 3
h, 61%; (h) aminoguanidine·HCl, NaOAc,t-BuOH/H2O 50:50 v/v, 100
°C, 5 h, 53%.

FIGURE 2: Structural analogy between squamocin-quinoxalinone
5 and 2-n-undecylquinolone6.

FIGURE 3: Structural analogy between squamocin-triazine10 and
HOE 11077911.

2724 Biochemistry, Vol. 45, No. 8, 2006 Duval et al.



saturating concentrations of exogenous quinone. Both qui-
noxalinone5 and benzimidazole13 exhibited in fact an
inhibitory potency similar to DQA (31) tested as a reference
for heteroaromatic inhibitors of complex I. Interestingly,
benzoxazinone4 and quinoxalinone5 identically inhibited
the NADH:DB oxidoreductase activity of the enzyme,
showing the equivalence of the lactone and lactame functions
at this level. This behavior most probably makes benzox-
azinone4 a powerful inhibitor of complex I in limited
turnover conditions (NADH oxidase activity). However,
substitution of the quinoxalinone nucleus by a methoxy group
or an intracyclic nitrogen atom had a limited though
unfavorable influence on the inhibitory activity (analogues
7 and8). On the other hand, anthraquinobenzopiperazinone

9, triazine10, dicyanoimidazole16, and especially pyrazinol
12 appeared to be weaker complex I inhibitors than natural
squamocin1, exhibiting even lower potencies than mono-
THF (type A) acetogenins such as annonacin (32). As a way
to qualitatively define the mode of action of these novel
acetogenin analogues, competition experiments were per-
formed as double-reciprocal and Dixon plots taking squa-
mocin-benzimidazole13 as representative agent (10) (data
not shown). This hybrid inhibitor behaved noncompetitively
towardn-decylubiquinone used as an artificial substrate, a
character shared by squamocin1 as well as synthetic
benzimidazoles (10, 33). More surprisingly, squamocin-
benzimidazole13 was found to exhibit mixed competition
with squamocin1 and was exclusive with rolliniastatin-2,
despite the fact that squamocin1 and benzimidazoles seem
to occupy the same region (rotenone/B site) within complex
I (10, 12, 28, 33), while rolliniastatin-2 has been assigned
to the first region (A site) of the large inhibitor-binding
domain of the enzyme (10-12). In addition, derivatives5p
and13pwere tested as trisilylated representatives and found
to be devoid of inhibitory activity at a concentration of 3
µM, identically to tri-O-TBDMS-squamocin1p (Table 1).

DISCUSSION

Annonaceous Acetogenins as Antagonists of Q Substrates.
The great majority of specific complex I inhibitors, acting
at the level of the ubiquinone cycle between complexes I
and III, exhibit noncompetitive or uncompetitive behavior
against the artificial substraten-decylubiquinone (10-12, 18,
21, 32-36). The absence of mutual exclusivity between such
inhibitors and ubiquinones, despite their often striking
structural similarity and common structure-activity relation-
ships (17-19, 37-39), represents one major difficulty to
identify the actual sites of action of these extremely potent
agents and their relation to the Q-reduction sites. It has to
be realized, however, that the high potency of such inhibitors
(exhibiting apparent stoichiometric binding to the enzyme
and subnanomolarKi values) in comparison to the much
weaker affinities of synthetic ubiquinones (Km in the micro-
molar range) (10, 37, 40-42) makes competition between
these inhibitors and Q substrates very unlikely to be observed.
Moreover, it has been suggested that certain inhibitors may
in fact act as ubisemiquinones antagonists and thus only
indirectly compete with ubiquinone (21, 43, 44). Interest-
ingly, an action as transition state analogues could explain
the high potency of such inhibitors. In a similar manner,
inhibitors acting as ubiquinol antagonists do not necessarily
compete with ubiquinone (20, 33, 34). The assumption that
many inhibitors of complex I actually occupy Q-reduction
sites is supported by their possible action against mitochon-
drial complex III as well as bacterial photosystems (10, 18,
34, 35), in a manner characterized as antagonism toward the
Q substrates (45, 46) (see below). At first sight, the structural
analogy between ubiquinone species and inhibitors such as
the annonaceous acetogenins is rather limited. Nevertheless,
Degli Esposti et al. demonstrated that the dual behavior of
rolliniastatin-1 and molvizarin was identical to that of
piericidin A (10, 47, 48), which was shown to directly
antagonize the binding of endogenous ubiquinone (42).
Rolliniastatin-2 was later quoted to specifically compete with
10′-hydroxy-n-decylubiquinone (idebenone) for the occu-
pancy of the most upstream inhibition site (A site) of the

FIGURE 4: Structural analogy between squamocin derivatives13
and16and complex I inhibitors in the benzimidazole and pyrazole
series.

Table 1: Inhibitory Activities of Mitochondrial Complex Ia (I50,
nMb) of the Described Analogues of Squamocin 1

compound
NADH
oxidase

NADH:DB
oxidoreductase

squamocin,1 0.8 1.3
benzimidazole,13 0.9 3.3
quinoxalinone,5 2.0 7.9
benzoxazinone,4 ntc 8.1
37-methoxyquinoxalinone,7 nt 10
39-pyridopyrazinone,8 nt 17
antraquinobenzopiperazinone,9 13 nt
imidazole,16 14 41
triazine,10 19 nt
pyrazinol,12 122 nt
tri-O-TBDMS-squamocin,1p >3000 nt
tri-O-TBDMS-benzimidazole,13p >3000 nt
tri-O-TBDMS-quinoxalinone,5p >3000 nt
1-geranyl-2-methylbenzimidazole,15d 1.6 6.8
1-n-decylbenzimidazole,14d 11 nt
2-n-undecylquinolone,6d 8.2 nt
DQAd nt 4.9
rolliniastatin-2d nt 1.5
rotenoned 4.9 28
myxothiazold nt 170

a Tests performed on bovine heart submitochondrial particles (SMP).
b Concentrations required for half-maximal inhibition (see Materials
and Methods).c Not tested.d Reference inhibitors.

Squamocins as Inhibitors of Mitochondrial Complex I Biochemistry, Vol. 45, No. 8, 20062725



inhibitor-binding domain of complex I (10, 21, 49), indicating
its equivalence with an ubiquinone-binding site. [The fact
that idebenone was nonexclusive with rotenone (binding at
the B site) excludes the possibility of indirect competition
with rolliniastatin-2 via some negative cooperativity exerted
from site B to site A. See the text.] More recently, Hoppen
et al. and then Yabunaka et al. showed that the butenolide
of several acetogenins was completely substitutable by the
ubiquinone ring, as by polymethoxylated phenyl moieties
in some cases (8, 40). In the present study, we show that
the benzimidazole nucleus of a potent complex I inhibitor
was substitutable for the terminal lactone of squamocin1.
This result illustrates for the first time the analogy existing
between this highly conserved substructure of acetogenins
and heterocyclic pharmacophores of representative inhibitors
acting as Q-mimics. Similarly, we have shown that turning
the butenolide of squamocin1 into captodatives,â-(E)-
methoxyacrylate-type moieties, was responsible for the co-
inhibition of complex III at the level of the Qo site, indicating
an antagonism with ubiquinol and/or semiquinone species
(50, Duval et al., unpublished material). Taken together, these
results support the concept that the common lactone moiety
of annonaceous acetogenins acts by mimicking the rings of
the Q substrates when binding to respiratory enzymes.

Role of theTerminal Lactone of Annonaceous Acetogenins.
The potent, terminally unsubstituted bis-THF acetogenins
introduced by Hamada et al. (9) do not compete with the
model acetogenin and exhibit distinct structure-activity
relationships (SAR) and were therefore presented as a new
type of complex I inhibitor. It has been shown, however,
that (i) acetogenins that only differ by the nature of their
lactone nucleus could possess radically distinct binding
features to complex I and be mutually nonexclusive (10-
12) and (ii) acetogenins targeting different binding sites of
complex I exhibit strikingly divergent SAR (6, 51); recipro-
cally, the observation of opposite SAR between analogous
series of derivatives is a logic presumption for distinct
binding modes to the enzyme, as exemplified by tet-
ramethoxyphenyle derivatives of mucocin, squamocin D, and
4-desoxy-24-epi-rolliniastatin-2 (7, 8, 40). In the present
study, the distinct behavior of squamocin-benzimidazole13
relative to squamocin1 clearly illustrates that the nature of
the terminal nucleus considerably influences the binding of
acetogenins to complex I. Moreover, the important differ-
ences of activity observed between our heterocyclic ana-
logues confirm that the terminal moiety of acetogenins should
not be considered an “innocent” structural feature. Regarding
the natural inhibitors, some observations suggest that the
frequent 4-hydroxylation of the alkyl chain is involved in
dual binding of the acetogenin (i.e. affinity for two inhibi-
tor/Q sites) relative to a 4-desoxy analogue (11, 12, 32).
Interestingly, the butenolide of 4-hydroxylated acetogenins
(lactonic subtype 1b) can be seen as a distinct pharmacophore
from the isolated nucleus (subtype 1a), because of the
existence of an intramolecular hydrogen bond (52) that
notably contributes to its pseudoaromaticity. Altogether, these
data show that the terminal lactone of annonaceous aceto-
genins qualitatively acts as a main kinetic signature, but does
not necessarily correspond to a crucial pharmacophore in
all cases. This ambiguity fundamentally addresses the role
of certain parts of the polyoxygenated chain as obligate
Q-mimicking moieties in the case of terminally unsubstituted

acetogenins, linked to the possibility for some terminally
substituted acetogenins to actually behave as “head-head”
chimeric inhibitors (i.e. double action at the level of two
inhibitor/Q sites via two tethered pharmacophores) (50, Duval
et al., unpublished material). At first sight, this behavior of
bis-THF acetogenins is opposite to that of its mono-THF
counterparts, for which inhibition seems to rely crucially on
the presence of a terminal lactone (53). Considering that all
mono-THF acetogenins tested so far homogeneously behaved
as one-site ligands (rotenone/B site) (10, 12, 54), this suggests
that an entire adjacent bis-THF system is required to act as
specific Q-mimic in the corresponding acetogenins.

Relationship between Inhibitor/Q-Binding Sites of Mito-
chondrial Complex I. The kinetic behavior of natural
acetogenins as complex I inhibitors is well established
relative to those of rotenone and piericidin A (10-12) and
is validated by the observation of several cross-resistance
phenomena inRhodobacter(55, 56). Acetogenins acting at
the level of the less specific inhibition site (rotenone/B site)
like squamocin1 behave noncompetitively towardn-decy-
lubiquinone, whereas acetogenins acting at the level of at
least the most upstream inhibitor/Q-binding site (A site) like
rolliniastatin-2 systematically exhibit uncompetitive behavior
toward this substrate. In this context, the unexpected features
of squamocin-benzimidazole13 against both squamocin1
and rolliniastatin-2, but its noncompetitive action toward
n-decylubiquinone, might be explained by a negative allos-
teric effect induced by the binding of13 to complex I,
underlying its apparent mutual exclusivity with rolliniastatin-
2. The putative allosteric action of complex I inhibitors was
first observed for 4′-alkyl-MPP+ derivatives by Ramsay et
al. (48, 57) and evidenced more recently (58, 59). It remains
to be established if this unusual behavior of squamocin-
benzimidazole13 is common to other heterocyclic squamocin
analogues such as the ones described in this study.

CONCLUSION

Besides the interest to elucidate the mechanism of action
of annonaceous acetogenins, which comprise the most potent
known inhibitors of mitochondrial complex I (6, 10, 16, 21),
the conception of chimeric agents remains a relevant method
for the characterization of inhibition sites and their relation
with the physiological Q-reduction sites of the enzyme. In
the present work, heteroaromatic moieties such as benzimi-
dazole, benzoxazinone, or quinoxalinone were shown to be
substitutable for the butenolide of the acetogenin squamocin
1, suggesting that this common nucleus possesses a functional
analogy with quinone-mimicking pharmacophores of typical
complex I inhibitors. Although the heterocyclic moiety of
squamocin-benzimidazole13 quantitatively reproduced the
interaction of the natural butenolide, it seemed that this
modification was responsible for a distinct binding mode to
complex I and for the occurrence of allosteric inhibition
presumably at the level of site A. These results support the
existence of a large ligand-regulated inhibitor/Q-binding
pocket within the ubiquinone-reducing core of the enzyme
(31, 56), formed in part by the association of the previously
defined affinity sites A and B. These sites possess in fact
very little inhibitor specificity (10-12, 21, 28, 29, 33, 42,
47, 48, 60) and seem to be largely overlapping. [In marked
contrast, the inhibitor-binding site C of complex I (capsaicin-
binding site) is targeted by distinct and specific chemical
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families (28, 29, 31, 33) and not by any acetogenin up to
now, despite possible overlap with site B, as suggested by
the binding of a chimeric vanilloid (31).] Altogether, our
study validates further design of acetogenin-derived tools to
dissect the pathway of the final electron-transfer step
occurring between complex I and ubiquinone.
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