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ABSTRACT: A number of fungicides that target the respiratory chain
enzymes complexes II and III are used in agriculture. They are active
against a large range of phytopathogens. Unfortunately, the evolution
of fungicide resistance has quickly become a major issue. Resistance is
often caused by mutations in the inhibitor binding domains of the
complexes, and new molecules are required that are able to bypass such
resistance mutations. We report here on a rapid in vivo high-throughput
method, using yeast and the redox dye TTC to screen chemical
libraries and identify inhibitors of respiratory function. We applied that
screening process, followed by a series of tests, to a diverse library of
4,640 molecules and identified a weak inhibitor of complex III without
toxic effect on the cell. Interestingly, that drug (D12) is fully active
against the mutant enzyme harboring the G143A mutation that confers
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a high level of resistance toward most of the fungicides targeting complex III but is not active against bovine complex III. Using a
collection of yeast strains harboring mutations in the inhibitor binding sites (Q, and Q; sites), we showed that D12 targeted the
Q, site and that its inhibitory activity was weakened by the mutation L27SF. A phenylalanine is naturally present at position 275
in mammalian complex III, which could explain the differential sensitivity toward D12. The molecule is not structurally related to
commercial inhibitors of complex III and could potentially be used as a lead compound for the development of antimicrobial

agents.

he mitochondrial respiratory chain is an effective target for
antimicrobial agents. In medicine, atovaquone, an
inhibitor of complex III, is used for drug therapy against
different parasitic diseases (malaria, toxoplasmosis, and Preumo-
cystis pneumonia caused by the opportunistic pathogen fungus
Preumocystis jirovecii). A range of fungicides are used in
agriculture that inhibit complex II (succinate dehydrogenase)
or complex III (bc; complex, quinol:cytochrome ¢ reductase) of
plant pathogenic fungi. Inhibitors of complex III (Qls) and of
complex II (SDHIs) interfere with the substrate quinol binding
sites. Complex III has two substrate quinol binding pockets
called Q, and Q; that are provided by the mitochondrially
encoded subunit cytochrome b. Most of the fungicides
inhibiting complex III target the Q, site (Q,Is) and are
synthetic analogues of the natural compounds strobilurins (for
instance azoxystrobin). They were introduced in the market in
the mid-1990s and are active against a wide spectrum of fungal
diseases.” Only two Qs (fungicides targeting the Q; site of
complex III) are available. They are sulfonamide compounds
(cyazofamid”® and amisulbrom) and are active only against
oomycetes.
The overall structures of these respiratory complexes

(especially the electron-transferring catalytic cores) are highly

conserved between species. There are, however, some differ-
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ences in sequence facilitating the search for inhibitors with
differential reactivity, active against pathogens with low
reactivity toward other organisms. Respiratory inhibitors
developed as fungicides are effective against a broad range of
important pathogens. Unfortunately, the problem of acquired
resistance has rapidly emerged. A growing number of pathogen
isolates resistant to inhibitor treatment have been reported, and
this resistance is often linked to mutation within the active sites
of the complexes.> > For instance, the resistance mutation
G143A located in the Q, site of complex III has been reported
in an increasing number of phytopathogenic fungi and causes a
high level of resistance to all Q, targeted fungicides.3 New
molecules targeting complex III are needed that are capable of
bypassing such resistance.

Here we describe a rapid test to screen chemical libraries for
drug inhibiting the respiratory function. The method uses the
redox dye triphenyltetrazolium chloride (TTC). TTC is a
colorless electron acceptor that can be reduced to a red
formazan precipitate in microorganisms. It has been used as a
means of screening for respiratory deficient mutants of yeast
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and Chlamydomonas reinhardtii:*” colonies grown on agar
plates were overlaid with TTC in soft agar; respiratory
competent colonies became red, whereas respiratory deficient
colonies did not accumulate the red dye. As previously
reported,” TTC is reduced by the dehydrogenases of the
respiratory chain (complex I, NADH- and succinate dehydro-
genases). The reduction is faster when the mitochondrial
membrane is coupled because of the accumulation in the
mitochondrial matrix of the positively charged TTC" cations.®
The accumulation of stable red formazan is possible only in
anaerobiosis since the initial product of TTC reduction is
rapidly reoxidized by oxygen. Cytochrome oxidase, the terminal
enzyme of the respiratory chain, has a very high affinity for
oxygen. Colonies of cells with a functioning cytochrome
oxidase become anaerobic or hypoxic (inside the colonies) and
accumulate the red formazan. Cells with a defective or
otherwise inhibited respiratory chain do not reduce oxygen
efficiently and therefore do not generate sufficient anaerobiosis
for the red dye to form. Thus lack of formazan formation could
act as a screen for respiratory deficient mutants, as previously
reported,”” but could also act as a screen to identify drugs that
inhibit the respiratory function.

We applied this screening method to a collection of
compounds of natural and synthetic origin, using the yeast
Saccharomyces cerevisiae as a model organism. The screening,
followed by biochemical and mutational analysis, identified a
new compound inhibiting complex III, which was structurally
unrelated to known inhibitors.

B RESULTS AND DISCUSSION

Identification of Respiratory Inhibitors. Our goal was to
develop a robust in vivo high-throughput methodology for the
identification of inhibitors of a metabolic choke point, the
mitochondrial respiratory complex III (cytochrome bc;
complex). This enzyme is of considerable interest as a
fungicidal and chemotherapeutic target. The colorimetric
method we used is based on the reduction of the redox dye
triphenyltetrazolium chloride (TTC) by the mitochondrial
respiratory chain. This methodology is of general applicability
for the identification of inhibitors of other complexes within the
respiratory chain of aerobic microbes. The redox dye TTC
accumulated inside the cells as a red formazan precipitate when
reduced by the dehydrogenases of the respiratory chain under
anaerobic conditions.®* Compounds that inhibit the respiratory
chain block the formation of the red precipitate. As described in
Methods and illustrated in Figure 1, after addition of TTC to
yeast (S. cerevisiae) cell suspensions in microwells, the red dye
accumulated in cells with active respiratory chain but not in
cells treated with azoxystrobin, a fungicide targeting complex
III. This method can also be used with other organisms, such as
the filamentous fungus Podospora anserina (Figure 1).

The chemical library of the ICSN, composed of 4,640
compounds of very large chemical diversity (natural products,
molecules derived from natural substances, and synthetic
compounds) was screened against yeast using the TTC test.
Twenty molecules appeared to inhibit the accumulation of the
red formazan, indicating that these drugs could potentially
inhibit the respiratory chain enzymes. These 20 molecules then
were retested manually using the same test (this was done
twice). Six molecules were excluded as their inhibitory effect on
the TTC reaction was not confirmed or was very weak. The 14
selected molecules were tested for their inhibitory effect on
respiratory growth. Six molecules affected the respiratory
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Figure 1. TTC test (as described in Methods) applied on yeast cells
and on mycelium of a filamentous fungus. DMSO, solvent used as
control; AZO, azoxystrobin, a potent inhibitor of the respiratory chain.

growth at 1 ug mL™": DS, D6, D9, D10, D11, and D12
(Table 1). The effect of these 6 drugs on the oxygen

Table 1. Effect of Drugs on Respiratory Growth and Oxygen
Uptake by Cells

compound  respiratory growth (% control)®  oxygen uptake (% control)?
DS 61 65-70
D6 75 50
D9 54 70—-80
D10 22 25
D11 44 100
D12 55 30

“WT cells were inoculated in 5 mL of ethanol medium with 1 yg mL™"
of the drugs and cultivated at 28 °C with agitation. Optical density
(Agoo nm) of the cultures was recorded at the end of the exponential
phase and presented as % of the control cell density in the absence of
drug. The measurements were done twice and averaged. bOxygen
uptake by cells was recorded in an oxygraph. Approximately 10% cells
grown in ethanol medium were added to 1 mL of water with 3 uM
CCCP. After 2—3 min recording of the control O, uptake rate, drugs
were added at 5 ug mL™!, and the oxygen uptake rates were recorded.
The drugs have similar effect in the absence and in the presence of the
uncoupling agent CCCP (not shown).

consumption of cells was monitored (Table 1). D11 had no
effect. DS, D6, and D9 exhibited a weak inhibitory effect. A
more severe inhibition was observed with D10 and D12. The
study of these two drugs was pursued.

We checked their impact on the fermentative growth. For
that end, we used a strain depleted of mitochondrial genome
(rho®). In this strain, the respiratory chain function is
completely abolished as the mitochondrial genes encoding
the main components of respiratory complexes III and IV and
of complex V (ATP synthase) are absent. The rho’ mutation
(similarly to other mutations causing respiratory deficiency) is
not lethal in S. cerevisiae as yeast can rely on fermentation to
generate energy when grown on a suitable carbon source (such
as glucose). The fermentative growth test was done as in Table
1, glucose replacing ethanol (not shown). We found that D10
was toxic to the cell proliferation and inhibited the fermentative
growth at low dose (S pg mL™"). In addition the molecule
seemed unstable in the culture medium since after >30 h
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incubation, the inhibition was lessened and the cell started to
proliferate, both in fermentative and respiratory conditions.
Thus D10 was excluded from further in vivo experiment. D12,
on the contrary, was stable in culture media over 4 days of
incubation. The drug had no effect on the rho’ fermentative
growth at 30 pug mL™, whereas it inhibited the respiratory
growth at lower concentration. The dose-dependent inhibition
of the respiratory growth was monitored (performed as in
Table 1, with increasing concentration of D12) (not shown).
An ICq, of approximately 1 ug mL™' was obtained.

Thus the target(s) of D12 are likely to be restricted to the
respiratory function.

Identification of the Target of the Respiratory
Inhibitors D10 and D12. We first tested the inhibitory effect
of D10 and D12 on NADH oxidase activity of mitochondria as
described in Methods. NADH, when added to the sample,
directly delivers electrons to the NADH dehydrogenases (there
is no protonmotive, metazoan-like complex I in yeast)
bypassing the Krebs cycle. This was done in presence of the
uncoupling agent carbonyl cyanide m-chloro phenyl hydrazone
(CCCP). Therefore the electron flux through the respiratory
chain enzymes — from the NADH dehydrogenases, via
complex IIT and complex IV to oxygen — was not controlled
by complex V activity. From the inhibitor titration curve
(Figure 2a), an ICg, of 45 nM pug™' protein was estimated for
D10. D12 has similar inhibitory effect: at 125 nM ug™" protein,
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Figure 2. Effect of the compounds D10 and D12 on the respiratory
chain activities. The measurements of the various activities were
performed using mitochondria as described in Methods. NADH-
oxidase activity (a) was monitored in a Clark-type oxygen electrode.
Oxygen uptake was initiated by addition of 500 4M NADH. Oxygen
uptake rate in the absence of drugs was 0.20 gmol O, min™' mg
protein ~!. Measurements of the NADH:-, succinate:-, and
quinol:cytochrome ¢ reductase activities (b—d) were done by
following the reduction of cytochrome c¢ spectrophotometrically. The
activities in the absence of drugs are presented in Table 2. The
measurements were done at least twice and averaged. The error bars
are shown in the figures. ICs, values were estimated from the plot of %
activity vs drug concentration per pg protein.
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a 90% inhibition of oxygen uptake was observed. Thus it is
clearly apparent that both drugs target one or more enzymes of
the respiratory chain.

In order to determine the enzyme(s) inhibited by D10 and
D12, we monitored their effect on the different segments of the
respiratory chain. The results are presented in Table 2 and
illustrated in Figure 2b—d.

Table 2. Effect of D10 and D12 on Respiratory Chain
Activities

D10 ICs, per D12 ICs, per

activity” ug protein pig protein
Cytochrome ¢ reductase (complex IV) >3000 >450
NADH:cytochrome ¢ reductase (NADH S0 15
dehydrogenases + complex III)
Succinate:cytochrome ¢ reductase >350 30
(complexes II + III)
NADH:quinone reductase (NADH >280 >350
dehydrogenases)
Quinol:cytochrome ¢ reductase (complex 170 120

11I)

“Measurements were performed using mitochondria as described in
Methods. The activities in the absence of drugs were as follows:
NADH:cytochrome ¢ reductase: 1.4 ymol cytochrome ¢ min™ mg™';
Succinate:cytochrome ¢ reductase: 0.85 pmol cytochrome ¢ min™"
mg~'; NADH:quinone reductase: 0.14 pmol quinol min™' mg™';
quinol:cytochrome ¢ reductase: 3.2 ymol cytochrome ¢ min~' mg™
(TN =125 s7"); cytochrome ¢ oxidase activity: 1.2 ymol cytochrome ¢
min™" mg_l.

D10 and D12 had no effect of cytochrome oxidase activity
(complex IV), as expected since the only known inhibitors of
mitochondrial complex IV are small molecules competitors of
oxygen such as CO, CN, and azide. Both drugs inhibited the
NADH:cytochrome ¢ reductase activity (NADH dehydrogen-
ase + complex IIT) with ICsy's of S0 and 15 nM ug ™" protein for
D10 and D12, respectively. They had no or little effect on
NADH:quinone reductase (NADH dehydrogenase) but
inhibited the quinol:cytochrome c¢ reductase activity (complex
IIT) with ICsy's of 170 and 120 nM g~ protein for D10 and
D12, respectively. Their reactivity toward complex III was low
compared to commercially available complex III inhibitors such
as the fungicide azoxystrobin: the ICy, (estimated as moles
drugs per moles complex IIT) was around 8 for azoxystrobin,”*
whereas it was around 400 for D10 and 280 for D12. D10 and
D12 differed by their effect on the succinate:cytochrome ¢
reductase activity (complexes II + III). D10 had little effect on
the activity (IC5, >350 nM ug™' protein). Thus D10, while
inhibiting complex III, had no effect on complex II + III
activity, which may appear as a discrepancy. However, this has
been previously explained by Brasseur et al.” Briefly, the authors
demonstrated that complex III was rate-limiting in the
NADH:cytochrome ¢ reductase reaction, but was not rate-
limiting in the succinate:cytochrome ¢ reaction. Therefore a
decrease in complex III activity impacted the NADH:cyto-
chrome ¢ reductase activity to a greater extent than the
succinate:cytochrome c activity, which is what we observed: the
IC, for NADH:cytochrome c¢ reductase is 10-fold lower that
the IC, for succinate:cytochrome ¢ reaction. D12, on the
contrary, inhibited the succinate:cytochrome c reaction with an
ICs, of 30 nM pug™" protein. This indicated that D12 had also a
weak inhibitory effect on complex IL

We then compared the effect of D10 and D12 on the
quinol:cytochrome ¢ reductase activity (complex III) of
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mitochondrial membranes extracted from bovine heart (kindly
provided by P. Rich, UCL, London). The activities were
measured as for the yeast mitochondria. Interestingly, bovine
complex III was not sensitive to D10 or D12. The ICy, values
(presented as moles drugs per moles complex III) were >4000
with bovine mitochondria compared to 400 and 280 for D10
and D12, respectively, with yeast mitochondria. Similarly, we
found that D12 IC, for NADH:- and succinate:cytochrome ¢
reductase activities were >1000 (reported as moles drugs per
moles complex IIT) with the bovine mitochondria compared to
35 and 60 with the yeast mitochondria.

Finally, we checked the inhibitory effect of D10 and D12 on
the NADH:cytochrome ¢ reductase activity of mutant
complexes III harboring mutations in the inhibitor binding
pockets: the mutation G143A in the Q, site that causes a high
level of resistance toward the Q. inhibitors myxothiazol
(>5,000-fold) and azoxystrobin (65-fold);'® and the mutation
K228M, in the Q; site that confers moderate level of resistance
toward the Q; inhibitor HQNO'' and was first reported as
antimycin-resistant mutation.'> We found that D10 and D12
were fully active against the mutant enzymes: the same ICg,
were obtained with WT and mutant complexes III. Thus,
interestingly, mutation G143A causing acquired resistance to all
Q, site fungicides and detected in many plant pathogen fungi
does not confer cross-resistance to D10 and D12.

Identifying the Binding Site of D12 in Complex Ill. As
mentioned above, complex III has two inhibitor binding
pockets, Q, and Q, formed by the core subunit cytochrome b.
In order to indentify the target site of D12 within complex III,
we monitored the effect of a series of Q, and Q site mutations
on the inhibitory effect of the drug. The test was performed on
the respiratory growth of the mutant strains. The 20 strains
tested were identical to control strain, differing only by the
amino acid substitutions in cytochrome b. D10 was excluded
from that test since the molecule was found to be toxic to cells,
inhibiting both respiratory and fermentative growth, and
unstable upon incubation in the culture medium.

The Q, site mutations were chosen on the basis of the
structure>'* and/or on previous reports of their effect on the
sensitivity toward the Q, inhibitors HQNO and/or antimycin.'®
The Q, site mutations, T1271, 1147V, T148I, L150F, S152A,
P226L, and L275F, were found in the human pathogenic
fungus P. jirovecii, after atovaquone treatment and introduced
into yeast.'® The mutation F278A conferred resistance to
atovaquone (not shown). An alanine at position 278 is naturally
present in human cytochrome b, whereas it is replaced by a
phenylalanine in yeast. G143A, as mentioned above, causes
high level of resistance toward Q, site fungicides in plant
pathogenic fungi, while F129L confers moderate level of
resistance to these fungicides (for a review of cytochrome b
mutations see ref 10). The positions of the mutated Q, site
residues in the structure of the complex III and in the
cytochrome b sequence are presented in Figure 3a and ¢,
respectively. None of the 10 Q; mutations tested conferred
resistance to D12. Similarly, eight of the 10 Q, site mutants
studied were susceptible to the drug: T127I, F129L, G143A,
T148I, L1SOF, S152A, P266L, and F278A. The sensitivity of
the respiratory growth of G143A was thus in agreement with
the enzymatic data.

Two Q, site mutations, namely, 1147V and L275F, caused a
marked resistance to D12 as shown in Figure 3b. This finding
indicates that D12 targets the Q, site of complex III and that
residues 1147 and L2785 are likely to be involved in the binding
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Figure 3. (a) Location of the mutated residues within the Q, pocket of
yeast cytochrome b. This figure was prepared using PDB coordinates
3CX5.> Regions encompassing the Q, site (helices C, cd1 and the ef
loop) are represented in green. The bound Q, site inhibitor
stigmatellin is labeled as “Stg”. (b) Effect of Q, mutations 1147V
and L27SF on drug susceptibility. WT and mutant cells were
inoculated in 5 mL of ethanol medium with 5 and 7 yg mL™" of
the D12 and cultivated at 28 °C with agitation. Optical density
(Agoo nm) of the cultures was recorded after 48 h and presented as % of
the control cell density in the absence of drug. The measurements
were done at least twice. (c) Comparison of cytochrome b sequences.
Only cytochrome b sequences that form the Q, site are shown. Bt,
Bovus taurus; Sc, Saccharomyces cerevisiae; St, Septoria tritici; Bc, Botrytis
cinerea; Pa, Podospora anserina. The mutated residues studied here are
marked by an asterisk. The variant residues at positions 275 and 278
are in color.

of the drug. As this mutational analysis shows a restricted
overlap between residues involved in resistance toward
atovaquone, azoxystrobin and D12, we hypothesize that the
binding site and/or binding mode of D12 would be different
from that of these known inhibitors.

Interestingly, a phenylalanine at position 275 is naturally
present in the cytochrome b of the majority of organisms
(including man). Fungi are unusual in having a leucine at that
position. That variation could explain the differential sensitivity
of the bovine and yeast complex III to D12 that we observed.
By contrast, the mammalian variant F278A had no effect on the
susceptibility to D12.

Chemical Structures of D10 and D12. Compounds D10
and D12 were found to be structurally different to the
previously known complex III inhibitors. D10 is a carbazole
while D12 is a pregnan. The chemical structure of D10, 8-
(benzyloxy)-2-methyl-6,11-dihydro-SH-pyrido[3,2-a]carbazole,
was determined as described in Methods. The structure of D12,
3p,5a,6p-triacetoxy-Sa-pregnan-20-one ethylene ketal, has been
previously reported in ref 17.

The chemical library screened in this study contained two
other compounds structurally close to D12 (Figure 4). In our
assay conditions, these molecules were found to be inactive,
showing that the test could discriminate between closely related
structures in series. From the comparison of molecules 2, 3 and
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Analogues of D12

Figure 4. Chemical structures of D10, D12, and analogues of D12.

4, it appears that a dioxolane function in position 20 and no
function in position 16 are important for the inhibitory effect of
D12. The presence of a ketone function (ie., in compound 3)
or a 2-methylpentane chain (i.e,, in compound 4) at position 20
seems detrimental for the inhibitory activity. Modifying the
methylene group at position 16 by the introduction of a ketone
function leads also to inactive compound (i.e, compound 4).
Further work on the structure—activity relationship needs to be
performed to determine the active site of the molecule.

Conclusion. We have described a rapid and easy-to-use in
vivo screening method to identify inhibitors of respiratory
function. In a collection of 4,640 molecules, we identified two
new complex III inhibitors: D10, a carbazole, and D12, a
pregnan. We found that D12, stable in culture medium and
nontoxic to cells, targeted the Q, site of complex III. Many
inhibitors bind to the Q, site. The Q, pocket forms a large,
bifurcated volume that is “loosely stitched” by inter sidechain
H-bonds between discontinuous stretches of cytochrome b
(mainly helices C, cdl, and the ef loop (Figure 3a)). This
“loose stitching” may allow the expansion of the site upon
binding of inhibitors.'® That property presumably allows the
site to accommodate diverse molecules and could explain the
development of specific Q, inhibitors active against pathogens.
Interestingly, mammalian complex III was not susceptible to
D12. In addition, D12 was unaffected by the Q, site mutations
G143A and F129L, responsible for acquired resistance to
fungicides in phythopathogenic fungi. Related compounds with
higher reactivity need to be synthesized that would have the
same mode of action but tighter binding to complex IIL. Drugs
developed on the scaffold of D12 may be a valuable tool and
could circumvent Q,I resistance caused by cytochrome b
mutation.

B METHODS

Yeast Strains and Media. The yeast strains used for TTC
screening, for growth analysis, and oxygen uptake analysis were
derived from AD1-9 (kindly given by M. Ghislain, UCL, Belgium).
That strain harbors multiple deletions of the cell membrane
transporter genes, which render the cells more sensitive to drugs
than standard yeast strains.'® AD1-9 [WT] contains a wild type
mitochondrial genome. AD1-9 rho” is missing the entire mitochondrial
genome (obtained after ethidium bromide treatment of the WT
strain). A series of strains derived from AD1-9 [WT] contain point
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mutations in the cytochrome b gene. They have been obtained by
random- or by side-directed mutagenesis. The mutants are as follows:
Q, site mutations G33A, G378, H204Y, S206T/V,*° N208V, R218K,
F225L, K228 M,*! and M221Q;*! Q, site mutations T1271,'¢ F129F,*
G143A,* 1147V, T148I, L150F, S152A, P226L, and L27SE.'S F278A
was constructed for this study by microprojectile bombardment-
mediated mitochondrial transformation as described previously.'®
Respiratory medium contained 1% yeast extract, 2% peptone, 0.2%
glucose, and 2% ethanol. Fermentative medium contained 1% yeast
extract, 2% peptone, and 3% glucose.

TTC Screening. The yeast strain AD1-9 [WT] was cultivated in
ethanol medium until mid- to late-log phase (optical density of 2
measured at 600 nm), with vigorous agitation for a good aeration of
the cultures. The test was performed in 96-microwell plates using a
pipetting robot. Culture (150 4L) and S ug of drugs (S uL of a DMSO
solution) were added, and the cell suspensions were aerated by
pipetting; 7 mM TTC was then added (55 L of TTC in a 2% ethanol
solution), and the cell suspensions were again aerated by pipetting.
The plates were then left at RT without agitation for a few minutes.
The yeast cells sediment quickly. Cells with an active respiratory chain
generate sufficient anaerobiosis in the cuvette for the red formazan
precipitate to accumulate inside the cells. The red color appears after
10—15 min. Drugs inhibiting the accumulation of red formazan were
identified.

Measurement of the Components of the Respiratory Chain
in Yeast Mitochondria. Mitochondria were prepared as in ref 19.
Protein concentration was determined by Bradford method (Protein
Quantification Kit-rapid, Fluka). Complex III concentration was
determined from dithionite-reduced optical spectra, using & = 28.5
mM™' cm™ at 562 nm minus 375 nm. Activity measurements were
performed at RT. The measurements were repeated at least twice and
averaged. ICy, values (inhibitor concentration required to obtain 50%
inhibition of the activity) were determined by inhibitor titration.

NADH-oxidase activities were measured using a Clarke-type oxygen
electrode. Mitochondria were added at 120 ug of protein to 1 mL of
0.7 M sorbitol, S0 mM Tris-HCI pH7.S, 0.2 mM EDTA, 3 uM CCCP.
Oxygen uptake activity was initiated by the addition of 0.5 mM
NADH. After 2—3 min of recording, inhibitors were added at various
concentrations, and the rate of oxygen consumption was recorded.

The quinol and/or cytochrome ¢ oxidoreductase activities were
measured spectrophotometrically in a Beckmann DU 640 spectropho-
tometer. Measurements were performed in 1 mL of 10 mM potassium
phosphate pH 7.0. For quinol:cytochrome ¢ reductase activity
(complex III activity), 0.01% lauryl maltoside was added. Initial rates
after addition of the substrate were recorded.

NADH:-, succinate:-, and quinol:cytochrome ¢ reductase activities
was determined by measuring the reduction of cytochrome ¢ (20 M)
at 550 nm versus 540 nm over a 1-min time-course and in the presence
of 1 mM KCN. Mitochondria were added at 10—40 ug of protein per
mL. Activity was initiated by the addition of 20 yM decylubiquinol, a
synthetic analogue of ubiquinol, for quinol:cytochrome ¢ reductase
activity and by the addition of 600 uM NADH for the
NADH:cytochrome ¢ reductase activity. The succinate:cytochrome ¢
reductase activity was initiated by the addition of oxidized cytochrome
¢ after 10 min of incubation of mitochondria with 10 mM succinate.

Cytochrome c oxidase activity. Mitochondria added at 15 ug of
protein per milliliter. Activity was initiated by the addition of 20 yuM
reduced cytochrome c. Cytochrome ¢ oxidation was recorded at 550
nm versus 540 nm over a 1-min time-course.

NADH:quinone Reductase Activity. Mitochondria added at 40 pg
of protein per mL and incubated with 200 uM NADH for 10 min.
Activity was initiated by the addition of 100 yM decylubiquinone.
Decylubiquinone reduction was recorded at 280 nm versus 325 nm
over a 1-min time-course.

Determination of the Structure of Compounds D10 and
D12. 'H NMR and *C NMR spectra were determined on Bruker
Avance-500. '"H NMR spectra are reported in parts per million ()
relative to residual solvent peak. Data for 'H are reported as follows:
chemical shift (6 ppm), multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, sxt = sextet, dd = double-doublet, m = multiplet),
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coupling constant in Hz, and integration. *C NMR spectra are
reported in parts per million (§) relative to the residual solvent peak.
Optical rotations were measured with an Anton Par MCP 300
polarimeter in chloroform solutions. IR spectra were recorded with a
Perkin-Elmer Spectrum 100 spectrophotometer. The mass spectra
were determined with a Waters Acquity liquid chromatograph
equipped with a Photodiode Array Detector and a LCT Premier XE
mass spectrometer. A reverse-phase BEH C18 column, 1.7 um, 2.1
mm X 50 mm, was used for the UPLC work with a mixture of
acetonitrile/water as the solvent system.

Compound D10. 8-(Benzyloxy)-2-methyl-6,11-dihydro-5H-
pyrido[3,2-aJcarbazole. "H NMR (500 MHz, CDCl; § (ppm) 2.36
(3H, s, Hy3); 3.07 (2H, t, ] = 10 Hz, H};); 3.25 (2H, t, ] = 10 Hz, H,,);
5.15 (2H, s, Hyg); 6.96 (1H, dd, J, = 2.0 Hz, ], = 9.0 Hz, H,); 7.11
(1H, d, J = 1.5 Hz, Hy(); 7.29 (1H, d, ] = 9.0 Hz, Hy); 7.34—737 (1H,
m, H,,); 7.40—7.44 (3H, m, Hyo, H,,, Hy4); 7.50—7.52 (2H, m, Hy,
H,,); 8.19 (1H, s, H,); 8.24 (1H, s, NH). *C NMR (125 MHz,
CDCl): § (ppm) 18.2 (1C, C,3); 19.3 (1C, Cy3); 31.6 (1C, Cyy); 70.9
(1C, Cy4); 100.0 (1C, Cy); 102.4 (1C, Cyp); 1119 (1C, Cq); 113.1
(1C, Cyy), 113.7 (1C, C,); 1243 (1C, C,); 127.1 (1C, C;); 127.5 (2C,
Ci5 Cyy); 127.8 (1C, Cyy); 128.5 (2C, Cy9 Cyy); 131.1 (1C, Cy); 1322
(1C, Cy5); 133.0 (1C, Cyy); 137.5 (1C, Cyy); 146.6 (1C, C,); 153.7
(1C, Cy); 154.5 (1C, Cy5). v (ecm™): 3144, 2828, 1626, 1605,1583,
1558, 1377, 1242; MS (ESL, m/z): 3412 [M + H]*. HRMS (ESI, m/
z): calculated for C,;H,N,O 341.1654, found 341.1670.

Compound D12. 3f,5a,6p-Triacetoxy-5a-pregnan-20-one Ethyl-
ene Ketal. "H NMR (300 MHz, CH;0D) § (ppm) 0.83 (3H, s, Hy;);
1.12—1.15 (1H, m, H¢,); 1.28 (3H, s, Hyy); 1.29 (3H, s, H,,); 1.36—
1.38 (1H, m, H,,); 1.45—1.46 (1H, m, H,,); 1.47—1.49 (1H, m, H,);
1.50—1.52 (1H, m, H;4,); 1.54—1.59 (2H, m, H,); 1.62—1.65 (2H, m,
H,)); 1.66—1.67 (1H, m, H,,); 1.68—1.72 (1H, m, H,); 1.73—1.82
(2H, m, Hy,); 1.81—-1.83 (1H, m, H;,); 1.84—1.87 (1H, m, Hy); 1.88—
1.93 (1H, m, H,,); 2.02 (3H, s, Ac); 2.10 (3H, s, Ac); 2.12 (3H, s, Ac);
2.12 (2H, s, Hy,); 2.69 (1H, t, ] = 5.4 Hz, H},); 2.78 (1H, ddd, J = 1.5
Hz, 4.8 and 13.2 Hz, Hy,); 3.83—4.05 (4H, m, H,,, H,;); 4.72 —4.83
(1H, m, H,); 5.91 (1H,dd, J = 2.4 and 3 Hz, Hy). *C NMR (75 MHz,
CH,0D): 6 (ppm) 13.2 (1C, Cyg); 17.6 (1C, Cyy); 21.1 (2C, Ac);
21.9 (1C, Ac); 24.0 (1C, Cy,); 24.6 (1C, Cyy); 248 (1C, Cy,); 244
(1C, Cy5); 31.0 (1C, Cq); 31.3 (1C, C,); 32.3 (1C, C,); 33.0 (1C, Cy);
40.8 (1C, Cy4); 41.0 (1C, Cyp); 43.3 (1C, Cy3); 46.7 (1C, Cy); 57.0
(1C, Cy); 59.5 (1C, Cyy); 642 (1C, Cyy); 66.1 (1C, Cy); 70.7 (1C,
Cq); 712 (1C, Cy); 88.1 (1C, Cs); 113.0 (1C, Cyp); 1714 (1C, C=
0); 171.5 (1C, C=0); 172.2 (1C, C=0). [a]p —27° (¢ 0.5). v
(em™) 1732. MS (ESI, m/z) 543.3 [M + Na]. HRMS (ESI, m/z):
calculated for C,oH,,OgNa 543.2934, found 543.2910.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: meunier@cgm.cnrs-gif.fr.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Part of this work was supported by funding from the FRC 3115
to B.M. and C.G.

B REFERENCES

(1) Bartlett, D. W., Clough, J. M., Godwin, J. R, Hall, A. A, Hamer,
M, and Parr Dobrzanksi, B. (2002) The strobilurin fungicides. Pest
Manage. Sci. 58, 649—662.

(2) Mitani, S., Araki, S., Takii, Y., Ohshima, T., Matsuo, N., and
Miyoshi, H. (2001) The biochemical mode of action of the novel
selective fungicide Cyazofamid: Specific inhibition of mitochondrial
complex III in Phythium spinosum. Pestic. Biochem. Physiol. 71, 107—
118.

(3) Gisi, U, Sierotzki, H., Cook, A., and McCaffery, A. (2002)
Mechanisms influencing the evolution of resistance to Q, inhibitor
fungicides. Pest Manage. Sci. 58, 859—867.

1664

(4) Fisher, N., and Meunier, B. (2005) Re-examination of inhibitor
resistance conferred by Q, site mutations in cytochrome b using yeast
as a model system. Pest Manage. Sci. 61, 973—978.

(5) Leroux, P., Gredt, M., Leroch, M., and Walker, A.-S. (2010)
Exploring mechanisms of resistance to respiratory inhibitors in field
strains of Botrytis cinerea, the causal agent of gray mold. Appl. Environ.
Microbiol. 76, 6615—6630.

(6) Ogur, M., St John, R, and Nagai, S. (1957) Tetrazolium overlay
technique for population studies of respiratory deficient yeast. Science
125, 928-929.

(7) Dorthu, M.-P., Remy, S., Michel-Wolwertz, M.-R., Colleaux, L.,
Breyer, D., Beckers, M.-C., Englebert, S., Duyckaerts, C., Sluse, F. E,,
and Matagne, R. F. (1992) Biochemical, genetic and molecular
characterization of new respiratory-deficient mutants in Chlamydomo-
nas reinhardtii. Plant Mol. Biol. 18, 759—772.

(8) Rich, P. R, Mischis, L. A., Purton, S., and Wiskich, J. T. (2001)
The sites of interaction of triphenyltetrazolium chloride with
mitochondrial respiratory chains. FEMS Microbiol. Lett. 202, 181—187.

(9) Brasseur, G., Coppee, J.-Y., Colson, A.-M., and Brivet-Chevillotte,
P. (1995) Structure-function relationships of the mitochondrial bc,
complex in temperature-sensitive mutants of the cytochrome b gene,
impaired in the catalytic center N. J. Biol. Chem. 270, 29356—29364.

(10) Fisher, N., and Meunier, B. (2008) Molecular basis of resistance
to cytochrome bc; inhibitors. FEMS Yeast Res. 8, 183—192.

(11) Valliéres, C., Fisher, N., Antoine, T., Al-Helal, M., Stocks, P.,
Berry, N. G., Lawrenson, A. S., Ward, S. A.,, O’Neill, P. M., Biagini, G.,
and Meunier, B. (2012) HDQ, a potent inhibitor of Plasmodium
falciparum proliferation binds to the Q site of the bc; complex.
Antimicrob. Agents Chemother., DOI: 10.1128/AAC.00486-12 .

(12) di Rago, J.-P., and Colson, A.-M. (1988) Molecular basis for
resistance to antimycin and diuron, Q-cycle inhibitors acting at the Q;
site in the mitochondrial ubiquinol-cytochrome ¢ reductase in
Saccharomyces cerevisiae. J. Biol. Chem. 263, 12564—12570.

(13) Huang, L.-S., Cobessi, D., Tung, E., and Berry, E. A. (2005)
Binding of the respiratory chain inhibitor antimycin to the
mitochondrial bc; complex: A new crystal structure reveals an altered
intramolecular hydrogen-bonding pattern. J. Mol. Biol. 351, 573—597.

(14) Hunte, C., Koepke, J., Lange, C., Rossmanith, T., and Michel, H.
(2000) Structure at 2.3 angstrom resolution of the cytochrome b,
complex from the yeast Saccharomyces cerevisiae co-crystallized with an
antibody Fv fragment. Struct. Fold. Des. 8, 669—684.

(15) Brasseur, G., Saribas, A. S., and Daldal, F. (1996) A compilation
of mutations located in the cytochrome b subunit of the bacterial and
mitochondrial be; complex. Biochim. Biophys. Acta 1275, 61—69.

(16) Hill, P., Kessl, J., Fisher, N., Meshnick, S., Trumpower, B., and
Meunier, B. (2003) Recapitulation in Saccharomyces cerevisiae of
cytochrome b mutations conferring resistance to atovaquone in
Pneumocystis jiroveci. Antimicrob. Agents Chemother. 47, 2725—2731.

(17) Barton, D. H. R, Gokturk, A. K, Morzycki, J. W,, and
Motherwell, W. B. (1985) The selective oxidation of protected
cholestanol derivatives using the Gif system. J. Chem. Soc,, Perkin Trans.
1, 583—585.

(18) Crofts, A. R,, Barquera, B., Gennis, R. B, Kuras, R., Guergova-
Kuras, M., and Berry, E. A. (1999) Mechanism of ubiquinol oxidation
by the bc; complex: Different domains of the quinol binding pocket
and their role in the mechanism and binding of inhibitors. Biochemistry
38, 15807—15826.

(19) Lemaire, C., and Dujardin, G. (2008) Preparation of respiratory
chain complexes from Saccharomyces cerevisiae wild-type and mutant
mitochondria: activity measurement and subunit composition analysis.
Methods Mol. Biol. 432, 65—81.

(20) Coppee, J.-Y., Brasseur, G., Brivet-Chevillotte, P., and Colson,
A-M. (1994) Non-native intragenic reversions selected from
Saccharomyces cerevisiae cytochrome b-deficient mutants. ]. Biol.
Chem. 269, 4221—4226.

(21) Coppée, J.-Y., Tokutake, N., Marc, D., Di Rago, J.-P., Miyoshi,
H., and Colson, A.-M. (1994) Analysis of revertants from respiratory
deficient mutants within the center N of cytochrome b in
Saccharomyces cerevisiae. FEBS Lett. 339, 1—6.

dx.doi.org/10.1021/cb3002717 | ACS Chem. Biol. 2012, 7, 1659—1665


mailto:meunier@cgm.cnrs-gif.fr

ACS Chemical Biology

(22) Fisher, N., Brown, A. C., Sexton, G., Cook, A., Windass, J., and
Meunier, B. (2004) Modelling the Q, site of crop pathogens in
Saccharomyces cerevisiae cytochrome b. Eur. J. Biochem. 271, 2264—
2271.

(23) Solmaz, S. R, and Hunte, C. (2008) Structure of complex III
with bound cytochrome ¢ in reduced state and definition of a minimal
core interface for electron transfer. J. Biol. Chem. 283, 17542—17549.

1665

dx.doi.org/10.1021/cb3002717 | ACS Chem. Biol. 2012, 7, 1659—1665



