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SUMMARY

The rising problem of antimicrobial resistance in Staphylococcus aureus necessitates the discovery
of novel therapeutic targets for small-molecule intervention. A major obstacle of drug discovery is
identifying the target of molecules selected from high-throughput phenotypic assays. Here, we
show that the toxicity of a small molecule termed ’882 is dependent on the constitutive activity of
the S. aureus virulence regulator SaeRS, uncovering a link between virulence factor production
and energy generation. A series of genetic, physiological, and biochemical analyses reveal

that 882 inhibits iron-sulfur (Fe-S) cluster assembly most likely through inhibition of the Suf
complex, which synthesizes Fe-S clusters. In support of this, 882 supplementation results in
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activity of the Fe-S cluster-dependent enzyme aconitase. Further information regarding

the effects of "882 has deepened our understanding of virulence regulation and demonstrates the
potential for small-molecule modulation of Fe-S cluster assembly in S. aureusand other
pathogens.
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INTRODUCTION

The Gram-positive pathogen Staphylococcus aureus is a leading cause of a wide range of
devastating infections, including skin and soft tissue infections, osteomyelitis, infective
endocarditis, and bacteremia (Tong et al., 2015). To infect, S. aureus employs a multitude of
toxins, exoenzymes, and immune modulators, and its virulence regulators have long been
appreciated as vital to pathogenesis. S. aureus virulence regulator SaeRS is a key global
regulator of toxin and exoenzyme production (Flack et al., 2014). SaeS is a two-component
system (TCS) histidine kinase that responds to molecular components of neutrophils and
activates the response regulator SaeR, which upregulates transcription of the Sae regulon
(Sun et al., 2010; Palazzolo-Ballance et al., 2008). SaeRS is encoded in the saePQRS operon
along with SaePQ, a membrane complex that aids the return of SaeRS to basal levels of
activity (Jeong et al., 2012). Complementary to its arsenal of virulence factors, S. aureus has
also evolved antibiotic resistance. Methicillin-resistant S. aureus accounts for the majority of
clinical isolates (Tong et al., 2015). The dearth of antibiotics in the pharmaceutical
development pipeline has led to renewed efforts to discover small molecules that probe the
physiology of pathogens for the development of novel antimicrobials. In this regard, central
metabolic pathways have become an attractive target in bacterial pathogens (Murima et al.,
2014).

S. aureus is a facultative anaerobe, relying on both respiration and fermentation to cause
disease (Hammer et al., 2013; Vitko et al., 2015). In aerobic environments, respiration uses
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oxygen as the terminal electron acceptor and provides higher rates of ATP generation.
However, S. aureus experiences many conditions in the host that make fermentation vital.
Fermentation is used in hypoxic or anaerobic niches devoid of alternative terminal electron
acceptors, including bone and tissue abscesses (Hammer et al., 2013; Wilde et al., 2015).
Host-produced nitric oxide directly inhibits the respiratory chain and the tricarboxylic acid
(TCA) cycle is inhibited in iron-deplete niches because of the iron dependency of many
TCA cycle enzymes (Vitko et al., 2015; Friedman et al., 2006). In addition, respiration-
deficient menaquinone or heme auxotrophs, called small colony variants (SCVs), are
common isolates and etiological agents of persistent infections, an enormous clinical
problem (Proctor et al., 2006). Respiration-deficient SCVs rely on fermentation for growth
and are intrinsically resistant to antibiotics that rely on membrane potential to enter the cell.
Therefore, targeting of processes essential for fermentation is an exciting therapeutic option
for the elimination of these cell populations.

Iron is crucial to the infectious life cycle of S. aureusand a large portion of internalized iron
is incorporated into proteins as Fe-S cluster cofactors. Fe-S cluster cofactors are required for
a variety of cellular processes and the synthesis of Fe-S clusters is essential for S. aureus
viability (Mashruwala et al., 2015). Fe-S cluster-dependent enzymes play key roles in central
carbon metabolism (Kennedy et al., 1983), branched chain amino acid synthesis (Flint et al.,
1993), antibiotic resistance (Yan et al., 2010), and signal transduction (Sun et al., 2012). S.
aureus factors required for Fe-S cluster assembly and maturation of apo-protein targets
include SufS, SufBCD, SufU, SufT, SufA, and Nfu. SufS provides sulfur from cysteine to
SufU or SufBCD, which synthesize [Fe,-S,] or [Fes-Sy4] clusters (Selbach et al., 2014).
These Fe-S clusters are inserted into apo-proteins with or without the aid of the Fe-S cluster
carriers Nfu or SufA, facilitating the maturation of holo-proteins (Mashruwala et al., 2015;
Rosario-Cruz et al., 2015). SufT is an auxiliary factor involved in the maturation of apo-
proteins that has an increased role during conditions that impose a high demand for Fe-S
clusters (Mashruwala et al., 2016b). The genes encoding for Nfu and SufT display
synergism for multiple phenotypes. Analyses of a Anfu AsufT strain have revealed the
pleiotropic effects of defective Fe-S assembly upon central metabolism, iron homeostasis,
oxidative stress, vancomycin resistance, biofilm formation, and virulence (Mashruwala et
al., 2015, 2016b).

Previously, we identified small-molecule VU0038882 (*882), which activates endogenous
heme biosynthesis in S. aureus while toxic to S. aureus grown anaerobically (Mike et al.,
2013). 882 exhibits a half maximal inhibitory concentration (ICsg) of ~162 uM to aerobic
S. aureus and an 1Cgq of ~5 UM to anaerobic S. aureus (Mike et al., 2013). Further
experimentation revealed that *882 is toxic to S. aureus relying solely on fermentation for
energy generation, as "882 is bacteriostatic to mutants that are respiration deficient,
regardless of oxygen availability. Through extensive structure-activity relationship studies,
we showed that the toxicity of 882 can be uncoupled from the capacity to activate heme
synthesis, suggesting that *882 affects two distinct targets in S. aureus (Dutter et al., 2016).

In this work, we sought to identify the mechanism of *882 toxicity in order to probe the
physiology of S. aureus and uncover novel therapeutic targets. Genetic and proteomic
approaches uncovered the SaeRS TCS as essential for *882 toxicity and the Suf Fe-S cluster
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biogenesis machinery as a likely target of *882. Here, we identify a unique link between
virulence regulation and metabolic fitness in S. aureus. In addition, this work employs a
breadth of approaches to understand the effects of a small molecule and emphasizes the
importance of Fe-S cluster metabolism in staphylococcal physiology. This study
establishes 882 as a first-in-class manipulator of Fe-S cluster assembly, which may guide
the development of new antimicrobials that target this essential pathway.

Constitutive Sae TCS Signaling Is Required for '882 Toxicity

To identify the cellular target of *882 toxicity in anaerobic S. aureus, we selected for
spontaneously resistant mutants of S. aureus strain Newman (NM) growing fermentatively
(anaerobically in the absence of alternative terminal electron acceptors) on medium
containing 20 or 40 uM ’882. Seven independently isolated mutants grew under these
conditions at a rate of ~7 x 10~7, and were stably *882 resistant after multiple passages on
medium alone. To evaluate the growth of these mutants relative to NM, strains were back-
diluted from stationary-phase cultures in medium alone into medium containing 40 uM *882
and the optical density (OD) was measured after 18 hr of anaerobic growth (Figure 1A).
These conditions allowed a demarcation between 882 sensitivity and resistance based on
the growth of NM (Figure S1). To identify the mutations that allowed growth in the presence
of "882, we sequenced the genomes of the seven isolates, and each was found to have a
mutation in the saePQRS locus and no other nonsynonymous mutations were found in the
genome (Figure 1B). Each mutation is predicted to disrupt the function of the Sae system by
altering the protein-coding sequence or disrupting transcription from both promoters (P1,
P3), thereby changing expression. Indeed, the *882-resistant isolates demonstrate
phenotypes consistent with inactivation of the Sae system, as evidenced by reduced
hemolysis, diminished exoprotein secretion, and undetectable SaeQ expression (Figure S2).
These data suggest that Sae activity is required for sensitivity to *882, and mutations that
reduce Sae signaling are sufficient to abrogate *882 toxicity.

Importantly, SaeS of S. aureus NM is unique due to an amino acid substitution of leucine to
proline at residue 18, located in the first transmembrane helix of SaeS (Adhikari and Novick,
2008). The Leul8 residue is encoded by nearly every other sequenced S. aureus genome.
The L18P mutation renders NM SaeS constitutively active and resistant to SaeQ regulation,
resulting in high levels of exoprotein transcription, translation, and secretion. Therefore, we
hypothesized that constitutive Sae activity may be required for sensitivity to ’882. Consistent
with this, strains of S. aureusthat do not express constitutively active SaeS: AsaeRS (NM)
and saeSt18F allele repaired to saeS”L6L (NM), as well as the clinical isolate USA300 LAC
(LAC), are more resistant to ’882 than NM (Figure 1C). The NM sae locus (carrying
saeSt18P) expressed in trans in a LAC AsaeQRS strain increased sensitivity to *882 while
the LAC sae locus (carrying saeS-25) expressed in trans did not make NM AsaeRS sensitive
to ’882, confirming that constitutive Sae activity is sufficient for sensitivity to *882 (Figure
1D). These data demonstrate that increased Sae activity is required for *882 toxicity and
decreased Sae signaling is sufficient for resistance to '882.
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Inactivation of Genes Implicated in Sae Signhaling Provides Increased Resistance to 882

To identify additional factors required for *882 toxicity, we again selected for spontaneously
resistant mutants that grew by fermentation on medium containing *882. However, due to the
strong selection for mutations in sae, we chose to create NM with a plasmid encoding an
additional copy of the native sae locus (psae) to prevent the identification of additional Sae
mutants, and increase the likelihood of identifying genes other than sae that could

provide 882 resistance. We isolated eight spontaneously resistant mutants in strain NM
carrying psae at a rate of ~1.3 x 1075, sequenced their genomes, and found mutations in
three separate genes. Six of the isolates have changes in the protein-coding sequence of the
fatty acid kinase FakA, a seventh isolate encodes a change in an additional fatty acid kinase
FakB1, and the eighth has a stop codon incorporated in the coding sequence of the
chaperone ClpX (Figure 2A). No other nonsynonymous mutations were identified in these
isolates. To determine whether mutations in these genes were sufficient to increase 882
resistance in an NM background, we tested the growth of NM and strains inactivated for
these genes in the presence of 882 (Figure 2B). These strains all displayed increased
resistance to ’882 relative to NM, which indicates that FakA, FakB1, and ClpX are required
for 882 toxicity. Interestingly, previous findings established that the Fak system impacts Sae
function in strain USA300 (Parsons et al., 2014). Also, SaeR was identified as a substrate of
the ClpXP complex in NM, suggesting SaeR might be affected posttranslationally (Feng et
al., 2013). Therefore, we hypothesized that these resistant mutants were identified because
they alter Sae activity, and are not themselves the target of "882.

Constitutive Sae Is Deleterious to Growth under Energy-Limiting Conditions

The strong selective pressure against Sae indicated that constitutive Sae activity may prevent
anaerobic S. aureus from overcoming the toxic effects of ’882. Under growth conditions
devoid of a terminal electron acceptor, S. aureus relies on fermentation, which is less
efficient at energy generation than respiration. Based on the large SaeR regulon, including
the expression and secretion of many exoproteins, we hypothesized that the constitutive Sae
activity in NM would be deleterious during fermentative growth. First, SaeQ abundance
under aerobic and anaerobic conditions was measured as a proxy for transcription from
promoter 1 of two different transcripts: saePQRS (transcript T1) and sae@RS (transcript T2)
(Jeong et al., 2011). Indeed, LAC did not express SaeQ during fermentation, indicating that
transcription from Sae promoter 1 is inactive regardless of the presence or absence of *882
(Figures 2C and 2D). This suggested that the increased Sae activity during fermentation may
impact growth in NM. As predicted, AsaeRS and saeS”28L grew better than NM undergoing
fermentation in rich medium (Figure 2E). In addition, AsaeRS and saeS™25L displayed
enhanced growth in carbon-limited medium using glucose or glycerol as the primary carbon
source aerobically (Figures 2F and 2G, respectively). These data confirm that constitutive
SaeS activity is deleterious to growth during energy-limiting conditions and are consistent
with the hypothesis that the constitutively active SaeS contributes to the toxic effects

of ’882.
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882 Disrupts Coenzyme A Pathways in S. aureus

We next hypothesized that Sae may also contribute to 882 toxicity by transcriptionally
activating or repressing expression of the gene encoding the target of ’882. To test this
hypothesis, transcriptional differences between NM and AsaeRS in the presence of *882
were identified using microarray (Table S1). In addition to changes in expected virulence
factor and exoprotein genes, the transcription of many genes involved in protein synthesis,
energy production, and amino acid metabolism were altered. To test whether any of these
genes encode the target of *882, strains lacking each of the non-essential or non-virulence
factor genes were tested for resistance to *882. The inactivation of only two genes, rimJand
NWMN_2021, provided increased resistance to *882 (Figure S3). RimJ is a ribosomal
protein N-acetyltransferase that is predicted to use acetyl-coenzyme A (acetyl-CoA) as its
substrate (Tanaka et al., 1989). We hypothesized that the presence of RimJ increases '882
toxicity due to increased cellular consumption of acetyl-CoA. To further test this hypothesis,
we inactivated four other putative acetyl-CoA-consuming enzymes. These proteins were
significantly increased in abundance in NM grown in the presence of 882 relative to DMSO
as identified by proteomics (Table S2). Genetic inactivation of two of these four genes also
provided resistance to ’882, suggesting that acetyl-CoA consumption by non-essential
proteins contributes to the anaerobic toxicity of ’882 (Figure 3A). Together, these data
indicate that "882 disrupts acetyl-CoA or CoA homeostasis. As the effect of CoA limitation
by ’882 would affect the growth of NM undergoing fermentation as well as anaerobic
respiration, we tested whether increasing CoA abundance would rescue 882 toxicity.
Indeed, the addition of the CoA precursor pantothenate rescued growth of NM anaerobically
in rich medium containing *882 (Figure 3B) as well as in carbon-limited medium containing
the non-fermentable carbon source glycerol and terminal electron acceptor nitrate (Figure
3C). In sum, these data suggest that ’882 alters CoA homeostasis, which can be rescued by
reducing acetyl-CoA consumption through genetic manipulation or increasing CoA
precursor availability.

’882 Interacts with the Fe-S Cluster Biogenesis Machinery

While these genetic approaches illuminated the role of Sae in *882 toxicity and fermentative
growth, as well as the effects of 882 on CoA homeostasis, they did not identify a target

of "882 toxicity. Therefore, in an attempt to identify a cellular target of "882, we performed a
pull-down with cellular lysate and biotin-conjugated *882. One protein band visualized by
SDS-PAGE exhibited differential abundance between the *882-biotin sample and the control.
This band was excised and subjected to MudPIT liquid chromatography-tandem mass
spectrometry (LC-MS/MS) for peptide identification (Figure 4A). Peptides from three
proteins were enriched by the 882 pull-down, representing putative targets including SufC,
NWMN_0632, and PdxS (Figure 4B). We repeated the pull-down experiment and performed
proteomics on the entire lanes of the control and ‘882-biotin pull-down in an attempt to
identify protein complexes bound by *882. We found that proteins of the Suf machinery
(SufB, SufC, SufD, and SufS) displayed greater enrichment in the *882 pull-down, while
NWMN_0632 and PdxS were not enriched (Figures 4C and 4D).

To further investigate the interaction between *882 and SufC, we measured direct binding
using biolayer interferometry (BLI). Purified biotinylated SufC bound *882 with a Kp of ~4
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UM (Table 1). We then repeated the BLI using purified SufC and biotinylated 882 and
measured binding with a Kp of ~2 uM (Table 1). In addition, purified NWMN_0632 did not
bind *882, demonstrating that the SufC-"882 interaction is specific and that the enrichment
of NWMN_0632 peptides in the initial 882 pull-down was likely not the result of direct
binding (Table 1). These data are consistent with a direct interaction between 882 and SufC.

Assembly of FeS Clusters upon Aconitase Is Disrupted by '882

SufC is essential in S. aureus and forms a complex with SufB and SufD to assemble Fe-S
clusters using sulfur from SufS and SufU (Boyd et al., 2014). Monitoring in vitro Fe-S
cluster assembly by the Suf machinery is technically challenging, and can produce non-
physiologically relevant Fe-S clusters (Boyd et al., 2014). As an alternative readout, the
effects of 882 supplementation upon the activity of the Fe-S cluster-dependent enzyme
aconitase (AcnA) were interrogated. These experiments revealed that *882 treatment results
in decreased activity of AcnA in vivo in strains NM and LAC (Figure 5A). Because the
transcription of sufCis decreased during fermentative growth (Mashruwala et al., 2015), we
hypothesized that the relative ratio of 882 to SufC would increase under these conditions
and result in greater inhibition of AcnA activity by 882, relative to aerobic growth. Indeed,
as the oxygenation during growth was reduced, the inhibitory effect of *882 increased
(Figure 5B). Likewise, the effect of ’882 on AcnA function was greater during anaerobiosis
and a concentration of 25 UM ’882 was sufficient to reduce AcnA activity to 50% (Figure
5C).

Six explanations could underpin the inhibitory effects of 882 on AcnA activity: (1)
decreased transcription of the sufoperon, (2) decreased abundance of the Suf machinery or
auxiliary factors required for apo-protein maturation, (3) decreased transcription of acnA,
(4) decreased abundance of AcnA, (5) direct inhibition of holo-AcnA activity by *882, or (6)
inhibition of assembly of the Fe-S cluster on AcnA. We found that the transcriptional
activity of sufC (the first gene in the sufoperon) was not decreased upon supplementing
media with ’882 (Figure S4A and Table S1) and the abundances of Suf machinery proteins
were increased upon treatment with *882 (Table S2). The abundances of auxiliary factors
involved in Fe-S protein maturation such as SufT were also increased upon 882
supplementation (Table S2). Next, AcnA activity was monitored in an acnA::TN strain
containing a plasmid with an acnA_FLAG allele under the transcriptional control of a
xylose-inducible promoter (pacnA). Introduction of pacnA allowed for the control of acnA
transcription and the determination of AcnA_FLAG abundance (Mashruwala et al.,

2015). 882 supplementation resulted in decreased AcnA activity in the acnA::TN strain
carrying pacnA, but did not alter abundance of AcnA_FLAG (Figure S4B). Further, the
inhibitory effect of ’882 on AcnA function was not observed if *882 was added to purified
AcnA containing an in vitro reconstituted Fe-S cluster (Figure 5D). Inhibition of protein
synthesis prior to supplementation of the medium with *882 did not result in inhibition of
AcnA activity in vivo (Figure S4C). The data presented in Figures 5 and S4 lend support to a
model wherein 882 diminishes AcnA function by disrupting the assembly of the FeS
cofactor upon AcnA.
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Strains Defective in the Maturation of Fe-S Proteins Are Sensitive to '882 Intoxication

We hypothesized that if 882 inhibits Fe-S cluster assembly in vivo, then strains deficient in
the maturation of Fe-S proteins would display increased sensitivity to 882 with respect to
AcnA activity, as well as growth. Consistent with our prediction, LAC strains deficient in
Fe-S cluster assembly (AsufT and AsufA) exhibit reduced AcnA activity, which was further
decreased by co-culture with "882 (Figure 6A). Growth upon defined media lacking the
amino acids isoleucine and leucine (18 AA medium) is reliant upon the Fe-S cluster-
dependent enzymes LeuCD and IlvD. Growth of a Anfu AsufT double mutant in 18AA
medium was diminished by *882 (Figure 6B). These data support a model whereby ’882
inhibits the function of Fe-S cluster-dependent processes by targeting the Suf machinery.

DISCUSSION

In this study, we sought to characterize the factors responsible for *882 toxicity. Our
attempts using genetic selection offered an insight into the interplay between the SaeRS
virulence regulation system and energy generation (Figure 1). The toxicity of 882 was first
observed in S. aureus strain NM, which has a constitutively active SaeS as the result of a
mutation resulting in a proline at amino acid 18 (Adhikari and Novick, 2008). The genetic
strategies employed here point to a strong selection against SaeS signaling during anaerobic
growth. In addition to showing that inactivation of Sae is sufficient to make NM resistant

to "882, our findings (Figures 2A and 2B) that genetic inactivation of 7akA, fakB1, and clp.X
also provide increased resistance to ’882 are consistent with previous work connecting fatty
acid kinases (Fak) and the ClpXP protease complex with Sae signaling (Parsons et al., 2014;
Feng et al., 2013). FakA (previously called VfrB) and FakB1, along with FakB2, constitute a
fatty acid incorporation system required for hemolysis, biofilm formation, and the
transcription of SaeR target genes (Bose et al., 2014; Parsons et al., 2014; Sabirova et al.,
2015). The direct mechanism of Fak regulation of these virulence determinants is unclear.
ClpX is an ATPase that serves as a chaperone as well as forming a complex with the
peptidase ClpP (Frees et al., 2007). While the complete interaction between ClpX and Sae
signaling has not been elucidated, ClpX likely affects Sae signaling by altering SaeR
abundance in NM, as SaeR has been identified as a substrate of ClpXP (Feng et al., 2013).
The effects on Sae of ClpX and the Fak system highlight the diverse cellular processes that
intersect with Sae virulence regulation.

The inhibition of fermentative growth by *882 may be observed because the constitutive
SaeS activity in NM reduces growth even in the absence of ’882. The finding that LAC and
presumably other strains with non-constitutive SaeS alter Sae signaling in anaerobic
conditions is consistent with the hypothesis that pathogens have evolved control of
metabolically expensive virulence factor production to ensure synthesis occurs only when
required (Figures 2C-2G). This is similar to the description of the metabolic cost associated
with expression of the Sa/monellatype 111 secretion system 1 (Sturm et al., 2011). Cells that
express this virulence factor in vitro demonstrate reduced fitness relative to non-expressing
cells. It seems that the canonical SaeS of S. aureus has evolved to limit the metabolically
expensive synthesis of its regulon during energetically unfavorable conditions.
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Our finding that *882 alters CoA homeostasis (Figure 3) substantiates the effects of Suf
disruption on S. aureus undergoing fermentation. Genetic inactivation of rimJand other non-
essential acetyl-CoA-consuming enzymes provided increased resistance to ’882, and based
on this we hypothesized that *882 may reduce available CoA levels during anaerobic growth.
The 882 inhibition of Fe-S cluster assembly are consistent with our model that "882
disrupts the CoA pool. First, the Fe-S cluster-dependent enzyme dihydroxy-acid dehydratase
(1lvD) is required for pantothenate and CoA synthesis. In addition, under anaerobiosis,
pyruvate formate lyase (PfIB) is the probable source of acetyl-CoA as the transcription of
PpfIA and pfiB increase anaerobically while transcription of the pyruvate dehydrogenase
complex decreases (Fuchs et al., 2007). PfIB is activated by PfIA, which is an Fe-S cluster-
dependent radical S-adenosyl methionine-dependent activase (Crain and Broderick, 2014).
This information is consistent with the model that *882 disrupts CoA pathways during
fermentation by potentially impeding the function of Fe-S cluster-dependent IlvD and PflA
enzymes in CoA synthesis and consumption.

The SufBCD proteins were pulled down with biotinylated "882 and "882 interacted with
purified SufC with high affinity (Figure 4, Table 1), which supports our model that *882
inhibits Fe-S cluster assembly. The effects of ’882 on Fe-S cluster assembly are widespread.
A strain deficient in Fe-S cluster assembly (Anfu AsufT) was more sensitive to *882
intoxication when cultured in a medium in which the growth is reliant upon the Fe-S cluster-
dependent enzymes IlvD and LeuCD (Figure 6) (Flint et al., 1993; Hentze and Argos, 1991).
Under these conditions, *882 inhibits the growth of LAC, suggesting that even in the absence
of constitutive Sae activity, the pleiotropic effects of 882 can be observed, which would be
expected if ’882 inhibits Fe-S cluster assembly. The inhibitory effects of 882 are most
pronounced under anaerobic growth, and evidence suggests this is the result of: (1) reduced
energy generation and the metabolic burden of constitutive Sae, (2) reduced expression of
Fe-S cluster assembly factors, which decreases the effective concentration of *882 required
to inhibit Fe-S cluster assembly, and (3) the dependence of CoA homeostasis on Fe-S cluster
requiring enzymes.

The investigations into the effect of 882 on aconitase (AcnA) support the model that *882
disrupts the Suf machinery (Figure 5). It was recently demonstrated that AcnA function is
reduced in strains with inhibited Fe-S cluster assembly (Mashruwala et al., 2015), and here
we show that *882 decreases AcnA activity. The magnitude of inhibition of AcnA activity
by 882 is amplified as culture dioxygen levels are reduced. These data agree well with the
decreased expression of sufC during anaerobic conditions (Mashruwala et al., 2015).
Lending further support to the idea that *882 inhibits the assembly of the Fe-S cluster upon
apo-AcnA but does not directly inhibit AcnA, *882 does not alter the activity of purified
AcnA containing a chemically reconstituted Fe-S cluster. Consistent with the in vitro data,
we find that in vivo the inhibitory effect of 882 upon AcnA requires de novo protein
synthesis (Campbell et al., 2001). These findings support the conclusion that *882 decreases
AcnA activity through the inhibition of Suf-mediated Fe-S cluster biogenesis.

Proteomic analysis found that cells toxified by "882 increase the abundance of the core Suf
machinery proteins. The transcription of sufC is increased under growth conditions that
impose an increased demand for Fe-S cluster biogenesis (Mashruwala et al., 2015, 2016b).
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SufT is a Fe-S maturation factor selectively used under growth conditions that impose an
increased demand for Fe-S cluster biogenesis and the transcription of sufT increases under
such conditions (Mashruwala et al., 2015, 2016a, 2016b). The abundance of SufT increases
in cells toxified by *882, further emphasizing that intoxication by 882 results in an
increased need for the Fe-S cluster assembly machinery. Thus, taken with the other findings
presented in this study, one explanation is that cells toxified by 882 increase abundance of
the Suf proteins to aid in mediating resistance toward this molecule and bypassing toxicity.

In summary, this work has identified *882 as an inhibitor of Fe-S cluster assembly and our
data suggest that inhibition of Fe-S cluster-dependent enzymes is, in part, responsible for the
toxicity of ’882. Fe-S cluster assembly is one of the two distinct cellular targets of *882 that
also include activation of hemebiosynthesis. Our medicinal chemistry efforts have
demonstrated the structural components of *882 required for each of these activities (Dutter
et al., 2016). Our previous findings demonstrated the use of ’882 as an inhibitor of S. aureus
undergoing fermentation; treatment of mice with a derivative of *882 reduced the burden of
S. aureus in the liver during systemic infection (Mike et al., 2013). Here, we demonstrate a
candidate staphylococcal target for this therapeutic effect. The Suf proteins are not
conserved in humans, who rely on an £. coli-like Isc system, making Suf an attractive
pathogen-specific drug target (Lill, 2009; Rouault, 2012). This work underscores the
opportunity to develop small-molecule inhibitors of the Suf machinery as potential novel
therapeutics.

SIGNIFICANCE

Antimicrobial resistance in bacterial pathogens is a growing problem, highlighting the need
for novel therapeutic targets and inhibitory small molecules. Previous work has
demonstrated the toxicity of the small molecule *882 toward the important human pathogen
Staphylococcus aureus. *882 inhibits the growth of S. aureus that is undergoing fermentation
for energy production, a clinically relevant form of metabolism. In this study, we sought to
identify the cellular target of ’882 as a means to develop a potential therapeutic strategy. We
found that "882 impairs the assembly of Fe-S clusters in apo-proteins, which is an essential
process in S. aureus. In addition, we exhibit a link between 882 toxicity and the activity of
the SaeRS virulence regulator, demonstrating that S. aureus must balance virulence factor
production and energy generation in energy-limiting growth conditions. The pleotropic
effects of *882 caused by defective Fe-S cluster assembly demonstrate the potential in small
molecules that target the Suf Fe-S cluster machinery. In addition, this work employs a
breadth of approaches to understand the effects of a small molecule and emphasizes the
importance of Fe-S cluster homeostasis in staphylococcal physiology.

EXPERIMENTAL PROCEDURES

Bacterial Growth Conditions

Strains, plasmids, and primers used are described in Supplemental Experimental Procedures.
S. aureus strains Newman (wild-type is referred to throughout as NM), USA300 LAC, and
JE2, and their mutants were grown on tryptic soy agar (TSA) or tryptic soy broth (TSB) and
at 37°C unless noted otherwise. When appropriate, chloramphenicol or erythromycin were
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added to a final concentration of 10 ug/mL. *882 was dissolved in DMSO and added to
media at concentrations noted throughout; an equivalent volume of DMSO was added as
vehicle control to non-treated cultures. For routine anaerobic growth, a Coy Laboratory
Products anaerobic chamber was used.

Generation of Spontaneously Resistant Mutants

Stationary-phase cultures of aerobically grown NM in TSB alone were back-diluted
1:10,000 into TSB and 10 pL was spread onto TSA containing 20 or 40 uM ’882 and moved
into an anaerobic jar (Difco). After 24 hr, colonies that appeared were restreaked onto TSA
without "882, allowed to grow for 24 hr, restreaked again on TSA alone, and after 24 hr
restreaked on TSA containing *882 to confirm resistance. For spontaneous resistance in NM
pOS1P jsae@RS, mutants were generated in the same manner except media contained
chloramphenicol in addition to "882.

For resistant mutants, genomic DNA was purified using a Wizard Genomic Kit (Promega)
and the sae locus from the genome was amplified with primers L202 and L197 and Sanger
sequenced (GenHunter) using primers L202, 186, 190, and L191. The plasmid from each
resistant strain was purified using a Plasmid Miniprep Kit (Thermo Scientific) and Sanger
sequenced (GenHunter) using primers D474, DA75, and D476 to check for mutations in the
sae locus before whole-genome sequencing. Primer sequences are available in Supplemental
Experimental Procedures.

Whole-Genome Sequencing

Genomic DNA were isolated from mutant strains using the Wizard Genomic Kit (Promega)
and sequenced along with the parental strain (NM or NM pOS1-P j,,sa¢QRS) by
PerkinElmer on the MiSeq platform and analyzed for mutations using the Integrated
Genomics Viewer available from the Broad Institute. Mutations were confirmed by Sanger
sequencing.

Growth Curves

Microarray

Growth was monitored spectrophotometrically in 96-well plates containing 200 uL volume
after stationary-phase cultures were back-diluted into fresh medium. Percent (%) growth
relative to vehicle is calculated from the ODggq values for each strain in 882 compared with
DMSO. Additional details are found in Supplemental Experimental Procedures.

Strains NM and AsaeRS were grown to stationary phase in 5 mL TSB anaerobically, and 100
uL was diluted into 10 mL of fresh, anaerobic TSB. After growth to mid-log phase, *882 was
added to a final concentration of 25 uM. RNA was purified, reverse transcribed, and
hybridized to Affymetrix S. aureus GeneChips. Additional details are in the Supplemental
Experimental Procedure. The microarray data have been uploaded to the NCBI GEO,
accession number GEO: GSE85379.
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SaeQ Immunoblot

Sixty micrograms of protein containing membrane and cytoplasmic fractions was subjected
to SDS-PAGE, transferred to nitrocellulose membrane, and probed with anti-SaeQ
antibodies and goat anti-rabbit secondary antibodies. See Supplemental Experimental
Procedures.

’882 and ’882 Biotin Synthesis

’882 was synthesized as described previously (Mike et al., 2013). *882-biotin was
synthesized as described in the Supplemental Experimental Procedures.

'882 Biotin Pull-Down Sample Preparation

Cellular lysate from NM was incubated with biotin "882 and streptavidin agarose resin was
used to affinity purify proteins bound to biotin *882. The resin was washed, and eluted
proteins were subjected to SDS-PAGE for visualization and then to LC-MS/MS for protein
identification. See Supplemental Experimental Procedures for more information.

’882 MudPIT Sample Preparation

NM cultures (5 mL) were started from single colonies in TSB containing 20 uM 882 or
DMSO and grown aerobically for 15 hr. The cells were collected by centrifugation. Cell
walls were removed by lysostaphin (8 pg/mL final) treatment in TSM and protoplasts were
collected by centrifugation. The protoplasts were resuspended in 450 uL. PBS + 100 uM
(PMSF; Thermo Scientific), and lysed by sonication. The suspension was clarified by
ultracentrifugation. The protein was quantified by BCA (Thermo Scientific) and subjected
briefly to SDS-PAGE before proteomic analysis.

LC-MS/MS Analysis and Protein Identification

Proteins subjected to SDS-PAGE after *882 biotin pull-down and *882 Mud-PIT experiments
were excised and subjected to in-gel trypsin digestion and peptide extraction as described
previously (Ham et al., 2005). The resulting peptides were analyzed using a Thermo
Finnigan LTQ ion trap instrument. Proteins were identified from peptide using S. aureus NM
genome and SEQUEST alignment. See Supplemental Experimental Procedures for more
details.

’882-SufC Biolayer Interferometry

Binding was monitored using a ForteBio Octet using biotinylated ligands loaded onto
streptavidin biosensors. See Supplemental Experimental Procedures for more details.

Fe-S Cluster Reconstitution

All steps were performed under strictly anaerobic conditions inside a Coy Laboratory
Products chamber (<1 ppm oxygen). Recombinant purified AcnA (see Supplemental
Experimental Procedures) was incubated with reconstitution buffer (50 mM Tris, 150 mM
NaCl, and 5 mM DTT [pH 7.5]) for 1 hr. Cluster reconstitution was initiated by the addition
of a 5-fold excess of ferrous ammonium sulfate and lithium sulfide as described previously
(Mashruwala et al., 2015; Boyd et al., 2009). The reaction mixture was allowed to proceed
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for 1 hr before excess Fe, S, and DTT were removed by desalting using a PD-10 column
(GE Healthcare) that had been pre-equilibrated with reconstitution buffer. Reconstituted
protein was concentrated using YM-3 Centriplus Centrifugal Concentrators (Millipore),
prior to use in activity assays.

Cell-free Extract and Purified AcnA Enzyme Assays

Aconitase activity from cell lysate and purified AcnA was determined by monitoring the
conversion of isocitrate to c/s-aconitate spectrophotometrically using a Beckman Coulter
DU530 UV visible absorption spectrophotometer (c/s-aconitate £240 nm = 3.6 mM~1 cm™1)
(Kennedy et al., 1983). Enzymatic activity was standardized with respect to the total protein
concentration and subsequently as indicated in the figure legends. Additional details are
available in the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. ’882 toxicity relies on SaeRS and this is one of two activities of this
molecule
. Constitutive Sae activity is a metabolic drain on S. aureus
. ’882 interacts with Suf proteins to inhibit Fe-S cluster assembly
. The function of Fe-S cluster-dependent aconitase is inhibited by *882
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Figure 1. S. aureus Constitutive Sae Function Is Required for '882 Toxicity
Spontaneously resistant mutants of strain Newman (NM) were isolated in the presence of 20

or 40 uM ’882 in anaerobic conditions.

(A) After four passages on plain medium, the spontaneous mutants still grew robustly by
fermentation in medium containing 40 uM ’882 relative to NM, indicating stable resistance
to ’882.

(B) Whole-genome sequencing of the isolates in (A) revealed mutations in the saePQRS
locus. R1 has a nucleotide substitution at position —54 of the genome sequence (g.) relative
to the start of saeP. Mutations resulting in changes to amino acid sequence are shown, where
del signifies a deletion of noted amino acids and ins signifies insertion.

(C) Strains that do not encode a constitutive SaeS: AsaeRS, saeS™8L, and the USA300 LAC
(LAC) clinical isolate are resistant to "882.

(D) trans-Expression of constitutively active Sae (NM) under control of the /gf promoter in
plasmid pOSL1 is sufficient to induce 882 enhanced susceptibility in LAC, and the non-
constitutively active saeQRS (LAC) locus provides "882 resistance to NM.

For (A), (C), and (D), error bars represent SEM from data combined from at least three
independent experiments with n > 2 for each. *p < 0.05, **p < 0.01, and ***p < 0.001,
calculated by one-way ANOVA with Sidak correction for multiple comparisons. See also
Figures S1 and S2.
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Figure 2. Genes required for Toxicity Are Implicated in Sae Signaling, which Is a Metabolic
Drain to NM
(A) Genomes of eight spontaneously *882-resistant mutants in the NM pOS1P ;,saeQRS

strain were sequenced. Nonsynonymous mutations were found in 7akA, fakB1, and clpX.
Changes to the protein sequence are shown in uppercase, as well as a deletion (del).

(B) Strains inactivated for saeRS, fakA, fakB1, and clp.X grow better than NM anaerobically
in the presence of 40 UM ’882. *p < 0.05, ***p < 0.001, calculated by one-way ANOVA
with Sidak correction for multiple comparisons.
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(C and D) Immunoblot with a.-SaeQ at ~17 kDa from strains NM (C) and LAC (D) during
aerobic respiration and anaerobic fermentation in the presence or absence of 40 uM
(aerobic) or 4 pM (anaerobic) ’882 or DMSO.

(E-G) Growth of NM, AsaeS, and saeS”25L without *882 anaerobically in TSB (E), and
aerobically in carbon-limited medium containing glucose (F) or glycerol (G) as the sole
carbon source.

Error bars represent SEM from data combined from at least three independent experiments
with n > 3 for each. For (E)—(G), *,#p < 0.05, ** ##p < 0.001, calculated by two-way
ANOVA with Sidak correction for multiple comparisons, comparing *AsaeRS or #saeS™16L
with NM at each time point.
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(A) Inactivation of certain acetyltransferases provides resistance to *882.

(B and C) Anaerobic growth of NM can be rescued by addition of the CoA precursor
pantothenate in rich medium containing ’882 (B) or carbon-limited medium containing
glycerol (C) as the primary carbon source, 882, and nitrate as the terminal electron acceptor.
Error bars represent SEM from data combined from at least three independent experiments
with n > 3 for each. For (A), *p < 0.05, ***p < 0.001, calculated by one-way ANOVA with
Sidak correction for multiple comparisons. For (B) and (C), **p < 0.01, calculated by
Student’s t test comparing the absence or presence of pantothenate. See also Figure S3.
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Figure 4. ’882 Associates with Fe-S Cluster Biogenesis Machinery
(A) SDS-PAGE of NM proteins collected by streptavidin after pull-down with DMSO or

biotinylated *882. The boxed section of the gel was excised and subjected to proteomics.

(B) Spectral counts of peptides from the boxed area in (A) most enriched in *882-biotin
include SufC; the molecular weight of SufC is ~28 kDa.

(C) SDS-PAGE of NM proteins collected by streptavidin after pull-down with DMSO or
biotinylated *882.

(D) Spectral counts of Suf protein peptides detected by proteomics after whole-lane digest of
(C) and mass spectrometry.
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Figure 5. ’882 Impairs Aconitase Function
(A) Aconitase activity is reduced in NM and LAC cultured in the presence of *882 after

xylose induction of acnA transcription. *p < 0.001 by Student’s t test with Holm-Sidak
correction for multiple comparisons, compared with induced + DMSO.

(B) Aconitase activity in LAC is inhibited by 50 pM ’882 to a greater extent as oxygen
availability is reduced by decreasing the volume of gas above growth medium. *p < 0.05
relative to a headspace:culture volume of 10, calculated by one-way ANOVA with Sidak
correction for multiple comparisons.

(C) The inhibition of aconitase by 882 is greater under anaerobic conditions in LAC, where
~50% inhibition is achieved by 25 pM *882, compared with 50 uM ’882 in (B). *p < 0.05
relative to no 882 calculated by one-way ANOVA with Sidak correction for multiple
comparisons.

(D) *882 does not inhibit the activity of purified aconitase protein that has been chemically
reconstituted with Fe-S cofactor in vitro prior to exposure to *882.

For (A)-(D), error bars represent SD combined from two independent experiments. For (A)—
(D), the acnA::Tn strain carried pacnA, which encodes for acnA under the transcriptional
control of a xylose-inducible promoter. See also Figure S4.
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Figure 6. Strains Defective in Fe-S Cluster Assembly Are Sensitive to *882
(A) Aconitase activity is reduced in mutants lacking Fe-S cluster assembly factors when

cultured in the presence of 50 uM ’882. *p < 0.05 by Student’s t test for each strain
comparing DMSO with ’882.

(B) A LAC strain defective in Fe-S protein maturation is sensitive to 10 pM ’882 under
microaerobic conditions in defined media lacking lle and Leu. *p < 0.05 by Student’s t test
for each time point comparing Anfu AsufT + ‘882 with Anfu AsufT + DMSO.

For (A) and (B), error bars represent SD combined from two independent experiments.
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Table 1
Direct Binding between SufC and 882

Biotinylated Ligand ~ Analyte  Kp (MM) Ko (M™3s72) [Error] K (s72) [Error]

SufC ’882 4.4 3.27 x 104 1.45x 1071
[5.72 x 103] [1.02 x 1072]

'882 SufC 2.1 9.46 x 103 1.96 x 1072
[4.16 x 109 [2.66 x 107]

NWMN_0632 '882 ND - -

Interactions with low-micromolar Kp values between purified SufC and ’882, regardless of which served as the ligand, were observed by biolayer
interferometry. Binding was not detected (ND) between *882 and NWMN_0632.
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