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ABSTRACT: Natural antibiotic polyene amides such as myxalamides are potent inhibitors of mitochondrial
complex I. Because of the significant instability of this series of compounds due to an extended
π-conjugation skeleton, a detailed characterization of their inhibitory action has not been performed. To
elucidate the action mechanism as well as binding manner of polyene amides with complex I, identification
of the roles of each functional group in the inhibitory action is needed. We here synthesized a series of
amide analogues and carried out structure-activity studies with bovine heart mitochondrial complex I.
With respect to the left-hand portion, the naturalπ-conjugation skeleton common to many natural products
is not required for the inhibition and can be substituted with a simpler substructure such as a conjugated
diene. The geometry and shape of the left-hand portion were shown to be important for the inhibition,
suggesting that this portion may bind to a narrow hydrophobic pocket in the enzyme rather than merely
partitioning into the lipid membrane phase. Concerning the right-hand portion of the inhibitor, the presence
of the 2-methyl, amide NH, and (S)-1′-methyl groups was crucial for the activity, suggesting that both
methyl groups neighboring the amide group finely adjust the hydrogen-bonding ability of the amide group.
In contrast, modifications of the 2′-OH group did not significantly influence the activity, suggesting that
the role of this functional group is not to serve as a hydrogen bond donor to the enzyme but to act as a
hydrophilic anchor directing the right-hand portion at or near the membrane surface. Detailed
characterization of the action mechanism indicated that the polyene amides share a common binding
domain with other complex I inhibitors, though their binding position (or manner) within the domain
may differ considerably from that of other inhibitors.

Natural antibiotic polyene amides, such as myxalamides
A-D and stipiamide (Figure 1), are a group of metabolites
produced by myxobacteria and exhibit potent insecticidal and
antifungal activities (1-3). These biological activities are
thought to be attributable to the inhibition of mitochondrial
NADH-ubiquinone oxidoreductase (complex I)1 (1-3),
which catalyzed the oxidation of NADH by ubiquinone,
coupled to the generation of an electrochemical proton
gradient across the inner mitochondrial membrane (4).
Polyene amides were first shown to be inhibitors of mito-
chondrial complex I in 1983 by Reichenbach’s group (1),
but a detailed characterization of the action mechanism of
this series of inhibitors has yet to be performed since the
amides are very unstable during isolation or preparation
conditions due to a largely extendedπ-conjugation system,

and hence long-term storage under air leads to substantial
loss of material (2, 5-7). In particular, a C6/C7Z double
bond, which is a structural feature common to natural polyene
amides, isomerizes readily to a more stableE double bond
(5-8). Taking into consideration this characteristic, the
question of whether past studies (1, 9) on the inhibition of
complex I using natural polyene amides really evaluated the
activity of pure individual samples would be posed.

† This work was supported in part by a Grant-in-aid for Scientific
Research from the Japan Society for the Promotion of Science (Grant
17380073 to H.M.).

* To whom correspondence should be addressed: e-mail,
miyoshi@kais.kyoto-u.ac.jp; tel,+81-75-753-6119; fax,+81-75-753-
6408.

1 Abbreviations: complex I, mitochondrial proton-pumping NADH-
ubiquinone oxidoreductase; complex III, cytochromebc1 complex;
MDR, multidrug resistance; NOE, nuclear Overhauser effect; Qo site,
ubiquinol oxidation site in the cytochromebc1 complex; SAR,
structure-activity relationship; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; SMP, submitochondrial particles;
[125I]TDA, [ 125I]( trifluoromethyl)phenyldiazirinylacetogenin.

FIGURE 1: Structures of natural polyene amides (stipiamide and
four myxalamide derivatives).
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The long conjugated polyene skeleton of the amides is
very unique among complex I inhibitors. Accordingly, a
detailed analysis of their action mechanism may provide
useful insight into the inhibitor-binding site(s) in complex
I, which is believed to be closely associated with the
functionality of the membrane segment such as ubiquinone
reduction and proton pumping (10-12). To elucidate the
action mechanism as well as binding manner of the polyene
amides with mitochondrial complex I, identification of
structural factors crucial to the inhibition is needed, as we
have reported for other complex I inhibitors such as
capsaicins (13, 14), rotenoids (15, 16), and acetogenins (17-
19). Moreover, it is noteworthy that some synthetic polyene
amide derivatives reverse P-glycoprotein-mediated multidrug
resistance (MDR) with MCF-7adrR breast cancer cells by
directly binding to P-glycoprotein (20-22). When the
therapeutic use of the amide derivatives as MDR reversing
agents or P-glycoprotein modulators is considered (21-23),
identification of the crucial structural factors is also valuable
to rationally reduce their inherent cytotoxicity due to the
inhibition of complex I. Therefore, we synthesized a series
of polyene amides and carried out a structure-activity
relationship (SAR) study for the inhibition of bovine heart
mitochondrial complex I. This study provides the first
detailed characterization of polyene amides as complex I
inhibitors.

EXPERIMENTAL PROCEDURES

Synthesis of Test Compounds.A series of polyene amide
inhibitors synthesized in this study are shown in Figure 2.
The synthetic procedures are described in the Supporting
Information. The geometry of the disubstituted olefins was
determined from the coupling constants of the olefin protons
in the 1H NMR spectra (3). The E geometry of the
trisubstituted olefin at C2 was determined from the nuclear
Overhauser effect (NOE) of H4/2-Me protons (3). The
photoreactive acetogenin derivative [125I]( trifluoromethyl)-
phenyldiazirinylacetogenin ([125I]TDA), used for photoaf-
finity labeling of the ND1 subunit, is the same sample as
used previously (24).

Measurement of Complex I ActiVity. Bovine heart submi-
tochondrial particles (SMP) were prepared by the method
of Matsuno-Yagi and Hatefi (25) using a sonication medium
containing 0.25 M sucrose, 1 mM succinate, 1.5 mM ATP,
10 mM MgCl2, 10 mM MnCl2, and 10 mM Tris-HCl (pH
7.4) and stored in a buffer containing 0.25 M sucrose and
10 mM Tris-HCl (pH 7.4) at-84 °C. The NADH oxidase
activity in SMP was followed spectrometrically with a
Shimadzu UV-3000 (340 nm,ε ) 6.2 mM-1 cm-1) at 25
°C. The reaction medium (2.5 mL) contained 0.25 M sucrose,
1 mM MgCl2, and 50 mM phosphate buffer (pH 7.5). The
final mitochondrial protein concentration was 30µg of
protein/mL. The reaction was started by adding 50µM
NADH after the equilibration of SMP with an inhibitor for
4 min.

Measurement of Superoxide Production.Superoxide pro-
duction was determined at 25°C by monitoring the super-
oxide-dependent oxidation of epinephrine to adrenochrome
(26) with a Shimadzu UV-3000 spectrophotometer (485-
575 nm,ε ) 3.0 mM-1 cm-1) in a dual wavelength mode.
The reaction medium (2.5 mL) contained 0.25 M sucrose, 1

mM epinephrine, 1 mM EDTA, 1µM catalase, and 10 mM
Tris-HCl buffer (pH 7.5). The reaction was started by adding
100µM 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.

Measurement of ReVerse Electron Transfer.Reverse
electron transfer (ubiquinol-NAD+ oxidoreductase activity)
was generated by the oxidation of succinate and the hy-
drolysis of ATP (27). The reaction was measured spectro-
metrically by following the reduction of NAD+ with a
Shimadzu UV-3000 (340 nm,ε ) 6.2 mM-1 cm-1) at 25
°C. The reaction medium (2.5 mL) contained 0.25 M sucrose,
7 mM sodium succinate, 6 mM MgCl2, 1 mM KCN, 1 mM
NAD+, and 50 mM Tris-HCl (pH 7.5), and the final protein
concentration of SMP was 0.1 mg of protein/mL. The
reaction was started by the addition of 2 mM ATP after the
equilibration of SMP with an inhibitor for 4 min. The activity
was fully sensitive to SF6847 (protonophoric uncoupler) or
oligomycin (ATP synthase inhibitor) (27).

Photoaffinity Labeling of the ND1 Subunit by [125I]TDA.
Photoaffinity labeling of the ND1 subunit by an acetogenin
derivative [125I]TDA was carried out as described previously
(24). In brief, SMP (0.3 mg of protein/mL) in 100µL of
buffer containing 250 mM sucrose, 1 mM MgCl2, and 50
mM phosphate (pH 7.4) were treated with [125I]TDA (3 nM)
in 1.5 mL Eppendorf tubes and incubated for 10 min at room
temperature. The samples were then irradiated with a long-
wavelength UV lamp (Black-Ray model B-100A, UVP) for
10 min on ice at a distance of 10 cm from the light source.
When a replacement test was carried out, a competitor (i.e.,
other inhibitors) was added and incubated for 10 min at room
temperature prior to the treatment with [125I]TDA.

SDS-PAGE was performed according to Laemmli (28).
Briefly, [125I]TDA-labeled SMP samples were added to 4×
sample buffer and incubated at 35°C for 1 h to prevent
protein aggregation. These denatured samples were separated
on 10-20% gradient gels (90× 83 × 1 mm). About 4-6
µg of protein was loaded into each well. Following electro-
phoresis, gels were fixed, stained with CBB R-250, dried,
and exposed to an imaging plate (BAS-MS2040; Fuji Film)
for 12-24 h. The radiolabeled ND1 subunit was visualized
with a Bio-Imaging Analyzer FLA-2000 (Fuji Film). For
analysis of the labeled protein band, the gels were cut into
2 mm slices, and radioactivity was quantified using the
γ-counting system (Packard, MINAXIγ-5550).

RESULTS

Structure-ActiVity Relationship for the Left-Hand Portion
of the Inhibitors.Natural polyene amides have long conju-
gated double bonds in the left-hand portion. To elucidate
the role of this portion in the inhibitory action, we first
synthesized a series of derivatives having four, three, or two
conjugated double bonds with a total of 16 carbon atoms
(compounds1-5). The right-hand portion was set to be
identical to that of natural polyene amides, i.e., (1′S)-2′-
hydroxy-1′-methylethyl amide. The inhibitory activity of all
test compounds in terms of the IC50, which is a molar
concentration needed to halve the control enzyme activity,
was evaluated with NADH oxidase activity in SMP. As
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shown in Figure 2, the longer the length of the conjugated
system, the weaker the potency became.Z geometry at the
terminal of conjugated double bonds was significantly
favorable for the activity compared toE geometry (2 vs 3
and 4 vs 5). The diene derivative with 2-E, 4-Z geometry
(9) was considerably stronger than the monoene derivative
(7), as discussed later. We were unable to evaluate the
activity of natural polyene amides since these are not
commercially available. However, Friedrich et al. (9) reported
that myxalamide PI and phenalamide A2 are about 50-fold
less active than rotenone with complex I in bovine heart

SMP. The IC50 of rotenone under our experimental conditions
was 5.3 ((0.4) nM. Taking the results reported by Friedrich
et al. as a reference,2 the inhibitory effect of diene derivative
4 can be considered to be significantly stronger than that of
natural polyene amides.

2 In the introductory section, we stated that “the question of whether
past studies (1, 9) on the inhibition of complex I using natural polyene
amides really evaluated the activity of pure individual samples would
be posed”. However, so long as we cannot use natural products, we
have to cite the published data for reference.

FIGURE 2: Structures of polyene amide derivatives synthesized in this study. The figures in parentheses are IC50 values, which are the
molar concentrations needed to reduce the control NADH oxidase activity [0.61-0.70µmol of NADH min-1 (mg of protein)-1] in SMP
by half. Values are means( SD of three independent experiments. Parent compounds7 and9 are listed twice in this figure for the sake
of comparison.
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Next we examined the effect of the total number of carbon
atoms of the left-hand portion on the inhibitory potency using
compounds6 (C11), 7 (C14), and 8 (C17). Both elongation
and shortening of the chain from 14 carbons (7) resulted in
a decrease in the activity, indicating that there is an optimum
length (hydrophobicity) of the carbon chain for the activity.
A similar tendency is generally observed for other hydro-
phobic inhibitors such as acetogenins (19, 29). An excessive
increase in the hydrophobicity of the chain may actually be
adverse to the activity due to some sort of trapping in the
hydrophobic lipid bilayer of the membrane.

On the basis of the above results, we fixed the total number
of carbon atoms in the left-hand portion at 14 with 2-E, 4-Z
geometry, as in9, and examined the effect of the bulkiness
of this portion on the activity. The rigid (10 and 11) and
branched (12 and 13) side chains were shown to be
significantly unfavorable for the inhibitory action compared
to then-alkyl derivative (9) probably due to steric congestion
arising from this portion. It should be mentioned that when
the total number of carbon atoms in the left-hand portion
was fixed at 14,Z geometry at the terminal of the conjugated
diene was also favorable for the activity compared toE
geometry (9 vs 21), as observed for4 vs 5.

Structure-ActiVity Relationship for the Right-Hand Por-
tion of the Inhibitors.We next examined the role of the right-
hand portion of the inhibitor, fixing the left-hand portion as
identical to that of the most potent derivative9. Comparison
of (S)-1′-methyl (9), 1′-H (14), and (R)-1′-methyl (15)
derivatives showed that the presence of an (S)-methyl group
in the 1′-position is crucial for the activity. Deletion of the
2-methyl group resulted in a drastic decrease in the activity
(9 vs 16). Moreover, N-methylation of amide nitrogen also
resulted in a remarkable decrease in the activity (9 vs 17),
suggesting that the NH may serve as a hydrogen bond donor.

Unexpectedly, the extent of the decrease in activity caused
by acetylation of the 2′-OH group (18) was moderate
compared to that induced by the structural modifications
described above, suggesting that the hydrogen bond donating
ability of the 2′-OH group is not crucial for the activity. To
verify this, we prepared two derivatives (19and20) in which
the distance between the OH and the amide groups is
elongated by one and three carbon atoms, respectively. The
former (19) exhibited slightly stronger activity than the
mother compound9, and the latter (20) still retained potent
activity. A similar phenomenon was observed for the
derivatives of 2-E, 4-E geometry (21 vs 22). These findings
mean that the 2′-OH group is not involved in strict interaction
with the enzyme.

One cannot exclude the possibility that the roles of the
functional groups of the right-hand portion vary depending
upon the structure of the left-hand portion. Therefore, we
also synthesized a series of derivatives (compounds7, 23-
27) in which the left-hand portion was fixed as a monoene
structure and the same structural modifications as described
above were performed on the right-hand portion. Again, the
crucial roles of the 2-methyl (23), amide NH (24), and 1′-
(S)-methyl (25 and26) groups were confirmed. The extent
of the decrease in activity caused by acetylation of the 2′-
OH group (7 vs 27) was moderate, as observed for18.
Introduction of a rigid enyne unit (-CdC-CtC-) into the
left-hand portion (28) resulted in a great loss of activity.

Effect of N-Methyl and 2-Methyl Groups on Inhibitor
Conformation.Both N-methylation (17and24) and deletion
of the 2-methyl group (16 and 23) drastically reduced the
inhibitory activity. Since the marked decrease in activity
would be associated with significant conformational changes
of the compounds, we analyzed the effects of structural
modifications on the inhibitor conformation in this section.

When the1H NMR spectrum of17 was measured in
chloroform-d1 at 25°C for identification of the compound’s
structure, broad signals at 4.52 and 3.62 ppm assigned to
the 1′-methyne and 2′-methylene protons, respectively, were
recorded. In contrast,1H NMR spectra of other related
derivatives showed a sharp multiplet signal for the 1′-
methyne proton and two double-doublet signals for the 2′-
methylene protons. These observations suggest that rotational
motion around the CO-NH bond of 17 is somewhat
restricted. To better elucidate the effect of N-methylation
on the conformation of17, we examined the effect of
temperature on the1H NMR spectrum using methanol-d4 in
place of chloroform-d1. At 25 °C, split broad signals assigned
to the 1′-metyne proton were observed at 4.59 and 4.11 ppm
in a ratio of 0.3:0.7, and two broad signals assigned to the
2′-methylene protons were observed at 3.58 and 3.46 ppm
in a ratio of 1.3:0.7. In addition, a broad signal assigned to
theN-methyl protons appeared at 2.83 ppm. Upon increasing
the temperature to 50°C, the two signals of the 1′-metyne
proton coalesced, giving a broad single resonance at 4.28
ppm, and the two broad signals for the 2′-methylene protons
changed to two multiplet signals in a ratio of 1:1. The broad
signal of theN-methyl protons significantly sharpened. These
results mean that the rotational energy of the CO-NH bond
increases with N-methylation of the amide nitrogen. Ac-
cordingly, although we pointed out the importance of the
hydrogen bond donating ability of the NH group in the above
section, we cannot completely exclude the possibility that
the marked decrease in activity caused by N-methylation is
due to a loss of rotational freedom of the CO-NH bond to
take an active conformation.

The drastic decrease in the activities of16and23suggests
that the 2-methyl group may adjust an active conformation
of theR,â-unsaturated carbonyl moiety. To elucidate the role
of the 2-methyl group, we considered the pair9 and 16
below. Two extreme conformations of this moiety may be
supposed, as shown in Figure 3. From1H NMR measurement
of 9 in chloroform-d1, a NOE was observed between the
2-methyl and NH protons. A similar NOE was reported for
natural stipiamide in acetone-d6 (20), indicating that a
conformation close to conformer A is predominant in organic

FIGURE 3: Two possible extreme conformers (A and B) of
compounds9 and16. The two conformers are interconverted by
rotation through 180° around the bond indicated by the gray arrows.
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solvent probably due to steric congestion between the
2-methyl group and the carbonyl oxygen in conformer B.
Nevertheless, one cannot exclude the possibility that, con-
cerning16, conformer B is more stable than conformer A
because of a lack of such steric congestion. To better
understand the role of the methyl group, we carried out a
conformational analysis using Spartan 04 (Wavefunction,
Inc.). The Monte Carlo calculation using MMFF94 showed
that the most stable conformation of9 and 16 is close to
conformer B rather than conformer A (see Supporting
Information). However, the calculated rotational energy
barrier around the bond marked by a gray arrow in Figure 3
is low for both compounds, being 2-3 kcal/mol. This result
means that interconversion of conformers AS B takes place
readily at the assay temperature irrespective of the presence
of the 2-methyl group. Taking into consideration the results
of the theoretical calculation, a difference in the conforma-
tional property of this portion may not be the cause, at least
not the main cause, of the weak activity of16 and 23.
Although we cannot presume which conformer is close to
an active conformation in the enzyme-bound state, the
presence of a methyl group at the 2-positoin is crucial for
the activity probably to support tight hydrogen bonding of
the amide group to the enzyme.

Action Mechanism.In view of the unique chemical nature
of the polyene amides, it was of interest to determine whether
their inhibition manner differs from that of other traditional
complex I inhibitors such as rotenone and piericidin A.
Therefore, using compound9 as representative of the polyene
amides, we characterized in detail the mode of inhibition by
focusing on the following three points: (i) effects on the
reverse electron transfer (i.e., ubiquinol-NAD+ oxidoreduc-
tase activity in the presence of protonmotive force), (ii)
induction of superoxide production, and (iii) suppression of
the specific photoaffinity labeling of the ND1 subunit by a
photoreactive acetogenin derivative, [125I]TDA ( 24).

First, we measured the inhibition of the reverse electron
transfer in complex I by9. The IC50 values (picomoles of
inhibitor per milligram of protein) for the forward and reverse
electron transfer are listed in Table 1, including rotenone,
piericidin A, and bullatacin as a reference. A direct com-
parison of the IC50 values between the two assays is
complicated since a higher concentration of SMP was used
in the reverse electron transfer assay (0.1 vs 0.03 mg of
protein/mL), resulting in an increase in volume of the
membrane lipid phase as well as the concentration of
complex I (30). Nevertheless, when the activities of various
inhibitors in terms of the IC50 values were compared for
convenience (Table 1), it was found that rotenone, piericidin
A, and bullatacin block the reverse electron transfer more

efficiently than the forward electron transfer, whereas an
opposite phenomenon was observed for9, indicating a
direction-specific effect. A similar phenomenon was reported
for ∆lac-acetogenins, a new type of complex I inhibitor (24,
30).

We next determined superoxide production from complex
I induced by9. The main reductant of oxygen producing
superoxide in complex I has not been identified, and
published results are highly conflicting (i.e., FMN, iron-
sulfur centers, or ubisemiquinone). One possible cause of
this is that the superoxide generation from the enzyme varies
greatly depending on the tissue, species, and experimental
conditions (31-33). However, a comparison of the super-
oxide production induced by different inhibitors is helpful
to know whether the effect of the inhibitors on the reductant
(i.e., the free radical intermediate) or its environment is
similar (34). We compared the rate of superoxide production
induced by9, rotenone, or bullatacin at a concentration range
high enough to achieve maximum inhibition of NADH
oxidase activity. The rate of superoxide production induced
by 9 was comparable to that induced by rotenone and
bullatacin (Figure 4), indicating that the effects of the
inhibitors on the free radical intermediate are not largely
different.

Finally, we examined the suppressive effect of9 on the
specific photoaffinity labeling of the ND1 subunit by an
acetogenin derivative, [125I]TDA. We recently showed that
[125I]TDA specifically labels the ND1 subunit upon UV
irradiation and this labeling is completely suppressed by
numerous other complex I inhibitors (24). As shown in
Figure 5, compound9 also blocked the labeling of ND1 in
a concentration-dependent manner. The complete suppression
by 9 could not be determined because of the solubility limit
above ∼104 nM. Much higher concentrations of9 than
piericidin A were needed to suppress the labeling. This is
due to a lower affinity of9 for complex I, as expected from
the IC50 values: 1.2 ((0.09) and 13 ((2.0) nM for piericidin
A and 9, respectively.3 It is concluded that the binding site
of 9 is identical or at least near to that of other complex I
inhibitors, which are believed to share a common large
binding domain with partially overlapping sites (9, 24, 35).

Table 1: Comparison of the Inhibitory Effect on Forward and
Reverse Electron Transfer Activities

IC50 values (pmol of inhibitor/mg of protein)a

inhibitor forward electron transfer reverse electron transfer

compound9 433( 66 850( 110
rotenone 157( 16 75( 7
bullatacin 46( 5b 28 ( 4b

piericidin A 81( 7b 48 ( 4b

a Values are means( SD of three independent experiments.b From
ref 30.

FIGURE 4: Superoxide production from complex I in the presence
of inhibitor. Rates of superoxide production in the NADH oxidase
assay were determined with SMP. Where indicated, 13µM
compound9, 1.2 µM rotenone, or 1.2µM bullatacin was added.
The concentrations of all inhibitors were set high enough to achieve
complete inhibition of NADH oxidase activity. The final mito-
chondrial protein concentration is 0.25 mg of protein/mL. Bars show
means( SD of three independent measurements.
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DISCUSSION

The results of the SAR study of the polyene amides are
summarized in Figure 6, taking compound9 as an example.
With respect to the left-hand portion of the inhibitor, the
extendedπ-conjugation system is not required for the
inhibition. The conjugated diene (-CdC-CdC-CO-) was
shown to substitute for the natural polyene skeleton to retain
the function. The primary role of this portion must be an
enhancement of the hydrophobicity of the molecule to make
the partitioning into the hydrophobic environment of the
enzyme favorable energetically. This notion is consistent with
the fact that the presence of a hydroxy group at the C13-
position is common to many natural polyene amides (see
Figure 1), whereas this group is not essential for antifungal
activity againstPhytophthora capsici(3). It is clear, however,
that the geometry of the C4/C5 double bond and the width
of this portion were strictly recognized by the enzyme. It is
therefore likely that the left-hand portion binds to a narrow
hydrophobic pocket in the enzyme rather than merely

partitioning into the lipid membrane phase. In this connec-
tion, it should be noted that the truncated 6,7-dehydrostipi-
amide, which has a rigid enyne structure, resembling28, in
the left-hand portion of natural stipiamide, is far less toxic
to breast cancer cells than is natural stipiamide (6).

The right-hand portion of the molecule is a toxophore of
this series of inhibitors. The presence of the 2-methyl, amide
NH, and (S)-1′-methyl groups was revealed to be crucial for
potent activity. Both methyl groups neighboring the amide
group may finely adjust the hydrogen-bonding ability of the
amide group. Unexpectedly, the extent of the decrease in
activity caused by acetylation of the 2′-OH group (18 and
27) was moderate, suggesting that the free 2′-OH group is
favorable, but not crucial, for potent inhibition. This idea is
supported by the fact that elongation of the distance between
the OH group and the amide bond did not significantly affect
the activity (9 vs 19 and20, and21 vs 22). On the basis of
these findings, we propose that the role of this functional
group is not to serve as a hydrogen bond donor to the enzyme
but to act as a hydrophilic anchor directing the right-hand
portion at or near the membrane surface. It should be noted
that the free 2′-OH group is not important for antifungal
activity (3). Taken together, it is concluded that the hydrogen-
bonding ability of the amide group is the only crucial factor
deciding tight binding to the enzyme, and other functional
groups including the hydrophobic left-hand portion serve to
effect the hydrogen-bonding ability.

Recently, the crystal structure of the hydrophilic domain
(peripheral arm) ofThermus thermophiluscomplex I, where
all the known cofactors of the enzyme reside, was solved at
3.3 Å resolution (36). However, our knowledge of the
functional and structural features of the membrane arm is
still highly limited (10-12). Taking into consideration the
proposed dynamic function of the membrane segment of
complex I in proton pumping as well as the concept of a
common large inhibitor-binding domain supposed to be
constructed by multisubunits (10-12), it may not be strange
that there are diverse chemicals that disturb the function of
the membrane domain differently depending on their struc-
tural specificity. In fact, we recently showed that∆lac-
acetogenins, which were synthesized originally in our
laboratory (37), inhibit complex I activity in a different
manner from that of traditional inhibitors, though the
inhibition site of ∆lac-acetogenins is downstream of the
iron-sulfur cluster N2, as is the case of traditional inhibitors
(24, 38). Therefore, the study on the action mechanism of
chemically unique polyene amides was important not to
overlook a possible new mechanism of inhibition. On the
basis of an electron paramagnetic resonance (EPR) spectro-
scopic study, Friedrich et al. (9) demonstrated that the
inhibition site of the polyene amides is downstream of the
iron-sulfur cluster N2. The present study indicates that,
despite their unique chemical nature, polyene amides can
be considered ordinary complex I inhibitors. However, in
view of the direction-specific effect of the polyene amides
(Table 1), their binding position within the large inhibitor-
binding domain may differ considerably from that of other
complex I inhibitors.

The concept of a large inhibitor-binding domain in bovine
complex I may be interpreted in analogy with the ubiquinol
oxidation site (Qo site) in the cytochromebc1 complex
(complex III). Before crystallographic information became

3 According to a simple bimolecular association model, a difference
in the IC50 values suggests that the binding affinities of the two
inhibitors in terms of a dissociation constant (Kd) differ by at least 10-
fold (see our previous theoretical analysis published in ref30).

FIGURE 5: Effects of compound9 and piericidin A on the specific
photoaffinity labeling of the ND1 subunit by [125I]TDA. A
competitor was added to SMP (0.3 mg of protein/mL) at given
concentrations and incubated for 10 min prior to treatment with
[125I]TDA (3 nM). Key: compound9 (closed circles) and piericidin
A (open circles). Data are the mean of three independent measure-
ments( SD.

FIGURE 6: A summary of SAR study of synthetic polyene amides
is illustrated, taking compound9 as an example. The hydrogen-
bonding ability of the amide group is the only crucial factor deciding
tight binding to the enzyme (AH, hydrogen-bonding donor; B,
hydrogen-bonding acceptor), and other functional groups including
the hydrophobic left-hand portion serve to effect the hydrogen-
bonding ability.
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available, Qo site inhibitors had been divided into subgroups
based on biophysical and spectroscopic studies of a heme
bL and iron-sulfur cluster upon the binding of inhibitors
(41). On the basis of the crystal structure of bovine complex
III with bound inhibitors, the inhibitors of a Qo site are
divided into two subgroups, i.e., Pm and Pf inhibitors (42).
The Pm inhibitors cause iron-sulfur protein (ISP) into a
mobile conformation, whereas the Pf inhibitors force ISP
into a fixed conformation. The cd1 helix of cytochromeb
plays an important role in responding discriminately to the
two types of Qo site inhibitors. It is notable that, taking
strobilurin (Pm inhibitor) and stigmatellin (Pf inhibitor) as
examples of the most distant inhibitors, there is no overlap
between the two toxophore groups (42). Turning to complex
I inhibitors, several studies along with the present work
suggested that the inhibition mechanisms of chemically
diverse complex I inhibitors are somewhat different (35, 43-
45). It should be realized that the concept of a common large
binding domain was proposed on the basis of the apparent
competitive behavior among the inhibitors; namely, the
binding of a marker inhibitor to complex I is suppressed by
an excess amount of other complex I inhibitors (35, 39, 40).
Under the experimental conditions, one cannot rule out the
possibility that the competitor prevents binding of a marker
ligand by inducing structural change in the enzyme, rather
than by occupying the same site, as mentioned in the
introductory section. Taken together, we cannot exclude the
possibility that there is no overlap between some pairs of
chemically diverse complex I inhibitors, as observed for the
Qo site inhibitors. The complete crystal structure of complex
I is needed to understand the functions of the membrane
segment of the enzyme as well as the inhibitor-binding site.
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