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Summary

Mycobacterium tuberculosis uses the Type VII ESX secretion systems to transport proteins across
its complex cell wall. ESX-5 has been implicated in M. tuberculosis virulence, but the regulatory
mechanisms controlling ESX-5 secretion were unknown. Here we uncover a link between ESX-5
and the Pst/SenX3-RegX3 system that controls gene expression in response to phosphate
availability. The DNA-binding response regulator RegX3 is normally activated by phosphate
limitation. Deletion of pstAI, which encodes a Pst phosphate uptake system component, causes
constitutive activation of RegX3. A ApstAI mutant exhibited RegX3-dependent over-expression of
esx-5genes and hyper-secretion of the ESX-5 substrates EsxN and PPE41 when the bacteria were
grown in phosphate-rich medium. In wild-type M. tuberculosis, phosphate limitation activated
esx-5transcription and secretion of both EsxN and PPE41, and this response required RegXa3.
Electrophoretic mobility shift assays revealed that RegX3 binds directly to a promoter within the
esx-5locus. Remarkably, phosphate limitation also induced secretion of EsxB, an effector of the
virulence-associated ESX-1 secretion system, though this induction was RegX3 independent. Our
work demonstrates that the Pst/SenX3-RegX3 system directly regulates ESX-5 secretion at the
transcriptional level in response to phosphate availability and defines phosphate limitation as an
environmental signal that activates ESX-5 secretion.
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Introduction

Pathogenic bacteria often use specialized protein secretion systems to promote colonization,
replication and survival within the host, and precise regulation of these virulence factors is
critical to the success of the organism. All bacteria rely on the general housekeeping Sec
secretion system, and many also maintain Tat export pathways to facilitate the transport of
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proteins vital for cellular processes (Ligon et al., 2012). Mycobacterium tuberculosis, a
facultative intracellular pathogen and etiologic agent of the pulmonary infection
tuberculosis, also possesses five ESX Type VI secretion systems designated ESX-1 through
ESX-5. Each ESX system is comprised of the core secretion machinery components EccBm,
EccC, EccD, and MycP (Stoop et al., 2012). EccB is a transmembrane protein, EccC is an
ATPase predicted to energize protein translocation, and MycP is a membrane-tethered
protease that may play a role in substrate processing. EccD is also a transmembrane protein,
which is predicted to form the inner membrane channel through which ESX substrates are
secreted (Houben et al., 2014). Esx proteins, the canonical substrates of the ESX systems,
are ~100 amino acids in length and are usually encoded in pairs and secreted as
heterodimers (Houben et a/., 2014). ESX systems also secrete two families of proteins
unique to mycobacteria that are named PE and PPE proteins based on highly conserved N-
terminal domains containing either proline-glutamic acid (PE) or proline-proline-glutamic
acid (PPE) sequence motifs (Cole et al., 1998). These proteins are also thought to be
secreted as heterodimers, consisting of one PE and one PPE protein (Ekiert & Cox, 2014).
The PE and PPE heterodimer requires interaction with its cognate EspG chaperone to be
directed to the proper ESX secretion machinery for transport (Daleke et al., 2012, Korotkova
et al., 2014, Ekiert & Cox, 2014). Though the function of most PE and PPE proteins remains
unknown, several have recently been implicated in virulence and persistence (Sampson,
2011).

ESX-5 is the most recently evolved of the ESX secretion systems (Gey van Pittius et al.,
2001). While the exact function of ESX-5 is unknown, this system is found only in the slow-
growing pathogenic mycobacteria, including M. tuberculosis, and increasing evidence
supports a role for ESX-5 in virulence. ESX-5 secretion activates the inflammasome and
IL-1f secretion, and induces necrotic cell death, thus promoting bacterial survival (Abdallah
etal., 2011). M. tuberculosis requires EccDs, the putative ESX-5 transmembrane channel,
for full virulence as disruption of eccDscauses a replication defect within murine
macrophages and attenuation in severe combined immune-deficient (SCID) mice (Bottai et
al., 2012). Immune responses to certain PE and PPE epitopes are undetectable when eccDs
is deleted, suggesting that these PE and PPE proteins are transported through ESX-5, and
that ESX-5 actively secretes these proteins during infection (Sayes et al., 2012). The esx-5
locus encodes several PE and PPE proteins and the Esx protein EsxN. The esxM gene
adjacent to esx/Vcontains a frameshift mutation predicted to truncate EsxM, but there are
four homologous esxM/esx/N gene pairs outside of the esx-5locus, and it is probable that
one of these alternative EsxM-like proteins pairs with EsxN (Houben et a/., 2014, Bottai et
al., 2012). The ESX-5 system secretes EsxN and the PE25/PPE41 heterodimer (Bottai et al.,
2012), but the mechanism(s) by which ESX-5 substrate secretion is regulated are currently
unknown.

Mechanisms regulating activity of the related mycobacterial ESX-3 secretion system have
been well characterized. ESX-3 is negatively regulated by the repressors IdeR and Zur in
response to high levels of iron and/or zinc, respectively (Rodriguez et al., 2002, Maciag et
al., 2007). These observations provided a clue to the function of ESX-3, which is involved in
the import of iron, and possibly zinc (Siegrist et al., 2009, Serafini et al., 2009). Discovering
factors that regulate ESX-5 activity may similarly provide insight into its function.
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We previously demonstrated that the M. tuberculosis Pst/SenX3-RegX3 system controls
gene expression in response to extracellular phosphate availability (Tischler et al., 2013).
The Pst (phosphate specific transport) system is an ABC type transporter that imports
inorganic phosphate (P;) across the cytoplasmic membrane using energy from ATP
hydrolysis. In some bacterial species, in addition to its role in P; uptake, the Pst system also
plays a role in gene regulation through an interaction with a two-component signal
transduction system (Lamarche et al., 2008). The two-component system SenX3-RegX3,
comprised of a membrane bound sensor histidine kinase and DNA binding response
regulator, respectively, is activated during P; limitation, and genes involved in P; scavenging
are part of its regulon (Tischler et al., 2013). Genetic evidence suggests that the Pst system
inhibits activation of SenX3-RegX3 when P; is abundant. Deletion of pstAI, which encodes
a transmembrane component of the Pst system, causes loss of this negative regulation of
SenX3-RegX3, resulting in constitutive activation of RegX3, regardless of extracellular P;
levels (Tischler et al., 2013). The SenX3-RegX3 two-component system is required for M.
tuberculosis virulence (Parish et al., 2003, Tischler et al., 2013), likely because the bacteria
must be able to activate the RegX3 regulon in response to P; limitation encountered during
infection to survive. The regulatory function of PstAl is also required for M. tuberculosis
virulence, which suggests that inappropriate constitutive activation of RegX3 and expression
of its regulon is also detrimental to survival of the bacterium (Tischler et a/., 2013).

Transcriptional profiling experiments identified many genes that were differentially
expressed by the ApstAI mutant compared to wild-type M. tuberculosis during growth in Pj-
rich conditions. Genes in the esx-5locus were over-expressed by the ApstAI mutant,
revealing a potential link between the P; starvation responsive Pst/SenX3-RegX3 system and
ESX-5 activity. Here we demonstrate that ESX-5 protein secretion is activated in response to
P; limitation. Regulation of ESX-5 activity is mediated by the Pst/SenX3-RegX3 system at
the level of transcription of a subset of genes that are encoded in the esx-51locus. Further, we
demonstrate that secretion of the ESX-1 substrate EsxB is also stimulated in response to P;
limitation, though this regulation is independent of the Pst/SenX3-RegX3 system. Our
results have provided an important clue towards understanding the function of the ESX-5
secretion system and relevant environmental signals that may stimulate ESX secretion
during infection.

Results

The ApstAl mutant over-expresses esx-5 genes in a RegX3-dependent manner

Previously, we conducted microarray experiments to examine gene expression in a ApstA1
mutant grown in Pj-rich medium (Tischler et al., 2013). Of the 66 genes that were
differentially expressed by ApstA1 bacteria relative to the wild-type (WT) Erdman strain,
several were located within the esx-5locus (Fig. 1A). Some esx-5 genes were significantly
over-expressed by the ApstA1 mutant, including ppe25, pel8, ppe27, and esxM (relative fold
change: 9.7, 3.6, 6.8, and 1.6, respectively) (Tischler et al.,, 2013). Other genes in the esx-5
locus were also over-expressed, though the difference in expression level for these genes did
not achieve statistical significance: pel9, espGs, eccDs, esxNand mycPs (relative fold
change: 4.09, 2.91, 1.7, 1.5, and 1.56, respectively) (Tischler ef a/., 2013). To confirm these
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results and test whether additional genes in the esx-5locus were similarly over-expressed,
we conducted quantitative reverse transcription PCR (QRT-PCR) experiments. Consistent
with the transcriptional profiling, the esxAM and esx/N transcripts were over-expressed
approximately 2-fold by the ApstAZ mutant compared to the WT control (Fig. 1B).
Additionally, espGs, eccDs, and mycPstranscripts were significantly over-expressed by the
ApstA1 mutant strain relative to WT (fold change = 4, 2.7, and 2; £=0.001, 0.0025, and
0.046, respectively). In contrast, the eccBstranscript, which is located in a separate operon
on the 5’ end of the esx-5locus (Fig. 1A), was not significantly over-expressed by the
ApstA1 mutant (Fig. 1B). These data indicate that only the genes located at the 3’ end of the
esx-5locus are aberrantly expressed by the ApstA1 mutant.

We previously demonstrated that aberrant gene expression in the ApstAZ mutant is
dependent on the RegX3 DNA-binding response regulator (Tischler et al., 2013). To
determine if RegX3 is responsible for over-expression of esx-5genes by the ApstA1 mutant,
we examined esx-5transcript levels in AregX3, ApstA1Areg X3 and the respective

pND regX3 complemented strains. Expression of the esxM, esxN, espGs, eccDsand mycPs
transcripts was restored to the WT level in ApstAIAregX3bacteria (Fig. 1B). These changes
in esx-5expression were attributable to deletion of regX3because complementation with
regX3expressed /n trans (ApstAIAregX3 pNDregX3) restored significant over-expression of
the espGs, eccDs, and mycPstranscripts compared to WT (P = 0.04, 0.01, and 0.02,
respectively) (Fig. 1B). These data suggest that esx-5 genes are over-expressed by ApstAl
bacteria due to constitutive activation of RegX3.

Hyper-secretion of ESX-5 substrates by the ApstAl mutant requires RegX3

To determine if over-expression of esx-5genes by the ApstA1 mutant affects activity of the
ESX-5 secretion system, we performed Western blots to monitor the secretion of two known
ESX-5 substrates, EsxN and PPE41 (Bottai ef a/., 2012). EsxN was undetectable in the cell
lysate fractions, but was hyper-secreted by the ApstAZ mutant compared to WT (Fig. 2).
Since EsxN secretion was undetectable in the WT control, we quantified the increase in
EsxN secretion by performing Western blots on decreasing amounts of the ApstAZ mutant
culture filtrate. EsxN secretion became undetectable when 0.5 pg of total culture filtrate
protein was loaded, suggesting at least 8-fold induction of EsxN secretion in the ApstA1
mutant compared to WT (Fig. S1). This induction of EsxN secretion exceeded the roughly
2-fold increase in esx/Ntranscription that we detected in the ApstA1 mutant (Fig. 1B).
PPE41 was detectable in the cell lysate fraction only upon prolonged exposure of the blot,
but was present in higher abundance in the ApstAZ mutant compared to WT (Fig. 2). We
also observed approximately 4-fold hyper-secretion of PPE41 by the ApstA1 mutant
compared to WT (Fig. 2 and Fig. S1), though we detected no significant difference in ppe41
transcript abundance (Fig. 1B). ModD, a protein secreted by the general Sec secretion
system, was detected in equivalent amounts in the culture filtrate fractions of WT and
ApstA1 bacteria, confirming equivalent protein loading, and demonstrating that the ApstA1
mutation does not globally affect other secretion pathways (Fig. 2). We routinely detect
ModD as a doublet in our experiments, which is consistent with previously observed
glycosylation of this protein (Dobos et a/., 1995). GroEL2, a cell-associated protein, was
undetectable in the culture filtrate, verifying there was no cell lysis (Fig. 2). These data
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indicate potential post-transcriptional regulation of both EsxN and PPE41 secretion, as in
each case the fold change in protein secretion was substantially greater than the change in
transcript abundance.

To determine whether the ApstA1 mutation alters expression of the ESX-5 secretion system
itself, we examined production of the ESX-5 conserved components EspGs and EccBs.
PPE41 requires an interaction with its cognate chaperone EspGs for secretion via the ESX-5
system (Daleke ef al., 2012). We observed 4-fold overproduction of EspGgs in the cell lysate
fraction of ApstAI bacteria (Fig. 2), which correlated well with the 4-fold over-expression of
the espGstranscript (Fig. 1B). EccBs is a core component of the ESX-5 secretion apparatus
(Houben et al., 2012b). We observed 2-fold over-production of EccBs in the ApstAI mutant
compared to the WT strain (Fig. 2 and Fig. S1), despite no evidence for transcriptional
regulation of the eccBsgene (Fig. 1B). GroEL2, the cell lysate loading control, was detected
in equal amounts in WT and ApstA1 bacteria confirming equivalent protein loading (Fig. 2).
These data indicate post-transcriptional regulation of EccBsg protein production or stability.
Increased production of the ESX-5 secretion machinery and the EspGs chaperone may
contribute to the enhanced secretion of EsxN and PPE41, respectively, that we observe in the
ApstAI mutant.

To determine if the increase in ESX-5 protein production and secretion by the ApstA1
mutant requires RegX3, Western blots were performed on proteins isolated from the
AregX3, ApstAIAregX3and the respective pND reg X3 complemented strains. EsxN and
PPE41 were not hyper-secreted by the ApstAIAregX3 mutant (Fig. 2). The cell-associated
proteins EspGg and EccBg were also produced at WT levels by the ApstA1AregX3 strain
(Fig. 2). Complementation of the reg.X.3deletion in trans (ApstAIAreg X3 pND regX3)
restored ESX-5 protein production and secretion to amounts comparable to those observed
in the ApstA1 mutant (Fig. 2). The GroEL2 and ModD controls confirmed equivalent protein
loading among the WT, ApstAIAregX3, and ApstAIAreg X3 pND reg X3 strains and verified
that cell lysis did not contribute to proteins present in the culture filtrate (Fig. 2). These
results indicate that increased production of ESX-5 secretion system components and hyper-
secretion of ESX-5 substrates by the ApstAZ mutant require the DNA-binding response
regulator RegX3.

esx-5 gene expression is induced by phosphate limitation

Because the SenX3-RegX3 two-component system is activated by P; limitation (Tischler et
al., 2013), we predicted that esx-5genes would be induced in a RegX3-dependent manner
by P;-limiting conditions. To test this prediction, we grew WT, AregX3and AregX3
pNDregX3strains in Pj-free 7H9 medium, and monitored gene expression over time by qRT-
PCR. The esxN, espGs, and eccDstranscripts were all significantly induced 2.5- to 4-fold in
WT bacteria after 24 hours of P; limitation (P-values: 0.001, 0.03, and 0.008, respectively),
and abundance of these transcripts remained significantly elevated for the duration of the
experiment (Fig. 3A-C). There was no induction of either eccD5 or espGstranscription in
the AregX3 mutant in response to P;j limitation (Fig. 3B and C). The Areg. X3 mutant did
exhibit a 2-fold increase in esx/\Vtranscription at 24 and 48 hours and this induction was
statistically significant (P = 0.04 and 0.003, respectively), but was not sustained at the 72
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and 96 hour time points (Fig. 3A). In addition, the level of esx//transcript in the AregX3
mutant was significantly lower than the WT control at 24 hours (2= 0.025) and all
subsequent time points (Fig. 3A). Complementation of the AregX3 mutation /n trans
restored rapid induction and continuous elevated expression of the esx\, espGs, and eccDg
genes (Fig. 3A-C). These data demonstrate that activation of esx-5gene expression in
response to P; limitation requires regX3.

Because eccBswas not significantly over-expressed by the ApstAZ mutant in Pj-rich
medium (Fig. 1B, P=0.24), we did not expect this gene to be induced by P; limitation. We
observed a modest 2.2-fold increase in abundance of the eccBstranscript in WT bacteria that
was statistically significant (£=0.014), but occurred only after 96 hours of P; limitation
(Fig. 3D). Induction of eccBstranscript was not observed in the AregX3 mutant, but this
phenotype could not be complemented /n frans (Fig. 3D). These data suggest that RegX3-
dependent regulation of esx-5transcription is restricted to those genes located at the 3’ end
of the esx-51locus. Finally, though it is located outside the esx-5locus, we examined
transcription of ppe41. The level of ppe41 transcript increased approximately 2-fold in WT
bacteria during P; limitation, but this induction was not statistically significant (Fig. 3E).
However, maintenance of this high level of ppe41 transcription required RegX3 (Fig. 3E).
The level of ppe41 transcript was reduced 4-fold in the AregX3 mutant within 48 hours of P;
limitation, the decrease was statistically significant (= 0.0017) and this phenotype could be
complemented /n trans (Fig. 3E). These data indicate that RegX3 contributes to maintenance
of ppe41 transcription during P; limitation, whether directly or indirectly.

Secretion of ESX-5 and ESX-1 substrates is induced by phosphate limitation

Since expression of some esx-5 genes was induced by P; limitation, we predicted that ESX-5
protein secretion would also be induced by this growth condition. Our initial attempts to
monitor ESX-5 protein secretion in Pj-free medium were unsuccessful, likely due to
insufficient bacterial growth (data not shown). We therefore conducted experiments to
identify a P; concentration that would be sufficient to sustain growth and yet restrictive
enough to activate the P; starvation-responsive Pst/SenX3-RegX3 system. The analogous
two-component system in E. coli, PhoRB, is activated by P; concentrations below 4 pM
(Lamarche et al., 2008). To ensure minimal carryover of residual P; into the cultures used to
test protein secretion, we pre-grew the bacteria in Sauton's medium containing only 250 uM
Pi, a concentration we determined is sufficient to support a rate of bacterial growth similar to
that observed in complete Sauton's medium (data not shown). We then monitored ESX-5
secretion by WT M. tuberculosis across a 100-fold range of Pj concentrations in Sauton's
medium, including a P; concentration (2.5 uM) predicted to activate RegX3 and therefore
induce ESX-5 secretion.

Consistent with the results of our qRT-PCR experiments, in P;-limited medium we observed
a 9-fold increase in production of EspGs (Fig. 4). Indeed, production of EspGs steadily
increases as the Pj concentration decreases, with the highest protein production observed at
2.5 uM P; (Fig. 4). Similarly, EsxN secretion is induced in P;j-limited medium and is the
most evident when bacteria are cultured with 2.5 uM P; (Fig. 4). Although we did not
observe significant changes in transcription of eccBsor ppe41in WT bacteria grown in Pj-
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limited conditions, EccBs protein production and PPE41 secretion were also induced in
response to P; limitation (Fig. 4). We observed an 8-fold increase in production of EccBg
and induction of PPE41 secretion at 2.5 pM P; (Fig. 4). These data demonstrate that ESX-5
secretion is activated by P; limitation. They also suggest that EccBs production or stability
and PPEA41 secretion are post-transcriptionally regulated during P; limitation.

In these experiments, we observed a marked decline in secretion of ModD, our Sec-secreted
control, in P;-limited growth conditions (Fig. 4). At 2.5 uM P;, ModD secretion was
decreased approximately 4-fold. The decrease in ModD secretion during P; limitation is not
completely explained by a modest and statistically insignificant 2-fold decrease in modD
transcript abundance (Fig. 3F). To determine whether this effect of P; limitation on ModD
secretion was generalizable to other Sec-secreted proteins, we examined secretion of the
antigen 85 complex (Ag85). Secretion of Ag85 was also reduced roughly 3-fold at 2.5 uyM
Pj, with a concomitant accumulation of Ag85 in the cell lysate fraction (Fig. 4). These data
suggest that P; limitation also causes decreased activity of the general Sec secretion system.

To determine if P; limitation globally affects M. tuberculosis protein secretion, we examined
secretion of EsxB (CFP-10), an Esx protein secreted via the ESX-1 system that has a well-
established role in M. tuberculosis virulence (Hsu et al., 2003, Stanley et a/., 2003, Guinn et
al., 2004, de Jonge et al., 2007, Houben et al., 2012a, Manzanillo et al., 2012). We observed
less EsxB in the cell lysate fraction and a concurrent increase in EsxB in the culture filtrate
fraction at lower P; concentrations (Fig. 4). Although EsxB secretion was undetectable in 4
ug of secreted protein from Pj-rich control cultures, when 8 ug of secreted protein were
loaded we could readily detect EsxB in all samples. We observed a roughly 7-fold increase
in EsxB secretion at 2.5 uM P; (Fig. 4). The change in distribution of EsxB cannot be
explained by differences in cell lysate protein loading or contamination of the culture filtrate
fraction by cell lysis, based on the GroEL2 control (Fig. 4). To determine whether activity of
the ESX-1 system is generally increased during P; limitation, we examined secretion of a
second ESX-1 substrate, EspB (McLaughlin et al., 2007). We detected EspB secretion at all
Pj concentrations examined, with an approximately 2-fold increase in EspB secretion at 2.5
UM P; in the experiment shown (Fig. 4), though this result was not reproducible. These data
indicate that secretion or release of the ESX-1 substrate EsxB, rather than activity of the
ESX-1 system, is increased during P; limitation.

To determine if increased EsxB secretion in P; limited growth conditions was due to a
change in esxB expression, we monitored esxB transcript abundance. Although there was a
nearly 2-fold increase in esxB expression during P; limitation in WT bacteria, this induction
was not statistically significant (Fig. 3G). We also examined expression of espA, since
secretion of EsxB is dependent on expression of the espACD operon and several
transcriptional regulators are known to act at this locus (Raghavan et al., 2008, Pang et a/.,
2013). The espA transcript increased approximately 2.5-fold in abundance after 96 hours of
P; limitation, but this change in espA expression was not statistically significant (Fig. 3H).
These results suggest that increased secretion of the ESX-1 substrate EsxB secretion in
response to Pj limitation occurs at the post-transcriptional level.
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Phosphate limitation, not potassium limitation, causes increased secretion of ESX-1 and
ESX-5 substrates

In the experiments we conducted to determine if P;j limitation induces ESX-5 protein
secretion, we used monopotassium phosphate (KH,POy) as a P; source. By limiting the
source of P;, we also inadvertently limited the only source of potassium (K*) in the medium.
K™ is critical for many bacterial processes, including maintaining an electrochemical
gradient and regulating intracellular pH (Epstein, 2003). We tested whether the induction of
ESX-5 and ESX-1 secretion was due to either K* or P; limitation, or perhaps both. We grew
WT M. tuberculosisin P; and K* limiting conditions identical to those used in our previous
experiments, and in conditions where only P; or K* was the limiting nutrient. Consistent
with our previous experiments, both EsxN and EsxB were hyper-secreted in medium that
was limiting for both P; and K* (Fig. 5). We observed similar hyper-secretion of both EsxN
and EsxB when WT M. tuberculosis was grown in medium that was only limiting for P;
(Fig. 5). In contrast, neither EsxN nor EsxB was hyper-secreted in K*-limited medium (Fig.
5). GroEL2 was undetectable in the culture filtrate fractions, confirming that the culture
filtrates were not contaminated by cell lysis. ModD secretion was unaffected by K*
limitation, but decreased in both cultures with limiting amounts of P; (Fig. 5). These data
indicate that P; limitation is a relevant signal that induces secretion of EsxN and EsxB.

RegX3 is required for induction of ESX-5 secretion in phosphate limiting conditions

Secretion of the ESX-5 substrates EsxN and PPE41 and the ESX-1 substrate EsxB is
induced under Pj-limiting conditions. To determine if this induction is dependent on the
response regulator RegX3, we grew WT, Areg.X3and AregX3 pND regX3 strains in medium
containing either 4 mM P; (control) or 2.5 uM P;. We chose to use the lowest P;
concentration that was tested in our preliminary experiments because we observed the
highest levels of EsxN, PPE41 and EsxB protein secretion at this concentration. Hyper-
secretion of the ESX-5 substrates EsxN and PPE41 in P;-limiting conditions was dependent
on RegX3. Unlike the WT or AregX3pND regX3 complemented strains, the Areg X3 strain
did not induce EsxN or PPE41 secretion under Pj-limiting conditions (Fig. 6). RegX3 was
also required for increased EspGs and EccBg protein production under Pj-limiting conditions
(Fig. 6). These data suggest that RegX3-dependent transcriptional activation of a subset of
esx-5 genes during P;j limitation leads to increased production of ESX-5 secretion system
components and activation of ESX-5 substrate secretion.

We also examined secretion of the ESX-1 substrates EsxB and EspB. EsxB secretion was
induced in the WT strain under Pj-limiting conditions, but this secretion was independent of
RegX3, since we still observed hyper-secretion of EsxB in the AregX.3 mutant (Fig. 6).
Secretion of a second ESX-1 substrate, EspB, was unchanged by P; limitation in these
experiments (Fig. 6). These data suggest the existence of an alternative Pj-starvation sensing
mechanism that regulates secretion of the ESX-1 substrate EsxB.

RegX3 directly regulates esx-5 transcription by binding a promoter upstream of pel9

Our results indicate that RegX3 controls ESX-5 secretion at the transcriptional level, though
the data do not differentiate between direct or indirect regulation. To determine if RegX3
directly regulates esx-5 transcription, we sought to identify RegX3 binding sites within the
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esx-5locus. We previously observed that the peZ9gene, which is located upstream of esx/,
espGsand eccDsat the 37 end of the esx-5locus (Fig. 7A), is over-expressed by the ApstA1
mutant and induced during P; limitation in a RegX3-dependent manner (Ramakrishnan et
al., 2016). As part of our prior work, we also demonstrated that deletion of the ppe27-pe19
locus, including the 426 bp intergenic region, caused a severe /n vitro growth defect that
could not be complemented /n frans (Ramakrishnan et al., 2016). These results suggested
that the Appe27-pe19 mutation is polar on expression of the downstream esx-5 genes. We
therefore hypothesized that the 426 base pair intergenic region between ppe27and pel9
contains a RegX3-dependent promoter that controls transcription of esx-5genes (Fig. 7A).

To test this hypothesis, we examined esx-5 gene expression in strains harboring deletions
within the ppe27-pel19locus that we previously constructed (Ramakrishnan et af., 2016).
Deletion of ppe27-pe19including the intergenic region (Appe27-pel9) in the ApstAl
background restored expression of esxN, espGs, and eccDsto WT levels (Fig. 7B). In
contrast, esx-5transcript levels remained elevated in the ApstA1Appe27and ApstAIApel9
strains, which both retain an intact intergenic region (Fig. 7B). These data suggest that the
ppe27-pelgintergenic region contains regulatory elements that are necessary for the RegX3-
dependent over-expression of esx-5genes that we observed in the ApstA1 mutant.

To narrow down the approximate location of RegX3-dependent transcription initiation, we
performed gRT-PCR using primers spanning the ppe27-pel19intergenic region (Fig. 7A).
The pei9transcript is over-expressed 4-fold in the ApstAZ mutant compared to both the WT
and ApstA1AregX3strains (P=0.02 and 0.01, respectively, Fig. 7C). We predicted that
amplicons within the intergenic region located 3’ of the site of transcription initiation would
exhibit a similar expression pattern in these three strains. We found that the Ig4 amplicon
was overexpressed 4-fold in the ApstAZ mutant compared to both the WT and
ApstAINreg X3 strains (P=0.03 and 0.02, respectively, Fig. 7C). In contrast, neither the Igl
nor 1g3 amplicons were significantly over-expressed by the ApstA1 mutant (Fig. 7C). These
data suggest that RegX3-dependent initiation of transcription likely occurs between the I1g3F
and Ig4F primers.

To determine if transcripts initiating upstream of 1g4F can extend into the esx-5locus, we
performed standard RT-PCR. Using primers Ig4F and esxNR3 (Fig. 7A), we detected the
predicted 828 bp transcript in the WT, ApstAI and ApstAIAreg X3 strains grown in Pi-rich
medium (Fig. 7D). Although the assay is not quantitative, we consistently observed
increased intensity of the PCR product in the ApstA1 mutant relative to the WT control that
was RegX3-dependent (Fig. 7D). We also observed increased intensity of the Ig4F-esxNR3
PCR product in samples from the WT strain grown in Pj-limited conditions relative to the P;-
rich control (Fig. 7D). We were unable to amplify a PCR product from cDNA using the Ig3F
and esxNR3 primers, providing further evidence that transcription is initiated between 1g3F
and Ig4F (data not shown). Importantly, we did not detect PCR products in the no reverse
transcriptase controls, indicating the RNA was not contaminated with genomic DNA (Fig.
7D). To establish whether full-length esx/Vand espGsare included in the operon initiating 5’
of 1g4F, we performed similar RT-PCR experiments using the 1g4F and espGsR1 primers
(Fig. 7A). We detected a 1.8 kb PCR product, confirming that pe19, esxNand espGsare
transcribed as an operon (Fig. 7D). Notably, we did not detect this transcript in RNA
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extracted from the Areg. X3 mutant grown in Pj-limiting conditions (Fig. 7D). We attempted
to determine if this transcript extends into eccDsusing reverse primers within the eccDs
gene, but were not able to detect any PCR product (data not shown).

To determine if RegX3 binds directly to the ppe27-pe19intergenic region to promote
transcription of esx-5genes, we purified recombinant Hisg-RegX3 and performed
electrophoretic mobility shift assays (EMSAS). Two probes were designed within the
intergenic region to span the putative RegX3-dependent promoter (Fig. 7A). As a positive
control, we generated a probe for a region 5° of senX3, to which RegX3 is known to bind
(Himpens et al., 2000). Using a range of Hisg-RegX3 concentrations, we found that RegX3
bound to the senX3probe and Probe A with similar affinity (Fig. 7E). In contrast, RegX3
was unable to bind Probe B, even at the highest protein concentration tested (Fig. 7E). These
data suggest that RegX3 binds directly to a sequence within the ppe27-pe19intergenic
region located between positions =151 and —27 relative to the PE19 translational start site.
To investigate the specificity of this binding, we performed EMSAs in the presence of
competitors. An excess of specific unlabeled competitor resulted in a reversal of the mobility
shift for both the senX3probe and Probe A (Fig. 7F). Addition of excess non-specific
unlabeled competitor did not alter the observed mobility shift for either probe (Fig. 7F).
These results suggest that the binding interaction between RegX3 and Probe A is DNA
sequence specific. To demonstrate that RegX3, and not a contaminating protein, is
responsible for the observed mobility shift, a-Hisg antibodies were added to the binding
reactions. We observed a supershift for both probes (Fig. 7F), indicating the Hisg-RegX3
protein specifically binds both the senX3 promoter and the ppe27-pe19intergenic region.
These data demonstrate that RegX3 directly controls esx-5 transcription by binding to a
promoter located upstream of pel9.

Discussion

While an intact ESX-5 secretion system is required for full virulence of M. tuberculosis, the
environmental signal that induces ESX-5 activity was previously unknown. We demonstrate
that ESX-5 protein production and secretion are induced during P; limitation, a nutritional
signal that may be encountered by M. tuberculosis during infection. Our data support a
model in which activation of ESX-5 secretion during P; limitation is mediated by the P;
starvation responsive Pst/SenX3-RegX3 system that directly regulates transcription of a
subset of esx-5genes (Fig. 8).

The Pst phosphate uptake system regulates gene expression in response to P; availability by
interacting with the SenX3-RegX3 two-component system (Tischler et al,, 2013). In our
model, when external P; is abundant, the Pst system inhibits activation of SenX3-RegX3,
esx-5genes are expressed at a basal level, and the ESX-5 system is in effect “off” (Fig. 8).
However, when P; is limiting, inhibition of SenX3-RegXa3 is relieved, resulting in activation
of esx-5transcription and switching ESX-5 secretion “on” (Fig. 8). We provide evidence
that RegX3 directly activates transcription of esx-5genes in response to low P; by binding to
DNA upstream of pe19, leading to increased production of ESX-5 conserved components
and increased secretion of the substrates EsxN and PPE41. Notably, deletion of pstA1
prevents inhibition of SenX3-RegX3 by the Pst system in Pj-rich conditions, resulting in
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constitutive activation of RegX3. In the ApstAI mutant, esx-5genes are constitutively
expressed and ESX-5 is always “on”, leading to hyper-secretion of ESX-5 substrates,
regardless of external P; availability.

Our data indicate that RegX3 binds directly to the ppe27-pel9 intergenic region to promote
esx-5transcription. Recent genome-wide transcriptional start site mapping has uncovered
two start sites within this intergenic region at —38 and —133 relative to the PE19 translational
start (Cortes et al., 2013, Shell et al.,, 2015). Our qRT-PCR data suggest there is a third
transcriptional start site that is active in the ApstAZ mutant and is RegX3-dependent. This
putative RegX3-dependent transcriptional start site is located between the 5’ end of the 1g3F
primer and the 5’ end of the 1g4F primer, at =90 and -46 relative to the PE19 translational
start, respectively. It is likely that RegX3 binds upstream of this region to promote
transcription. We analyzed the Probe A sequence (encompassing a region from —151 to
—27), to which RegX3 can bind, for direct and inverted repeats. We found a 5 bp imperfect
direct repeat sequence separated by 5 bp (GGTGCcaactGGTGA) located at -114 to -106
relative to the PE19 translational start site, within the region that we predict is likely to bind
RegX3. Using similar analysis, we found a related repeat sequence (GGTGTgctttGGTGC)
within the senX3probe. These direct repeat sequences may represent sites of RegX3
binding. Our future work will focus on determining the precise RegX3 binding site and
mechanism of esx-5transcriptional regulation.

Although ESX-5 induction in response to P; limitation occurs at the transcriptional level by
RegX3-dependent activation of a subset of esx-5genes, our observations suggest post-
transcriptional regulation of some ESX-5 conserved components and substrates. Though we
observed over-production of EccBs during P;j limitation, the eccB5 transcript was not
induced by this growth condition, suggesting post-transcriptional regulation of EccBs
translation or stability. EccBs is a member of the ESX-5 membrane complex, along with
EccCs, EccDs, and EccEg (Houben et a/., 2012b). Over-production of EccBg in Pj-limited
conditions may be due to enhanced stability of the protein mediated by increased production
of other members of the membrane complex, including EccDsg, which is induced at the
transcriptional level in these conditions. We also observed a greater increase in EsxN protein
secretion compared to the change in esx/Ntranscription. It is possible that additional EsxN is
secreted due to enhanced production and activity of the ESX-5 core secretion machinery,
both in the ApstA1 mutant and during P;j limitation. Finally, we observed increased secretion
of the ESX-5 substrate PPE41, though transcription of ppe41 was not induced during P;
limitation. PPE41 is directed to the ESX-5 system for secretion by EspGs, a protein
chaperone that binds to PE and PPE proteins secreted by the ESX-5 system, including
PPE41 (Daleke et al., 2012, Korotkova et al., 2014, Ekiert & Cox, 2014). Increased
production of EspGs during P; limitation may serve to stabilize PPE41, leading to the
increased secretion we detected. Other PE and PPE protein pairs chaperoned by EspGs may
also be hyper-secreted by ESX-5 during P; limitation. Such post-transcriptional regulation of
ESX-5 may allow the bacterium to undergo substantial changes in the ESX-5 secretome
mediated by increased transcription of a small subset of genes that are required for
stabilization of the system and its substrates.
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While P; limitation induces ESX-5 activity, this condition seems to result in decreased
secretion via the general Sec protein secretion system. We detected reduced secretion of both
ModD and the antigen 85 complex, which are Sec system substrates, during P; limitation.
The 4-fold decrease in ModD secretion that we observed is only partially explained by the 2-
fold decrease in modD transcription under Pj-limiting conditions. In addition, we observed
accumulation of the antigen 85 complex in the cell lysate fraction during P; limitation,
suggesting its secretion was prevented. Decreased protein secretion by the Sec system may
reflect less available ATP to power Sec secretion. The ESX systems also require ATP for the
transport of proteins (Houben et al., 2014), and perhaps priority for protein secretion during
P; limitation goes to ESX-5. Alternatively, it is possible that there are simply less Sec
secreted proteins in the culture filtrate as a fraction of the total amount of secreted proteins
due to increased export of ESX-5 substrates and the ESX-1 substrate EsxB.

During our examination of the activating signal driving ESX-5 secretion, we discovered that
P; limitation also triggers secretion of the ESX-1 substrate EsxB (CFP-10). Induction of
EsxB secretion is not dependent on RegX3, because enhanced EsxB secretion still occurs in
a AregX3mutant. Since the AregX3 mutant does not exhibit increased ESX-5 activity,
hyper-secretion of EsxB is likely not dependent on the ESX-5 secretion system. Increased
EsxB secretion in response to P;j limitation appears to occur at the post-transcriptional level,
since transcription of esxB was not significantly induced during P; starvation. We did
observe a modest 2-fold increase in espA transcription during P; starvation, which may
contribute to increased secretion of EsxB, since ESpA and EsxB exhibit co-dependent
secretion (Fortune et al., 2005). In contrast, secretion of the ESX-1 substrate EspB was
unchanged during P; limitation, suggesting that P; limitation does not alter overall activity of
ESX-1. It is possible that increased secretion of EsxB during P; limitation reflects a change
in kinetics of EsxB secretion or release of EsxB from a cell surface-associated location
(Kennedy et al., 2014) rather than a change in ESX-1 activity. The differences in secretion of
the ESX-1 substrates EsxB and EspB during P; limitation may also be caused by differences
in their mechanisms of export, since EspB secretion is independent of both EsxB and EspA
(McLaughlin et al., 2007, Chen et al., 2013).

Since the increased EsxB secretion in Pj-limiting conditions is not dependent on RegX3, our
data suggest that an additional, as yet unknown, P;j sensing mechanism exists and is
responsible for activating EsxB secretion. The ESX-1 transcriptional regulators that have
been identified to date, including the nucleoid associated protein EspR and the two-
component systems PhoPR and MprAB, have not been implicated in P; sensing (Gonzalo-
Asenio et al.,, 2008, Raghavan et al., 2008, Pang et al., 2013, Zhang et al., 2014). ESX-1
activity is also controlled by an ATP binding protein Espl, which negatively regulates
secretion of the ESX-1 substrates EsxA, EsxB and EspB in response to low cellular ATP
concentration (Zhang et al., 2014). It is possible that downstream physiological changes the
bacteria undergo during P; limitation, perhaps including changes in ATP concentration, are
the driving force behind EsxB secretion, as opposed to P;j availability being sensed directly.
Hundreds of genes that are not part of the RegX3 regulon are differentially expressed in
response to P; limitation (Rifat ef a/., 2009), and it is possible one of these factors is
responsible for inducing EsxB secretion under these conditions. Regardless, we discovered
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that P; starvation is an environmental signal that triggers secretion of the ESX-1 substrate
EsxB, though the precise mechanism by which this occurs will require further investigation.

Pj, an essential nutrient, is a component of many lipids, sugars, and nucleic acids, and is
required for many cellular processes, including energy storage and signal transduction. M.
tuberculosis is a facultative intracellular pathogen which may face conditions with low P;
availability /n vivo. Within the lung, the bacterium resides inside the phagosomal
compartment of infected macrophages, where the environment is harsh and predicted to be
nutrient poor (Russell et al.,, 2010). It is possible that P; is a limiting nutrient within
phagosomes, but the Pj concentration in mycobacterial phagosomes has not been measured
with any certainty. While the amount of elemental phosphorus within the phagosomes of
cultured murine macrophages decreased approximately 1.5-fold after 24 hours of infection
with either M. tuberculosis or the related virulent species M. avium (Wagner et al., 2005,
Wagner et al., 2006), there was no available calibration control to allow determination of the
phosphorus concentration. It is therefore unclear if this change in phosphorus availability
within the macrophage phagosome would be predicted to starve M. tuberculosis for P;.
During the chronic phase of infection, M. tuberculosis persists within foamy macrophages
inside granulomas, the signature feature of a tuberculosis infection. Foamy macrophages
accumulate lipid droplets, which primarily contain cholesterol (Russell et a/., 2009), and M.
tuberculosis is able to survive by utilizing host lipids found within these lipid bodies (Peyron
et al., 2008). Cholesterol does not contain any phosphorus so foamy macrophages within the
granuloma are another niche encountered by M. tuberculosis that may have a limiting
concentration of P;. It will be important to determine when and where M. tuberculosis
encounters Pj limitation during the course of infection to uncover when ESX-5 is active and
when its activity is critical for virulence.

We have discovered that P;j starvation is an environmental signal that activates ESX-5
secretion, and the Pst/SenX3-RegX3 system is required for this response. The Pst/SenX3-
RegX3 system plays an important role during M. tuberculosis infection, considering that
both ApstA1 and AregX3 mutants are attenuated in the murine aerosol infection model
(Tischler et al., 2013). Attenuation of these mutants may be explained by inappropriate
regulation of ESX-5 secretion. The ApstA1 mutant constitutively hyper-secretes ESX-5
substrates, some of which are known to be highly antigenic (Sayes et al., 2012). We suspect
that the ApstA1 mutant is attenuated /77 vivo due to enhanced susceptibility to host immune
responses driven by inappropriate secretion of ESX-5 antigens. Conversely, the AregX3
mutant may be attenuated due to an inability to activate ESX-5 secretion in response to P;
limitation. We liken these dichotomous interpretations to a Goldilocks effect, since either
constitutive ESX-5 hyper-secretion or an inability to initiate ESX-5 secretion would be
predicted to negatively impact bacterial survival. We propose that M. tuberculosis
encounters environments with reduced P; availability during infection, which triggers the
bacterium to secrete factors important for survival of these conditions through ESX-5. It is
possible that ESX-5 is directly involved in P;j scavenging, similar to the proposed iron and/or
zinc scavenging function of ESX-3 (Siegrist et al., 2009, Serafini et al,, 2009). Alternatively,
P; limitation may simply be a signal to M. tuberculosis that it is within a nutrient-limited
phagosomal environment and must activate ESX-5 and EsxB secretion to manipulate
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phagosome function. Our future work will further investigate the relationship between P;
starvation and ESX-5 function and the importance of ESX-5 regulation during infection.

Experimental Procedures

Bacterial strains and culture conditions

M. tuberculosis Erdman and the derivative ApstA1, AregX3, ApstAIAregX3, AregX3
pNDregX3and ApstAIAregX3 pND reg X3 mutant strains were constructed as previously
described (Tischler et al., 2013). The ApstA1Appe27-pel9, ApstAINppe27, and
ApstA1Npe19 mutant strains were constructed as described (Ramakrishnan et al., 2016).
Bacterial cultures were grown at 37°C with aeration in Middlebrook 7H9 liquid medium
(Difco) supplemented with albumin-dextrose-saline (ADS), 0.5% glycerol and 0.1%
Tween-80, unless otherwise noted. Sauton's medium (3.67 mM KH,POy4, 2 mM
MgS0O4-7H50, 9.5 mM citric acid, 0.19 mM ammonium iron (I11) citrate, 26.64 mM L-
asparagine, 6% glycerol, 0.01% ZnSQOy4, pH 7.4) was used to grow cultures for protein
isolation. P;j-free Sauton’'s medium contains all components of Sauton's complete medium
except KH,POy, and is buffered using 50 mM MOPS, pH 7.4. P;-free 7H9 medium, used to
culture bacteria used for RNA isolation during Pj-starvation, was prepared as previously
described (Tischler et al., 2013). Frozen stocks were prepared by growing liquid cultures to
mid-exponential phase (ODggg 0.8-1.0) in complete 7H9 medium, then adding glycerol to
15% final concentration, and storing 1 ml aliquots at —80°C.

Quantitative RT-PCR

To test gene expression in Pj-rich growth conditions, M. tuberculosis bacteria were cultured
in complete Middlebrook 7H9 medium to mid-exponential phase (ODggg 0.4-0.6). To assess
induction of gene expression in response to P;j starvation, cultures were grown in 7H9 to
mid-exponential phase (ODggg 0.4-0.6), then washed twice and resuspended at ODgqg 0.2 in
Pj-free 7H9. P;-limited cultures were grown at 37°C with aeration and bacteria were
collected at 0, 24, 48, 72 and 96 hours. Bacteria were collected by centrifugation (3700 x g,
10 min, 4°C). Total RNA was extracted using TRIzol (Invitrogen, CA) with 0.1% polyacryl
carrier (Molecular Research Center, Inc) by bead beating with 0.1 mm zirconia beads
(BioSpec Products). Equivalent amounts of total RNA were DNase-treated using Turbo
DNase (Invitrogen) according to the manufacturer's instructions. Equivalent amounts of total
RNA (500 ng) were converted to cDNA using the Transcriptor First Strand cDNA Synthesis
Kit (Roche) and random hexamer primers. A no reverse transcriptase control was done for
each RNA sample to quantify potential DNA contamination. The reverse transcription cycle
parameters were as follows: 10 min at 25°C (annealing of primers), 60 min at 50°C
(elongation), and 5 min at 85°C (heat inactivation of reverse transcriptase). Resulting cDNA
was stored at —20°C until used for quantitative RT-PCR reactions.

Quantitative PCR primers to amplify an internal region of the genes or intergenic regions of
interest (esxM, esxN, espGs, mycPs, eccDs, ppedl, eccBs, modD, espA, esxB, sigA, 16S
rRNA, pel9, and the ppe27-pel9intergenic region) were designed with similar annealing
temperatures (58-60°C) using either Primer Express software (Applied Biosystems) or
ProbeFinder Assay Design software (Roche). Sequences of primers used are listed in
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Supplementary Table 1. Quantitative RT-PCR reactions were prepared using 2x SYBR
Green master mix (Roche), 2.5 uM primer mix and 1 ul cDNA. All reactions were run on a
LightCycler 480 (Roche) using the following cycle parameters: 95°C for 10 min; 45 cycles
of 95°C for 10s, 60°C for 20s, and 72°C for 20s with data collected once per cycle during
the extension phase; and one cycle of 95°C for 5s, 65°C for 1m, 97°C with a ramp rate of
0.11 °C/s for generation of melting curves. Cycle threshold values (C,,Roche nomenclature)
were converted to copy numbers using standard curves for each gene, and gene copy
numbers were normalized to sigA (P;-rich cultures) or 16S rRNA (Pj-limited cultures).

Protein preparation for immunoblots

M. tuberculosis cultures were grown from frozen stocks to mid-exponential phase (ODggg
0.4-0.6) in complete Middlebrook 7H9. Bacteria were collected by centrifugation (2800 x g,
10 min), resuspended in 7H9 medium at a starting ODgqq of 0.05-0.1 and grown to mid-
exponential phase again. For experiments performed in Pj-rich conditions, bacteria were
collected by centrifugation (2800 x g, 10 min) and used to inoculate Sauton's medium
supplemented with 0.1% Tween-80 at a starting ODggq of 0.05-0.1. Cultures were incubated
at 37°C with aeration to late exponential phase (ODggg 0.8-1.0), bacteria were collected by
centrifugation (2800 x g, 10 min) and resuspended in Sauton's medium without Tween-80 at
a starting ODgqg of 0.8-1.0. Cultures were incubated at 37°C with aeration for 5 days before
protein isolation. For P; limitation experiments, the bacteria grown in 7H9 as above were
collected by centrifugation (2800 x g, 10 min) and washed once with P;-free Sauton's
medium. Bacteria were then collected by centrifugation and resuspended in either Sauton's
complete medium supplemented with Tween-80 (control) or P;-free Sauton's medium
supplemented with Tween-80 to which 250 uM KH,PO,4 was added exogenously. Cultures
were incubated at 37°C with aeration to late exponential phase (ODggg 0.8-1.0). Bacteria
were collected by centrifugation (2800 x g, 10 min) and resuspended in the final medium
used for protein secretion. For experiments conducted in Pj-replete conditions, Sauton's
complete medium without Tween-80 was used. For Pj-limitation or Pj-titration samples, P;j-
free Sauton's medium without Tween-80 to which 250, 25 or 2.5 uM KH,PO,4 was added
exogenously was used. For experiments to test whether P; or K* was the relevant limiting
ion, Pj-free Sauton's medium supplemented with 2.5 uM NaH,PO,4 and 4 mM KCI (P;
limited) or 2.5 uM KCI and 4 mM NaH,PO, (K™ limited) was used. Cultures were incubated
at 37°C with aeration for 5 days before protein was isolated.

Bacteria were collected by centrifugation (4700 x g, 15 min, 4°C). Culture supernatants
were sterilized using 0.45 pm and then 0.22 um syringe filters (Millipore). Complete EDTA-
free protease inhibitor tablets (Roche) were added to each supernatant. Supernatants were
concentrated roughly 25-fold by centrifugation (2400 x g, 4°C) using VivaSpin 5 kDa
molecular weight cut-off spin columns (Sartorius). Whole cell lysates were prepared by
washing the pellet twice in cold PBS, then resuspending in PBS containing Complete
EDTA-free protease inhibitors (Roche) and bead beating with 0.1 mm zirconia beads
(BioSpec Products). Beads and unlysed material were removed by centrifugation (600 x g, 5
min, 4°C). Large cell debris was removed from the lysate by centrifugation (3000 x g, 10
min, 4°C). Cell lysates were passaged through a Nanosep MF column with a 0.22 um filter
(Pall Life Sciences) by centrifugation (14000 x g, 3 min, 4°C) to remove any remaining
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intact cells. Total protein concentration in each sample was quantified using the Pierce BCA
Protein Concentration Assay kit (Thermo Scientific). Proteins were stored at 4°C for
immediate use, or at —80°C with glycerol at 15% final concentration.

Immunoblot analysis

The indicated amounts of culture supernatant or whole cell lysate proteins were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on Mini-
PROTEAN TGX Any kD gels (Bio-Rad). Proteins were transferred to nitrocellulose
membranes (Whatman) by electrophoresis and blocked overnight at 4°C in PBS-T (137 mM
NaCl, 2.7 mM KCI, 10 mM NayHPOy4, 2 mM KH,PO4, 0.05% Tween-20) containing 5%
non-fat milk powder. Membranes were washed in PBS-T and probed for 1 hour at room
temperature with the primary antisera diluted in PBS-T containing 2.5% non-fat milk
powder. Primary antisera were used at the following dilutions: rabbit a-EsxN 1:1000; rabbit
a-EspGs 1:1000; rabbit a-EccBsg 1:5000; rabbit a-PPE41 1:1000; rabbit a-EsxB 1:10,000;
rat a-EspB 1:2000; rabbit a-ModD 1:5000; mouse a-GroEL2 1:10,000; rabbit a-Antigen 85
complex 1:5000. Membranes were washed in PBS-T again, and incubated for 1 hour at room
temperature with the appropriate secondary antibody (either goat-anti-rabbit, rabbit-anti-
mouse, or rabbit-anti-rat conjugated to HRP, Sigma) diluted 1:20,000 in PBS-T containing
2.5% non-fat milk powder. Membranes were washed again in PBS-T and the reactive bands
were detected using SuperSignal West Pico substrate (Thermo Scientific) or
Chemiluminescent Peroxidase Substrate (Sigma). Blots were exposed to film (Blue lite
autorad film, GeneMate) and developed using a film processor (Konica, SRX-101A). Protein
bands from scanned Western blot images were quantified using Image Studio Lite software,
version 5.0. Images were imported as jpegs, and rectangular work areas of equivalent size
without background correction were used to define regions for quantification of signal
intensity.

Standard RT-PCR

To determine the length of transcripts initiating 5° of pe19, M. tuberculosis bacteria were
grown to mid-exponential phase (ODggg 0.4-0.6) in complete 7H9 (P;j-rich conditions) or
grown to mid-exponential phase in complete 7H9, then washed twice, resuspended at ODggg
0.2 in Pi-free 7H9 and cultured for 24 hours (P;-limiting conditions). RNA was extracted,
treated with DNase, and converted to cDNA as described above. Standard PCR reactions
were run using 1 pl of cDNA as template, 0.4 pM primers, and Recombinant Tag polymerse
(Invitrogen). Cycle parameters were: 95°C 5 min; 40 cycles of 95°C 15 sec, 56°C 15 sec,
72°C 2.5 min; 72°C 10 min. The following primer pairs were used: ig4F/esxNR3, ig4F/
espG5R1, ig3F/esxNR3 (Supplemental Table 1). PCR products were analyzed by gel
electrophoresis.

Cloning and purification of Hisg-RegX3

Hisg-RegX3 was cloned in pET28b+, which contains a 6-histidine (Hisg) tag and a
kanamycin resistance cassette for selection. The regX3 coding sequence was PCR amplified
using M. tuberculosis Erdman genomic DNA as template (F primer: 5’-
ttcatatgatgaccagtgtgttgattgtggagga-3’, AMdél restriction site in bold; R primer: 5’-
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ttgctagcctagcecctegagtttgtagecca-3’, AMhel restriction site in bold), cloned in pCR2.1
(Invitrogen) and sequenced. regX3was removed from pCR2.1 by restriction with AVdel and
Nhel, gel purified, and ligated to similarly digested pET28b+. Recombinant N-terminal
tagged Hisg-RegX3 was expressed in £. coliBL21 (DE3). Bacteria were grown at 37°C with
shaking to mid-exponential phase (ODggg 0.5) in LB containing 30 pug/ml kanamycin. Hisg-
RegX3 expression was induced with 0.1 mM IPTG for 3 hours at 37°C with shaking. Cells
were concentrated 100-fold in lysis buffer (50 mM NaH,PO4, 300 mM NaCl, 10 mM
imidazole, pH 8.0), incubated with 1 mg/ml lysozyme (30 min on ice) and lysed by
sonication. Hisg-RegX3 was bound to Ni-NTA agarose (Qiagen) for 1 hour at 4°C and
loaded on a column. The column was washed with lysis buffer containing 20 mM imidazole.
Hisg-RegX3 was eluted using lysis buffer containing 250 mM imidazole. To remove
contaminants that co-purified with Hisg-RegX3, the protein was passed through an Amicon
Ultra centrifugal filter with a 50 kDa cutoff (Millipore). Purified Hisg-RegX3 was dialyzed
in PBS and concentrated with Amicon Ultra centrifugal filters with a 10 kDa cutoff
(Millipore).

Electrophoretic mobility shift assays (EMSAS)

Double-stranded DNA probes were PCR amplified using M. tuberculosis Erdman genomic
DNA as template and appropriate primers (Supplementary Table 1). Probes were labeled
using the DIG Gel Shift Kit, 2"d Generation (Roche), following the recommended protocols.
Approximately 0.5 ng of DIG-labeled probe was added to binding reactions containing
binding buffer (Roche), poly[d(I-C)], poly L-lysine, and 0.25 — 1 pg purified Hisg-RegX3 in
20 ul total volume and incubated at room temperature for 15 min. Where appropriate, a 400-
fold excess of unlabeled specific (Probe A) or non-specific (anaN) competitor or anti-Hisg
antibodies (THE™ His tag antibody, Genscript) were added to the reaction mixture. Binding
reactions that include unlabeled competitor probe were incubated for 15 min at room
temperature before adding the DIG-labeled probe, then incubated an additional 15 min.
DNA-protein complexes were resolved using 5% native polyacrylamide gels, transferred and
UV-crosslinked to nylon membranes (Roche). Membranes were washed with wash buffer
(DIG wash and block buffer set, Roche), blocked for 30 min in blocking solution (Roche)
and incubated with anti-DIG-AP antibodies (Roche) at a 1:10,000 dilution for 30 min at
room temperature. Labeled probes were detected using CDP-Star ready-to-use substrate
(Roche). Membranes were exposed to film (Blue lite autrorad film, Genemate) and
developed using a film processor (Konica, SRX-101A).

Statistical Analysis

Student's unpaired t-test was used to compare wild-type M. tuberculosisto mutant strains. 2
values were calculated using GraphPad Prism 6 software. P values <0.05 were considered
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Overexpression of esx-5genes in the ApstAI mutant is RegX3-dependent. A. Schematic

representation of the esx-5locus. Genes encoding ESX-5 conserved components are in
black, known ESX-5 substrates are in white, and a known ESX-5 cytoplasmic chaperone is
in light gray. Genes with no confirmed function in ESX-5 secretion are in dark gray. The *
indicates a gene with a known frame-shift mutation.
B. Quantitative RT-PCR analysis of esx-5transcription. Wild-type M. tuberculosis Erdman
(WT), ApstAl, AregX3, ApstA1DregX3, AregX3 pNDregX3and ApstAIAreg X3 pNDreg X3
were cultured in Pj-rich 7H9 medium to mid-exponential phase and RNA was extracted.
Abundance of the eccBs, esxM, esxN, espGs, eccDs, mycPsand ppe41 transcripts relative to
SigA was determined by quantitative RT-PCR. Data shown are the means +/- standard
deviations of three independent experiments. Asterisks indicate a statistically significant

difference in transcript abundance compared to the WT control (P < 0.05).
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Figure2.

Hyper-secretion of ESX-5 substrates by the ApstAI mutant requires RegX3. Wild-type M.
tuberculosis Erdman (WT), ApstAl, AregX3, ApstAIAregX3, Areg X3 pNDregX3and
ApstAINreg X3 pND reg X3 were cultured in Sauton's complete medium without Tween-80
for 5 days. 10 ug of cell lysate (CL) and 4 pg of culture filtrate (CF) proteins were subjected
to SDS-PAGE and Western blot analysis. Antibodies used are indicated. Anti-GroEL2 was
used as both a loading control for the CL fraction and a cell lysis control in the CF fraction.
Anti-ModD was used as a loading control for the CF fraction. Results shown are from a
single experiment and are representative of 3 independent experiments.
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Figure 3.

Induction of ESX-5 genes by phosphate limitation requires RegX3. Wild-type M.

Page 23

tuberculosis Erdman (WT), AregX3, and AregX3 pNDregX3 were cultured in Pi-free 7H9
medium for 96 hours. RNA was extracted at 0, 24, 48, 72 and 96 hours. Abundance of the
esxN, espGs, eccDs, eccBs, ppe4l, modD, esxB, and espA transcripts relative to 16S rRNA
was determined by quantitative RT-PCR. Data shown are the means +/- standard deviations
of three independent experiments. Asterisks indicate statistically significant differences in
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transcript abundance between WT and Areg X3 or AregX3pNDregX3and AregX3. * P<
0.05; ** P<0.005
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Figure 4.
Phosphate limitation induces ESX-5 and ESX-1 protein secretion.
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Wild-type M. tuberculosis Erdman was grown for 5 days in Sauton's complete medium
without Tween-80 (control) or P;-free Sauton's medium without Tween-80 to which 250, 25,
or 2.5 uM KH,PQO,4 was added exogenously. 10 ug of cell lysate (CL) and 4 g or 8 ug (as
indiciated) of culture filtrate (CF) proteins were subjected to SDS-PAGE and Western blot
analysis. Antibodies used are indicated. Anti-GroEL2 was used as both a loading control for
the CL fraction and a cell lysis control in the CF fraction. Anti-ModD was used as a loading
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control for the CF fraction. Results shown are from a single experiment and are
representative of 2 independent experiments.
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Figureb.
Secretion of the ESX-1 substrate EsxB is induced by phosphate limitation. Wild-type M.

tuberculosis Erdman was cultured for 5 days in Sauton's complete medium without
Tween-80 (control), or P;-free Sauton's medium without Tween-80 to which either 2.5 pM
KH,PO, (Pj and K* limitation), 2.5 uM NaH,PO,4 and 4 mM KCI (P; limitation) or 2.5 uM
KCl and 4 mM NaH,PO,4 (K™ limitation) was added exogenously. 10 pg of cell lysate (CL)
and 4 g of culture filtrate (CF) proteins were subjected to SDS-PAGE and Western blot
analysis. Anti-GroEL2 was used as both a loading control for the CL fraction and a cell lysis
control in the CF fraction. Anti-ModD was used as a loading control for the CF fraction.
Results shown are from a single experiment and are representative of 3 independent
experiments.
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Figure6.
RegX3 is required for induction of ESX-5 protein secretion in response to phosphate

limitation.

Wild-type M. tuberculosis Erdman (WT), AregX3, and Areg X3 pND regX3 strains were
cultured for 5 days either in Sauton's complete medium without Tween-80 (control) or in P;j-
free Sauton's medium without Tween-80 to which 2.5 uM KH,PO4 was added exogenously.
10 ug of cell lysate (CL) and 4 ug of culture filtrate (CF) proteins were subjected to SDS-
PAGE and Western blot analysis. Anti-GroEL2 was used as both a loading control for the
CL fraction and a cell lysis control in the CF fraction (data not shown). Anti-ModD was
used as a loading control for the CF fraction. Results shown are representative of 3
independent experiments.
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Figure7.
Determining the RegX3 binding site within the esx-5locus.

A. Schematic representation of the 3’ esx-5locus. The intergenic region between ppe27and
pel9is enlarged. Locations of relevant primers and probes used for EMSAS are indicated.
B. Quantitative RT-PCR analysis of esx-5transcription. Wild-type M. tuberculosis Erdman
(WT), ApstAl, ApstAIDppe27-pel9, ApstAIAppe27 and ApstAIApeldwere cultured in Pj-
rich 7H9 medium to mid-exponential phase and RNA was extracted. Abundance of the pe19,
esxN, espGs, and eccDs transcripts relative to sigA was determined by quantitative RT-PCR.
Data shown are the means +/- standard deviations of three experiments. Asterisks indicate
statistically significant differences in transcript abundance between ApstA1 and
ApstAIDNppe27-pel9 (P < 0.05).

C. Quantitative RT-PCR analysis of mRNA levels of amplicons within the ppe27-pe19
intergenic region and pel9. WT, ApstAI and ApstA1AregX3 strains were cultured in Pi-rich
7H9 medium to mid-exponential phase and RNA was extracted. Abundance of the
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amplicons relative to sigA was determined by quantitative RT-PCR. Data shown are the
means +/— standard deviations of three independent experiments. Asterisks indicate
statistically significant differences in amplicon abundance between ApstA1 and either WT or
ApstAIAregX3 (P < 0.05).

D. Identification of an esx-5operon by RT-PCR. WT, ApstA1, and ApstAIAreg X3 were
cultured in Pj-rich 7H9 medium to mid-exponential phase (+P;). WT, AregX3and AregX3
pND-regX3strains were cultured for 24 hours in 7H9 no P;j (—P;). RNA was extracted,
reverse transcribed to cDNA, and PCR amplified using the indicated primers. +RT and -RT
denote cDNA synthesis reactions where reverse transcriptase was included or excluded,
respectively. gDNA was included as a template for each primer pair as a positive control.

E. EMSA analysis of binding between purified Hisg-RegX3 the SenX3 probe (positive
control), and Probes A and B probes. 0.5 ng of DIG-labeled probe was incubated with
increasing concentrations (0-1 pg) of purified recombinant Hisg-RegX3.

F. EMSA analysis of RegX3 binding specificity. DIG-labeled senX3 probe (positive control)
or Probe A was incubated with purified recombinant Hisg-RegX3. Unlabeled competitors
(specific or non-specific) or a-Hisg antibodies were added to the binding reactions as
indicated by the + symbols.
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Signal: High P;
(OFF)

Secretion of ESX-5 substrates

Signal: Low P,

Figure8.
Model of ESX-5 regulation by the Pst/SenX3-RegX3 system in response to phosphate

availability. When the external P; concentration is high, the Pst system inhibits the SenX3-
RegX3 two-component system, esx-5genes are transcribed at a basal level, there is no
induction of secretion and ESX-5 is “off’. When external P; is limiting, inhibition of SenX3-
RegX3 by the Pst system is relieved, turning the ESX-5 system ‘on’. SenX3 activates RegX3
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via phospho-transfer, allowing RegX3 to bind a promoter within the esx-5locus to initiate
transcription, leading to increased secretion of ESX-5 substrates.
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