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ABSTRACT. Studies on the inhibitory mechanism of acetogenins, the most potent inhibitors of mitochondrial
complex | (NADH-ubiquinone oxidoreductase), are useful for elucidating the structural and functional
features of the terminal electron transfer step of this enzyme. Previous studies of the stractivity
relationship revealed that except for the alkyl spacer linking the two toxophores (i.e., the hydroxylated
THF and they-lactone rings), none of the multiple functional groups of these inhibitors is essential for
potent inhibition. To elucidate the function of the alkyl spacer, two sets of systematically selected analogues
were synthesized. First, the length of the spacer was varied widely. Second, the local flexibility of the
spacer was specifically reduced by introducing multiple bond(s) into different regions of the spacer. The
optimal length of the spacer for inhibition was approximately 13 carbon atoms. The decrease in the strength
of the inhibitory effect caused by elongating the spacer from 13 carbons was much more drastic than that
caused by shortening. Local flexibility in a specific region of the spacer was not important for the inhibition.
These observations indicate that the active conformation of the spacer is not an extended form, and is not
necessarily restricted to a certain rigid shape. Moreover, an analogue in which a spacer covering 10 carbon
atoms was hardened into a rodlike shape still maintained a potent inhibitory effect. Our results strongly
suggest that the spacer portion is free from steric congestion arising from the putative binding site probably
because there is no cavity-like binding site for the spacer portion. The manner of acetogenin binding to
the enzyme may not be explained by a simple “key and keyhole” analogy.

More than 400 annonaceous acetogenins have beerare thought to act at the terminal electron transfer step of
isolated from the plant famil{Jvaria accuminata(Annon- complex | G, 7), there is still no hard experimental evidence
aceae) in the past two decad&s 8). Acetogenins have very  to verify whether the inhibitors bind to the ubiquinone
potent and diverse biological effects such as antitumor, reduction site §). Additionally, there are few structural
antimalarial, and pesticidal activitieg,(3). Recently, Lan- similarities between acetogenins and ordinary complex |
nuzel et al. showed that annonacin, one of natural acetoge-inhibitors such as piericidin A, rotenone, and several
nins, promotes dopaminergic neuronal death by impairing synthetic agrochemicals such as Fenpyroximate. Thus, if the
energy production, and suggested that acetogenins in tropicalinusual structural characteristics as well as the very strong
plants of the Annonaceae family play a role in some forms inhibitory effect of acetogenins are taken into account, a
of Parkinsonism4). The inhibitory effect of acetogenins on  detailed analysis of the inhibitory action of these inhibitors
mitochondrial NADH-ubiquinone oxidoreductase (complex would provide valuable insights into the terminal electron
[)*is of particular importance since their diverse biological transfer step of complex I. Toward this end, identification
activities are thought to be attributable to this effect. Some of the crucial structural factors responsible for the potent
acetogenins, such as bullatacin (Figure 1) and rolliniastatin- inhibition should be useful.

1, are the most potent inhibitors of bovine heart mitochondrial  The chemical structure of most natural acetogenins is

complex | identified to dateX-8). Although acetogenins .o acterized by four segments, namelypgrunsaturated
y-lactone ring, one to three tetrahydrofuran (THF) ring(s)
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Ficure 1: Structures of acetogenin derivatives examined in this study.

(10—14). With regard to the hydroxylated THF ring moiety, spacer. Thus, except for the alkyl spacer, the crucial structural
neither the number of THF rings nor the stereochemistry factors of acetogenins are entirely ambiguous, suggesting that
around this portion is an essential facté; (5—-17). The complex | recognizes each of the multiple functional groups
presence of either of two OH groups adjacent to the THF of the inhibitors in a fairly loose way. When the very high
ring(s) sufficiently sustains the potent activity8j. With affinity of some acetogenins for the enzyme is taken into
regard to the alkyl tail, a long tail is preferable, but not account K4 = 2—5 nM (7)], these observations seem to be
essential since even a methyl derivative elicited strong confusing.

inhibition at the nanomolar levell@). With respect to the Accordingly, elucidation of the dynamic function of the
spacer moiety, the presence of polar functional group(s) like spacer moiety is necessary to understand the inhibitory action
an OH group is not cruciab( 15, 20). Importantly, neither of acetogenins. In this study, to elucidate the optimal length
of the two components of the inhibitor synthesized indepen- of the spacer for the inhibitory effect, we synthesized a series
dently, i.e., the hydroxylated bis-THF ring with two alkyl of acetogenin derivatives in which the spacer’s length was
chains and thes-lactone ring with an alkyl chain, had an varied while other structural factors were the same (Figure
inhibitory effect by itself, and there was no synergistic 1). Further, to obtain insights into the active conformation
enhancement of the inhibitory activity between the two of acetogenin, we also synthesized a series of derivatives in
componentsdl, 22). These findings indicate that acetogenins which the local flexibility of the spacer was specifically
work as a strong inhibitor only when the hydroxylated THF reduced by introducing multiple bond(s) into different regions
and they-lactone moieties are directly linked by an alkyl of the spacer. Our results demonstrated thatjtiactone
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@ Reagents and conditions: (a) tet-butyldiphenylsilyloxy)-1-propynen-BuLi, Et,AICI, dry toluene, 0°C, 15 min, 76%; (b) (i) H, 10% Pd/C,
EtOH, rt, overnight, 99%, (ii) chloromethyl methyl etheirRr:NH, CH.Cl,, rt, 10 h, 97%, (iii) TBAF, THF, rt, 2 h, 92%, (iv) MsCI, g\, THF,
rt, 2 h, 97%, (v) Nal, acetone, rt, overnight, 85%; (c) lithium bis(trimethylsilyl)amide, THF, HMP28 to —20 °C, 2 h, 40%; (d) (imCPBA,
CH.Cl,, —40°C, 1 h, (ii) toluene, reflux, 1 h, 67% (2 steps), (iii) 5% AcCl (in MeOH), &b, rt, 88%; (e) (i) TMS-acetyleney-BuLi, ELAICI,
toluene, 0°C, 15 min, 93%, (ii) KCOs, MeOH, 88%; (f) tri(2-furyl)phosphine, Btiba}, (i-PrNH, dry benzene, rt, overnight, 62%; (g) (ixH
(PhP)XRICI, dry benzene, rt, 2 days, 69%, (CPBA, CHCl,, —40°C, 1 h, (iii) toluene, reflux, 1 h, 78% (2 steps); (h) Pd{Ph, Cul, E&N,
rt, 4 h, 90%; (i) TSNHNH, NaOAc, DME/HO (5:3), reflux, 4 h, 78%; (j) (i) TMS-acetylene;BuLi, ELAICI, toluene, 0°C, 15 min, 93%, (ii)
5% AcCI (in MeOH), CHCI,, rt, 97%, (iii) NBS, AgNQ, CH.Cl,, rt, 2 h, 86%; (k) (i) TMS-acetylene, Pd(§®).Cl,, (i-PrkxNH, dry benzene, rt,
overnight, 64%, (ii) KCOs;, MeOH, 68%; (I) sodium bis(trimethylsilyl)amide, 5-iodo-1-pentyne, HMPA, rt, 2 h, 76%; (m).(ijnorpholine,
overnight, 82%, (ilmCPBA, CHCl,, —40°C, 1 h, (iii) toluene, reflux, 1 h, 53% (2 steps); (n) (i) TMS-acetylene, tri(2-furyl)phosphingdPaly,
(i-PrpNH, dry benzene, rt, overnight, 49%, (i) TBAF (1 equiv), THRMH (95:5), rt, 2 h, 90%, (iii) NBS, AgNg CHxCl,, rt, 2 h, 73%; (0)
Pd(PRP)Cl,, (i-PrxNH, dry benzene, rt, overnight, 78%; (p) (i) TMS-acetylem&uLi, ELAICI, toluene, 0°C, 15 min, 93%, (ii) kCOs;, MeOH,
88%, (iii) NBS, AgNGs, CH.Cly, rt, 2 h, 71%; (q) (i) TMS-acetylene, tri(2-furyl)phosphine .@iba}, (i-PrLNH, dry benzene, rt, overnight, 47%,
(i) K2COs, MeOH, 68%; (r) tri(2-furyl)phosphine, Bglba}, (i-PrpNH, dry benzene, rt, overnight, 57%8%), 53% @0); (s) (i) n-BuLi, CH.Cl,
—78°C, 4 h, then CH, —40 °C, overnight, (ii)n-BuLi, |5, —78 °C, overnight, 21% (2 steps).

and the hydroxylated THF ring moieties act in a cooperative detailed investigation of the functional role of the spacer
manner on the enzyme with the support of the spacer andportion.

that an extended form of the spacer is not an active

conformation of the inhibitors. To take an active conforma- EXPERIMENTAL PROCEDURES
tion, a certain rigid form of the spacer was not necessarily = SynthesisA series of acetogenin analogues (Figure 1) was
required, probably because there is no cavity-like binding synthesized according to the procedures outlined in Schemes
domain for this portion. Our sets of compounds enabled 1 and 2. The synthetic details and the spectral data for the
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a Reagents and conditions: (a) (i) TMS-acetylend3uLi, ELAICI, dry toluene, 0°C, 15 min, 93%, (ii) KCOs;, MeOH, 88%; (b) Pd(PiP),
Cul, E&N, rt, 5 h, 85% 8), 79% (L0), 69% (@2); (c) Ca(CO), THF, rt, 30 min, 82% &), 84% (L0), 64% (L2); (d) TSNHNH,, NaOAc, DME/HO
(5:3), reflux, 4 h, 77%8§), 58% (L0), 75% (12); (e) toluene, reflux, 2 h, 11%; (f) (MCPBA, CHCl,, —40 °C, 1 h, (ii) toluene, reflux, 1 h, 60%
(2 steps); (g) 44ert-butyldiphenylsilyloxy)-1-butyne (fol0), 6-(tert-butyldiphenylsilyloxy)-1-hexyne (fot2), n-BuLi, Et,AICI, dry toluene, 0°C,
15 min, 88% (0), 86% (12); (h) (i) chloromethyl methyl etherj-PrNH, CH.Cly, rt, 10 h, 93% 10), 90% (@12), (i) TBAF, THF, rt, 2 h, 87% (0),
88% (12), (iii) H2, 10% Pd/C, EtOH, rt, 5 h, 95%4.0), 99% (12); (i) (i) Dess—Martin periodinane, CkCl, 0 °C, 30 min, 81% 10), 73% (L2), (ii)
dimethyl(1-diazo-2-oxopropyl)phosphonatexdQOs;, MeOH, 98% (0), 80% (2); (j) 5% AcCI (in MeOH), CHCl,, rt, 99% ©), 92% (L1); (k) (i)
l2, THF, rt, 2 h, (ii) 5% AcCI (in MeOH), CHCI,, rt, 83% (L0), 69% (L2) (2 steps).

MOMO HO'

compounds are described in the Supporting Information. Measurement of Superoxide Producti@uperoxide pro-
Compoundsl, 5—7, and 16—18 are the same samples as duction was assessed by following the superoxide-dependent
those used previoushiQ, 16, 22). oxidation of epinephrine to adrenochrom24) with a
Measurement of Complex | Agitly. Bovine heart submi-  Shimadzu UV-3000 spectrophotometer (4825 nm,e =
tochondrial particles (SMP) were prepared by the method 2.96 mM™* cm™) at 25°C. The reaction medium (2.5 mL)
of Matsuno-Yagi and Hatef3) using a sonication medium  contained 0.25 M sucrose, 1 mM epinephrine, 1 mM EDTA,
containing 0.25 M sucrose, 1 mM succinate, 1.5 mM ATP, 1 uM catalase, and 10 mM Tris-HCI buffer (pH 7.4). The
10 mM MgCh, 10 mM MnCk, and 10 mM Tris-HCI (pH final protein concentration of SMP was 0.3 mg/mL. The
7.4), and stored in a buffer containing 0.25 M sucrose and reaction was started by adding 1@ NADH after the
10 mM Tris-HCI (pH 7.4) at-84 °C. The NADH oxidase equilibration of SMP with 1.24M inhibitor for 4 min.
activity in SMP was followed spectrometrically with a Superoxide dismutase was used at a final concentration of
Shimadzu UV-3000 instrument (340 nrm,= 6.2 mM! 60 units/mL to give the assay specificity.

cm™) at 25°C. The reaction medium (2.5 mL) contained  \aterials. Piericidin A and bullatacin were generous gifts
0.25 M sucrose, 1 mM MgGland 50 mM phosphate buffer  from s. Yoshida (The Institute of Physical and Chemical
(pH 7.4). The final mitochondrial protein concentration was Research, Saitama, Japan) and J. McLaughlin (Purdue
309 of protein/mL. The reaction was started by adding 50 ynjversity, West Lafayette, IN), respectively. Other chemi-

for 5 min. The 1Gy values were averaged from three

independent experiments. For some test compounds, theResULTS

inhibition of NADH-Q; oxidoreductase activity was also

assessed under the same experimental conditions, except that Optimal Length of the Spacer for the Inhibitory Effect.
the reaction medium contained Q& antimycin A and 2 We previously examined the effect of the length of the alkyl
mM KCN. spacer on the inhibitory potency using natural and synthetic
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Table 1: Summary of the Inhibitory Potency g4 of the Test
Compound® 9
compd 1Go (NM) compd 1Go (NM) 98 8 I
1 0.85+0.05 12 0.85+0.09 S
2 14+ 25 13 5.1+ 0.67 §’ s L
3 1.6+0.21 14 5.24+0.83
4 1.2+ 0.09 15 1.7+0.14
5 13+ 4.0 16 1.6+ 0.08 6 | A | |
6 271+ 18 17 >25000
5 10 15 20
7 0.92+0.11 18 2.34+0.39
8 10+007 19 280+ 15 . _ Number of carbon atoms .
9 1.2+ 0.08 20 1724+ 14 FiGure 2: Relationship between the number of carbon atoms in
10 0.83+0.09 bullatacin 0.83- 0.06 the spacer and the inhibitory potency (log Hf)CThe 1G;, values
11 1.1+ 0.07 piericidin A 1.3+0.11 are taken from Table 1.

2The |G value is the molar concentration needed to reduce the . o o
control NADH oxidase activity [0.590.63umol of NADH min~2 (mg we examined the additivity of the inhibitory effect between

of protein)] in SMP by half. Values are means the standard 3 and bullatacin through double-inhibitor titration of complex
m‘ﬂ;‘tt(')or; pcgte?]tc;eoistthi;hi:]erﬁbi'{(‘;:i%%‘g;néd fg?ﬁgmﬁi e'?(‘;vﬁg | activity. Double-inhibitor titration of steady-state complex
longer spacer; 14 and 13 carbon atoms for compour8iand 18, I activity I.S useful_ In exam.'”'”g Whether.twc.) 'nhl.bltors of
respectively. interest bind to different site®6). If the binding sites are
identical, the extent of inhibition by the two will be additive
acetogenins, and concluded that a spacer of approximatelyand the maximum inhibition by one inhibitor will be attained
13 carbon atoms, which corresponds in length to the spacersat a lower concentration than that without the additional
of the most active natural acetogenins such as bullatacin andnhibitor. However, if the binding sites are not identical and
rolliniastatin-1, is optimal 10). However, structural factors  there is no cooperativity between the two sites, the inhibition
other than the length of the spacer were not necessarilywill not be additive and the concentration giving maximum
identical in the previous compound set since we included inhibition by one inhibitor will not be affected irrespective
natural acetogeninsl(). We therefore cannot exclude the of the presence of the additional inhibitor.
possibility that other structural factors may be also respon- Using bullatacin as the standard inhibitor because of its
sible for the changes in activity. To make this key point very high binding affinity for bovine complex 7§ and the
clearer, we newly synthesized compours4, and reex- resulting reproducible linearity of the titration curve, we
amined the effect of the length of the alkyl spacer on the previously showed that the effects of the mother compound
inhibitory potency using compoun@s(Cs), 3 (C7), 4 (Cao), (1) and bullatacin are additive, but the effects of diphenyle-
1(C13), 5(C16), and6 (Cyg) (Figure 1). All structural factors ~ neiodonium, which is known to block the electron input into
except for the length of the spacer were set to be identical complex | 7), and bullatacin are not additiveZ, 28). The
in this set of compounds. titration of NADH oxidase activity by bullatacin in combina-
As listed in Table 1, compountl possessing 13 carbons tion with diphenyleneiodonium is shown in Figure 3A as a
was the most potent inhibitor among this set. The longer reference. To examine the behavior®iwe performed the
the length of the spacer from 13 carbons, the weaker thedouble-inhibitor titration of bullatacin in combination with
effect becamel(vs 5 and®6). It is noteworthy that the extent 3 (Figure 3B). In the presence 8fgiving ~25 and~50%
of activity loss of compound is the largest class that we inhibition, complete inhibition by bullatacin was achieved
have observed by wide structural modification of acetogenins. at concentrations lower than those needed witBpirtdicat-
For instance, even the deletion of both OH groups adjacenting additive behavior. Thus, the binding site ®fcan be
to the bis-THF ring ofl resulted in an increase in thedC regarded as identical to that of bullatacin.
value to 85+ 9 nM under the same experimental conditions  Effect of Local Flexibility of the Spacer on the Inhibition.
(18). One can therefore notice the remarkable adversenessTo gain insight into the active form of the spacer and, in
in the inhibitory effect due to the elongation up to 19 carbon turn, the active conformation of the entire inhibitor molecule,
atoms. A significant decrease in activity with elongation of we synthesized compounds-12 in which the local flex-
the spacer from 13 to 15 carbons was also reported for mono-ibility of the spacer was specifically reduced by introducing
THF acetogeninsi(7). On the other hand, shortening the multiple bond(s) into different positions, but the total number
spacer from 13 to 7 carbons resulted in just a slight decreaseof carbon atoms of the spacer was fixed at 13. The flexibility
in the inhibitory potency X vs 3 and 4). This result is of 5 and 4 carbon atoms is almost completely reduced in
consistent with the fact that some natural acetogeninsthe enyne, 9, and11) and mono triple-bond8 10, and
possessing a spacer of 7 carbons such as gigantetrocin AlL2) derivatives, respectively. All structural factors except for
and longimicin C exhibit fairly potent cytotoxicity against the spacer portion are identical in this compound set.
several cancer cell lined,(2, 25). Further shortening of the Compared to that of the mother compound), (the
spacer length resulted in a decline in activity~a20-fold (1 inhibitory potency was not significantly affected by the loss
vs 2). Thus, the decrease in potency caused by elongatingof local flexibility irrespective of the position of the multiple
the spacer was much more drastic than that caused bybonds (Table 1). No significant difference in inhibitory effect
shortening (Figure 2). This result strongly suggests that anwas observed between the enyne and mono triple-bond
extended form of the spacer is not an active conformation derivatives. Also, the inhibitory potency of mono-THF
for potent acetogenins such asas discussed later. acetogenins did not decrease with the introduction of an
To verify whether a derivative possessing a remarkably enyne unit {3vs 14). These results clearly indicate that the
short spacer acts in the same manner as ordinary acetogeningycal flexibility in a specific region of the spacer is not crucial
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titration of complex | activity. The titration pattern of
bullatacin in combination witi5 reproducibly lay between
the ideal additive and nonadditive behavior (Figure 3C). This
result suggests that the action siteldfis not identical to
that of common acetogenins. A similar titration pattern was
observed for some of the complex | inhibito£6).
To elucidate the mechanism of inhibition b§, the unique
” va inhibitory action of the new acetogenin mimicslac-
Bullatacin (nM) acetogenins may be suggestive. We recently develdjsed
acetogenins that possess two alkyl taighout an o,f-
unsaturateg-lactone ring, as shown in Figure 1 takiag
as an example2@, 28). An electron paramagnetic resonance
(EPR) spectroscopic study indicated tiadac-acetogenins
act downstream of the irersulfur cluster N2, as is the case
for other ordinary complex | inhibitors6( 7), but several
lines of evidence revealed that the binding site of the
0 inhibitors is different from that of natural acetogenins as well
0 Bullatacin (aM) 20 as ordinary complex | inhibitors2¢, 28). The structural
factors ofAlac-acetogenins required for the potent inhibitory
() effect are just two: the presence of the hydroxylated adjacent
bis-THF ring and two hydrophobic tails attached to the THF
portion. If they-lactone ring ofl5 does not act like that of
common acetogenins because of severe steric restriction in
the spacer portiori,5would seem to have two hydrophobic
tails, and hence fulfill these structural requirements. There-
fore, we cannot exclude the possibility thes elicited the
0 1.0 20 inhibition by serving as a\lac-acetogenin-type inhibitor
Bullatacin (nM) rather than common acetogenin.
Ficure 3: Inhibition of NADH oxidase activity in SMP by While Characterizingﬂac-acetogeningze)’We found two

bullatacin. The titration curve for bullatacin alone is shown with = to5tres which distinguish them from common acetogenins:
filled circles. Titration was performed in the presence of diphe- '

nyleneiodonium [(A) 1.8©) and 2.5«M (O0)], compound3 [(B) (i) Alac—ac;eto_genins lose all inhibitory activit_y if the adjacent
0.69 ©) and 1.7 nM )], or compoundl5 [(C) 0.78 ©) and 1.6 bis-THF ring is replaced by a mono-THF ring as observed
nM (O)]. In panel C, the pattern of ideal additive behavior is shown for 17 (ICso > 25 uM), and (ii) the rate of superoxide
by the dashed lines for reference. Data shown are representativqgroduction from complex | induced b{lac-acetogenins is
of three independent experiments. markedly lower than that induced by common acetogenins
as well as ordinary complex | inhibitors such as piericidin
for taking an active conformation. This means that an active A and rotenone. To examine the first point, we synthesized
conformation of the spacer may not be restricted to a certaincompoundl9 possessing a mono-THF ring.16 served as
rigid shape. It is therefore likely that any loss in the local a Alac-acetogenin rather than a common acetogehé,
flexibility of the spacer is compensated by taking alternative would have absolutely no inhibitory effect, but this was not
conformations. We confirmed th@tand bullatacin exhibit  the case (Table 1). Although the inhibitory potencyl&f
additive inhibition behavior based on the double-inhibitor was much weaker than that of reference inhibit8r it is
titration (data not shown). reasonable to consider that in contrast to the complete loss
Effect of Extensie Flexibility of the Spacer on the of activity for 17, the inhibitory effect was significantly
Inhibition. We next synthesized a tetrayne derivatiié)( restored for19 by the presence of the-lactone ring.
in which a spacer covering 10 carbon atoms was hardenedAdditionally, we also synthesized/tlac-acetogenin analogue
to give a rodlike shape. The total number of spacer carbonspossessing a tetrayne unit on one of the two t&@.(The
was set at 13, as in the above compound sets. The moleculainhibitory potency 020 was markedly decreased compared
shape of the spacer portion of this compound resembles theto that 0f16, indicating that the rodlike tetrayne unit is quite
extended form of compourid Unexpectedly, this compound unfavorable as the tail dflac-acetogenin. Thus, the synthetic
still exhibited potent inhibition at the nanomolar level (Table experiments do not support the possibility that compound
1). The inhibition of NADH-Q oxidoreductase activity was 15 served as alac-acetogenin-type inhibitor.
also observed in the same concentration range (data not We next examined the second point. Superoxide is
shown). This result seems to be in conflict with the produced by the single-electron reduction of oxygen by an
observation that the derivatives possessing a short spacer sucblectron carrier within the mitochondrial electron transport
as2 and3 exhibited potent activity, since the spatial distance chain. The reductant of oxygen producing superoxide in
between the bis-THF ang-lactone moieties in their ener- complex | is not known, and published results are highly
getically stable conformations differs greatly betwéé&mand controversial. Recently, Lambert and Brara®)(suggested
2 (or 3). that the rate of superoxide production in complex | differs,
To know whether5 acts in the same manner as common reflecting a slight difference in the binding site (or manner)
acetogenins, we examined the additivity of the inhibitory of inhibitors. We measured therefore the rate of superoxide
activity betweenl5 and bullatacin by the double-inhibitor  production induced by compound5 using SMP and
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Table 2: Rates of Superoxide Production from Complex | Induced
by Inhibitorg ° o
inhibitor rate [nmol of @ min~! (mg of protein)?]
1 0.81+ 0.07 pack
15 0.504 0.02 iz s
16 0.33+0.03
rotenone 1.06: 0.07
aThe reaction was started by adding 10M NADH after the ‘ i
equilibration of SMP (0.3 mg of protein/mL) with 12M inhibitor
for 4 min. Superoxide dismutase was used at a final concentration of
60 units/mL to give the assay specificity. Values are meanthe spacer >C;

standard deviation of four independent experiments.

°—_O ]
compared it with that induced bXlac-acetogeninig) as or .

well as ordinary complex | inhibitors (Table 2). We

preliminarily confirmed that each inhibitor caused maximal spacer < Cyg
inhibition of complex | activity at the concentration used. Ficure 4: Schematic presentation of a model of binding of
The rate of superoxide production induced % was acetogenin to complex |. The model is drawn on the assumption

between that induced by Alac-acetogenini6) and by a that when the inhibitor elicits the inhibitory effect, the hydroxylated

: . . THF ring (@) and they-lactone ring ©) must interact with the
cqmmon acetog.enlnlj(.. On the paS|s of this result along putative two binding sites (dark areas) separated-ti carbons
with the Synthetlc studies described above, we exclude theat the same time. The gray circle represents the enzyme.
possibility thatl5 served as &lac-acetogenin rather than a
common acetogenin. cannot be explained simply on the basis of competition for

the same binding region using an original fluorescent
DISCUSSION

inhibitor. It remains, therefore, unclear how binding sites of

There are a variety of inhibitors of mitochondrial complex complex I inhibitors relate to each other.
I (30), and except rheir3(l) and diphenyleneiodoniun27), The aim of this study was to elucidate the inhibitory
which inhibit electron input into the enzyme, all inhibitors mechanism of acetogenins through investigation of the
are thought to act at the terminal electron transfer step to dynamic nature of the spacer. To that end, we designed and
ubiquinone. Ordinary complex | inhibitors such as piericidin synthesized sets of compounds that enable investigation of
A, rotenone, and several synthetic agrochemicals like Fen-the functional role solely of the alkyl spacer. Using a series
pyroximate have structural features in common, notably a of synthetic acetogenins in which the length of the spacer
polar and/or heterocyclic ring possessing hydrogen bondwas widely varied, it was revealed that the optimal length
ability and a hydrophobic “tail” structure3). The former of the spacer is approximately 13 carbon atoms and that the
may play an important role in binding to the enzyme through decrease in inhibitory potency caused by elongating the
specific interactions. The primary role of the tail moiety in spacer further is much more drastic than that caused by
the inhibition should be enhancement of the hydrophobicity shortening. If there are two binding sites for each of the two
of the entire molecule. The high degree of hydrophobicity toxophores, which are separated by a distance~a8
of the inhibitor is energetically favorable for partitioning into  carbons, and the toxophores must bind to the two sites at
and passage through the membrane-embedded segment ¢he same time when the inhibitor elicits inhibition as
the enzyme. For acetogenins, it would not be easy to noticeillustrated in Figure 4, the derivatives having a spacer longer
this feature of functional division since the two toxophores than 13 carbons would be able to fit their toxophores to the
(the hydroxylated THF and the-lactone moieties) are  sites by folding the spacer properly, but the derivatives
separated by a long alkyl spacer. Therefore, the inhibitory having a shorter spacer could not bind to the sites at the
action of acetogenins is thought to differ from that of ordinary same time and hence the inhibitory effect would be lost.
inhibitors. However, radioligand and fluorescent-ligand bind- However, this was not the case; rather the result was the
ing (7) and photoaffinity labeling33, 34) studies suggested opposite. This therefore indicates that an extended form of
that a variety of inhibitors, including acetogenins, share a the spacer is not an active conformation for potent aceto-
common large binding domain with partially overlapping genins, and the two toxophores may be located closer
sites. It should, however, be realized that in these studiestogether with the support of the folded spacer. On the other
(7, 33, 34), it was demonstrated that the binding of a certain hand, the remarkable loss of the activity @fcannot be
marker ligand to complex | is completely suppressed in the explained solely by inappropriate binding of the two toxo-
presence of an excess amount of competitors, i.e., otherphores to the enzyme. An excessive increase in hydrophobic-
complex | inhibitors. Under these experimental conditions, ity of the spacer would be rather adverse to the inhibitory
one cannot rule out the possibility that even though the effect because of some sort of trapping in the hydrophobic
binding sites of the ligand and competitors are quite different, lipid bilayer of the membrane as observed for some natural
the binding of an excess of competitor induced structural acetogenins possessing an excessively hydrophobic alkyl tail
change in the ligand binding site, which resulted in the (15).
suppression of ligand bindin®,(26). In fact, several studies Furthermore, we specifically reduced the flexibility in
suggested that complex | undergoes dynamic conformationalspecific regions of the spacer to examine the effect of local
change 85—37). Ino et al. £6) suggested that apparent flexibility on the inhibition. The results showed that the local
competitive behavior among potent complex | inhibitors flexibility of the spacer does not play an important part in
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the adoption of an active conformation, indicating that an somewhat different way between the two derivatives since
active conformation of the spacer is not restricted to a certain the spatial distance between the functional groups in the THF
rigid shape. As it is unlikely that the binding positions of moiety [i.e., THF oxygen(s) and flanking OH groups] and
the two toxophores in the active conformation vary depend- the y-lactone ring is not identical.

ing upon the local flexibility of the spacer, this observation  Shimada et al. 38) proposed a model for the active
suggests that the spacer portion is free from the steric conformation of acetogenins on the basis of the partitioning
congestion arising from the putative binding site. It is also of these inhibitors into the liposomal membrane, which was
noteworthy that the slight change in inhibitory potency due drived from'H NMR and differential scanning calorimetry
to variation of the spacer length between 13 and 7 carbonstudies. According to their model, the THF ring(s) with
atoms (Figure 3) may not be explained assuming a rigid flanking hydroxy groups resides near the glycerol backbone
interaction between the spacer portion and its binding site. of phosphatidylcholine irrespective of the number of THF
Taken together, our results strongly suggest that there is norings and acts as a hydrophilic anchor at the membrane
Cavity—like blndlng site for the spacer portion. Natural surface; on the other hand, t|‘ve.|actone ring direcﬂy
acetogenins have a variety of substitution patterns of polarinteracts with the target site of complex | through lateral
functional group(s) in the spacer portion such as OH and diffusion inside the inner mitochondrial membrane. In this
C=0, whereas no specific substitution pattern is required model, they-lactone ring is regarded as the only reactive
for potent inhibition 6, 15, 20). This fact also supports the  species directly interacting with the enzyme. The marked
above notion. Considering that neither of the two toxophores decrease in the cytotoxicity of bullatacin against carcinoma

synthesized independently has an inhibitory effect by itself

cells due to saturation of the double bond in thg-

and there is no synergistic enhancement between the twoynsaturated-lactone ring was one of the most important

toxophores 21, 22), we propose that acetogenins exhibit
activity only when the two toxophores cooperatively act on

pieces of evidence for the essential role of tHlactone ring
in the model 88).? This observation is, however, in conflict

the enzyme with the support of the spacer. In this sense, thewith the study by Queiroz et al39), wherein the saturation

manner in which acetogenins bind to the enzyme may not
be explained by a simple “key and keyhole” analogy. While

details of the binding of acetogenins remain to be elucidated,
the unique structural feature of these inhibitors would be
responsible for the unique inhibitory action.

It was entirely unexpected that a tetrayne derivati/@ (
elicited very potent inhibition. The synthetic study, double-
inhibitor titration, and the effect on superoxide production
revealed that the apparent inhibitory mannet®fs different
from that of common acetogenins, whereas this inhibitor
cannot be categorized ag\ac-acetogenin analogue which
elicits potent inhibitory effect without @-lactone ring. It is
thus obvious that the presence of théactone ring in15
definitively differentiates this compound fromlac-aceto-
genin-type inhibitors and determines its inhibitory activity.
In view of the crucial role of the-lactone ring, we presume
that this inhibitor functions such as common acetogenins,
but in a somewhat different manner due to the remarkably
severe steric restriction in the spacer portion. Since it is

of the double bond in thexS-unsaturatedy-lactone of
squamocin was shown to have no effect on the cytotoxicity
against several cancer cell lines. The SAR studies concerning
the a,f-unsaturateg-lactone ring 10—14) do not support

the putative crucial role of this moiety in the inhibition of
complex I. Additionally, if the diffusional movement of the
y-lactone is crucial as proposed, both the shortening and the
hardening of the spacer may be significantly unfavorable to
the inhibitory action, but this was not the case as revealed
in the study presented here. Nevertheless, we cannot neces-
sarily exclude the validity of their model fguartitioning of
acetogenins into the liposomal membrane. In the liposomal
membrane, the average location of THF anthctone ring
moieties would be primarily determined by their hydropho-
bicity (40).

SUPPORTING INFORMATION AVAILABLE

Synthetic procedures and spectral data for newly synthe-

unlikely that there is a barrel-shaped cavity in complex | sized compounds. This material is available free of charge

large enough to accommodate the rodlike spacer (with a
y-lactone ring) ofL5, the spacer portion of this inhibitor may
be also free from steric congestion arising from the enzyme
On the other hand, the effect of the introduction of the
tetrayne unit into the spacer differed significantly between
the adjacent bis-THF and mono-THF derivativés s 19).

It is, however, not inconceivable that the flexibility of the
spacer affects the cooperativity of the two toxophores in a

2In ref 38, the authors emphasized a crucial role for thg-
unsaturategt-lactone ring in the inhibitory action by quoting an article
written by the same group [Rupprecht et al. (1990Nat. Prod. 53
237-278], wherein assays of the cytotoxicity of bullatacin and
dihydrobullatacin with several cancer cell lines had been reported.
However, the cytotoxicity of bullatacin and related natural acetogenins,
in terms of the El (micrograms per milliliter) value, reported in this
paper is much greater, at least by several orders of magnitude, than
that reported by other research groups such as Myint et al. [(1991)
Phytochemistry 303335-3338], Naito et al. [(1995). Org. Chem.
60, 4419-4427], Queiroz et al. [(200Q). Med. Chem. 431604-1610],
and Nakanishi et al. [(2003). Med. Chem. 463185-3188].

via the Internet at http://pubs.acs.org.

REFERENCES
1. Zeng, L., Ye, Q., Oberlies, N. H., Shi, G., Gu, Z. M., He, K., and
McLaughlin, J. L. (1996) Recent advances in annonaceous

acetogeninsNat. Prod. Rep. 13275-306.

.Alali, F. Q., Liu, X. X., and McLaughlin, J. L. (1999) Annonaceous
acetogenins: Recent progredsNat. Prod. 62 504-540.

. Bermejo, A., Figadere, B., Zafra-Polo, M.-C., Barrachina, I.,
Estornell, E., and Cortes D. (2005) Acetogenins from Annon-
aceae: Recent progress in isolation, synthesis and mechanisms
of action,Nat. Prod. Rep22, 269-303.

. Lannuzel, A., Michel, P. P., Hoglinger, G. U., Champy, P., Jousset,
A., Medja, F., Lombes, A., Darios, F., Gleye, C., Laurens, A.,
Hocquemiller, R., Hirsch, E. C., and Ruberg, M. (2003) The
mitochondrial complex | inhibitor annonacin is toxic to mesen-
cephalic dopaminergic neurons by impairment of energy metabo-
lism, Neuroscience 121287—296.

Degli Esposti, M., Ghelli, A., Ratta, M., Cortes, D., and Estornell,
E. (1994) Natural substances (acetogenins) from the family
Annonaceaeare powerful inhibitors of mitochondrial NADH
dehydrogenase (complex Bjochem. J. 301161—-167.

5.



14906 Biochemistry, Vol. 44, No. 45, 2005

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Friedrich, T., Van Heek, P., Leif, H., Ohnishi, T., Forche, E.,
Kunze, B., Jansen, R., Trowitzsch-Kienast, W.flHpG., Re-
ichenbach, H., and Weiss, H. (1994) Two binding sites of
inhibitors in NADH:ubiquinone oxidoreductase (complex8yr.

J. Biochem. 219691-698.

. Okun, J. G., Lmmen, P., and Brandt, U. (1999) Three classes of

inhibitor share a common binding domain in mitochondrial
complex | (NADH-ubiquinone oxidoreductase), Biol. Chem.
274, 2625-2630.

. Miyoshi, H. (2001) Probing the ubiquinone reduction site in bovine

mitochondrial complex | using a series of synthetic ubiquinones
and inhibitors,J. Bioenerg. Biomembr. 3223-231.

. Yagi, T., and Matsuno-Yagi, A. (2003) The proton-translocating

NADH-quinone oxidoreductase in the respiratory chain: The
secret unlockedBiochemistry 422266-2274.

Takada, M., Kuwabara, K., Nakato, H., Tanaka, A., lwamura, H.,
and Miyoshi, H. (2000) Definition of crucial structural factors of
acetogenins, potent inhibitors of mitochondrial compleBib-
chim. Biophys. Acta 146(302-310.

Hoppen, S., Emde, U., Friedrich, T., Grubert, L., and Koert, U.
(2000) Natural-product hybrid: Design, synthesis, and biological
evaluation of quinone-annonaceous acetogeingew. Chem.,
Int. Ed. 39 2099-2102.

Torm, J. R., Estornell, E., Gallardo, T., Gonzalez, M. C., Cave,
A., Granell, S., Cortes, D., and Zafra-Polo, M. C. (2001)
y-Lactone-functionalized antitumal acetogenins are the most potent
inhibitors of mitochondrial complex Bioorg. Med. Chem. Lett.
11, 681-684.

Torm, J. R., Gallardo, T., Peris, E., Bermejo, A., Cabedo, N.,
Estornell, E., Zafra-Polo, M. C., and Cortes, D. (2003) Inhibitory
effects on mitochondrial complex | of semisynthetic mono-
tetrahydrofuran acetogenin derivativesporg. Med. Chem. Lett

13, 4101-4105.

Yabunaka, H., Abe, M., Kenmochi, A., Hamada, T., Nishioka,
T., and Miyoshi, H. (2003) Synthesis and Inhibitory Activity of
Ubiquinone-Acetogenin Hybrid Inhibitor with Bovine Mitochon-
drial Complex I,Bioorg. Med. Chem. Letfl3, 2385-2388.
Miyoshi, H., Ohshima, M., Shimada, H., Akagi, T., lwamura, H.,
McLaughlin, J. L. (1998) Essential structural factors of Annona-
ceous acetogenins as potent inhibitors of mitochondrial complex
I, Biochim. Biophys. Acta 136343-452.

Makabe, H., Miyawaki, A., Takahashi, R., Hattori, Y., Konno,
H., Abe, M., and Miyoshi, H. (2004) Synthesis of two possible
diastereomers of reticulatain-Ietrahedron Lett. 45973-977.
Makabe, H., Hattori, Y., Kimura, Y., Konno, H., Abe, M., Miyoshi,
H., Tanaka, A., and Oritani, T. (2004) Total synthesis of
cis-solamin and its inhibitory action with bovine heart mitochon-
drial complex |, Tetrahedron 6010651-10657.

Abe, M., Kenmochi, A., Ichimaru, N., Hamada, T., Nishioka, T.,
and Miyoshi, H. (2004) Essential structural features of acetoge-
nins: Role of hydroxy groups adjacent to the bis-THF rings,
Bioorg. Med. Chem. Lett. 1479-782.

Motoyama, T., Yabunaka, H., and Miyoshi, H. (2002) Essential
structural factors of acetogenins, potent inhibitors of mitochondrial
complex |,Bioorg. Med. Chem. Lett. 12089-2092.

Tormo, J. R., Gallardo, T., Aragon, R., Cortes, D., and Estornell,
E. (1999) Specific interactions of mono-tetrahydrofuranic annona-
ceous acetogenins as inhibitors of mitochondrial compl€aém.-
Biol. Interact. 122 171-183.

Kuwabara, K., Takada, M., Iwata, J., Tatsumoto, K., Sakamoto,
K., lwamura, H., and Miyoshi, H. (2000) Design syntheses and
mitochondrial complex | inhibitory activity of novel acetogenin
mimics, Eur. J. Biochem. 2672538-2546.

Hamada, T., Ichimaru, N., Abe, M., Fujita, D., Kenmochi, A.,
Nishioka, T., Zwicker, K., Brandt, U., and Miyoshi, H. (2004)
Synthesis and inhibitory action of novel acetogenin mimics with
bovine heart mitochondrial complex Biochemistry 433651~
3658.

23.

24,

25.

26.

27.

28.

29.

30.
31

32.
33.

34.

35.

36.

37.

38.

39.

40.

Abe et al.

Matsuno-Yagi, A., and Hatefi, Y. (1985) Studies on the mechanism
of oxidative phosphorylation]. Biol. Chem. 2601442414427,
Boveris, A. (1984) Determination of the production of superoxide
radicals and hydrogen peroxide in mitochondN&thods Enzy-
mol. 105, 429-435.

Oberlies, N. H., Chang, C.-J., and McLaughlin, J. L. (1997)
Structure-activity relationships of diverse annonaceous acetoge-
nins against multidrug resistant human mammary adenocarcinoma
(MCF-7/Adr) cell,J. Med. Chem40, 2102-2106.

Ino, T., Nishioka, T., and Miyoshi, H. (2003) Characterization of
inhibitor binding sites of mitochondrial complex | using fluores-
cent inhibitor,Biochim. Biophys. Acta 16095—-20.

Majander, A., Finel, M., and Wikstno, M. (1994) Diphenyle-
neiodonium inhibits reduction of irensulfur clusters in the
mitochondrial NADH-ubiquinone oxidoreductase (complexl),
Biol. Chem 269, 21037-12042.

Ichimaru, N., Murai, M., Abe, M., Hamada, T., Yamada, Y.,
Makino, S., Nishioka, T., Makabe, H., Makino, A., Kobayashi,
T., and Miyoshi, H. (2005) Synthesis and inhibition mechanism
of Alac-acetogenins: A novel type of inhibitor of bovine heart
mitochondrial complex IBiochemistry 44816-825.

Lambert, A. J., and Brand, M. D. (2004) Inhibitors of the quinone-
binding site allow rapid superoxide production from mitochondrial
NADH-ubiquinone oxidoreductase (complex ), Biol. Chem
279 39414-39420.

Degli Esposti, M. (1998) Inhibitors of NADH-ubiquinone reduc-
tase: An overviewBiochim. Biophys. Acta 136222—-235.

Kean, E. A., Gutman, M., and Singer, T. P. (1971) Studies on the
respiratory chain-linked nicotinamide adenine dinucleotide dehy-
drogenase. XXIl. Rhein, a competitive inhibitor of the dehydro-
genase,). Biol. Chem. 2462346-2353.

Miyoshi, H. (1998) Structureactivity relationships of some
complex | inhibitors,Biochim. Biophys. Acta 136236—244.
Schuler, F., Yano, T., Bernardo, S. D., Yagi, T., Yankovskaya,
V., Singer, T. P., and Casida, J. E. (1999) NADH-quinone
oxidoreductase: PSST subunit couples electron transfer from
iron—sulfur cluster N2 to quinoné?roc. Natl. Acad. Sci. U.S.A.
96, 4149-4153.

Nakamaru-Ogiso, E., Sakamoto, K., Matsuno-Yagi, A., Miyoshi,
H., and Yagi, T. (2003) The ND5 subunit was labeled by a
photoaffinity analogue of Fenpyroximate in bovine mitochondrial
complex |,Biochemistry 42746—-754.

Belogrudov, G. I., and Hatefi, Y. (1994) Catalytic sector of
complex | (NADH-ubiguinone oxidoreductase): Subunit stoichi-
ometry and substrate-induced conformation charigjeshemistry

33, 4571-4576.

Yamaguchi, M., Belogrudov, G. I., and Hatefi, Y. (1998) Mito-
chondrial NADH-ubiquinone oxidoreductase (complex I): Effects
of substrates on the fragmentation of subunits by trypsiiol.
Chem. 2738094-8098.

Bottcher, B., Scheide, D., Hesterberg, M., Nagel-Steger, L., and
Friedrich, T. (2002) A novel, enzymatically active conformation
of theEscherichi coliNADH-ubiquinone oxidoreductase (complex
1), J. Biol. Chem277, 17970-17977.

Shimada, H., Grutzner, J. B., Kozlowski, J. F., and McLaughlin,
J. L. (1998) Membrane conformations and their relation to
cytotoxicity of asimicin and its analogueBiochemistry 37854—

866.

Queiroz, E. F., Roblot, F., Duret, P., Figadere, B., Gouyette, A.,
Laprevote, O., Serani, L., and Hocquemiller, R. (2000) Synthesis,
spectroscopy, and cytotoxicity of glycosylated acetogenin deriva-
tives as promising molecules for cancer therapyMed. Chem.

43, 1604-1610.

Diamond, J. M., and Katz, I. Y. (1974) Interpretation of nonelec-
trolyte partition coefficients between dimyristoyl lecithin and
water,J. Membr. Biol 17, 121-154.

BI051568T



