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Mitochondrial NADH—-Ubiquinone Oxidoreductase (Complex 1)
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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 1j1—3),
which catalyzed the oxidation of NADH by ubiquinone,
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ABSTRACT: Natural antibiotic polyene amides such as myxalamides are potent inhibitors of mitochondrial
complex |. Because of the significant instability of this series of compounds due to an extended
sr-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 structtaetivity studies with bovine heart mitochondrial complex 1.

With respect to the left-hand portion, the naturatonjugation 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, and5-1'-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-®H 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 | inhibitors, though their binding position (or manner) within the domain
may differ considerably from that of other inhibitors.

coupled to the generation of an electrochemical proton
gradient across the inner mitochondrial membradg (
Polyene amides were first shown to be inhibitors of mito-
chondrial complex 1 in 1983 by Reichenbach’s grodp, (
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 extendaeconjugation system,
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myxalamide A: R = (S)-2-methylpropyl
B: R = isopropyl
C: R =ethyl
D: R = methyl

Ficure 1: Structures of natural polyene amides (stipiamide and
four myxalamide derivatives).
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and hence long-term storage under air leads to substantial
loss of material Z, 5—7). In particular, a C6/CZ double
bond, which is a structural feature common to natural polyene
amides, isomerizes readily to a more stalbldouble bond
(5—8). Taking into consideration this characteristic, the
guestion of whether past studiel @) on the inhibition of
complex | using natural polyene amides really evaluated the
activity of pure individual samples would be posed.
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The long conjugated polyene skeleton of the amides is mM epinephrine, 1 mM EDTA, LM catalase, and 10 mM
very unique among complex | inhibitors. Accordingly, a Tris-HCI buffer (pH 7.5). The reaction was started by adding
detailed analysis of their action mechanism may provide 100uM NADH after the equilibration of SMP with the test
useful insight into the inhibitor-binding site(s) in complex inhibitor for 4 min. The final protein concentration of SMP
I, which is believed to be closely associated with the was 0.25 mg/mL. Superoxide dismutase (bovine liver) was
functionality of the membrane segment such as ubiquinone used at a final concentration of 60 units/mL to give the assay
reduction and proton pumpind@-12). To elucidate the  specificity.
action mechanism as well as binding manner of the polyene Measurement of Rerse Electron TransferReverse
amides with mitochondrial complex I, identification of electron transfer (ubiquineINAD* oxidoreductase activity)
structural factors crucial to the inhibition is needed, as we was generated by the oxidation of succinate and the hy-
have reported for other complex | inhibitors such as drolysis of ATP @7). The reaction was measured spectro-
capsaicins13, 14), rotenoids {5, 16), and acetogenind {— metrically by following the reduction of NAD with a
19). Moreover, it is noteworthy that some synthetic polyene Shimadzu UV-3000 (340 nng, = 6.2 mMt cm™1) at 25
amide derivatives reverse P-glycoprotein-mediated multidrug °C. The reaction medium (2.5 mL) contained 0.25 M sucrose,
resistance (MDR) with MCF-7adrR breast cancer cells by 7 mM sodium succinate, 6 mM Mggll mM KCN, 1 mM
directly binding to P-glycoprotein20-22). When the  NAD*, and 50 mM Tris-HCI (pH 7.5), and the final protein
therapeutic use of the amide derivatives as MDR reversing concentration of SMP was 0.1 mg of protein/mL. The
agents or P-glycoprotein modulators is conside&sd-@3), reaction was started by the addition of 2 mM ATP after the
identification of the crucial structural factors is also valuable equilibration of SMP with an inhibitor for 4 min. The activity
to rationally reduce their inherent cytotoxicity due to the was fully sensitive to SF6847 (protonophoric uncoupler) or
inhibition of complex I. Therefore, we synthesized a series oligomycin (ATP synthase inhibitor2{).
of polyene amides and carried out a structtmetivity Photoaffinity Labeling of the ND1 Subunit bJ]TDA.
relationship (SAR) study for the inhibition of bovine heart  ppqioaffinity labeling of the ND1 subunit by an acetogenin
mitochondrial complex |. This study provides the first yeriyative [29]TDA was carried out as described previously
detailed characterization of polyene amides as complex I(24)_ In brief, SMP (0.3 mg of protein/mL) in 108L of
inhibitors. buffer containing 250 mM sucrose, 1 mM MgChnd 50

mM phosphate (pH 7.4) were treated witfP[[TDA (3 nM)
EXPERIMENTAL PROCEDURES in 1.5 mL Eppendorf tubes and incubated for 10 min at room

Synthesis of Test Compoundsseries of polyene amide temperature. The samples were then irradiated with a long-
inhibitors synthesized in this study are shown in Figure 2. Wavelength UV lamp (Black-Ray model B-100A, UVP) for
The synthetic procedures are described in the Supportinglo min on ice at a distance of 10 cm from the light source.

Information. The geometry of the disubstituted olefins was Y/hen a replacement test was carried out, a competitor (i.e.,
determined from the coupling constants of the olefin protons Other inhibitors) was added and incubated for 10 min at room

in the '1H NMR spectra 8). The E geometry of the temperature prior to the treatment witf]TDA.
trisubstituted olefin at C2 was determined from the nuclear SDS-PAGE was performed according to LaemnBJ.
Overhauser effect (NOE) of H4/2-Me proton8).( The  Briefly, [**4]TDA-labeled SMP samples were added te 4

photoreactive acetogenin derivativé*(trifluoromethyl)- ~ sample buffer and incubated at 3& for 1 h to prevent
phenytiazirinylacetogenin (3]TDA), used for photoaf-  protein aggregation. These denatured samples were separated
finity labeling of the ND1 subunit, is the same sample as on 10-20% gradient gels (9& 83 x 1 mm). About 4-6

used previouslyZ4). ug of protein was loaded into each well. Following electro-

phoresis, gels were fixed, stained with CBB R-250, dried,

tochondrial particles (SMP) were prepared by the method and exposed to an Imaging plate (BAS'MS.ZMO; I_:up F_|Im)
of Matsuno-Yagi and Hatef25) using a sonication medium fo.r 12-24 h. Thg radiolabeled ND1 subunit was visualized
containing 0.25 M sucrose, 1 mM succinate, 1.5 mM ATP, with a'B|o-|mag|ng Analyzer. FLA-2000 (Fuji Film). FOT
10 mM MgCh, 10 mM MnCh, and 10 mM Tris-HCI (pH analysis _of the Iabeled_prot(_aln band, the ge_l_s were cut into
7.4) and stored in a buffer containing 0.25 M sucrose and 2 mm ;Ilces, and radioactivity was quantified using the
10 mM Tris-HCI (pH 7.4) at-84 °C. The NADH oxidase  »-counting system (Packard, MINAX}-5550).

activity in SMP was followed spectrometrically with a RESULTS

Shimadzu UV-3000 (340 nng, = 6.2 mM* cm™) at 25
°C. The reaction medium (2.5 mL) contained 0.25 M sucrose,  Structure-Activity Relationship for the Left-Hand Portion
1 mM MgCl;, and 50 mM phosphate buffer (pH 7.5). The  of the Inhibitors.Natural polyene amides have long conju-

Measurement of Complex | Agitly. Bovine heart submi-

final mitochondrial protein concentration was 3@ of gated double bonds in the left-hand portion. To elucidate
protein/mL. The reaction was started by adding 4@ the role of this portion in the inhibitory action, we first

NADH after the equilibration of SMP with an inhibitor for  synthesized a series of derivatives having four, three, or two
4 min. conjugated double bonds with a total of 16 carbon atoms

Measurement of Superoxide Producti®uperoxide pro-  (compoundsl—5). The right-hand portion was set to be
duction was determined at 2& by monitoring the super- identical to that of natural polyene amides, i.e..S2'-
oxide-dependent oxidation of epinephrine to adrenochrome hydroxy-1-methylethyl amide. The inhibitory activity of all
(26) with a Shimadzu UV-3000 spectrophotometer (485 test compounds in terms of the 4§ which is a molar
575 nm,e = 3.0 mM* cm™?) in a dual wavelength mode.  concentration needed to halve the control enzyme activity,
The reaction medium (2.5 mL) contained 0.25 M sucrose, 1 was evaluated with NADH oxidase activity in SMP. As
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FiIGURE 2: Structures of polyene amide derivatives synthesized in this study. The figures in parentheses waki¢S, which are the
molar concentrations needed to reduce the control NADH oxidase activity{0.80xmol of NADH min~t (mg of protein)?] in SMP
by half. Values are means SD of three independent experiments. Parent compouraagl 9 are listed twice in this figure for the sake
of comparison.

shown in Figure 2, the longer the length of the conjugated SMP. The IG, of rotenone under our experimental conditions
system, the weaker the potency becamgeometry at the  was 5.3 £0.4) nM. Taking the results reported by Friedrich
terminal of conjugated double bonds was significantly et al. as a referenéahe inhibitory effect of diene derivative
favorable for the activity compared ® geometry 2 vs 3 4 can be considered to be significantly stronger than that of
and4 vs 5). The diene derivative with ¥ 4-Z geometry natural polyene amides.

(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 ‘?‘Va"ab'e' However, FI"IedI’ICh et 8 (eported amides really evaluated the activity of pure individual samples would
that myxalamide Pl and phenalamide &re about 50-fold be posed”. However, so long as we cannot use natural products, we
less active than rotenone with complex | in bovine heart have to cite the published data for reference.

2In the introductory section, we stated that “the question of whether
past studies], 9) on the inhibition of complex | using natural polyene
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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
compoundss (Ciy), 7 (Ci4), and 8 (Cy7). Both elongation
and shortening of the chain from 14 carbofsresulted 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 acetogenii$,(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

Yoshida et al.
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hydrophobic lipid bilayer of the membrane. FicurRe 3: Two possible extreme conformers (A and B) of
On the basis of the above results, we fixed the total numbercompoundsd and 16. The two conformers are interconverted by
of carbon atoms in the left-hand portion at 14 wittE24-Z rotation through 18Daround the bond indicated by the gray arrows.
geometry, as i®, and examined the effect of the bulkiness
of this portion on the activity. The rigid1Q and 11) and
branched 12 and 13) side chains were shown to be )
significantly unfavorable for the inhibitory action compared ©f the 2-methyl group¥6 and 23) drastically reduced the

to then-alkyl derivative @) probably due to steric congestion Inhibitory activity. Since the marked decrease in activity
arising from this portion. It should be mentioned that when would be associated with significant conformational changes

the total number of carbon atoms in the left-hand portion Of the compounds, we analyzed the effects of structural

was fixed at 14Z geometry at the terminal of the conjugated modifications on the inhibitor conformation in this section.
diene was also favorable for the activity comparedEto When the*H NMR spectrum of17 was measured in
geometry 9 vs 21), as observed fof vs 5. chloroform+; at 25°C for identification of the compound’s
. . . . structure, broad signals at 4.52 and 3.62 ppm assigned to
Structure-Activity Relationship for the Right-Hand Por- . ; !
tion of the InhibitorsWe next examined the role of the right- the T-methyne and'2methylene protons, respectively, were

1]
hand portion of the inhibitor, fixing the left-hand portion as recorded. In contrastH NMR spectra of other related

. . L : derivatives showed a sharp multiplet signal for the 1
identical to that of the most potent derivati@eComparison i X
of (S-T-methyl @), T-H (14), and R)-1-methyl (5) methyne proton and two double-doublet signals for the 2

derivatives showed that the presence of§mgethyl group methylene protons. These observations suggest that rotational

in the I-position is crucial for the activity. Deletion of the motion around the CONH bond of 17 is somewhat
2-meth Ip lted in a drastic d Y- i th tivit restricted. To better elucidate the effect of N-methylation
(g-n\:se 163; ?\;glrjgo:?:ru l\(la-mlgtr?yla:filts)r:cofZﬁ?gsiilt?oggnaglggyOn the conformation ofl7, we examined the effect of
resulted in a remarkable decrease in the activityg 17), temperature on thiH NMR spectrum using methandkin

. place of chlorofornd;. At 25 °C, split broad signals assigned
suggesting that the NH may serve as a hydrogen bond donorto the I-metyne proton were observed at 4.59 and 4.11 ppm

Unexpectedly, the extent of the decrease in activity causedin a ratio of 0.3:0.7, and two broad signals assigned to the
by acetylation of the 20H group (8) was moderate  2'.methylene protons were observed at 3.58 and 3.46 ppm
compared to that induced by the structural modifications in 3 ratio of 1.3:0.7. In addition, a broad signal assigned to
described above, suggesting that the hydrogen bond donatinghe N-methy! protons appeared at 2.83 ppm. Upon increasing
ablllty of the 2-OH group is not crucial for the aCtIVIty To the temperature to 58C, the two Signa|s of the'_]'netyne
verify this, we prepared two derivativesdand20) in which proton coalesced, giving a broad single resonance at 4.28
the distance between the OH and the amide groups isppm, and the two broad signals for tHer@ethylene protons
elongated by one and three carbon atoms, respectively. Thezhanged to two multiplet signals in a ratio of 1:1. The broad
former (19) exhibited slightly stronger activity than the signal of theN-methyl protons significantly sharpened. These
mother compound, and the latterZ0) still retained potent  results mean that the rotational energy of the-@® bond
activity. A similar phenomenon was observed for the increases with N-methylation of the amide nitrogen. Ac-
derivatives of 2E, 4-E geometry 1vs 22). These findings  cordingly, although we pointed out the importance of the
mean that the’20H group is not involved in strict interaction hydrogen bond donating ability of the NH group in the above
with the enzyme. section, we cannot completely exclude the possibility that

One cannot exclude the possibility that the roles of the the marked decrease in activity caused by N-methylation is
functional groups of the right-hand portion vary depending due to a loss of rotational freedom of the €8H bond to
upon the structure of the left-hand portion. Therefore, we take an active conformation.
also synthesized a series of derivatives (compoun@8— The drastic decrease in the activitiesléfand23 suggests
27) in which the left-hand portion was fixed as a monoene that the 2-methyl group may adjust an active conformation
structure and the same structural modifications as describedof the a,f-unsaturated carbonyl moiety. To elucidate the role
above were performed on the right-hand portion. Again, the of the 2-methyl group, we considered the p&iland 16
crucial roles of the 2-methy2@), amide NH @4), and 1- below. Two extreme conformations of this moiety may be
(9-methyl 25 and 26) groups were confirmed. The extent supposed, as shown in Figure 3. FraiflNMR measurement
of the decrease in activity caused by acetylation of the 2 of 9 in chloroformd;, a NOE was observed between the
OH group { vs 27) was moderate, as observed fb8. 2-methyl and NH protons. A similar NOE was reported for
Introduction of a rigid enyne unit{ C=C—C=C-) into the natural stipiamide in acetord- (20), indicating that a
left-hand portion 28) resulted in a great loss of activity. conformation close to conformer A is predominant in organic

Effect of N-Methyl and 2-Methyl Groups on Inhibitor
ConformationBoth N-methylation {7 and24) and deletion
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Table 1: Comparison of the Inhibitory Effect on Forward and
Reverse Electron Transfer Activities

-
L~

ICso values (pmol of inhibitor/mg of proteif)

inhibitor forward electron transfer  reverse electron transfer

Rate of Superoxide Production
(nmol / min/ mg of protein)
o
=]

compound 433+ 66 850+ 110
rotenone 154 16 75+ 7
bullatacin 46+ 5° 28+ 4° o
piericidin A 81+ 7 484 4b
aValues are means SD of three independent experimerft&rom g
ref 30.

solvent probably due to steric congestion between the

_ ; Ficure 4: Superoxide production from complex | in the presence
2-methyl group and the carbonyl oxygen in conformer B. of inhibitor. Rates of superoxide production in the NADH oxidase

Nevertheless, one cannot exclude the possibility that, con-5ssay were determined with SMP. Where indicated, ;28
cerning 16, conformer B is more stable than conformer A compound9, 1.2 «M rotenone, or 1.2«M bullatacin was added.
because of a lack of such steric congestion. To better The concentrations of all inhibitors were set high enough to achieve
. . . . - hondrial protein concentration is 0.25 mg of protein/mL. Bars show
conformational analysis using Spartan 04 (Wavefunction ¢ .
. - " meanst SD of three independent measurements.
Inc.). The Monte Carlo calculation using MMFF94 showed P

that the most stable conformation 8fand 16 is close to. efficiently than the forward electron transfer, whereas an
conformer B rather than conformer A (see Supporting opposite phenomenon was observed ®rindicating a

Infor_mation). However, the calculated rotationfal energy direction-specific effect. A similar phenomenon was reported
barrier around the bond marked by a gray arrow in Figure 3 for Alac-acetogenins, a new type of complex | inhibita4,(
is low for both compounds, being- kcal/mol. This result 30) ' '

means that interconversion of conformers»B takes place ) ) )
readily at the assay temperature irrespective of the presence Ve next determined superoxide production from complex
of the 2-methyl group. Taking into consideration the results | induced by9. The main reductant of oxygen producing
of the theoretical calculation, a difference in the conforma- Superoxide in complex | has not been identified, and
tional property of this portion may not be the cause, at least Published results are highly conflicting (i.e., FMN, iren

not the main cause, of the weak activity b6 and 23, sulfur centers, or ubisemiquinone). One possible cause of
A|th0ugh we cannot presume Wh|Ch Conformer is C|Ose to this is that the Superoxide genel’ation from the enzyme varies
an active conformation in the enzyme-bound state, the greatly depending on the tissue, species, and experimental
presence of a methyl group at the 2-positoin is crucial for conditions 81—-33). However, a comparison of the super-

the activity probably to support tight hydrogen bonding of ©xide production induced by different inhibitors is helpful
the amide group to the enzyme. to know whether the effect of the inhibitors on the reductant

(i.e., the free radical intermediate) or its environment is

Action Mechanismn view of the unique chemical nature ‘=" ; .
similar (34). We compared the rate of superoxide production

of the polyene amides, it was of interest to determine whether: ; .
their inhibition manner differs from that of other traditional nduced by, rotenone, or bullatacin at a concentration range

complex | inhibitors such as rotenone and piericidin A. Nigh enough to achieve maximum inhibition of NADH
Therefore, using compourttas representative of the polyene oxidase activity. The rate of supgrowde production induced
amides, we characterized in detail the mode of inhibition by Py 9 was comparable to that induced by rotenone and
focusing on the following three points: (i) effects on the bullatacin (Figure 4), indicating that the effects of the
reverse electron transfer (i.e., ubiquirtlAD*+ oxidoreduc- |qh|b|t0rs on the free radical intermediate are not largely
tase activity in the presence of protonmotive force), (i) different.

induction of superoxide production, and (iii) suppression of  Finally, we examined the suppressive effectdofn the
the specific photoaffinity labeling of the ND1 subunit by a specific photoaffinity labeling of the ND1 subunit by an
photoreactive acetogenin derivativé? [ TDA (24). acetogenin derivative!PIJTDA. We recently showed that

First, we measured the inhibition of the reverse electron [**I]TDA specifically labels the ND1 subunit upon UV
transfer in complex | by. The G, values (picomoles of irradiation and this labeling is completely suppressed by
inhibitor per milligram of protein) for the forward and reverse numerous other complex | inhibitor24). As shown in
electron transfer are listed in Table 1, including rotenone, Figure 5, compoun@ also blocked the labeling of ND1 in
piericidin A, and bullatacin as a reference. A direct com- a concentration-dependent manner. The complete suppression
parison of the 1G values between the two assays is by 9 could not be determined because of the solubility limit
complicated since a higher concentration of SMP was usedabove ~10* nM. Much higher concentrations & than
in the reverse electron transfer assay (0.1 vs 0.03 mg ofpiericidin A were needed to suppress the labeling. This is
protein/mL), resulting in an increase in volume of the due to alower affinity o® for complex I, as expected from
membrane lipid phase as well as the concentration of the IGsovalues: 1.240.09) and 1342.0) nM for piericidin
complex | B0). Nevertheless, when the activities of various A and9, respectively? It is concluded that the binding site
inhibitors in terms of the I values were compared for of 9 is identical or at least near to that of other complex |
convenience (Table 1), it was found that rotenone, piericidin inhibitors, which are believed to share a common large
A, and bullatacin block the reverse electron transfer more binding domain with partially overlapping site8, 4, 35).
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100 . 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, resemhbli@gn

the left-hand portion of natural stipiamide, is far less toxic
to breast cancer cells than is natural stipiami@e (

The right-hand portion of the molecule is a toxophore of
this series of inhibitors. The presence of the 2-methyl, amide
NH, and §-1'-methyl groups was revealed to be crucial for
. . . . potent activity. Both methyl groups neighboring the amide
1 10 102 100 10* 107 group may finely adjust the hydrogen-bonding ability of the

Competitor Concentration (nM) amide group. Unexpectedly, the extent of the decrease in
FiGURE 5: Effects of compoun® and piericidin A on the specific  activity caused by acetylation of thé-@H group (8 and
photoaffinity labeling of the ND1 subunit by*H]TDA. A 27) was moderate, suggesting that the fré®©®l group is

competitor was added to SMP (0.3 mg of protein/mL) at given ; b o .
concentrations and incubated for 10 min prior to treatment with favorable, but not crucial, for potent inhibition. This idea is

[125]TDA (3 nM). Key: compound (closed circles) and piericidin ~ Supported by the fact that_elongatior) of the_dis'tgnce between
A (open circles). Data are the mean of three independent measurethe OH group and the amide bond did not significantly affect

80 +

60

40 |

20 +

Residual Radioactivity (%)

0

ments+ SD. the activity © vs 19 and20, and21 vs 22). On the basis of
Membrane surface these findings, we propose that the role of this functional
Free OH i preferable, " ﬂ group is not to serve as a hydrogen bond donor to the enzyme
L HOY but to act as a hydrophilic anchor directing the right-hand

but not crucial i H
portion at or near the membrane surface. It should be noted
. that the free 20H group is not important for antifungal
A-H . 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) offhermus thermophilusomplex I, where
Enhancement of hydrophobicity all the known cofactors of the enzyme reside, was solved at
Long 7-conjugation is not crucial 3.3 A resolution 86). However, our knowledge of the
FiGURe 6: A summary of SAR study of synthetic polyene amides  fynctional and structural features of the membrane arm is

is illustrated, taking compounfl as an example. The hydrogen- i P - . .
bonding ability of the amide group is the only crucial factor deciding still highly limited (10-12). Taking into consideration the

tight binding to the enzyme (AH, hydrogen-bonding donor; B, Proposed dynamic function of the membrane segment of
hydrogen-bonding acceptor), and other functional groups including complex | in proton pumping as well as the concept of a

the hydrophobic left-hand portion serve to effect the hydrogen- common large inhibitor-binding domain supposed to be

bonding ability. constructed by multisubunitd @—12), it may not be strange
that there are diverse chemicals that disturb the function of

DISCUSSION the membrane domain differently depending on their struc-

The results of the SAR study of the polyene amides are {Ural specificity. In fact, we recently showed thatac-
summarized in Figure 6, taking compoudds an example. ~ acetogenins, which were synthesized originally in our
With respect to the left-hand portion of the inhibitor, the l2Poratory 87), inhibit complex | activity in a different
extended 7-conjugation system is not required for the Mmanner from that of traditional inhibitors, though the
inhibition. The conjugated diene-C=C—C=C—CO-) was !nhlbmon site of Alac-ace_togenlns is dowrj_stream qf_the
shown to substitute for the natural polyene skeleton to retain iron—sulfur cluster N2, as is the case of trgdmonal |nh|_b|t0rs
the function. The primary role of this portion must be an (24 38). Therefore, the study on the action mechanism of
enhancement of the hydrophobicity of the molecule to make chémically unique polyene amides was important not to
the partitioning into the hydrophobic environment of the ©Verlook a possible new mechanism of inhibition. On the
enzyme favorable energetically. This notion is consistent with Pasis of an electron paramagnetic resonance (EPR) spectro-

the fact that the presence of a hydroxy group at the C13- SCOPIC study, Friedrich et al.9 demonstrated that the
position is common to many natural polyene amides (See!nhlbmon site of the polyene amides is dowr)str_eam of the
Figure 1), whereas this group is not essential for antifungal Ifon—sulfur cluster N2. The present study indicates that,
activity againsPhytophthora capsid@). It is clear, however, ~ despite their unique chemical nature, polyene amides can
that the geometry of the C4/C5 double bond and the width P& considered ordinary complex | inhibitors. However, in
of this portion were strictly recognized by the enzyme. Itis VieW of the direction-specific effect of the polyene amides
therefore likely that the left-hand portion binds to a narrow (T@ble 1), their binding position within the large inhibitor-
hydrophobic pocket in the enzyme rather than merely binding doma_ln. may differ considerably from that of other
complex | inhibitors.
. 8 According to a simple bimolecular association model, a difference Coms;:??:;; ct;fealrz?é?srlentzlgIfﬁ;gl;gg?ﬂg?ﬁg ll,rl]b?C?L:/lll’?oel
in the 1Gy values suggests that the binding affinities of the two

inhibitors in terms of a dissociation constakt) differ by at least 10-  OXidation site (Q site) in the cytochromebc, complex
fold (see our previous theoretical analysis published irGef (complex lll). Before crystallographic information became

(R-Me < H << (S)}-Me mt
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available, Q site inhibitors had been divided into subgroups

based on biophysical and spectroscopic studies of a heme

b. and iron-sulfur cluster upon the binding of inhibitors
(41). On the basis of the crystal structure of bovine complex
Il with bound inhibitors, the inhibitors of a Qsite are
divided into two subgroups, i.e., Pm and Pf inhibito4®)(
The Pm inhibitors cause irersulfur protein (ISP) into a
mobile conformation, whereas the Pf inhibitors force ISP
into a fixed conformation. The cdl helix of cytochrorhe
plays an important role in responding discriminately to the
two types of @ 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 groupk). Turning to complex

| inhibitors, several studies along with the present work
suggested that the inhibition mechanisms of chemically
diverse complex | inhibitors are somewhat differe3, 43—

45).
binding domain was proposed on the basis of the apparent
competitive behavior among the inhibitors; namely, the 15

It should be realized that the concept of a common large

binding of a marker inhibitor to complex | is suppressed by
an excess amount of other complex | inhibitdss, 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 | inhibitors, as observed for the
Qo site inhibitors. The complete crystal structure of complex

| is needed to understand the functions of the membrane
segment of the enzyme as well as the inhibitor-binding site.
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