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ABSTRACT Methicillin-resistant Staphylococcus aureus (MRSA) is a leading cause of
deadly hospital-acquired infections. The discovery of anti-Staphylococcus antibiotics
and new classes of drugs not susceptible to the mechanisms of resistance shared
among bacteria is imperative. We recently showed that tomatidine (TO), a steroidal
alkaloid from solanaceous plants, possesses potent antibacterial activity against S.
aureus small-colony variants (SCVs), the notoriously persistent form of this bacterium
that has been associated with recurrence of infections. Here, using genomic analysis
of in vitro-generated TO-resistant S. aureus strains to identify mutations in genes in-
volved in resistance, we identified the bacterial ATP synthase as the cellular target.
Sequence alignments were performed to highlight the modified sequences, and the
structural consequences of the mutations were evaluated in structural models. Over-
expression of the atpE gene in S. aureus SCVs or introducing the mutation found in
the atpE gene of one of the high-level TO-resistant S. aureus mutants into the Bacil-
lus subtilis atpE gene provided resistance to TO and further validated the identity of
the cellular target. FC04-100, a TO derivative which also possesses activity against
non-SCV strains, prevents high-level resistance development in prototypic strains
and limits the level of resistance observed in SCVs. An ATP synthesis assay allowed
the observation of a correlation between antibiotic potency and ATP synthase inhi-
bition. The selectivity index (inhibition of ATP production by mitochondria versus
that of bacterial ATP synthase) is estimated to be �105-fold for FC04-100.

KEYWORDS ATP synthase, small-colony variant, Staphylococcus aureus, new target,
tomatidine

Antibiotic resistance is now an overwhelming health problem, with estimates reaching
10 million deaths per year worldwide by 2050 if nothing is done to slow down the

resistance epidemic and if no new antibiotics are discovered to fight resistant pathogens (1,
2). Most of the antibiotics developed in the last decade are still based on scaffolds identified
60 years ago (3). As an adaptive and evolutionary response to this limited scaffold diversity,
bacteria have acquired efficient resistance mechanisms that can be transferred among
microbial species (4-6). There are multiple challenges in the discovery of novel bioactive
molecules (7), and only a few antibiotics based on new scaffolds reaching new validated
molecular targets are present in the current pharmaceutical pipeline (3). We report here the
elucidation of the mode of action of tomatidine (TO) and its analogs, which represent a new
chemical scaffold targeting the bacterial ATP synthase. Noteworthy, the bacterial ATP
synthase is now recognized as a clinically relevant and validated molecular target with the
recent FDA approval of bedaquiline, a structurally distinct antitubercular drug having a
similar mode of action (8).
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Since the bacterial ATP synthase has similarity to the human mitochondrial coun-
terpart, selectivity of drugs based on this molecular target is imperative. Like bedaqui-
line, which is highly selective for the mycobacterial ATP synthase (9, 10), TO selectively
targets species of the Bacillales, namely, Staphylococcus, Listeria, and Bacillus spp.
(11–13). Staphylococcus aureus and methicillin-resistant S. aureus (MRSA) are often
associated with recurrent and difficult-to-treat hospital- or community-acquired infec-
tions (14, 15) and are among the bacterial threats identified by the CDC that require
immediate attention (16). MRSA strains are also found in livestock and domestic pets,
and transmissions from animals to humans have often been reported (17–19). In addition,
staphylococcus infections are also associated with food poisoning (20), similar to
several pathogens that belong to the order Bacillales. For example, Listeria monocyto-
genes and Bacillus cereus can cause gastrointestinal infections as well as food poisoning
(21, 22). Though L. monocytogenes infections are relatively rare, they can lead to
invasive listeriosis, cause severe symptoms, and be fatal. Persistence of this pathogen
in food is a major problem and is associated with transmission to humans (23). Bacillus
spp. are well known for their ability to form endospores that can persist in the environment
(24). Among pathogenic Bacillus species, Bacillus anthracis can cause anthrax by contact
with infected food-producing animals, as well as by direct contact with endospores
when it is used as a biological weapon (25). However, S. aureus remains the most
clinically prominent pathogen of this group.

Among the mechanisms that allow S. aureus to cause persistent infection is its ability
to adopt a slow-growth phenotype, called small-colony variant (SCV). SCVs have been
associated with chronic and persistent infections and are often recovered from lungs of
patients with cystic fibrosis (CF) or from osteomyelitis, septic arthritis, bovine mastitis,
and colonized orthopedic devices (26–29). SCVs possess an impaired respiratory chain,
which affects their oxidative metabolism, causes slow growth, and changes the expres-
sion of virulence factors (28, 30). The reduced proton motive force (PMF) of SCVs
reduces their susceptibility to aminoglycosides, which rely on an active PMF to cross
the cell membrane barrier. Respiratory deficiency is often caused by mutation in genes
involved in hemin or menadione biosynthesis, which are important components of the
respiratory chain (28). SCVs have the ability to produce large quantities of biofilm
(31–33) and also persist within nonphagocytic host cells (12, 34, 35), enhancing their
ability to survive in the presence of antibiotics and host immune factors. Switching
between the normal and SCV phenotypes seems to be part of S. aureus pathogenesis
and is a phenomenon that may promote recurrence and chronicity of infections (36).
Our laboratory extensively documented the very potent (in the nanomolar range) and
selective antibacterial activities of TO against SCVs of Staphylococcus, Bacillus, and
Listeria spp. (11–13, 37). We also investigated several structural analogs of TO in order
to better understand its structure-activity relationship (37) and identified a promising
TO derivative possessing a diamino group replacing the 3�-hydroxyl group of TO
(FC04-100) (Fig. 1). In addition to its anti-SCV activity, FC04-100 interestingly gained
antibacterial activity against prototypical strains (13). The mode of action of TO and its
analogs was clearly associated with the respiratory chain, but their molecular target was
unknown until now.

The aim of this study was thus to identify the molecular target of TO and its analog
FC04-100. We studied drug-resistant S. aureus SCVs raised via selective pressure to TO
and used whole-genome sequencing to highlight the molecular target associated with
resistance. The subunit C of the bacterial ATP synthase emerged as the molecular target
of TO and FC04-100.

RESULTS
Generation and selection of mutants. In order to identify the molecular target of

TO, we raised TO-resistant mutants in an S. aureus SCV strain (Newbould ΔhemB). These
mutants were selected by serial passage in broth containing 2-fold dilutions of TO, and
three isolated colonies were picked from passages of interest (i.e., showing an increase
of the TO MIC). A low-level resistance for TO was observed at passage 7 (isolates named
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P07intR-1, -2, and -3; P indicates passage and intR indicates intermediate resistance)
and similarly at passages 11 (isolates P11intR-1, -2, and -3) and 20 (isolates P20intR-1,
-2, and -3), for which the TO MIC increased from 0.06 to 0.25 to 1 �g/ml (Table 1).
Isolates with high-level resistance, i.e., a TO MIC of �64 �g/ml, were observed only after
30 passages (isolates named SaR1-1, -2, and -3). These serial passages were performed
two more times, and the same stepwise increase in TO resistance was observed, with
a high level of resistance reached at passage 30 (isolates named SaR3-1, -2, and -3 and
SaR4-1, -2, and -3), but the low-level resistance appeared at passages 15 and 18,
respectively. Serial passages were also performed another time starting with a low-
level-resistant isolate from the initial passage 7 (i.e., P07intR-1), and these steps also led
to high-level resistance at passage 30 (isolates named SaR2, -1, -2, and -3). The mutant
descriptions and MICs of TO, FC04-100 stereoisomers (FcM, FC04-100 major stereoiso-
mer; Fcm, FC04-100 minor stereoisomer), and gentamicin are reported in Table 1. Note
that we previously reported the MICs of the FC04-100 mixture of stereoisomers to be
8 to 16 and 0.5 to 2 �g/ml for prototypic S. aureus and SCVs, respectively (13, 37). Table
1 shows that FcM is the most potent component of the FC04-100 mixture.

FIG 1 Structures of TO and analogs used in this study. (A) TO is characterized by 6 rings, 12 stereogenic
centers, a 3 �-hydroxyl group, and spiro-fused rings in the form of an aminoketal. (B) FC04-100 contains
a diamine in position 3. The two epimers in position 3 were separated as major (M) and minor (m)
although due to the complexity of nuclear magnetic resonance signals, their respective structures could
not be unambiguously assigned. (C) TO analog FC02-190 shows an �-hydroxyl group in position 3. (D)
Analog FC04-116 shows an open spiroaminoketal moiety.

TABLE 1 Susceptibility profile of the studied S. aureus strains and TO-resistant mutants
selected after serial passage in the presence of TO or FC04-100

Strain or clonesa

MIC (�g/ml)b

TO FcM Fcm GEN

S. aureus Newbould �128 2 8 0.25
S. aureus Newbould ΔhemB 0.06 0.06 2 8
P07intR-1, -2, and -3* 0.25 0.5–1 4 8
P11intR-1, -2, and -3* 0.25–0.5 0.5–1 4 8
P20intR-1, -2, and -3* 0.25–1 1 4 8
SaR1-1, -2, and -3# �64 2 8 8
SaR2-1, -2, and -3§ �64 2 8 8
SaR3-1, -2, and -3# �64 2 8 8
SaR4-1, -2, and -3# �64 2 8 8
SaR5-1, -2, and -3† �64 2 8–16 8–16
SaR6-1, -2, and -3† �64 2 8 8
aClones of S. aureus Newbould ΔhemB are indicated as follows: *, clones selected after 7, 11, or 20 passages,
respectively, in the presence of TO; #, clones selected after 30 passages in the presence of TO; §, clones
from a clone of S. aureus Newbould ΔhemB with low-level of resistance to TO (P07intR-1) after an additional
30 passages in the presence of TO; †, clones selected after 30 passages in the presence of FC04-100.

bTO, tomatidine; FcM, FC04-100 major stereoisomer; Fcm, FC04-100 minor stereoisomer; GEN, gentamicin. For
the MIC, the “�” sign denotes the highest concentration tested.
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For all mutants that had a high level of resistance to TO and that were raised by
selective pressure from TO (SaR1, SaR2, SaR3, and SaR4) (Table 1), cross-resistance was
observed with the TO analog FC04-100 (both stereoisomers FcM and Fcm). Resistance
to TO increased �1,024-fold (the MIC increased from 0.06 �g/ml to �64 �g/ml), but
resistance to FcM increased only 32-fold (from 0.06 to 2 �g/ml) and only 4-fold to Fcm
(from 2 to 8 �g/ml) (Table 1). Interestingly, the drug-resistant SCVs selected with
FC04-100 (Table 1, mutants SaR5 and SaR6) showed the same susceptibility profiles as
those selected with TO (i.e., SaR1, SaR2, SaR3, and SaR4). This strongly suggests similar
modes of action for TO and its analog FC04-100 although the latter preserves some
noticeable activity against TO-resistant mutants.

Since both FC04-100 stereoisomers (FcM and Fcm) possess some antibacterial
activity against prototypic strains of S. aureus (MIC of 2 to 8 �g/ml against strain
Newbould) (Table 1), we tried to raise mutants using selective pressure by FC04-100.
Using the same approach as for TO, we failed to obtain any FC04-100-resistant mutants
from prototypical S. aureus. Indeed, the MIC of FC04-100 remained the same toward
strain Newman throughout the 30 passages.

Spontaneous mutation frequency for TO resistance and MPC. The frequency of

spontaneous mutations leading to low-level resistance to TO (MIC of 0.25 to 1 �g/ml;
intR strains) (Table 1) was measured by spreading strain Newbould ΔhemB on agar
supplemented with TO at 0.5 �g/ml. Using this selection pressure, the mutation
frequency was 1.25 � 10�8 to 1.96 � 10�8. Using higher concentrations of TO in
selective plates (16 and 32 �g/ml of TO), the mutation frequency dropped and ranged
from �5.88 � 10�9 to 2.32 � 10�8. There were no more colonies detected on plates
containing 64 �g/ml of TO, i.e., a concentration equivalent to the MIC of the high-
level-resistant mutants (Table 1). The mutant prevention concentration (MPC) of TO is
thus 64 �g/ml, i.e., the lowest drug concentration preventing mutant colonies, as
observed on both technical and biological triplicates.

The frequency of spontaneous mutations leading to FcM resistance, as determined
on plates containing 2 and 4 �g/ml FcM, ranged from �5.88 � 10�9 to 1.79 � 10�8.
The MPC of FcM was 8 �g/ml. For comparison, we used rifampin as a reference
antibiotic. The frequency of spontaneous mutations leading to rifampin resistance on
plates containing 8 �g/ml of rifampin (initial MIC of 0.015 �g/ml) was 0.48 � 10�7 to
1.04 � 10�7. The mutation frequency for high-level resistance to rifampin was greater
than that observed for low- and high-level resistance to TO or FcM.

Identification of mutations associated with resistance. Whole-genome se-

quences of the first series of resistant mutants (P07intR-1, -2, and -3; P11intR-1, -2, and
-3; P20intR-1, -2, and -3; and SaR1-1, -2, and -3) (Table 1) were compared to the
sequence of the parental SCV strain. For each of these 12 isolates, between 22 and 87
single nucleotide variants (SNVs) and indels were identified. Only the SNVs and indels
common to each of three isolates of a given passage were considered to be associated
with resistance. This way, we identified only two mutations shared by these indepen-
dently selected resistant isolates (see Fig. S1 and S2 in the supplemental material). A
base substitution (G to T in position 446) was found in the low-level TO-resistant strains
(represented by isolates from passages 7, 11, and 20) in the ccpA gene, which encodes
the catabolite control protein A, a key metabolic regulator in low-GC Gram-positive
bacteria. This base substitution led to an amino acid change (G149V) (Fig. S1). The
second mutation, found in high-level TO-resistant isolates (i.e., SaR1-1, -2, and -3 from
passage 30), is a base substitution (G to T in position 49) in the atpE gene which
encodes the ATP synthase subunit C. Subunit C forms the rotor which turns when a
proton flux enters the ATP synthase to produce the energy necessary to synthesize ATP
(38). This mutation also leads to an amino acid change (A17S) (isolates SaR1-1, -2, and
-3) (Fig. S2). Mutations in ccpA and/or atpE were confirmed by PCR amplification and
Sanger sequencing for all isolates submitted to whole-genome sequencing (i.e.,
P07intR-1, -2, and -3; P11intR-1, -2, and -3; P20intR-1, -2, and -3; and SaR1-1, -2, and -3).
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Following these results, other independent serial passages in the presence of TO
were performed with S. aureus Newbould ΔhemB, also starting with an isolate with
low-level TO resistance (i.e., P07int-R-1, an isolate from the initial passage 17), as
described in Materials and Methods. These serial passages yielded high-level TO-
resistant isolates at passage 30. PCR amplification and Sanger sequencing for the ccpA
and atpE target genes were performed on these isolates. The same base substitution in
the ccpA gene was found in all new high-level TO-resistant isolates selected in the
presence of TO (SaR2, SaR3, and SaR4; three isolates each) (Fig. S1), which confirmed
the involvement of this gene in TO resistance. For the atpE gene, a different base
substitution was found in high-level TO-resistant isolates (C77T) which led to a different
amino acid change (S26L) than that initially found in the SaR1 series of isolates (SaR2,
SaR3, and SaR4; three isolates each) (Fig. S2).

Genes ccpA and atpE were also examined for drug-resistant isolates selected by
serial passages with the TO analog FC04-100. For this series of isolates (SaR5 and SaR6;
three isolates each), no mutation was found in the ccpA gene (Fig. S1), consistent with
the fact that only one level of resistance was found for the analog (Table 1). For the atpE
gene, two additional and different base substitutions were found (G52T and T139C).
These two mutations also led to different amino acid changes (respectively, G18C and
F47L) (Fig. S2). Overall, low-level resistance to TO (MIC of 0.25 to 1 �g/ml) was
associated with a specific substitution in CcpA (G149V), whereas high-level resistance to
TO (MIC of �64 �g/ml) was associated with both the CcpA substitution and a
substitution in AtpE (either A17S or S26L). In contrast, the G18C and F47L substitutions
in AtpE were associated only with the highest level of resistance to FC04-100 (MIC of
2 �g/ml for FcM).

The atpE gene is conserved among Bacillales. TO and its analog possess an activity
spectrum specific to the order Bacillales (13), which includes pathogens like S. aureus,
Bacillus anthracis, and Listeria monocytogenes. We thus compared the ATP synthase subunit
C (AtpE) amino acid sequences among Bacillales and nontargeted species (Fig. 2).

Additionally, using blastp and a comparison to the reference strain S. aureus NCTC
8325, we found that AtpE sequences are highly similar, with 100% identity for most of
the Staphylococcus spp. (S. aureus, Staphylococcus epidermidis, Staphylococcus pasteuri,
and Staphylococcus warneri), 96% for Staphylococcus saprophyticus, 94% for two other
coagulase-negative staphylococci (Staphylococcus haemolyticus and Staphylococcus lug-
dunensis), and 83% for pathogenic bacilli (B. anthracis and B. cereus). The lowest identity
was found to be 75 to 79% for Bacillus subtilis, Bacillus coagulans, and Listeria spp. (L.
monocytogenes and Listeria ivanovii). The exception was Bacillus pseudofirmus, which
shared only 52% identity (data not shown). Additionally, comparison of �1,000 strains
of S. aureus and S. epidermidis using blastp revealed 100% identity in their ATP synthase
subunit C amino acid sequences (data not shown). Interestingly, amino acids found to
be mutated in high-level TO/FcM-resistant S. aureus mutants were conserved in all
Bacillales, except S26 in B. coagulans (Fig. 2). Some sequences conserved around these
amino acids (Fig. 2, green boxes) are not conserved in nontarget species (e.g., Strep-
tococcus pneumoniae, Escherichia coli, Mycobacterium spp., and Homo sapiens), as
shown in Fig. 2. The conserved consensus sequence (in boldface) for Bacillales (B.
pseudofirmus not included) is LXXXAAAIAXGLXALGAGIGNGLIVXXTXEGXARQPEXXXX
LXXXMFXGXXLVEALPIIXVVIAF. BLAST analysis of that consensus sequence identified
all Bacillales. This consensus sequence, where mutations associated with high-level
resistance to TO and its analog are found, could explain the specificity of the antibac-
terial activity of these drugs for Bacillales and may point to the interaction site(s)
between these molecules and subunit C.

In contrast, nontarget species presented low identity for the AtpE sequence in
comparison with that of S. aureus NCTC 8325. The highest similarity was found with
Mycobacterium tuberculosis, having only 55% identity, while the lowest was with S.
pneumoniae (31%). There was no significant identity match with the human sequence
(Fig. 2). Again, the absence of the Bacillales conserved consensus sequence in the
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nontarget species may explain the absence of activity of TO against these species.
Bedaquiline, now approved for the treatment of Mycobacterium tuberculosis infections
(39), is an ATP synthase subunit C inhibitor specific to Mycobacterium (10). Also shown
in Fig. 2 for comparison are mutation sites (not all presented here) in Mycobacterium
isolates which provide resistance to bedaquiline (40). Interestingly, similar to the role of
mutations in TO resistance, any of these distinct mutations in Mycobacterium can
provide resistance to bedaquiline (see MyR amino acid changes illustrated in Fig. 2
compared to the SaR mutations recorded in the present study).

Genetic manipulation of atpE. Since the target species of TO (i.e., the Bacillales)
share a consensus sequence in the AtpE protein (Fig. 2, green boxes), we performed
genetic manipulations in S. aureus and B. subtilis to validate the role of AtpE in TO
resistance. First, overexpression of the atpE gene in the TO- and FcM-susceptible S.
aureus ΔhemB background provided resistance to these agents up to the level seen in
the non-SCV strain Newbould (Table 2, Newbould ΔhemB atpE versus the empty vector
control). This further suggests that TO and FcM share a target and that overexpression
of that target reverses susceptibility of S. aureus ΔhemB.

Furthermore, introducing the mutation found in the atpE gene of one of the
high-level TO-resistant S. aureus mutants (e.g., SaR5) in the Bacillus atpE gene provided
resistance to TO mixed with the electron transport chain inhibitor 4-hydroxy-2-
heptylquinoline-N-oxide (HQNO) (Table 2). Indeed, we used HQNO to reveal the resis-

FIG 2 Amino acid sequence alignments of the ATP synthase subunit C for selected species. First, the alignments for several species of Bacillales present a
consensus sequence, highlighted in green. Amino acids additionally identical to those of S. aureus are highlighted in yellow. Amino acids mutated in
TO/FC04-100-resistant mutants are in red and bold characters in the S. aureus NCTC 8325 sequence. Also shown below the Bacillales consensus sequence are
the alignments for some bacterial species not targeted by TO. The changes in amino acids found in TO/FC04-100-resistant S. aureus (SaR1 to SaR6) are indicated
below the alignments. The essential ion-binding glutamate (aspartate in E. coli) is indicated in bold black. Changes in amino acids reported for the
bedaquiline-resistant strains of Mycobacterium tuberculosis or Mycobacterium smegmatis (MyR denotes a mixture of these two species) are also indicated below
the alignments (40).
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tance phenotype in the non-SCV strain B. subtilis 168. We have shown previously that
wild-type S. aureus strains exposed to HQNO behave like SCVs and become hypersen-
sitive to TO (12). Here, we show that B. subtilis, possessing the mutation of S. aureus
SaR5 in atpE, remains resistant to TO in the presence of HQNO (MIC � 64 �g/ml), as
opposed to the result seen with B. subtilis carrying the wild-type atpE sequence (MIC of
0.12 �g/ml). This shows that the sole transfer of the SaR5 mutation from S. aureus to B.
subtilis provides TO resistance.

ATP synthase subunit C model. The impact of the S. aureus mutations was
investigated by building a model structure of the monomeric subunit C of strain
Newbould ΔhemB and of a dodecameric assembly of subunit C using SWISS-MODEL
(41), built on homology with PDB accession numbers 3ZO6 and 1WU0. Figure 3A shows
the positions of the four amino acids mutated in TO/FcM-resistant isolates (Ala17,
Gly18, Ser26, and Phe47) (see also Fig. S2). Each of these amino acids is a putative
binding/interaction site for TO and/or its analog and is near the essential ion-binding
site amino acid Glu54, suggesting that compound binding could interfere with the
function of amino acid Glu54. Figure 3B to E show the configuration of the mutated
amino acids, which are all individually associated with high-level resistance. It can be
hypothesized that each mutated amino acid affects TO/FcM binding or interaction with
the ATP synthase subunit C or allows proton transfer even if TO/FcM is bound. Figure
3F and G present the dodecameric assembly of subunit C of a nonresistant strain, and
Fig. 3H to K present mutated amino acids Ser17 (SaR1), Cys18 (SaR5), Leu26 (SaR2, -R3,
and -R4), and Leu47 (SaR6) in the dodecameric assembly, respectively. Amino acid
Leu26, in comparison to Ser26, clearly appears exposed at the surface of the subunit C
in the internal portion of the assembly, and Leu47, in comparison to Phe47, appears
exposed in the external portion. On the other hand, Ser17 and Cys18 are located
between the subunits, which may affect assembly integrity although Ser17 in mutant
SaR1 had the lowest impact on the multimeric model.

Inhibition of ATP synthesis in prototypic and SCV strains. Following genomic
investigation, we hypothesized that TO and FC04-100 would target the C subunit of the
ATP synthase and predicted that those molecules would inhibit ATP synthesis by S.
aureus Newbould ΔhemB. To test this hypothesis, we established an ATP synthesis assay
using inverted membrane vesicles derived from either strain Newbould or its SCV
counterpart. In this assay, the 50% inhibitory concentrations (IC50s) of known ATP
synthase poisons (N,N=-dicyclohexylcarbodiimide [DCCD], cyanide m-chlorophenyl-
hydrazone [CCCP], and oligomycin) were similar to those reported in the scientific literature
(9, 38) and ranged from 0.82 � 0.17 �g/ml to 8.67 � 1.9 �g/ml for membrane vesicles
from S. aureus (prototypical or SCV strains), as well as for isolated mitochondria
collected from pulmonary Calu-3 cells (Table 2).

As shown in Fig. 4A (and in more detail in Table 3), TO and FcM possess similar IC50s
for the S. aureus SCV ATP synthase (18.5 � 1.9 and 18.9 � 3.6 �g/ml, respectively).
Accordingly, the less potent FC04-100 enantiomer (Fcm; MIC of 2 �g/ml for the SCV
strain) demonstrated a higher IC50 in the assay (47.0 � 9.6 �g/ml). Other TO analogs
with low or no antibiotic activity were also tested as additional comparators in the

TABLE 2 Susceptibility profile of genetically manipulated S. aureus and B. subtilis strains

Strain

MIC (�g/ml)a

TO FcM TO (�HQNO)b

S. aureus Newbould �64 2 0.12
S. aureus Newbould ΔhemB/empty vector 0.06 0.06 0.06
S. aureus Newbould ΔhemB atpE �64 8 ND
S. aureus Newbould ΔhemB SaR5 �64 2 �64
B. subtilis 168 �64 ND 0.12
B. subtilis 168 with SaR5 atpE mutation �64 ND �64
aTO, tomatidine; FcM, FC04-100 major stereoisomer; ND, not determined. For the MIC, the “�” sign denotes
the highest concentration tested.

bHQNO was added at a fixed concentration of 10 �g/ml during the susceptibility test.
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FIG 3 Monomeric and multimeric models of ATP synthase subunit C built, respectively, on homology with templates of
PDB accession numbers 1WU0 and 3ZO6, using the SWISS-MODEL server. (A) Position of amino acids (in white) implicated
in high-level TO resistance in the wild-type polypeptide. Essential amino acid Glu54 is in yellow. (B) Position of Ser17
mutation in SaR1. (C) Position of Cys18 mutation in SaR5. (D) Position of Leu26 mutation in SaR2, SaR3, and SaR4. (E)

(Continued on next page)
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assay. Hence, the 3�-hydroxyl enantiomer of TO, FC02-190 (TO is 3�), which possesses
weaker antibacterial activity against S. aureus SCV (MIC of 8 �g/ml), had a higher IC50

(85.1 � 7.0 �g/ml). Furthermore, no inhibitory activity against whole cells (MIC � 128
�g/ml) or inhibition of ATP synthesis was observed (IC50 of �1,024 �g/ml) for a TO
analog possessing an open spiroaminoketal moiety, FC04-116 (Fig. 4A). A correlation
between structure, MIC, and IC50 thus emerges for the S. aureus SCV (Fig. 4C), demon-
strating that simply having a steroidal backbone is not sufficient to inhibit ATP
synthesis. The orientation of the position 3 group and an intact spiroaminoketal moiety
in TO and its analogs are important for ATP synthase inhibition and whole-cell inhib-
itory activity (MIC). Also noteworthy, tomatine (the 3�-glycosylated form of TO), which
is devoid of inhibitory activity against S. aureus SCVs (12), does not inhibit ATP
production in this assay (Table 3), showing that extensive modification of the 3�-
hydroxyl group of TO is deleterious for antibacterial effect against both whole bacterial
cells and isolated membrane vesicles. Other structurally unrelated antibiotics had no
inhibitory activity against staphylococcal ATP synthase (e.g., levofloxacin, a fluoroquin-
olone, or gentamicin, an aminoglycoside antibiotic) (Table 3), including bedaquiline (a
diarylquinoline), a specific inhibitor of the Mycobacterium ATP synthase also targeting
subunit C (IC50 of �1,028 �g/ml) (Fig. 4A and Table 3). This reinforces the idea that
bacterial ATP synthases are sufficiently distinct from each other to respond to specific
inhibitors, as suggested by the analysis of their amino acid sequences (Fig. 2). Similarly,
neither bedaquiline (9) nor TO and its analogs (Table 3 and Fig. 4B) display any
inhibitory activity toward ATP production by mitochondria, an important feature for
ultimate use in higher species. Extrapolation of IC50 data points for mitochondria (Table
3) suggests a selectivity index (SI; IC50 for mitochondria/IC50 for bacterial ATP synthase)
of �105 for TO analogs. In contrast, typical ATP synthase inhibitors, such as DCCD and
oligomycin, are nonselective (SI of �1).

Additionally, we investigated wild-type S. aureus membrane vesicles to examine the
influence of a fully functional respiratory chain on TO and TO analog activities. Similarly,
we used wild-type E. coli membrane vesicles as a comparator. Table 3 shows that even
though TO does not possess noticeable antibacterial activity against either wild-type S.
aureus or E. coli, some inhibition of ATP synthesis is observed in this cell-free assay. The
IC50 of TO was, however, much higher and demonstrated 5 to 14 times less inhibitory
activity in the ATP synthesis assay against wild-type S. aureus and E. coli, respectively,
than S. aureus SCVs. The most active TO analog was FcM, with a MIC of 2 �g/ml and
IC50 of 40.2 � 13.8 �g/ml against wild-type S. aureus Newbould and a MIC of 32
�g/ml (IC50 of 102.4 � 16.6 �g/ml) against E. coli (Table 3).

ATP synthesis by S. aureus SCV mutants. Next, we investigated whether muta-
tions resulting in TO resistance had an impact on ATP synthesis. As expected because
of an impaired respiratory chain in the SCV ΔhemB strain, ATP production by this strain
in the membrane vesicle assay was significantly reduced compared to that produced by
the prototypic strain Newbould (Fig. 4D). Interestingly, ATP production by the mutants
SaR1, SaR4, SaR5, and SaR6 (previously described in Fig. S2) was further reduced
compared to that of the ΔhemB parental strain (Fig. 4D). These results indicate that the
mutations in atpE leading to high-level TO resistance further impair the ability of the
SCV ΔhemB strain to produce ATP.

As mentioned earlier, the MIC of TO increased from 0.06 �g/ml to �64 �g/ml for the
high-level-resistant mutants (Table 1). As expected for an altered drug target, the IC50s
of TO, its 3�-hydroxyl analog (FC02-190), and Fcm increased drastically using the

FIG 3 Legend (Continued)
Position of Leu47 mutation in SaR6. (F) Overview of the multimeric assembly of ATP synthase subunit C. (G) Position of
amino acids (Ala17, red; Gly18, green; Ser26, cyan; Phe47, magenta) implicated in resistance in the wild-type multimeric
assembly. Glu54 is also shown in yellow. (H) Position of the Ser17 mutation in the multimeric assembly in SaR1. (I) Position
of the Cys18 mutation in the multimeric assembly in SaR5. (J) Position of the Leu26 mutation in the multimeric assembly
in SaR2, SaR3, and SaR4. (K) Position of the Leu47 mutation in the multimeric assembly in SaR6. The models were drawn
using PYMOL software (version 1.8.7.0; DeLano Scientific, San Francisco, CA).
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FIG 4 Effect of TO and analogs on the ATP synthase activity of S. aureus. (A) Relative ATP synthase activity
of the SCV ΔhemB strain in the presence of various inhibitors. The control (CTRL) represents the maximal
ATP production in the absence of ATP synthase inhibitor whereas the assay performed without addition of
NADH represents the minimal value. nd, not determined. (B) Relative ATP synthase activity of the SCV
ΔhemB atpE mutants (SaR1, SaR4, SaR5, and SaR6) in the presence of TO. The effects of TO on the parental
ΔhemB strain and the prototypical strain Newbould (WT) and on human mitochondria are also shown for
comparison. (C) Correlation between TO and analogs (FcM, Fcm, FC02-190, and FC04-116). Log2 MICs and
the log10 IC50s were determined in the ATP synthase assay using S. aureusΔhemB membrane vesicles. (D)
ATP production (relative light units, RLU) by membrane vesicles prepared from the SCV ΔhemB atpE
mutants. ATP production by the parental ΔhemB strain and the prototypical strain Newbould (WT) is also
shown. In panel D, letters shared between or among the groups indicate no significant difference.
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mutant inverted membrane vesicles in this assay (IC50 of �512 �g/ml against all
mutants) (Fig. 4B and Table 4). Overall, the mutations in the AtpE subunit clearly had
an impact on the resistance of whole cells and tolerance to ATP synthesis inhibition in
the membrane vesicle assay. However, FcM, which possesses a residual MIC of 2 �g/ml
against all mutants (initial MIC of 0.06 �g/ml against the parental ΔhemB strain), also
demonstrated some inhibitory activity in the ATP synthesis assay against SaR1 and
SaR5, with IC50s of 238 and 110 �g/ml, respectively. SaR1 and SaR5 were the most fit
mutants in terms of ATP production (Fig. 4D). Interestingly, the multimeric model of
subunit C (Fig. 3) showed that, in contrast to the mutations in SaR1 (Ala17Ser) and SaR5
(Gly18Cys), mutations in SaR4 (Ser26Leu; identical to SaR2 and SaR3) and R6 (Phe47Leu)
were those protruding from the internal or external portion of the assembly, respec-
tively, possibly better preventing binding of TO and analogs to the multimeric structure
of subunit C and further reducing ATP production (Fig. 4D).

DISCUSSION

The phytoanticipin �-tomatine, a sterol glycol-alkaloid, possesses antifungal activity
and protects solanaceous plants against phytopathogens (42). It was reported that
�-tomatine disrupts eukaryote cell membranes by forming complexes with ergosterol
and cholesterol (42, 43). On the other hand, TO, the aglycone version of �-tomatine,
loses inhibitory activity against most phytopathogens (42) and does not possess sterol
binding activity (43). In Saccharomyces cerevisiae and several protozoans, however, it
was reported that TO perturbs ergosterol biosynthesis by targeting Erg6 (C-24 sterol
methyltransferase) and also of Erg4 (C-24 sterol reductase), two enzymes absent in
mammals and most bacteria (44–47). Such findings in fungi and protozoans suggest a
different mode of action for the potent and specific antibacterial activity of TO against
SCVs of the Bacillales (13). Noteworthy, TO activity is equivalent for SCVs that are
auxotrophs for either hemin or menadione (12, 13) or even thymidine (unpublished
data). This suggests that TO targets a common weakness among SCVs. In the present

TABLE 3 MIC and inhibition of ATP synthesis (IC50) by TO, TO analogs, and reference compounds for different bacterial strains and
mitochondriaa

Compound

�hemB strain Newbould E. coli

IC50 (�g/ml) for mitochondriaMIC (�g/ml) IC50 (�g/ml) MIC (�g/ml) IC50 (�g/ml) MIC (�g/ml) IC50 (�g/ml)

TO 0.06 18.5 � 1.9 �128 95.5 � 13.7 �128 264.73 � 30.8 �1,024
FcM 0.06 18.9 � 3.6 2 40.2 � 13.8 32 102.42 � 16.6 �1,024
Fcm 2 47.0 � 9.6 8 111.0 � 11.3 64 223.09 � 45.9 �1,024
FC02-190 8 85.1 � 7.0 �128 �1,024 �128 �1,024 �1,024
FC04-116 �128 �1,024 �128 �1,024 �128 �1,024 �1,024
DCCD NDb 1.44 � 0.54 ND 1.32 � 0.32 ND 1.62 � 0.54 0.82 � 0.17
CCCP ND 1.46 � 0.27 ND 6.11 � 1.1 ND 2.80 � 1.01 7.19 � 2.23
Oligomycin ND 8.67 � 1.9 ND 9.41 � 1.5 ND 5.63 � 1.23 5.91 � 0.82
Tomatine �128 �1,024 �128 �1,024 �128 �1,024 �1,024
Bedaquiline �128 �1,024 �128 �1,024 �128 �1,024 �128
Gentamicin 8 �1,024 0.25 �1,024 1 �1,024 �1,024
Levofloxacin 0.25 �1,024 0.25 �1,024 0.03 �1,024 �1,024
aThe “�” sign denotes the highest concentration tested.
bND, not determined.

TABLE 4 MIC and selective inhibition of ATP synthesis (IC50) by TO and TO analogs for different TO-resistant mutantsa

Compound

SaR1-1 SaR4-1 SaR5-1 SaR6-1

MIC (�g/ml) IC50 (�g/ml) MIC (�g/ml) IC50 (�g/ml) MIC (�g/ml)
IC50

(�g/ml) MIC (�g/ml) IC50 (�g/ml)

TO �64 �512 �64 �512 �64 �512 �64 �512
FC02-190 �64 �512 �64 �512 �64 �512 �64 �512
FcM 2 238 � 22.1 2 �512 2 110 � 9.8 2 �512
Fcm 8 �512 8 �512 8 �512 8 �512
aThe “�” sign denotes the highest concentration tested.
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study, we examined the genomes of in vitro-generated TO-resistant S. aureus SCVs to
identify mutations in genes associated with resistance and identified the bacterial ATP
synthase subunit C (encoded by atpE) as their cellular target.

ATP synthase is a ubiquitous enzyme that utilizes energy stored in the transmem-
brane electrochemical gradient to synthesize ATP (48). However, it essentially differs
across species (49, 50). Little is known about the S. aureus ATP synthase; however, it was
shown to be important for growth and survival (38, 51), reinforcing the hypothesis that
mutations in atpE need to allow some level of functionality. For other Bacillales like L.
monocytogenes, it was reported that ATP synthase also plays a role in pH homeostasis
(52) and that deletion of ATP synthase in B. subtilis greatly affects growth (53). Our
previous work showed that TO and its analog FC04-100 possess a narrow yet specific
spectrum of activity against the SCVs of Bacillales (13). We show here that specificity
could be explained by the presence of conserved amino acid sequences in the ATP
synthase subunit C across species of the Bacillales order. This also indicates that the
cellular function(s) of ATP synthase is of primary importance for survival in Bacillales, at
least in the SCV background which possesses an altered respiratory chain. Previous
studies revealed that extensive metabolic remodeling occurs in persistent bacteria such
as SCVs (54–56), during sporulation in Bacillus spp. (57), and in slow-growing bacteria
and biofilm-producing bacteria (33, 58, 59). It has been hypothesized that targeting
energy metabolism is of interest for the development of antibiotics (60). Also, Balemans
et al. (38) showed that targeting the Gram-positive ATP synthase is a possible approach
toward the discovery of new antibacterial agents.

The subunit C of bacterial ATP synthase is a clinically validated antimicrobial target
since the novel antibiotic bedaquiline, which targets subunit C of the ATP synthase of
M. tuberculosis, was recently approved for the treatment of tuberculosis (10, 39). Hards
et al. (61) proposed that bedaquiline binds to subunit C and perturbs the interface
between subunits A and C, leading to a dysfunctional proton cycle that stops ATP
synthase function. In order to allow the translocation of protons, subunits A and C must
move relative to each other. The proton transfer chain, elucidated in E. coli (62) and in
M. tuberculosis (63), possesses two conserved amino acids of interest: Glu61 of subunit
C in M. tuberculosis (Asp61 in E. coli and Glu54 in S. aureus) that transfers the proton it
receives to R186 of subunit A (R210 in E. coli and presumably R174 in S. aureus). Further
functional assays and structural models showed that bedaquiline interacts with the ATP
synthase subunit C by several means and covers the c-rotor ion-binding site, preventing
the proton cycle and ATP synthase activity (64). The ATP synthase subunit C model
presented in Fig. 3 indicates the position of mutated amino acids that give high-level
resistance to TO and some degree of resistance to its analog FcM. It also represents
putative binding/interaction sites that could impact the nearby essential Glu54 amino
acid. TO could also interact with the essential glutamate, similarly to the mechanism of
action of bedaquiline. In that case, similarly to bedaquiline (40, 65), any of the mutated
amino acids found in TO-resistant strains could modify the structure of ATP synthase
subunit C in a manner that prevents TO binding or proton transfer even in the presence
of bound TO. Models of the ATP synthase subunit C (Fig. 3) also showed that two of the
four identified mutations leading to high-level TO resistance (in SaR2, -R3, and -R4,
Ser26Leu; and in SaR6, Phe47Leu) showed protruding amino acids internal or external
to the assembly, whereas the other two mutated amino acids reside between the
subunits (in SaR1, Ala17Ser; in SaR5, Gly18Cys), while sustaining a higher level of ATP
production and keeping some degree of sensitivity to FcM (i.e., measurable IC50)
compared to that seen with mutations in SaR4 and SaR6. It is possible that mutations
in SaR4 and SaR6 block binding of the inhibitors, whereas those in SaR1 and SaR5
compensate to allow better proton translocation despite binding. Further structural
studies are required to elucidate the resistance mechanism.

The proton motive force is the weakness of SCVs (28). The proton motive force
normally generated by a strong electron transport chain is used by the bacterial ATP
synthase to generate ATP (66). Interestingly here, all low-level TO-resistant SCVs
showed a mutation in the ccpA gene (which encodes the catabolite control protein A),
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and this mutation is conserved in sequential clones possessing high-level resistance to
TO with further mutation in atpE. CcpA is a highly conserved carbon catabolite
regulator in low-GC Gram-positive bacteria and has been intensively studied in B.
subtilis (67–69), S. xylosus (70), and S. aureus (71, 72). It functions as a catabolite activator
or repressor that allows bacteria to use preferential carbon sources over secondary
carbon sources, as in the presence of glucose. CcpA can also enhance glycolysis and
inhibit the tricarboxylic acid (TCA) cycle. As such, a mutation in ccpA would be expected
to affect the formation of substrates for the respiratory chain and, consequently, the
proton gradient and could potentially moderately compensate for the consequences of
the ATP synthase inhibition by TO.

The ability of TO and semisynthetic derivatives to target S. aureus SCVs may lead to
important clinical applications. Indeed, it is well known that cystic fibrosis (CF) patients
are highly susceptible to colonization by this bacterial phenotype. Indeed, Pseudomo-
nas aeruginosa and Staphylococcus aureus very often cocolonize the lungs of CF
patients (73), and it was previously demonstrated that the P. aeruginosa exoproduct
4-hydroxy-2-heptylquinoline-N-oxide (HQNO) promotes the emergence of S. aureus
SCVs and also increases biofilm formation by prototypical S. aureus (31). Consequently,
S. aureus SCVs have been independently associated with worsening lung disease in CF
children (27). Since CF patients are often subjected to inhaled aminoglycoside (tobra-
mycin) therapy to control P. aeruginosa infections, a combination treatment with
steroidal alkaloids such as TO or FC04-100 appears attractive to tackle all three
pathogens: P. aeruginosa (with the aminoglycoside), prototypical S. aureus (with the
synergy of the aminoglycoside and steroidal alkaloid [11, 13]), and its SCV phenotype
(with the steroidal alkaloid). An analog of TO such as FC04-100 that also possesses
activity against prototypic S. aureus strains would certainly be advantageous, especially
since it keeps high selectivity against the bacterial ATP synthase, with an SI of at least
105 (inhibition of ATP production by mitochondria versus bacterial ATP synthase).

Here, we show that TO possesses good affinity for the ATP synthase of both prototypic
and SCV inverted membrane vesicles but that the relationship between IC50 and
whole-cell activity (MIC) correlates well only in SCVs. This may suggest an alternate
mode of action for FC04-100 or more specifically FcM, which shows activity against
prototypical S. aureus (MIC 2 �g/ml), in contrast to TO, which has no activity despite a
good IC50 for the prototypical ATP synthase. However, the simplest explanation could
reside in the physical properties of this TO analog. FC04-100 is positively charged and
less hydrophobic and more soluble than TO, which may allow FC04-100 to reach its
target in prototypical cells knowing that the surface properties of SCVs and prototypical
cells are indeed quite different (28). Also noteworthy, the major (FcM) and minor (Fcm)
stereoisomers of FC04-100 studied here could not be clearly defined, but FcM was more
potent. This was consistent with previous observations which showed that TO, which
possesses a 3�-hydroxyl group, is much more potent than its 3� isomer (i.e., FC02-190)
(37).

Overall, this study allowed us to identify ATP synthase subunit C as the bacterial
cellular target for TO and its analog FC04-100. Specificity of antibacterial activity for
Bacillales appears to be explained by the presence of conserved motif sequences in the
ATP synthase subunit C. FC04-100 is a possible candidate for the development of this
class of antibiotics since resistance development is more difficult and since its potency
is increased against prototypic Bacillales strains.

MATERIALS AND METHODS
Bacterial strains and growth conditions. S. aureus strains Newbould (ATCC 29740) and Newman

were used as representatives of the normal phenotype. The S. aureus strain Newbould ΔhemB (ΔhemB
strain) was used as the SCV counterpart. The SCV ΔhemB strain was generated from strain Newbould by
disrupting the hemB gene with the ermA cassette by homologous recombination (74). Normal-phenotype
S. aureus strains were grown in 4-liter flasks at 225 rpm with 1 liter of cation-adjusted Mueller-Hinton
broth at 35°C (CAMHB; BD, Mississauga, ON, Canada). Except where otherwise stated, the ΔhemB strain
and SCV mutant derivatives were grown in 4-liter flasks at 225 rpm with 1 liter of brain heart infusion
(BHI) broth (BD, Mississauga, ON, Canada) at 35°C. The Escherichia coli strain ATCC 25922 was also used
for preparation of inverted membrane vesicles (see below).
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Chemical reagents and antibiotics. Tomatidine hydrochloride (TO) was purchased from Molekula
(Shaftesbury, Dorset, United Kingdom) or Onbio (Richmond Hill, ON, Canada), and gentamicin was from
Sigma (Oakville, ON, Canada). TO and FC04-100 (mixed stereoisomers at position 3) (Fig. 1) were
solubilized at 2 mg/ml in dimethyl sulfoxide (DMSO). Gentamicin was solubilized at 10 mg/ml in water.
Synthesis of FC04-100 was performed as previously described (37). The two diastereoisomers of FC04-100
(one major [FcM] and one minor [Fcm]) were separated by reverse-phase chromatography using a Waters
preparative liquid chromatograph (LC) (Sample Manager 2767 fraction collector), a Binary Gradient
Module 2545 with two 515 high-performance LC (HPLC) pumps, a System Fluidics Organizer (SFO), and
Photodiode Array Detector 2998 (XSelect charged-surface hybrid [CSH] OBD Prep C18 column; particle
size, 5 �m; internal diameter, 19 mm; length, 250 mm) (buffer A, 0.1% HCOOH in H2O; buffer B, 0.1%
HCOOH in ACN; flow 20 ml/min). Although separation of the two epimers of FC04-100 was successful,
their unambiguous structural assignment remains elusive to this day, including the production of crystals
for X-ray crystallography. Mass spectrometry spectra were recorded on a Waters SQ Detector 2 (elec-
trospray) instrument (Mississauga, ON, Canada).

Antibiotic susceptibility testing. The MICs of drugs yielding no visible bacterial growth were
determined by a broth microdilution technique by following the recommendations of the Clinical and
Laboratory Standards Institute (75), except that the incubation period was extended to 48 h, and the
medium used was BHI broth for SCV strains. In some experiments, the MIC of TO was determined in the
presence of the electron transport inhibitor 4-hydroxy-2-heptylquinoline-N-oxide (HQNO; Axxora, San
Diego, CA). HQNO was solubilized in DMSO at a concentration of 5 mg/ml and used at a fixed
concentration of 10 �g/ml.

Generation of TO-resistant mutants and FC04-100-resistant mutants. The generation of TO-
resistant mutants was elicited by serial passage of S. aureus strain Newbould ΔhemB (30 passages of 48
h each) in a series of 2-fold dilutions of TO (range, 0.06 to 64 �g/ml in BHI broth) in 96-well plates. At
each passage, the MIC was determined, and the well representing 0.5� MIC was diluted in fresh broth
and used to inoculate (�106 CFU/ml) a new series of TO dilutions for the next passage. At each passage,
the 0.5� MIC well was also plated on BHI agar (BHIA), and the next day, three isolates were collected and
frozen. Intermediate TO-resistant mutants were in this way isolated from passages 7, 11, and 20.
Following 30 passages, three isolates from the highest TO concentration tested (64 �g/ml) were purified
on BHIA supplemented with 32 �g/ml of TO. Such passages and isolate selection were repeated twice
and also an additional time starting from an intermediate TO-resistant isolate initially selected on
passage 7.

The generation of FC04-100-resistant mutants was similarly provoked by serial passage of strain
Newbould ΔhemB on a series of 2-fold dilutions of FC04-100 (range, 0.06 to 64 �g/ml in both BHI broth
and CAMHB) in 96-well plates. Three isolates growing at the highest concentration reached after 30
passages (4 �g/ml) were purified on BHIA supplemented with 4 �g/ml of FC04-100 (mixture of the
stereoisomers).

The generation of non-SCV FC04-100-resistant mutants was also attempted by serial passage of the
prototypic strain Newman on a series of 2-fold dilutions of FC04-100 (range, 0.25 to 128 �g/ml in both
BHI broth and CAMHB) in 96-well plates.

Spontaneous mutation frequency and MPC. S. aureus Newbould ΔhemB from a 20-h agar plate was
suspended in 1� phosphate-buffered saline (PBS) to reach a 0.5 McFarland standard (�1.5 � 108

CFU/ml). Ten milliliters of this suspension was added to 90 ml of BHI broth and incubated for 24 h at 35°C
and 250 rpm. One hundred microliters of the culture was plated on each of a series of BHIA plates
containing increasing concentrations of TO or FcM. Controls with 8 �g/ml of rifampin and with 3.2%
DMSO (diluent for TO and FcM) were also used. Tests were performed three independent times in
triplicate. The mutation frequency was calculated by dividing the number of mutant colonies growing
after 72 h at 35°C by the initial number of CFU of the plated inoculum. The mutant prevention
concentration (MPC) was defined as the lowest concentration where no mutant colonies were observed
three independent times and in each of the triplicates.

Whole-genome sequencing, assembly, and annotation. Whole-genome shotgun libraries (three
isolates per passage of interest) were prepared and sequenced using Illumina technology. Briefly,
genomic DNA was extracted using a Qiagen QIAamp DNA minikit and fragmented to a size of �200 to
400 bp by treatment with the double-stranded DNA (dsDNA) Shearase enzyme (Zymo Research)
according to the manufacturer’s instructions. Libraries were then prepared according to Rodrigue et al.
(76). Illumina sequencing was performed on an Illumina HiSeq 2000 sequencing system at the Plateau de
Biologie Moléculaire et Génomique Fonctionnelle of the Institut de Recherche Cliniques de Montréal
(Montreal, QC, Canada). Samples were multiplexed in a single sequencing lane, and approximately 1 to
2 million paired-end reads of 50 bp were obtained for each library. The resulting reads were de novo
assembled using a Roche gsAssembler, version 2.6. Contig sequences were aligned and annotated using
the reference genome of S. aureus strain Newman with ABACAS (77) and RATT (78). Four independently
sequenced S. aureus Newbould ΔhemB genomes were first compared to the reference Newman genome
to identify and eliminate inherent single nucleotide variants (SNVs) from the subsequent comparison of
Newbould ΔhemB to resistant isolates. TO-resistant Newbould ΔhemB sequences were then compared
against the parental SCV strain Newbould ΔhemB to identify SNVs associated with resistance.

PCR and Sanger sequencing. Mutations were confirmed by PCR amplification with specific primers
to S. aureus targets genes. The primers atpE-fwd (5=-TTGATTCACCAGCGCGTATTGTC-3=) and atpE-rev
(5=-AGGTATCTGCTTCAATCAGCG-3=) were used for atpE gene amplification. Two sets of primers were
used for the ccpA gene: ccpAdeb-fwd (5=-CAAGCTTTTCGCTAAATTTTTCC-3=), ccpAdeb-rev (5=-CGCCTTC
TTTATAACTTTCAGC-3=), ccpAfin-fwd (5=-ATGGTATTATTTTCCTTGGTGGT-3=), and ccpAfin-rev (5=-GCGAGT
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TGGTACGAATCTAC-3=). Sanger sequencing was performed using capillary electrophoresis at Plateforme
de Séquençage et de Génotypage des Génomes, Centre de Recherche du Centre Hospitalier de
l’Universitaire Laval (QC, Canada).

Overexpression of AtpE in Newbould �hemB. Plasmid pCN36 (79), in which the constitutive
promoter PblaZ from pCN40 (79) was inserted in front of the multiple cloning site, was used to clone and
express the ATP synthase subunit C atpE gene from S. aureus strain Newbould. Plasmid constructs were
generated using E. coli DH5a (Invitrogen, Burlington, ON, Canada), restriction enzymes (New England
BioLabs [NEB] Inc., Pickering, ON, Canada), and the T4 DNA ligase (NEB). The recombinant plasmid
purified from E. coli was then used to transform first the S. aureus RN4220 (restriction-defective) strain
and then the final host strain Newbould ΔhemB by electroporation (80). Plasmid constructs were
validated by restriction digestion patterns and DNA sequencing.

Transfer of the S. aureus atpE mutation and resistance to B. subtilis. To insert the mutation found
in the atpE gene of S. aureus into B. subtilis strain 168, we used the plasmid pMiniMad2, which bears an
erythromycin resistance marker and a temperature-sensitive origin of replication (a kind gift from D. Rudner,
Harvard Medical School, Boston, MA) (81). First, the atpE gene from B. subtilis was amplified using the
primers BSatpE-fwd (5=-GGTGCTATCCAGGCATTTATC-3=) and BSatpE-rev (5=-TTGTCTCTTTTCAGCCGGCA-
3=), and the amplicon was cloned into pMiniMad2 with BamHI and EcoRI (New England Biolab). Then,
using a QuikChange II XL site-directed mutagenesis tool (Agilent Technologies Canada, Mississauga, ON,
Canada) according to the manufacturer’s instructions, oligonucleotide primers containing the mutation
found in the atpE gene of one of the high-level TO-resistant S. aureus mutants (SaR5) was used to
generate the sequence modification in the B. subtilis atpE gene before transforming XL-Gold Ultracom-
petent Escherichia coli cells (Agilent). The oligonucleotide primers used were 5=-GGTTTAGGCGCACTTGG
TGCATGTATTCGTAACGGTTTGATT-3= and 5=-CAATCAACCGTTACCAATACATGCACCAAGTGCGCCTAAACC-
3=. The transformation of B. subtilis 168 with pMiniMad2 containing the mutated atpE gene was done
using natural competence (82). The bacteria having integrated the plasmid were first selected at 40°C
using the erythromycin resistance marker. Then, cells were grown at room temperature for 24 h and
grown for several passages in LB at 37°C without antibiotic to promote excision and loss of the plasmid.
Bacteria that had lost erythromycin resistance were then selected, genomic DNA was extracted (Qiagen
genomic DNA extraction kit), and the atpE gene was amplified to confirm the position of the mutation
by Sanger sequencing.

Preparation of inverted membrane vesicles. Bacterial cells were grown as described above to
reach an A600 of �0.6 to 0.8. Bacteria were harvested by centrifugation at 6,000 � g for 10 min at 4°C,
washed, and suspended in KPN buffer (20 mM potassium phosphate, 140 mM NaCl [pH 7.5]). Cells of S.
aureus were first treated with lysostaphin (400 �g/ml) for 1 h at 37°C before addition of 3 �g/ml of a
protease inhibitor cocktail (Sigma-Aldrich), DNase (6 �g/ml), and RNase (6 �g/ml). After 30 min of
treatment, cells were disrupted by a French pressure cell at 16,000 lb/in2, and the bacterial lysates were
centrifuged at 6,000 � g for 30 min at 4°C to remove unbroken cells. The supernatant was then
centrifuged at 150,000 � g for 40 min at 4°C using a fixed-angle rotor to collect the membranes. The
membranes were suspended in a minimal volume of KPN buffer and stored at �80°C. Protein concen-
tration was estimated by a Micro BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL) using
bovine serum albumin as a standard.

Measurement of ATP synthesis activity. The ATP synthesis activity was determined in isolated
membrane vesicles from S. aureus by energizing them with NADH and quantifying the amount of ATP
produced using the luciferin/luciferase system, similarly to the method described by Balemans et al. (38).
Briefly, S. aureus membrane vesicles were diluted to a concentration of 50 �g of protein/ml with 50 mM
morpholinepropanesulfonic acid (MOPS), pH 7.5, containing 10 mM MgCl2. The membrane vesicles were
preincubated with TO, FC04-100, or comparator molecules under stirring conditions at room tempera-
ture for 10 min. Subsequently, 2.5 mM NADH (final concentration) was added, and the mixture was
further incubated with vigorous shaking for 1 min. The reaction was started by addition of 1 mM ADP
(final concentration) and 10 mM (final concentration) potassium phosphate. After 30 min, 400 �l of stop
solution (2 mM EDTA, 1% trichloroacetic acid) was added in each reaction mixture. Five milliliters of this
mixture was added to 100 �l of Tris-acetate (Ac) buffer (100 mM Tris-HOAc, 2 mM EDTA, pH 7.75) in a
96-well plate. After addition of 50 �l of the luciferase reagent (ATP Bioluminescence Assay kit HS II;
Roche), luminescence was measured with a luminometer (BMG Labtech, Offenburg, Germany).

Isolation of human mitochondria. Using the method of Balemans et al. (38) with some modifica-
tions, the human lung cancer cell line Calu-3 (ATCC HTB-55; Manassas, VA, USA) was maintained in a
75-cm2 tissue culture flask in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal
bovine serum and 1% of an antibiotic-antimycotic solution (Wisent Inc., Saint-Jean-Baptiste, QC, Canada).
Cell cultures were maintained at 37°C in 5% CO2. To isolate mitochondria, Calu-3 cells in one 75-cm2

tissue culture flask at 70% confluence were collected by centrifugation at 370 � g for 10 min and then
suspended in 10 packed-cell volumes (1 ml) of NKM buffer (1 mM Tris-HCl, pH 7.4, 0.13 M NaCl, 5 mM
KCl, 7.5 mM MgCl2). This step was repeated twice before cells were suspended in 6 packed-cell volumes
of homogenization buffer (10 mM Tris-HCl, pH 6.7, 10 mM KCl, 0.15 mM MgCl2, 1 mM phenylmethyl-
sulfonyl difluoride [PMSF], and 1 mM dithiothreitol [DTT], with the last two components immediately
added before use). The cells were transferred to a glass homogenizer and incubated for 10 min on ice
before homogenization with a tight pestle. The homogenate was poured into a conical centrifuge tube
containing 1 packed-cell volume of a 2 M sucrose solution and mixed gently. Unbroken cells, nuclei, and
large debris were removed by centrifugation at 1,200 � g for 5 min, and the supernatant was transferred
to another tube. This process was repeated twice, transferring the supernatant to a new tube each time and
discarding the pellet. The mitochondria were finally collected by centrifugation at 7,000 � g for 10 min and
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suspended in a 3 packed-cell volumes of mitochondrial suspension buffer (10 mM Tris-HCl, pH 6.7, 0.15 mM
MgCl2, 0.25 M sucrose, 1 mM PMSF, 1 mM DTT). Mitochondria were collected again by centrifugation
at 9,500 � g for 5 min, kept at 4°C, and used the same day in a mitochondrial ATP synthesis inhibition
assay. Protein concentration was estimated by a Micro BCA protein assay kit.

Mitochondrial ATP synthesis inhibition assay. Using the method of Balemans et al. (38), human
mitochondria (0.25 mg/ml) were incubated in 50 mM morpholino-ethanesulfonic acid (MES; pH 6.5), 5
mM MgCl2, 20 mM KH2PO4, 100 �M P1, P5-di(adenosine-5) pentaphosphate (Ap5A), and 25 mM glucose.
ATP production was then activated by addition of the oxidative phosphorylation substrates ADP (67 �M)
and succinate (5 mM). The resulting concentrations of ATP were determined by using an ATP Biolumi-
nescence Assay Kit HS II and a microplate luminometer as described above for the bacterial membrane
vesicle assay.
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