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ABSTRACT. We have revealed thatlac-acetogenins, a new class of inhibitors of bovine heart mitochondrial
complex | (NADH-ubiquinone oxidoreductase), act differently from ordinary inhibitors such as rotenone
and piericidin A [Ichimaru et al. (2005Biochemistry 44 816—825]. Since a detailed study of these
unique inhibitors might provide new insight into the terminal electron transfer step of the enzyme, we
further characterized their inhibitory action using the most patdat-acetogenin derivative (compound

1). Unlike ordinary complex | inhibitorsl had a doseresponse curve for inhibition of the reduction of
exogenous short-chain ubiquinones that was difficult to explain with a simple bimolecular association
model. The inhibitory effect of on ubiquino-NAD* oxidoreductase activity (reverse electron transfer)
was much weaker than that on NADH oxidase activity (forward electron transfer), indicating a direction-
specific effect. These results suggest that the binding sifiei®hot identical to that of ubiquinone and

the binding ofl to the enzyme secondarily (or indirectly) disturbs the redox reaction of ubiquinone.
Using endogenous and exogenous ubiquinone as an electron acceptor of complex |, we investigated the
effect of 1 in combination with different ordinary inhibitors on the superoxide production from the enzyme.
The results indicated that the level of superoxide production inducdddbgignificantly lower than that
induced by ordinary inhibitors probably because of fewer electron leaks from the ubisemiquinone radical
to molecular oxygen and that the site of inhibition bis downstream of that by ordinary inhibitors. The
unigue inhibitory action of hydrophobialac-acetogenins may be closely associated with the dynamic
function of the membrane domain of complex I.

NADH—ubiquinone oxidoreductase (complex i3 the the membrane arm, such as the ubiquinone redox reaction,
first energy-transducing enzyme of the respiratory chains of proton translocation mechanism, and mode of action of
most mitochondria and many bacteria. It catalyzes the numerous specific inhibitors, is still highly limited,(5).

of an e_IectrochemlcaI proton gradient across the membranexpown 6—8). With the exception of rheingj and diphe-
that drives energy-consuming processes such as ATP synnyjeneiodonium (DPI)10), which inhibit electron input into
thesis and flagella movement)( Complex | is the most  complex I, all inhibitors act at the terminal electron transfer
e.g., the enzyme from bovine heart mitochondria is composedgenerally believed to act at the ubiquinone reduction site,
of 46 different subunits with a total molecular mass of about there is still no hard experimental evidence to verify this
1 MDa (2). Recently, the crystal structure of the hydrophilic possibility. Rather, a recent photoaffinity labeling study using
domain (peripheral arm) of complex | froffthermus ther-  azidoquinone suggested that the inhibitor binding site is not
mophiluswas solved at 3.3 A resolutio8 However, our  the same as the ubiquinone binding sit&)( To begin with,
knowledge about the functional and structural features of poth the number and the location of the ubiquinone binding
site(s) remain controversiad,(4, 12, 13). On the other hand,
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1735%0073;0 H.M.). § hould b add S ' studies 17, 18) indicated that PSST, ND5, and 49 kDa
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}Abbr_eviations: AQ, 6-amino-4-(4ert-butylphenethylamino)- showed that a certain marker ligand is displaced by numerous
gg:gﬁiznocllr?:;ofi?jrgrggﬁctgsgItggg%rllg;all: Féhoggigglgigﬁ'i?‘gng'g‘;“ competitors (i.e., other complex | inhibitors). These findings
doreductase; complex Ill, cytochromiaz, complex: complex IV, are consistent with the model of |_nh|b|to_r blndl_ng sites
cytochromec oxidase; diethoxy-@ 2,3-diethoxy-5-methyl-6-geranyl- ~ proposed by Okun et all{), wherein a wide variety of
1,4-benzoquinone; DPI, diphenyleneiodonium; EPR, electron paramag-inhibitors share a common large binding domain with
netic resonance; Qubiquinone-1 (2,3-dimethoxy-5-methyl-6-prenyl- - h4rtia|ly overlapping sites. It should, however, be realized
La-benzoguinone); Q ubiquinone-2 (2.3-dimethoxy 5-methyl-6- {)hat in%hese st%%ie%m 17, 18) the authors demonstrated
geranyl-1,4-benzoquinone);1§) endogenous ubiquinone-10;k, a e Ll ! )
reduced form of ubiquinone; SMP, submitochondrial particles. that the binding of a certain marker ligand to the enzyme is
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Thus, Alac-acetogenins were revealed to be a new type
of inhibitor acting at the terminal electron transfer step of
complex I. Since a detailed study of the inhibitory action of
these unique inhibitors might provide new insight into the
terminal electron transfer process, we further characterized
their inhibitory effects in the present study. Our results
strongly suggest that the binding site/lac-acetogenins is
not identical to the binding site of ubiquinone and down-
stream of that of ordinary inhibitors.

EXPERIMENTAL PROCEDURES

Measurement of Complex | Aditly. Bovine heart submi-
tochondrial particles (SMP) were prepared by the method
of Matsuno-Yagi and Hatef25) using a sonication medium
containing 0.25 M sucrose, 1 mM succinate, 1.5 mM ATP,
10 mM MgCh, 10 mM MnCh, and 10 mM Tris-HCI (pH
7.4) and stored in a buffer containing 0.25 M sucrose and
10 mM Tris-HCI (pH 7.4) at—84 °C. The NADH oxidase
activity in SMP was followed spectrometrically with a

completely suppressed in the presence of an excess amourffhimadzu UV-3000 (340 nny, = 6.2 mM™ cmY) at 30
of competitors. Under these experimental conditions, one °C. The reaction medium (2.5 mL) contained 0.25 M sucrose,

cannot rule out the possibility that the competitors prevent
binding of the marker ligand by inducing structural change
in the enzyme, rather than by occupying the same édijte (

1 mM MgCl,, and 50 mM phosphate buffer (pH 7.5). The
final mitochondrial protein concentration was 3@ of
protein/mL. The reaction was started by adding /4@

Actually, several studies suggested that complex | undergoesNADH after the equilibration of SMP with an inhibitor for

dynamic conformational change$%-21). Using a strong
inhibitor with intense fluorescence [6-amino-44@H-bu-
tylphenethylamino)quinazoline (AQ)], Ino et al. suggested

4 min. The inhibition of NADH-Q; and NADH—diethoxy-
Q. oxidoreductase activities was determined under the same
experimental conditions, except that the reaction medium

that the apparent competitive behavior among potent complexcontained 50uM Qi (or 100 uM diethoxy-Q), 0.2 uM

| inhibitors cannot be explained simply on the basis of
competition for the same binding regia2?j. Thus it remains

to be learned how binding sites of diverse complex |
inhibitors relate to each other.

Acetogenins isolated from the plant family Annonaceae,
such as bullatacin (Figure 1) and rolliniastatin-1, are among
the most potent inhibitors of bovine heart mitochondrial
complex | @, 8, 11). We recently synthesized new acetogenin
mimics namedAlac-acetogenins2@) that consist of the
hydroxylated bis-THF ring and two hydrophobic side chains
without aa,S-unsaturategt-lactone ring, which is a structural

antimycin A, and 2 mM KCN.

The content of complex | was calculated as the minimal
amount of bullatacin required to completely block the NADH
oxidase activity since this compound is the most potent
inhibitor of bovine complex 1§, 8, 11) and binds to the
enzyme in a stoichiometric mann&t?j.

Measurement of Rerse Electron TransferReverse
electron transfer (ubiquineINAD* oxidoreductase activity)
was generated by the oxidation of succinate and the hy-
drolysis of ATP @6). The reaction was measured spectro-
metrically by following the reduction of NAD with a
Shimadzu UV-3000 (340 nm, = 6.2 mM™t cm™) at 30

feature common to a large number of natural acetogeninse~ The reaction medium (2.5 mL) contained 0.25 M sucrose,

(Figure 1). SomeAlac-acetogenins elicited very potent
inhibition of bovine complex | at the nanomolar level despite

7 mM sodium succinate, 6 mM Mggll mM KCN, 1 mM
NAD™, and 50 mM Tris-HCI (pH 7.5), and the final protein

the lack of ay-lactone ring. An electron paramagnetic concentration of SMP was 0.1 mg of protein/mL. The
resonance (EPR) spectroscopic study on the redox state ofeaction was started by the addition of 2 mM ATP after the

iron—sulfur clusters indicated that the inhibition site/dfc-
acetogenins is downstream of the iregulfur cluster N223),

as is the case for other ordinary complex | inhibitors such
as rotenone and piericidin 4,11). However, several lines

equilibration of SMP with an inhibitor for 4 min. The activity
was fully sensitive to SF6847 (protonophoric uncoupler) or
oligomycin (ATP synthase inhibitor26).

Measurement of Superoxide Producti®uperoxide pro-

of evidence, as summarized below, strongly suggested thatguction was determined at 3@ by monitoring the super-

the inhibition manner ofAlac-acetogenins is different from
that of natural acetogenins as well as ordinary complex |
inhibitors 24): (i) the profile of the structureactivity
relationship ofAlac-acetogenins is entirely different from
that of natural-type acetogenins, (ii) double-inhibitor titration
shows that the inhibition bylac-acetogenins and bullatacin
is not additive, (iii) unlike ordinary inhibitorsAlac-aceto-
genins do not prevent the specific binding of AQ to complex
I, and (iv) the level of superoxide production from complex
| induced byAlac-acetogenins is markedly lower than that
induced by ordinary inhibitors.

oxide-dependent oxidation of epinephrine to adrenochrome
(27) with a Shimadzu UV-3000 spectrophotometer (485
575 nm,e = 3.0 MMt cm™) in a dual wavelength mode.
The reaction medium (2.5 mL) contained 0.25 M sucrose, 1
mM epinephrine, 1 mM EDTA, kM catalase, and 10 mM
Tris-HCI buffer (pH 7.5). The reaction was started by adding
100uM NADH after the equilibration of SMP with the test
inhibitor for 4 min. The final protein concentration of SMP
was 0.25 mg/mL. Superoxide dismutase (bovine liver) was
used at a final concentration of 60 units/mL to give the assay
specificity.
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Ficure 2: Dose-response curves for the inhibition of complex I. The inhibitors used are comgdo(&) bullatacin (B), piericidin A (C),
and rotenone (D). The open and closed circles show the inhibition of NADH oxidase and NAbbkidoreductase activities, respectively.
The inset in (A) shows the doseesponse curves in the lower concentration range. The open triangles in (A) show the enzyme activity
after the addition of 100 nM rotenone or 20 nM piericidin A. Bars show mear&D of at least three independent measurements. The
averaged control NADH oxidase and NABH); oxidoreductase activities are 0.55 and O:680l of NADH min~t (mg of protein)?,
respectively. The final mitochondrial protein concentration ig:80f protein/mL. The colored lines show the theoretical titration curves
that are calculated on the basis of a simple bimolecular association model assuming t&gtesiees (see Supporting Information). The
Kq values of the test inhibitors for NADH oxidase and NABR); oxidoreductase activities were tentatively assumed to be as follows: for
compoundl, 0.1 and 1.0 nM; for bullatacin, 0.640.1 and 0.0%0.1 nM; for piericidin A, 0.5 and 1.0 nM; for rotenone, 2.0 and 6.0 nM,

respectively.

Superoxide production was also determined in NABH
Q: and NADH-diethoxy-Q oxidoreductase assays under

the same experimental conditions, except that the reaction

medium contained 10@M Q; (or 100 uM diethoxy-Q),
0.8 uM antimycin A (Q site inhibitor), and 0.8tM MOA-
stilbene (@ site inhibitor).

Measurement of Membrane Potential Formatiorhe
membrane potential generated by the oxidation of NADH
was measured at 30C by following the changes in
absorbance of oxonol VI at 63601 nm with a Shimadzu
UV-3000 in a dual wavelength mode&8§). The reaction
medium (2.5 mL) contained 0.2 M sucrose, 2.5 mM MgCl
0.2uM antimycin A, 2 mM KCN, 2.5uM oligomycin, 0.1
uM nigericin, 50uM Qi, 1 uM oxonol VI, and 50 mM
Tricine—KOH (pH 7.5), and the final protein concentration
of SMP was 3Qug of protein/mL. The reaction was started
by adding 5Q:M NADH after the equilibration of SMP with
an inhibitor for 4 min. The membrane potential-sensitive
oxonol VI signal was transiently enhanced and entirely
abolished by the addition of nigericin t(®tH* exchanger)
and valinomycin (K ionophore), respectively.

Materials. Compoundl, AQ, and diethoxy-Q are the
same samples as used previoug®, 24, 28). Piericidin A

RESULTS

Inhibition of NADH-Q; Oxidoreductase Actity. In
previous studies2@, 24), we examined the effects dflac-
acetogenins on complex | activity mainly using the NADH
oxidase assay in SMP, wherein an endogenous ubiquinone
(Quo) serves as an electron acceptor of the enzyme. Since
bovine heart complex | is unique in recognizing exogenous
short-chain ubiquinones28, 29), we here examined the
inhibitory effect of Alac-acetogenins on the reduction of
exogenous substrates. First, the inhibition of NAB&,
oxidoreductase activity by compountl was examined.
Compoundl was used as representatived&c-acetogenins
throughout the present study since it is the most potent
of the Alac-acetogenins synthesized in our laborat@$, (
24).

The NADH—Q; oxidoreductase activity decreased almost
linearly with an increase in the concentrationlofo 50—
60% of the control activity (Figure 2A). Interestingly, higher
concentrations ofL were needed to reduce the residual
enzyme activity (46-50%), and maximal inhibition~{95%)
was achieved at over 80 nM. This feature is clearly noticeable
when the doseresponse curves are compared between

and bullatacin were generous gifts from Drs. S. Yoshida (The NADH—Q; oxidoreductase and NADH oxidase activities
Institute of Physical and Chemical Research, Saitama, Japan)Figure 2A). The residual enzyme activity was sensitive to

and J. McLaughlin (Purdue University, West Lafayette, IN),
respectively. Oxonol VI was obtained from Invitrogen. Other
chemicals were commercial products of analytical grade.

piericidin A and rotenone; that is, the residual activity further
decreased te-10% by the addition of these inhibitors, as
shown by open triangles in Figure 2A. It is well established
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that 5-10% of NADH—-Q; oxidoreductase activity is @) (b)
insensitive to ordinary complex | inhibitors due to nonphysi-
ological electron transfer to {J28, 32, 33). However, the
extent of the residual activity observed fowas significantly fotenoge compdl
greater than that expected from nonphysiological electron
transfer. The residual activity did not decrease with a
prolongation of the incubation period up to 15 min (not
shown). On the other hand, the desesponse curve for
NADH—Q; oxidoreductase activity shifted slightly to a
higher concentration range compared with the NADH
oxidase assay, indicating a decrease in apparent inhibitor
sensitivity. A similar phenomenon has been reported for
ordinary inhibitors 6, 30, and31 and also described below), -
though the kinetic background remains to be solved. 2 min

As references, the doseesponse curves of bullatacin, Ficure 3: Effect of inhibitor on the reverse electron transfer in
piericidin A, and rotenone for NADH oxidase and NABH SMP. The traces (a, rotenone; b, compodhdepict the changes

. L . of absorbance at 340 nm associated with the reduction of NAD
Q. oxidoreductase activities are shown in panels B, C, and The arrows indicate the addition of 2 mM ATP and 60 nM rotenone

D of Figure 2, respectively. In all cases; 50% of NADH— or 1. The final mitochondrial protein concentration is 0.1 mg of
Q. oxidoreductase activity was insensitive to the inhibitors. protein/mL.

Compared with the NADH oxidase assay, the dassponse
curves of piericidin A and rotenone for the NADHD, inhibited by piericidin A and rotenone28). This finding
oxidoreductase assay shifted to a higher concentration rangesuggests that the ubiquinone reduction site of bovine complex
as mentioned above. | is spacious enough to accommodate a bulky exogenous
To interpret the large residual activity observed fowe ubiquinone analogue. Taking into consideration that di-
tried to analyze the doseesponse curve by a theoretical ethoxy-Q or its reduced form (diethoxy-Bl,) serves neither
binding model. The curved lines in Figure 2 represent the as an electron acceptor nor as an electron donor in suceinate
theoretical titration curves expected from a simple bimo- ubiquinone oxidoreductase (complex Il) and the cytochrome
lecular association model with the assumption that the extentbc; complex (complex IIl), respectivel\dd), the finding that
of inhibition (percent) is equal to the ratio of [enzyme  the bulky ubiquinone can serve as an electron acceptor solely
inhibitor complex]/[enzymedy x 100; conversely, the in complex | may reflect a specific feature of the ubiquinone
residual enzyme activity (percent) is equal to the ratio of reduction site in the enzyme. Therefore, we also examined
[enzymej.d[enzymela x 100 (Figure S1; see Supporting the effect ofl as well as ordinary inhibitors on NADH
Information). Given a concentration of complex | of 2.5 nM  diethoxy-Q oxidoreductase activity. The results were similar
(see Experimental Procedures), almost all measuremento those of the NADH-Q; assay, i.e., a shift in the dose
points of1 for the NADH oxidase assay fit a simple binding response curves df, piericidin A, and rotenone toward a
model tentatively assuming the dissociation constégtto higher concentration range and heterogeneity of the-tlose
be 0.1 nM. On the other hand, the first3 points ofl with response curve solely faklac-acetogenin (Figure S2; see
the NADH—Q; oxidoreductase assay seem to fit the model Supporting Information). Taken together, it is certain that
assuming theKy value is 1.0 nM (inset in Figure 2A), the effect ofAlac-acetogenin on the reduction of exogenous
whereas the points in the higher concentration range mark-short-chain ubiquinones is considerably different from that
edly deviated from the theoretical titration curve, suggesting of ordinary inhibitors.
heterogeneity of the inhibitor binding (or inhibition manner). Inhibition of Reverse Electron Transfer (UbiquineNAD"
It is noteworthy that the doseesponse curves of all of the  Oxidoreductase Actity). It has been established that com-
ordinary inhibitors, regardless of whether the NADH oxidase plex | in intact mitochondria or in coupled SMP operates
or NADH—Q; oxidoreductase assay was used, almost reversibly; that is, when energy is supplied by aerobic
completely fit a simple binding isotherm, as shown in Figure succinate oxidation or by ATP hydrolysis, complex | is able

0.04

AAbs
340
| |

— < ATP __SentP

2B-D.2 to catalyze the rotenone- and/or uncoupler-sensitive ubigtinol
We previously revealed that bulky diethoxy;@ which NAD* oxidoreductase activity3g, 36). As the above results
both methoxy groups in the 2- and 3-positions ofgre indicated thatl perturbs the reduction of ubiquinone in a

replaced by an ethoxy group, serves as an efficient electronsomewhat different manner from ordinary inhibitors, we next
acceptor in bovine heart mitochondrial complex I, and its examined the inhibition of the reverse electron transfet by
electron transfer activity is almost completely-95%) to examine the effect on the oxidation of ubiquinoh{g).
We preliminarily confirmed that the reverse electron
2 The K4 values of ordinary inhibitors presumed in the analyses in transfer was completely suppressed by the addition of
Figure 2 are lower than those experimentally obtained irLiefhy a SF6847 (protonophoric uncoupler) or oligomycin (ATP
far((:)tl?ll;enqlfir?_tl’}g.Iitz?éls'[u?ésflz?]%?gi?]ythr%a\)lla|tlJ.|eesdch)fev?ri an %Fr’s”lg‘ffl“a' synthase inhibitor). The reverse electron transfer was quickly
i?lhibitors were calculated on the basis of the competitive rep?acement an_d C(_)mpletely inhibited Py the addition of rotenone (trace
test using two standard radioligandd{[dihydrorotenone ancfH]AE a in Figure 3) or bullatacin (not shown) at a concentration
F119209. TheKq values of the radioligands were determined experi- high enough to exhibit maximal inhibition of NADH

mentally from Scatchard plots of the binding data (Figure 4 irlfgf At
It should be realized that in the experiments the variation in the [bound oxidation (the forward electron transfer). In contrast, an

ligand]/[free ligand] ratio is too biased and narrow (frer.01 to~0.1) excess amount ofl did not quickly inhibit the reverse
to accurately estimate th&; values of the standard ligands. electron transfer and the inhibitory effect was markedly time-
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Table 1: Comparison of the Inhibitory Effect on the Forward within the mitochondrial electron transport chain. The

(NADH Oxidase) and Reverse (UbiquinreNAD* Oxidoreductase) reductant of oxygen producing superoxide in complex | is
Electron Transfer Activities not known, and published results are highly conflicting. One
ICso values (pmol of inhibitor/mg of proteif) possible cause of this is that the superoxide generation from

the enzyme varies greatly depending on the tissue, species,

inhibitor forward electron transfer reverse electron transfer . .
and experimental condition89—41). Lambert and Brand

gﬁﬂgggiﬂm 4436i g 8); 123 i il(l(;l) (42) suggested that the major site of superoxide production
piericidin A 81+ 7 (3) 48+ 4 (2) in complex | of intact mitochondria isolated from skeletal
rotenone 130- 14 (4) 624+ 8 (3) muscle of rat, determined as hydrogen peroxide production,
aValues are means SD of three independent experimerftThe is in the region of the ubiquinone reduction site on the basis
figures in parentheses show the ranking in order of inhibitory potency. Of the observation that different complex | inhibitors such
¢ The 1G5 values ofl and bullatacin are regarded as identical. as rotenone and piericidin A and high concentrations of

myxothiazol gave different rates of superoxide production

dependent (trace b in Figure 3). Over 10 min was needed toduring the forward electron transport. If the main or only
achieve a final rate under the experimental conditions. To site of superoxide production is upstream of the ubiquinone
eliminate such a marked time dependency, SMP were reduction site (i.e., irortsulfur centers or FMN), then, for a
preincubated withl for 4 min before the reverse electron simple linear chain of electron carrier8)(the addition of
transfer was started with the addition of ATP. This treatment any inhibitor acting at or close to the ubiquinone reduction
almost completely eliminated the time dependency and site should result in the same rate of superoxide production,
enabled us to reproducibly carry out the inhibitor titration. but this was not the caséZ). Using bovine heart SMP, we

Since the reverse electron transfer is much slower thanpreviously showed that the rate of superoxide production
the forward electron transfer, a higher concentration of SMP induced by an excess amount Afac-acetogenin in the
was used in the former assay (0.1 vs 0.03 mg of protein/ NADH oxidase assay is about one-third to one-fourth of that
mL), resulting in an increase in volume of the membrane induced by different ordinary inhibitors (réf4 and reex-
lipid phase as well as the concentration of complex I. amined using the present SMP preparations as shown in
Accordingly, as the amount of inhibitor trapped in the Figure 4A). This finding indicates that the effect afac-
hydrophobic lipid bilayer differs between the assay systems, acetogenins on the free radical intermediate in complex | is
a direct comparison of the kgvalues between the two, in  quite different from that of ordinary complex | inhibitors.
either molarity or moles of inhibitor per milligram of protein, ~Considering that the inhibition site aflac-acetogenins is
is complicated. Alternatively, we compared the order of the downstream of irorrsulfur clusters Z3), this result seems
inhibitory effect of the test compounds in terms ofd@alues to support the idea proposed by Lambert and Bratf), (
(moles of inhibitor per milligram of protein), as listed in  although the difference in the rate of superoxide production
Table 1. Compound. was a more potent inhibitor than induced by ordinary inhibitors was less significant than that
rotenone and piericidin A for the forward electron transfer determined by these authors.
but was the poorest inhibitor for the reverse electron transfer. When a short-chain ubiquinone such asiQused as an
In terms of inhibitory potency, the ranking of ordinary electron acceptor of complex | in place of the endogenous
inhibitors was the same for both electron transfer events; ubiquinone (Qy), the production of superoxide is remarkably
bullatacin > piericidin A > rotenone. This order for the  enhanced since some of the short-chain ubiquinone added
forward electron transfer was observed by different labora- is reduced at nonphysiological ubiquinone reduction site and
tories @, 11). It is therefore clear that the inhibitory effect mediates one electron transfer to molecular oxygen44).
of 1 on the reverse electron transfer is significantly weaker SinceAlac-acetogenin induces significantly less superoxide
than that on the forward electron transfer, indicating a than ordinary inhibitors with the NADH oxidase assay in
direction-specific effect. More experiments are needed to which Qo acts as an electron acceptor (Figure 4A), it was
determine whether this phenomenon is associated with theof interest to investigate the effect éflac-acetogenin on
possibility that different electron transfer pathways operate the superoxide production when a short-chain ubiquinone is
in the two reactions37). used as an electron acceptor.

Kotlyar and Gutman38) claimed that the forward electron Therefore, we measured the rates of superoxide production
transfer exhibits a much higher sensitivity to rotenone than induced byl or ordinary inhibitors using Qor diethoxy-Q
the reverse electron transfer, but this would be due to anas an electron acceptor. To block superoxide production from
underestimation of the inhibitory effect of rotenone on the complex Il as well as the electron transfer activity of
reverse electron transfer because of the significant time complex lll, we added an excess amount of antimycin A
dependency of the inhibition under their experimental (Q; site inhibitor) and MOA-stilbene (Qsite inhibitor) at
conditions (Figure 2 in re88). Actually, we also confirmed  the same time in this experiment. It should be mentioned
a similar time dependency of the inhibition by rotenone with that the concentrations of the test inhibitors were set to be
our SMP preparations. However, when SMP were preincu- high enough to achieve maximal inhibitiorr§0%) of the
bated with rotenone for 4 min before the reverse electron electron transfer activity. As shown in Figure 4B, the rates
transfer, as described above, the time dependency disapef superoxide production using short-chain ubiquinones,
peared and the difference in inhibitor sensitivity was much particularly Q, in the presence of an inhibitor were markedly
less significant than that reported in 128. greater than those obtained using endogenous ubiquinone

Effect on Superoxide Production in NAB#Jbiquinone (Figure 4A), being consistent with the previous studg)(
Oxidoreductase Actity. Superoxide is produced by the The superoxide production observed with diethoxwvw@s
single electron reduction of oxygen by an electron carrier considerably less than that withy @robably because more
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FiIGURE 4: Superoxide production from complex | in the presence SMP. (A) Effect of increasing concentrations of DPI (closed circles)
of inhibitor. (A) Rates of superoxide production in the NADH or 1 (open circles) on the superoxide production induced by 130
oxidase assay with SMP. Where indicated, N DPI, 1.2 uM nM bullatacin. The concentration of bullatacin was high enough to
compoundl, 1.2 uM rotenone, or 1.2«M bullatacin was added. induce maximal superoxide production as well as maximal inhibi-
The concentrations of all inhibitors were set high enough to achieve tion of NADH oxidase activity. (B) Rate of superoxide production

complete inhibition of NADH oxidase activity. (B) Rates of with increasing concentrations of bullatacin (closed circles), ro-

superoxide production in NADHdiethoxy-Q (upper) and NADH- tenone (open circles), or AQ (closed triangles) in the presence of
Q1 (lower) oxidoreductase assays with SMP. The concentration of 200 nM 1. The concentration ofl was high enough to induce
Q. and diethoxy-Qwas set at 10@M. Where indicated, 1.2M maximal superoxide production as well as maximal inhibition of

compoundl, 1.2 uM rotenone, or 1.2«M bullatacin was added. NADH oxidase activity. The final mitochondrial protein concentra-
The concentrations of all inhibitors were set high enough to achieve tion is 0.25 mg of protein/mL. Bars show meattisSD of three
maximal inhibition (96-95%) of NADH—Q; and NADH-di- independent measurements.

ethoxy-Q oxidoreductase activity. The final mitochondrial protein

concentration is 0.25 mg of protein/mL. The scale of the horizontal ; i i i 0O >
axis in the figure differs between (A) and (B). Bars show means site. The order of the difference is alsq Q diethoxy-Q

SD of at least three independent measurements. *, significant Qo ) i ) .
difference p < 0.001) versus rotenone and bullatacin. Effect on Superoxide Production in NADH Oxidase

Activity. The previous study2d) and the above results
hydrophobic diethoxy-@efficiently partitions into SMP and  certainly revealed that the superoxide production induced by
accepts electrons almost exclusively from the physiological Alac-acetogenin is significantly less than that by ordinary
ubiguinone binding site of complex I. Importantly, although inhibitors regardless of whether endogenous or exogenous
the rates of superoxide production induced by ordinary ubiquinone is used as an electron acceptor. On the basis of
inhibitors were almost comparable regardless aof @ this finding, we thought that an analysis of the effec\tdc-
diethoxy-Q, the rate induced by was significantly smaller ~ acetogenin on superoxide production in combination with
than that induced by ordinary inhibitors, as observed with ordinary inhibitors may provide a clue as to how the binding
the NADH oxidase assay (Figure 4A). The difference may sites of complex | inhibitors relate to each other. If the
not be explained by a difference in the electron transfer inhibition site of Alac-acetogenins is upstream of ordinary
process from irorsulfur clusters (or FMN) to molecular  inhibitors, the rate of superoxide production induced by
oxygen mediated by the short-chain ubiquinones since theordinary inhibitors in NADH oxidation will be reduced in
redox status of irossulfur clusters (or FMN) should be the presence of\lac-acetogenin since the electron flow to
comparable as the ubiguinone reduction at the physiologicalthe reaction site, where ordinary inhibitors block the electron
binding site is completely blocked in both cases. It is transfer event, is reduced bxxlac-acetogenin 42, 45).
therefore likely that the difference in superoxide production However, if Alac-acetogenins act downstream of ordinary
is attributable to that originating from the physiological inhibitors, the superoxide generation induced by ordinary
ubiquinone reduction site. That the degree of difference in inhibitors will not be affected since the electron flow into
superoxide production betweenand ordinary inhibitors  the inhibitor binding site is not restricted Mac-acetogenin.
differs depending on the ubiquinone used ¢ diethoxy- As a control, the superoxide production induced by
Q. > Q1) would support this notion. On the other hand, the bullatacin in combination with DPI, which is known to inhibit
difference in superoxide production between the control and the electron input into complex | acting at FMNQ], was
1 might be primarily due to the electron leak from the radical examined (Figure 5A). In this experiment, the concentration
intermediate(s) located upstream of the ubiquinone reductionof bullatacin (130 nM) was set high enough to achieve
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maximal superoxide production as well as maximal inhibition A
of the NADH oxidase activity. Expectedly, the rate of < 100
superoxide production induced by bullatacin was reduced =
by DPI in a concentration-dependent manner. At very high % 8
concentrations of DPI, the rate was the same as that with S &0
DPI alone, as shown in Figure 4A. In contrast, the superoxide o
production induced by bullatacin was not affected in the § 40 rl-g
presence of even at markedly excess concentrations (Figure < 20 § (]
5A). It should be noted thdt exhibited maximal inhibition } e °
of NADH oxidase activity at about 50 nM under the 0D : :
experimental conditions. Similar results were observed for 0 10 20 30
rotenone (Figure S3; see Supporting Information). In these concentration (nM)
experiments, it is unlikely thal displaced bullatacin (or
rotenone) from the enzyme since if these inhibitors were to 100 | (B) %
be replaced by an increasing amount Hf the rate of .
superoxide production would gradually decrease to the level ® 80t 3 %_(
induced byl alone, but this was not the case. >

Next we measured the rate of superoxide production in- g 60y '%H%
duced by increasing the concentration of bullatacin, rotenone, 3 40} -
or AQ in the presence df (200 nM). In this experiment, 5
200 nM 1 was enough to induce maximal superoxide g 07 %%
production. As shown in Figure 5B, did not significantly 0 o] . . , .
affect the concentration dependency of superoxide production 0 20 40 60 80 100

induced by these inhibitors. For a reference, the titrations
obtained withoutl are shown in Figure S4 (see Supporting
Information). Under the experimental conditions, it is also FIGURE 6: Dose-response curves for the inhibition of membrane
likely that the ordinary inhibitors did not displadefrom potential formation by complex I. The NADHQ); oxidoreductase

. - - . assay was used to monitor the membrane potential formation.
the enzyme since the binding affinity dfin the NADH (A) Inhibition of membrane potential formation by (closed

oxidase assay is comparable to or slightly higher than that circles) and bullatacin (open circles), respectively. (B) Correlation
of the inhibitors (Figure 2), and a high concentrationlof  between the changes in electron transfer activity and in membrane
(200 nM) was used. Actually, using AQ with intense fluores- Ppotential formation forl (closed circles) and bullatacin (open
cence, we have revealed thaand AQ do not displace each circles). The data on the electron transfer activity were taken from
! : . . Figure 2A,B.

other in bovine complex 124). It is therefore certain that
both 1 and the ordinary inhibitor bind to the enzyme at the
same time under the experimental conditions. Taken together
the above results indicate that the effect of ordinary inhibitors
on the free radical intermediate in the forward electron
transfer is not influenced bwlac-acetogenin. The most
straightforward explanation for this finding is that the binding
site of Alac-acetogenin is downstream of that of the ordinary
inhibitors.

Effect on Proton Translocation by Complexrhe proton
translocation by complex | is tightly coupled, either directly

or indirectly (19, 46—48), with the ubiquinone redox reaction. aptivity) generat_ed no membrane potent&B)( In contrast,
Since the present study revealed that the effectalat- high concentrations ol were needed to abolish residual

acetogenin on the redox reaction of both endogenous ana(N40%) membrane potential. To see the correlation between

exogenous ubiquinones are considerably different from thoset® changes in electron transfer activity and in membrane
of ordinary inhibitors, it may not be strange to consider the Potential formation, the two parameters were plotted in
possibility thatAlac-acetogenin disturbs the tight coupling Figure 6B. The relationship between the two parameters was

between the ubiquinone reduction and the proton transloca-@/most the same fod and bullatacin. Therefore, it is
tion, i.e., a so-called decoupling effect, which occurs in 'éasonable to conclude that the decoupling effechlafc-
complexes Il and IV (cytochromeoxidase) due to chemical ~ acetogenin is negligibly small, if any. Yagbl) reported
modification byN,N'-dicyclocarbodiimide (DCCD)4, 49, that the proton translocation and electron transfer activity in
50). We investigated therefore the effect af on the  the NADH—Q, oxidoreductase assay in bovine complex |
membrane potential formation induced by complex I, which are inhibited in parallel by DCCD.

was monitored as changes in absorbance of oxonol VI and

compared it with the effect on the electron transfer activity DISCUSSION

using bullatacin as a reference. To eliminate the contribution

of the proton pumping activity of complexes Ill and IV, we To obtain new insight into the terminal electron trans-
measured the membrane potential generated by NAQH fer step of bovine mitochondrial complex I, we herein
oxidoreductase activity. In preliminary experiments, we characterized the inhibitory action dflac-acetogenins in
confirmed that the oxonol VI signal generated by NADH more detail. The present study indicates that the inhibitory

NADH-Q, Oxidoreductase Activity (%)

oxidation was transiently enhanced and entirely abolished
by the addition of nigericin (K/H™ exchanger) and valino-
mycin (K ionophore), respectively. For bothand bullata-
cin, the relationship between the membrane potential for-
mation and the concentration of inhibitor was comparable
to that seen in the inhibition of electron transfer activity
(Figure 6A vs Figure 2A,B). Namely, for bullatacin, an
almost linear doseresponse curve was observed, and the
nonphysiological electron transfer{30% of the control
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effects of Alac-acetogenin on the redox reaction of both serves as an electron mediator to molecular oxyger®b).
endogenous and exogenous ubiquinones are considerablyfano et al. §4) showed that two ubisemiquinones, g@nd
different from those of ordinary inhibitors. Notably, the SQ\s in complex | exhibit markedly different specificities
inhibition of the reduction of exogenous ubiquinonesly to complex I inhibitors.

is difficult to explain with a simple bimolecular association Importantly, Alac-acetogenin did not influence the effect
model. Taking into consideration that @nd diethoxy-Q of ordinary inhibitors on the free radical intermediate
are efficient electron acceptors from the physiological producing superoxide in the NADH oxidase assay (Figure
quinone reduction site2g), these results strongly suggest 5). On the basis of the scenario that the major site of
that the binding site ofAlac-acetogenin is not identical to  superoxide production in the presence of an ordinary inhibitor
that of ubiquinone and that the binding Afac-acetogenin  is the ubiquinone reduction site, we interpret the results to
to the enzymeecondarily(or indirectly) affects the reduction ~ mean that the inhibition site ohlac-acetogenin is down-
of the ubiquinones. On the basis of LineweavBurk plots stream of that of the ordinary inhibitors. It should be
of the kinetic data on NADHQ; oxidoreductase activity, = mentioned that even if the major site of superoxide produc-
we previously suggested thAtac-acetogenins inhibit com-  tion was upstream of the ubiquinone reduction site, (FBIN

plex | in a competitive manner against 3). However, or iron—sulfur clusters), we might reach the same conclusion
this idea has to be revised since the problem inherent to thebecause our results indicate that the action siteAlafc-
studies employing MichaelisMenten-type kineticsg, 31, acetogenin does not exist between the radical intermediate

32, 37, 52) is that the physicochemical properties of and ordinary inhibitors in a simple linear chain of electron
the ubiquinones, the inhibitors, and the membrane-boundcarriers.
enzyme as well as the complexity of underlying catalytic ~ Currently, there is little direct evidence for any mechanism
mechanism make interpretation of the kinetic data difficult of proton transduction in complex I, but it became recognized
and ambiguous. In particular, hydrophobic ubiquinones and that some transmembraneous subunits may be implicated in
inhibitors remarkably accumulate in the hydrophobic lipid the proton translocation. For instance, on the basis of single
phase of the inner mitochondrial membrane, making the particle analysis of electron micrographsisfcherichia col
actual concentrations at the reaction sites difficult to deter- complex |, Sazanov’s groupb, 56) proposed a model of
mine. the arrangement of subunits in the bacterial complex | in
We analyzed the rate of superoxide production as an indexwhich the transmembraneous subunits NuoL (ND5 in bovine)
to obtain a clue as to the inhibition site Afac-acetogenin.  and NuoM (ND4) are located at the distal end of the
Our results clearly showed that the superoxide production membrane arm, spatially separated from the peripheral arm
induced byAlac-acetogenin, regardless of whether endog- where all the known cofactors are located. Taking into
enous or exogenous ubiquinone is used, is significantly lessconsideration the proposed quinone binding sequence (L-
than that induced by ordinary inhibitors (Figure 4). The XsH-X3-T/S) (67) as well as the functional importance of
difference in the superoxide production induced by different these subunitsl@, 18), the authors also suggested that these
ordinary inhibitors in the NADH oxidase assay is less subunits are involved in the proton pumping through long-
significant than that reported by Lambert and Bradd) ( range conformational interaction with the peripheral a8 (
(see Figure 4A in the present study and Figure 4 ir2egf 56). On the other hand, structuractivity studies of a series
It is reasonable to interpret our results to mean that different of Alac-acetogenins revealed that large and symmetrical
ordinary inhibitors induce superoxide at almost the same rate,hydrophobicity of both alkyl side chains is crucial for
as reported by Genova et a3). While the aim of the exhibiting potent inhibitory effecta3, 58). This means that
present study was not to identify the major site of superoxide Alac-acetogenins bind to the hydrophobic membrane arm
generation in complex |, our results may provide information of complex |, and the physicochemical properties of the side
about the superoxide generated from ubisemiquinone. Whenchain decide the precise location of the hydrophilic bis-THF
the ubiquinone reduction in complex | is fully blocked by ring moiety at or close to the membrane interface. The
Alac-acetogenin or ordinary inhibitors, the extent to which present study strongly suggests that the inhibition site of
electrons accumulate in the cofactors located in the peripheralAlac-acetogenin is downstream of that of ordinary inhibitors.
arm should be comparable. Therefore, the difference in At first, this notion seems to be inconsistent with the
superoxide generation may not be attributable to a differencegenerally accepted idea that ordinary inhibitors such as
in the electron leak from the cofactors to molecular oxygen. rotenone and piericidin A inhibit theéerminal electron
Taking into consideration the finding that the effectdéc- transfer step of complex | (i.e., the ubiquinone reduction),
acetogenin on the reduction of ubiquinone is considerably which might take place in the membrane arm. Nevertheless,
different from that of ordinary inhibitors, it is highly likely  taking into consideration the proposed dynamic function of
that blocking of the reduction of ubiquinone hilac- the membrane domaird$, 56), it may not be strange that
acetogenin induces less electron leak from ubisemiquinonethere are diverse chemicals that disturb the function of the
to molecular oxygen than the ordinary inhibitors do. Genova membrane domain differently depending on their structural
et al. @43) claimed that the ubisemiquinone radical is not a specificity.
candidate for a direct electron donor to molecular oxygen In conclusion, Alac-acetogenins appear to be unique
in the presence of an ordinary complex | inhibitor since molecular probes with which to investigate the terminal
rotenone remarkably diminishes the formation of ubisemi- electron transfer step of bovine complex I. To fully under-
quinone radical as revealed by EPR spectroscd8). (  stand the inhibitory action of these inhibitors, identifi-
However, one cannot exclude the possibility that destabilized cation of the binding site is necessary. To this end, a
ubisemiquinone, which may be EPR-undetectable under thephotoaffinity-labeling study is currently underway in our
experimental conditions, and/or the residual ubisemiquinone laboratory.
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SUPPORTING INFORMATION AVAILABLE

Figures St-S4 as described in the text. This material is

available free of charge via the Internet at http://pubs.acs.org.
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