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Probing the Ubiquinone Reduction Site in Bovine
Mitochondrial Complex I Using a Series of Synthetic
Ubiquinones and Inhibitors

Hideto Miyoshi1

Studies of the structure–activity relationships of ubiquinones and specific inhibitors are helpful to
probe the structural and functional features of the ubiquinone reduction site of bovine heart mito-
chondrial complex I. Bulky exogenous short-chain ubiquinones serve as sufficient electron acceptors
from the physiological ubiquinone reduction site of bovine complex I. This feature is in marked
contrast to other respiratory enzymes such as mitochondrial complexes II and III. For various com-
plex I inhibitors, including the most potent inhibitors, acetogenins, the essential structural factors
that markedly affect the inhibitory potency are not necessarily obvious. Thus, the loose recognition
by the enzyme of substrate and inhibitor structures may reflect the large cavitylike structure of the
ubiquinone (or inhibitor) binding domain in the enzyme. On the other hand, several phenomena are
difficult to explain by a simple one-catalytic site model for ubiquinone.
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STRUCTURE–ACTIVITY STUDY OF
SYNTHETIC SHORT-CHAIN UBIQUINONES

Ubiquinones (Qs) function as mobile mediators for
electron transfer and proton translocation between re-
dox enzymes in mitochondrial and bacterial respiratory
systems. Therefore, they are regarded as functional el-
ements in the respiratory systems. Q is an amphiphilic
molecule composed of a polar 1,4-benzoquinone ring and
a hydrophobic isoprenyl tail. The ring moiety is directly
involved in redox reactions. Molecular orbital calcula-
tions demonstrated that the conformations of the methoxy
groups in the 2- and 3-positions of the ring affects electri-
cal potential of the oxidized form of Q or semiquinone rad-
ical through conformational interconversion (Robinson
and Kahn, 1990; Burieet al., 1997). Therefore, the manner
of binding of the methoxy groups to the protein environ-
ment is expected to significantly influence the Q redox
reaction. On the other hand, the tail seems to increase the
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hydrophobicity of the Q molecule to facilitate lateral dif-
fusion in biomembranes (Lenaz and Degli Esposti, 1985).
In the bacterial photosynthetic reaction center, extensive
physicochemical studies of the Q redox sites have been
performed on the basis of the atomic structures of the
protein and bound cofactors (e.g., Graigeet al., 1998;
Rabensteinet al., 2000), whereas our knowledge concern-
ing the binding and redox properties of Q in most respira-
tory enzymes including complex I is still not sufficient.

To probe the structural and functional features of the
Q reduction site in bovine complex I, a structure–activity
relationship study using a series of alkyl derivatives of
short-chain Qs, in which the native substituents of the
quinone ring are replaced by other alkyl groups, is helpful
since this type of structural modification inevitably al-
ters the molecular shape while minimizing changes in the
redox properties of the molecule (Heet al., 1994). Such
structural modifications enable separation of the steric and
electronic effects of the substituents on the redox activity.
Synthetic procedures that enable chemical modifications
of the substituents at all positions in the quinone ring
to other alkyl or alkoxyl groups have been established
(Sakamotoet al., 1996a; Ohshimaet al., 1998).
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Bulky alkoxy derivatives of Q2 (ubiquinone-2) and
DB (2,3-dimethoxy-5-methyl-6-n-decyl-1, 4-benzoqui-
none), where the methoxy groups in the 2- and/or
3-positions are replaced by other alkoxy groups, such
as ethoxy, propoxy, and butoxy groups (Fig. 1), served
as sufficient electron acceptors from the physiological
Q-reduction site in bovine complex I (Ohshimaet al.,
1998). This observation is in marked contrast to other
respiratory enzymes, such as mitochondrial complexes II
and III (Heet al., 1994), cytochromebo3 (Sakamotoet al.,
1996b), glucose dehydrogenase inE. coli(Sakamotoet al.,
1996a), and alcohol dehydrogenases of acetic acid bac-
teria (Matsushitaet al., 1999). In these enzymes, even
monoethoxy derivatives of Q2 (or Q2H2) and DB (or
DBH2) were very poor substrates, indicating that the struc-
tural requirements for the methoxy groups in the 2- and
3-positions are stringent. Structural modification of the
2- and 3-positions affected the electron-accepting abil-
ity in similar way, indicating that steric congestion sur-
rounding both methoxy groups is comparable in bovine
complex I. In addition, the presence of a methyl group in
the 5-position was not crucial for the electron-accepting
activity (Sakamotoet al., 1996a). Thus, bovine complex I
recognizes the quinone ring moiety very loosely. This is
probably because the Q reduction site of the enzyme is
sufficiently spacious to accommodate bulky exogenous
substrate.

The steady-state kinetics of NADH-Q oxidoreduc-
tase activity of complex I are consistent with a ping-pong
bi bi mechanism, whereby the enzyme is first reduced
by NADH with release of NAD+ and then reoxidized
by Q with release of QH2 (Fatoet al., 1996). The same
mechanism was suggested using ferricyanide and DCIP
(2,6-dichlorophenolindophenol) as electron acceptors
Dooijewaard and Slater, 1976). Since first (NADH) and
second (Q) substrates bind reversibly at different sites of
the enzyme, this kinetic mechanism is generally supposed
to suffer product inhibition; that is, the presence of a re-
duced form of Q inhibits the enzyme reaction in a compet-
itive manner against an oxidized form. In fact, NADH-Q
oxidoreductase activity for various Q2 analogs shown in
Fig. 1 was inhibited by its reduced form in a concentration-
dependent manner and was completely blocked at high
concentrations (Ohshimaet al., 1998). In these cases, the
mechanism of inhibition by the reduced form of Q was
competitive against its oxidized form. Interestingly, the
extent of product inhibition by the reduced form of a
different type of Q was saturated at 40–60%. This in-
complete product inhibition by combined use of differ-
ent Q2 analogs is difficult to explain by a one-catalytic
site model for exogenous short-chain Q (Ohshimaet al.,
1998).

Fig. 1. Structures of Q2 and DB analogs in which methoxy group(s) at
the 2- and/or 3-positions were replaced by other bulky alkoxy groups.

Only limited information is available regarding
the mechanism of energy-coupled electron transfer in
complex I. Even the H+/e− stoichiometry is still uncer-
tain and values reported (H+/e− ≥ 2) are too high to ra-
tionalize on the basis of a mechanism in which a single
electron-transfer reaction is coupled to the translocation of
one proton in analogy to the Q-cycle model of complex III
(Brandt, 1997). On the other hand, there is virtually no
hard experimental evidence from which to infer the pos-
sibility that the mechanism (or stoichiometry) of pro-
ton pumping varies depending upon substrate structures.
Degli Esposti and colleagues reported that electron accept-
ing and proton pumping activities of exogenous Q analogs,
which possess different tail structures but an identical sub-
stitution pattern of the quinone ring, are not comparable
(Degli Espostiet al., 1996; Helfenbaumet al., 1997). To
examine the above possibility, however, comparison of
the two activities among the compounds used by these
authors is not necessarily adequate not only because the
structure of the quinone ring moiety is not varied, but also
because less hydrophobic Q analogs interact incompletely
with the physiological Q reduction site, making the com-
parison very complicated. To overcome these limitations
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and considering the structural specificity of the Q reduc-
tion site in bovine complex I described above, Q2 analogs
listed in Fig. 1 should be good probes to examine this
issue. On the basis of comparison of structure–activity
profiles for electron-accepting and proton-pumping activ-
ities of the Q2 analogs, it was revealed that the two activi-
ties are comparable irrespective of wide structural varia-
tions of the quinone ring moiety (Ohshimaet al., 1998).
This finding indicated that the proton-pumping mecha-
nism is identical, or at least not significantly different,
regardless of the substrate structure.

The Vmax (or kcat) value of Q2 in the reaction with
bovine complex I is much lower than those of DB and
Q1 (Fato et al., 1996; Degli Espostiet al., 1996). It is,
however, noteworthy that the intrinsic electron-accepting
efficiency of Q2 in terms ofkcat/Km is rather greater than
those of the latter two substrates (Sakamotoet al., 1998).
This means that Q2 is not necessarily a poor substrate,
as described in several reports (Estornellet al., 1993;
Fato et al., 1996; Degli Espostiet al., 1996). The low
Vmax value of Q2 is primarily due to stabilization of the
enzyme–Q complex or to the high affinity of Q2 toward
the enzyme, resulting in slowdown of the product (Q2H2)
release (Sakamotoet al., 1998). However, the difference
between Q2 and DB cannot be attributed to the hydropho-
bicity of the tail, since the isoprene structure is rather less
hydrophobic than the saturated alkyl tail with the same
number of carbon atoms (Warnckeet al., 1994; Fatoet al.,
1996).

To identify the structural factor(s) of the diprenyl tail,
which is responsible for the high-affinity binding of Q2

to the enzyme, we performed a structure–activity study
using a systematic set of synthetic Q2 analogs (Fig. 2),
where only one of the structural factors of the diprenyl
tail was modified in a limited way (Sakamotoet al., 1998).
This study clearly showed that the presence of the methyl
branch and theπ -electron system in thefirst isoprene
unit are responsible for high-affinity binding of Q2 to the
Q-reduction site, resulting in lowKm andkcat values of
Q2 reduction. It is, however, unclear whether the enthalpic
interaction of the first isoprene unit with the binding envi-
ronment or conformational energy of the isoprene unit
in its protein-bound state is the dominant force in the
specific binding of Q2 to the enzyme, since discussion
based on the protein structure or the tail conformation
in the protein-bound state is unfeasible for complex I at
present.

With regard to the role of the isoprenyl chain of
Q, Yu et al. (1985) reported that electron-accepting and
-donating activities of Q2 (or Q2H2) and DB (or DBH2)
are completely identical in mitochondrial succinate-
cytochromecoxidoreductase. On the other hand, a specific

Fig. 2. Structures of Q2 analogs in which only one of the structural
factors of the diprenyl tail was systematically modified.

role of diprenyl tail of Q2 was reported for bacterial photo-
synthetic reaction center (Warnckeet al., 1994) andE. coli
cytochromebo3 (Sakamotoet al., 1998). It is, therefore,
concluded that the role of the isoprenyl tail is not simply to
enhance the hydrophobicity of the molecule and molecular
recognition of the tail by the Q redox site differs among the
respiratory enzymes. Some specific interaction between
the isoprenyl tail and its binding environment may be as-
sociated with the flip motion of the quinone ring around
the tail suggested for QB in bacterial photosynthetic reac-
tion center (Lancaster and Michel, 1997) and Qo site in
complex III (Croftset al., 1999).

ESSENTIAL STRUCTURAL FACTORS
OF COMPLEX I INHIBITORS

With the exception of rhein (Keanet al., 1971) and
diphenyleneiodonium (Majanderet al., 1994), which in-
hibit electron input into complex I, all inhibitors act at
or close to the Q-reduction site (the so-called “rotenone
site”). Detailed study of the inhibitory action of specific
complex I inhibitors is important to elucidate the structural
and functional features of the terminal electron transfer
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step of this enzyme. As the first step toward this purpose,
identification of the crucial structural factors of the in-
hibitors including the active conformation required for
potent inhibition would be very useful, as recently re-
vealed for antimycin A binding to Qi site in complex III
(Kim et al., 1999), wherein the crucial structural factors
of antimycin A and their interaction with the enzyme sug-
gested by structure–activity relationship study (Miyoshi
et al., 1995) were almost corroborated by an X-ray crys-
tallographic study.

On the basis of structure–activity relationship studies
of various complex I inhibitors (e.g., Uenoet al., 1994;
Satohet al., 1996; Miyoshiet al., 1997, 1998a), the author
noted in a previous review that in contrast to complex III
inhibitors, essential structural factors of complex I in-
hibitors that markedly affect the inhibitory potency are not
necessarily obvious (Miyoshi, 1998). For instance, only
the pyridinol hydroxy group is undoubtedly essential for
the action of piericidin A. Other functional groups on the
pyridinol ring are indeed important to maintain its very
high potency, but do not determine its inhibitory effects.
The bent form of the rotenone molecule is a very impor-
tant structural factor, whereas the two methoxy groups
in the A ring, 12-C==O group in the C ring, and pres-
ence of the E ring itself are not essential for potent in-
hibition. Particularly for capsaicins and pyridinium-type
inhibitors, it is not easy to define the crucial structural
properties important for inhibition, except hydrophobicity
of the molecule. These findings along with the observation
that a wide variety of structurally different inhibitors act
at common binding domain in complex I (Friedrichet al.,
1994; Okunet al., 1999; Schuleret al., 1999) suggest
that this domain is a large cavitylike structure that enables
occupation by a variety of inhibitors in a dissimilar man-
ner depending on their structural specificity, in analogy
with different types of Qo center inhibitors of complex III
(Kim et al., 1998). In this sense, the manner of binding
of complex I inhibitors might not follow the so-called
“key and keyhole” relation in which multiple functional
groups of the inhibitors are thought to interact tightly
and strictly with their binding environment in a similar
manner.

Interestingly, based on the structure–activity studies
performed in our laboratory, this also appeared to be true
for acetogenins, the most potent inhibitors of bovine com-
plex I. The acetogenins are characterized by two func-
tional units, the hydroxylated tetrahydrofuran (THF) and
the α,β-unsaturatedγ -lactone ring, separated by a long
alkyl chain, as shown in Fig. 3, taking bullatacin as an ex-
ample. These inhibitors act at the terminal electron trans-
fer step of the enzyme (probably Q reduction site), simi-
larly to the usual complex I inhibitors such as piericidin

Fig. 3. Structure of bullatacin (the most potent natural acetogenin) and
syntheticbis-acetogenin described in the text.

A and rotenone (Okunet al., 1999; Schuleret al., 1999);
however, structural similarities are not apparent between
the acetogenins and these known complex I inhibitors. A
systematic set of natural and synthetic acetogenins have
been examined for their inhibitory actions with bovine
complex I to identify the essential structural factors of
these inhibitors (Miyoshiet al., 1998b; Kuwabaraet al.,
2000; Takadaet al., 2000).

The most common structural units of a large
number of natural acetogenins, such as adjacentbis-
tetrahydrofuran (THF) rings, OH groups in the 4- and/or
10-positions of the spacer, and theα,β-unsaturated
γ -lactone, were not essential for potent activity. This con-
clusion is in agreement with the results from other labo-
ratories using natural products (Degli Espostiet al., 1994;
Gonzalezet al., 1997; Tormoet al., 1999). It is notable
that theγ -lactone ring of some natural acetogenins can be
substituted by natural ubiquinone-type 1,4-benzoquinone
ring (Hoppenet al., 2000). The stereochemistry surround-
ing thebis-THF rings with flanking OH groups was also
unimportant for potent activity (Miyoshiet al., 1998b).
This is because the stereochemical difference of thebis-
THF rings makes little difference in the three-dimensional
structure of this moiety, which was corroborated by an ex-
haustive conformational space search analysis (Miyoshi
et al., 1998b). Furthermore, the presence of free OH
group(s) in the adjacentbis-THF rings was favorable, but
not essential, for potent activity. This is probably because
high polarity (or hydrophilicity), rather than hydrogen
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bond-donating ability, around thebis-THF rings is re-
quired to retain the inhibitor in the active conformation
(Takadaet al., 2000). From a molecular viewpoint, the
importance of high polarity may be associated with the
fact that the putative target subunit of acetogenin in bovine
complex I (PSST, Schuleret al., 1999) is hydrophilic pro-
tein and contains no transmembrane helixes according to
secondary structure prediction (Arizmendiet al., 1992;
Finelet al., 1992; Weidneret al., 1993).

Either of the THF andγ -lactone ring moieties alone,
which were synthesized individually, exhibited no or very
weak inhibitory effects. Combined use of the two ring
moieties at various molar ratios showed no synergistic en-
hancement of the inhibitory potency. These observations
indicated that both functional units work efficiently only
when they are directly linked by a flexible alkyl spacer
(Kuwabaraet al., 2000). Interestingly, length of the alkyl
spacer proved to be a very important structural factor for
the potent activity, the optimal length being approximately
13 carbon atoms (Takadaet al., 2000). It is, therefore,
strongly suggested that theγ -lactone and THF ring moi-
eties act in a cooperative manner on complex I with the
support of some specific conformation of the spacer. That
is, a specific conformation of the alkyl spacer could be
important for optimal positioning of the two ring units
in the enzyme. Taking into account the proposal of fairly
large binding domain of inhibitor in complex I as men-
tioned above, the possibility that both ring moieties oc-
cupy different subsites in the same binding domain, in
analogy with different types of Qo center inhibitors of
complex III (Kim et al., 1998), may not be excluded.
All together, the crucial structural features of acetogenins
are unclear, except for the important function of the alkyl
spacer.

Based on the results of [1H]NMR spectroscopic and
differential scanning calorimetry studies of acetogenins
in liposomal membranes, McLaughlin and colleagues pro-
posed a model of an active conformation of these inhibitors
in the mitochondrial membrane environment, wherein the
THF ring(s) with flanking hydroxy groups resides near the
glycerol backbone of phosphatidylcholine irrespective of
the number of THF rings and act as hydrophilic anchor
at the membrane surface, and theγ -lactone ring directly
interacts with the target site of complex I by lateral dif-
fusion in the mitochondrial membrane interior (Shimada
et al., 1998). This model is of interest to obtain insight
into the topographical distribution of the Q-reaction site
in the membrane environment.

If this model is correct,γ -lactone can be regarded
as the only reactive species directly interacting with the
enzyme and, hence, the structural modification of this moi-
ety is expected to result in a drastic decrease in inhibitory

potency. Further, if theγ -lactone ring is the only reactive
species,bis-acetogenin possessingtwo naturalγ -lactone
rings connected to the THF ring moiety by flexible alkyl
spacers (Fig. 3) would be expected to elicit inhibitory
activity about twice as potent as that of ordinary aceto-
genins because of the presence of two reactive species
per molecule. However, wide structural modifications of
the γ -lactone moiety, such as deletion of theγ -methyl
group and transformation of theγ -lactone ring to a six-
memberedδ-lactone ring, did not significantly affect the
inhibitory potency (Takadaet al., 2000). The inhibitory
potency ofbis-acetogenin was identical to that of natural-
type acetogenins, such as bullatacin (Kuwabaraet al.,
2000). These observations do not support the putative es-
sential role of theγ -lactone ring. Moreover, the observa-
tion that hydrogen bond-donating ability of OH groups in
the adjacent THF ring is not crucial for the potent activity
is in disagreement with the supposed important function
of these OH groups as hydrophilic anchors at the mem-
brane surface. Thus, structure–activity studies carried out
in our laboratory do not support the model of an active
conformation of acetogenins proposed by Shimadaet al.,
(1998).

It should be mentioned that a marked decrease (about
106-fold) in the cytotoxicity of bullatacin against carci-
noma cells due to saturation of the double bond in the
α,β-unsaturatedγ -lactone ring (i.e., dihydrobullatacin)
was one of the most important experimental evidences
for the essential role ofγ -lactone ring in the model of
McLaughlinet al., (Huiet al., 1989; Shimadaet al., 1998).
However, this observation is in conflict with the recent re-
port that dihydrosquamocin retains very potent cytotoxic
activity compared with squamocin against human epider-
moid carcinoma cells (KB), African green monkey epithe-
lial cells (VERO), and mouse lymphocytic leukemia cells
(L1210) (Queirozet al., 2000).

INHIBITION BEHAVIOR OF POSITIVELY
CHARGED PYRIDINIUM-TYPE INHIBITORS

Among a wide variety of complex I inhibitors, pos-
itively charged neurotoxicN-methyl-4-phenylpyridinium
(MPP+, Fig. 4) and its analogs exhibit unique inhibitory
actions (Glucket al., 1994). A series of studies on the
inhibition mechanism of MPP+ analogs by Singer and
colleagues (Ramsayet al., 1989, 1991; Glucket al.,
1994) suggested that MPP+ analogs are bound at two
sites, one being accessible to the relatively hydrophilic in-
hibitors (termed the “hydrophilic site”) and one shielded
by a hydrophobic barrier on the enzyme (the “hydropho-
bic site”) and that occupation of both sites is required
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Fig. 4. Structure of pyridinium and quinolinium-type inhibitors de-
scribed in the text.

for complete inhibition. This seems to be in agree-
ment with the existence of two EPR-detectable species
of complex I-associated ubisemiquinones (Vinogradov
et al., 1995; Yanoet al., 2000) and the circumstantial ev-
idence derived from studies on other types of complex I
inhibitors (Gutmanet al., 1970; Yagi, 1990; Uenoet al.,
1994). Thus, MPP+ analogs are useful probes with which
to characterize the structural and mechanistic features of
the Q-reduction site of complex I.

Nevertheless, original MPP+ analogs have certain
limitations when they are used as complex I inhibitors.
For instance, the inhibition by MPP+ analogs requires very
high concentrations (ca. mM order) compared to classical
potent inhibitors such as piericidin A and rotenone and
there have been no specific inhibitors that act selectively
at one of the two proposed binding sites. The latter point is
particularly unusual since if indeed there are two distinct
binding sites, it is unlikely that their structural properties
are completely identical. To overcome these problems and
advance the usefulness of pyridinium-type inhibitors, po-
tent and specific inhibitors acting selectively at one of the
two binding sites are required. We have synthesized a wide
variety ofN-methyl pyridinium and quinolinium cationic
inhibitors to develop such an inhibitor.

Some cationic inhibitors such as MQ-18 (N-methyl 2-
n-dodecyl-3-methylquinolinium, Fig. 4) exhibited unique
inhibitory behaviors with bovine complex I (Miyoshi
et al., 1997). MQ-18 inhibited electron transfer and
proton-pumping activity of the enzyme (at underµM
order) regardless of whether exogenous or endogenous
ubiquinone was used as an electron acceptor. The presence
of tetraphenylboron (TPB−), a counteranion, potentiated
the inhibition by MQ-18 in a different way, depending
upon the molar ratio of TPB− to MQ-18. In the presence
of a catalytic amount of TPB−, the inhibitory potency
of MQ-18 was markedly enhanced, and the extent of in-
hibition was almost complete. The presence of equimo-
lar TPB− potentiated the inhibition more effectively than
a catalytic amount of TPB− at lower concentrations of
MQ18, while the inhibition was saturated at an incom-
plete level (50–60%) at higher concentrations of MQ18.
Extensive inhibition resulted when the concentration of
the inhibitor was nearly equimolar with TPB−. These re-
sults can be explained by the proposed dual-binding sites
model mentioned above, which supposes quite different
hydrophobic natures of the two sites and/or their environ-
ments (Glucket al., 1994). The potentiation at the lower
concentration range of MQ-18 is due to an increase in
the effective concentration of MQ-18 in the membrane
lipid phase by ion-pair formation and also to facilitation
of inhibitor passage to the hydrophobic binding site. The
reversal of the inhibition in the presence of high concen-
trations of TPB− is due to a decrease in the effective con-
centration of the free MQ-18 approaching the hydrophilic
site due to an increase in ion-pair formation.

Among a wide variety of the cationic inhibitors,
MP-24 {N-methyl-4-[2-methyl-2- (p-tert-butylbenzyl)
propyl]pyridinium; Fig. 4} proved to be a good candidate
as a selective inhibitor of one of the two proposed binding
sites (Miyoshiet al., 1998a). In the absence of TPB−, this
inhibitor showed 50–60% inhibition at 5µM in NADH-Q1

oxidoreductase assay, but the inhibition reached a plateau
at this level over a wide range of concentrations. Weak
inhibition was again observed above∼150µM, whereas
complete inhibition could not be determined because of
solubility limit above∼400µM. Such a marked biphasic
nature of the dose–response curve has not been reported
previously for usual complex I inhibitors. On the other
hand, complete inhibition was readily obtained at low
concentrations of MP-24 (<10 µM) in the presence of
2 µM TPB−. As TPB− increases pyridinium concen-
tration in the membrane lipid phase due to ion-pair
formation and facilitates pyridinium passage through
the hydrophobic barrier to the binding site (Glucket al.,
1994), the site that was readily blocked by low concentra-
tions of MP-24 without TPB− would be the hydrophilic
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binding site (Miyoshiet al., 1998a). The residual enzyme
activity could be attributable to the hydrophobic site.

Structural modification of MP-24 significantly af-
fected the extent of the biphasic nature of the dose–
response curve. For instance, transformation ofpara-
substitution on the pyridine ring toortho-substitution and
N-methyl group toN-ethyl group resulted in loss of the
biphasic nature of the dose–response curve. Therefore,
the selective inhibition by MP-24 is closely related to its
structural specificity, indicating that the inhibition is the
result of some specific interaction between the inhibitor
molecule and the enzyme (or its environment).

An important question is whether the apparent par-
tial saturation of the inhibition of the enzyme activity by
MP-24 is indeed due to that of occupation of the bind-
ing site (probably the hydrophilic site). Double inhibitor
titrations in combination of MP-24 and bullatacin showed
that the extent of inhibition by MP-24 and that of occu-
pation of the binding sites are comparable (Iwataet al.,
1999). This result, along with the fact that two compo-
nents of total enzyme activity exhibiting different suscep-
tibilities to MP-24 without TPB− (i.e., high and low sus-
ceptibilities) showed markedly different pH dependencies
(Miyoshi et al., 1998a), strongly suggest that MP-24 in-
teracts with two distinct binding sites in complex I and
the partial saturation of the inhibition is due to that of
occupation of the binding site.

The selectivity of the inhibitory effect is highly de-
pendent on incubation conditions of submitochondrial
particles with MP-24 (Miyoshiet al., 1998a). With longer
incubation periods at 30◦C, the biphasic titration curve of
the inhibitor became less distinct, suggesting that access
of MP-24 to the hydrophobic binding site is promoted by
prolongation of incubation. With 4-min incubation with-
out TPB−, the relative inhibition was saturated at∼35,
∼20, and∼10% at 25, 20, and 15◦C, respectively. The
presence of TPB− no longer facilitated complete inhi-
bition at 15 or 20◦C. Murphy et al. (1995) showed that
partitioning of pyridiniums possessing hydrophobic sub-
stituent(s) into submitochondrial particles is established
more rapidly than the development of inhibition. On the
basis of these observations, we proposed that there is a sig-
nificant energetic barrier preventing access of the inhibitor
to the hydrophilic site as well as the hydrophobic site, al-
though the latter is greater than the former (Miyoshiet al.,
1998a). This difference in the energetic barrier could be
responsible for the apparent selective inhibition. A simi-
lar notion had been proposed to explain the complicated
inhibitory behavior of the original MPP+ (Gluck et al.,
1994).

If this is the case, the titration curves of nonselec-
tive pyridiniums such as MP-17 (Fig. 4) and all neutral

analogs of MP-24, such as THMP-24 (Fig. 4), in which
the effect of a positive charge on the inhibitor passage to
the binding site is negligible, would not vary with dif-
ferent incubation conditions. Therefore, we examined the
titration curves of these analogs under various incubation
periods or temperatures (Iwataet al., 1999). As expected,
their titration curves were not affected by the incubation
conditions, indicating that the energetic barrier preventing
access of MP-24 to the binding sites is significantly higher
than that of nonselective pyridiniums.

The high structural specificity required for the selec-
tivity would be closely related to the level of the energetic
barrier preventing access of the inhibitor to the binding
sites. The molecular basis of how the structural specificity
is concerned with ease of inhibitor passage is unclear be-
cause of the limited available information on the three-
dimensional structure of the enzyme. Nevertheless, as the
susceptibility of the hydrophobic site to the inhibition by
MP-24 was significantly enhanced as the pH increased
(Miyoshiet al., 1998a), it is likely that a positively charged
amino residue(s) withpKa of around neutral pH (probably
histidine, cf. Glucket al., 1994) interferes with access of
the inhibitor to the hydrophobic site. Neutralization of the
residue(s) by an increase in pH may reduce the energetic
barrier of this kinetic process.

Here, we discussed the inhibition behavior of
pyridinium-type inhibitors on the basis of heterogeneity
of the two binding sites, which was originally proposed by
Singer’s group (Ramsayet al., 1989, 1991; Glucket al.,
1994). Recently, based on the results of a radioligand bind-
ing assay (Okunet al., 1999) and photoaffinity labeling
study (Schuleret al., 1999), it was suggested that ordinary
complex I inhibitors, including MPP+, share a common
binding domain with partially overlapping sites, although
the stoichiometry of inhibitor binding relative to the do-
main was not precisely defined in these studies. If there is
only one inhibitor binding domain in complex I, the com-
plexity of inhibitory action of MP-24 would have to be in-
terpreted by another scenario. For instance, two molecules
of MP-24 per one large binding domain may be required
for complete inhibition of the enzyme activity. The bind-
ing of the first molecule of this charged inhibitor may
induce a conformational change of the enzyme, resulting
in a significant decrease in the binding affinity of the sec-
ond inhibitor molecule to the domain. Even in this case,
the high structural specificity of MP-24, including the ex-
istence of a positive charge, could be closely related to this
phenomenon.

In summary, the results of structure–activity relation-
ship studies on short-chain Qs and various specific in-
hibitors strongly suggest that the Q (or inhibitor)-binding
domain in bovine complex I is a large cavitylike structure
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that can be occupied by a wide variety of structurally dif-
ferent inhibitors, as well as bulky Qs, in a dissimilar man-
ner, depending on their structural specificity. This is in
agreement with the recent observations that various in-
hibitors share a common binding domain with partially
overlapping sites (Okunet al., 1999; Schuleret al.1999).
On the other hand, the incomplete product inhibition by
combined use of different Q2 analogs and the compli-
cated inhibition behavior of pyridinium-type inhibitors
are difficult to explain by a simple one-catalytic site
model for Q. The existence of two distinct EPR-detectable
species of complex I-associated ubisemiquinones (Yano
et al., 2000) seems to be consistent with the dual-binding
sites model for Q. Precise elucidation of the number
and location of Q reaction sites in complex I is re-
quired to understand the energy-coupling mechanism of
the enzyme.
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