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Summary

Regulated intramembrane proteolysis (RIP) is a mechanism of transmembrane signal transduction
that functions through intramembrane proteolysis of substrates. We previously reported that the
RIP metalloprotease Rv2869c (Rip1l) is a determinant of Mycobacterium tuberculosis (Mtb) cell
envelope composition and virulence, but the substrates of Rip1 were undefined. Here we show that
Rip1 cleaves three transmembrane anti-Sigma factors: anti-SigK, anti-SigL, and anti-SigM,
negative regulators of Sigma K, L, and M. We show that transcriptional activation of katG in
response to phenanthroline requires activation of SigK and SigL by Rip1 cleavage of anti-SigK
and anti-SigL. We also demonstrate a Ripl dependent pathway that activates the genes for the
mycolic acid biosynthetic enzyme KasA and the resuscitation promoting factor gene RpfC, but
represses the bacterioferritin encoding gene bfrB. Regulation of these three genes by Ripl is not
reproduced by deletion of Sigma K, L, or M, either indicating a requirement for multiple Ripl
substrates or additional arms of the Rip1 pathway. These results identify a branched proteolytic
signal transduction system in which a single intramembrane protease cleaves three anti-sigma
factor substrates to control multiple downstream pathways involved in lipid biosynthesis and
defense against oxidative stress.
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Introduction

Mycobacterium tuberculosis infection is an ongoing global health crisis that has not abated
with present control measures (Dye, 2006). Despite the availability of effective
antimicrobials that cure drug sensitive M. tuberculosis infection, these regimens are
prolonged compared to antibiotic therapy of more acute respiratory infections (Council,
1984). The prolonged therapy of M. tuberculosis infection is difficult to administer in
resource poor settings and non-compliance with drug regimens breeds antibiotic resistance
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(Dye et al., 2002) and treatment failure. For these reasons, new antibiotics that might
shorten therapy are badly needed.

To survive in its host, M. tuberculosis must respond to a variety of host inflicted stresses,
including iron limitation, reactive nitrogen and oxygen intermediates, and starvation (De
Voss et al., 2000, Schnappinger et al., 2003, Stallings et al., 2009). These stresses require
dedicated signal transduction systems that transmit information inside the cell, allowing for
the modulation of gene expression programs. In bacteria, one such widely distributed
mechanism of signal transduction controls the availability of extracytoplasmic function
(ECF) sigma factors, alternative sigma factors that direct RNA polymerase to specific
promoters. ECF sigma factors are often held inactive by transmembrane anti-sigma factors,
which are degraded by proteolysis in response to extracellular stimuli. Cleavage of the anti-
sigma factor by a site-one protease (S1P) initiates signaling and is immediately followed by
site-two cleavage by the site two protease (S2P), which releases the sigma factor from the
membrane, thereby activating the pathway (Urban, 2009). Well studied prokaryotic S1P/
S2P/anti-sigma factor/sigma factor systems include Escherichia coli DegS/RseP/RseA/SigE,
which responds to unfolded outer membrane proteins (Alba et al., 2002, Kanehara et al.,
2002), and Bacillus subtilis PrsW/RasP/RsiW/SigW, which responds to alkaline shock and
antimicrobial peptides (Ellermeier & Losick, 2006, Heinrich & Wiegert, 2006). Recent
evidence from B. subtilis suggests that additional proteases participate in trimming the
antisigma factor before site-two cleavage, adding additional complexity to these signal
transduction systems (Heinrich et al., 2009).

We previously identified Ripl as a major virulence determinant of M. tuberculosis through
its role in regulating cell envelope composition (Makinoshima & Glickman, 2005). Ripl is a
member of the S2P class of proteases, which are widely prevalent in bacterial genomes
(Makinoshima & Glickman, 2006, Kinch et al., 2006). However, the molecular mechanisms
by which Rip1 controls downstream gene expression are not defined. In this study, we
demonstrate that Rip1 participates in signaling across the cell envelope through proteolysis
of three anti-sigma factor substrates.

Bioinformatic Identification of 4 M. tuberculosis anti-sigma factors as candidate substrates

for Ripl

Based on S2P pathways in other bacteria, we hypothesized that potential substrates of Ripl
would be transmembrane anti-sigma factors. In four of the 13 M. tuberculosis sigma factor
operons (sigD, sigK, sigL and sigM), known or putative anti-sigma factor encoding genes
are located immediately downstream of the genes for their associated ECF sigma factors.
Anti-SigK (RskA, Rv0444c) and anti-SigL (RslA, Rv0736) were previously shown to bind
their cognate sigma factor (Said-Salim et al., 2006, Dainese et al., 2006, Hahn et al., 2005),
but Rv3912 (RsmA) and Rv3413c (RsdA) have not been previously examined. Hydropathy
profiling of these four proteins revealed a single central predicted transmembrane domain
with a similarly sized C terminal domain in anti-SigK, L, and M, but an extended C terminus
in anti-SigD (Figure 1). Furthermore, the RskA, RslA, and RsmA proteins were recently
predicted to contain a conserved structural module present in diverse anti-sigma factors
(Campbell et al., 2007). Based on these findings, we considered that these proteins were
possible substrates for the three S2P family RIP proteases of M. tuberculosis.

Rip1, but not Rip2 or Rip3, cleaves three anti-sigma factors in M. tuberculosis

To test whether these anti-sigma factors are substrates of S2P family RIP proteases in M.
tuberculosis, we constructed anti-sigma factors with N-terminal Hemagglutinin (HA) tags
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and examined the steady-state levels of these proteins in wild type M. tuberculosis and cells
lacking Rip1. In wild type cells, RsdA, RskA, RslA, and RsmA were detected at their
predicted unprocessed molecular sizes (Figure 2A-D, WT lanes). In contrast, in cells lacking
Rip1, we observed the accumulation of smaller products of RskA, RslA, and RsmA of
approximately 15-20 kD (Figure 2B-D, AM lanes) in addition to full-length protein. No
RsdA intermediates were detected in cells lacking Rip1 (Figure 2A). Because the HA tag is
at the N terminus of each protein, the smaller products observed in the rip1 null strain must
be the result of C terminal truncation. The size of the accumulated intermediates suggests
that the C terminal truncation occurred on the extracytoplasmic side of the transmembrane
domain (see schematic in figure 2E showing full length and predicted AC anti-sigma
factors). The accumulation of truncated anti-sigma factors in the ripl mutant, but not wild
type, suggests that this intermediate is rapidly processed by Ripl in wild type cells and is
therefore observed at steady state only in cells lacking ripl. The pattern of anti-sigma factor
intermediates observed in the Aripl strain is similar to the RsiW fragment that accumulates
in the rasP null mutant of B. subtilis after PrsW cleavage (Ellermeier & Losick, 2006,
Schobel et al., 2004) and the RseA fragment after DegS cleavage in the absence of RseP
(Alba et al., 2002, Kanehara et al., 2002).

The truncated anti-sigma factors observed in the ripl mutant coexist with a substantial
amount of full-length protein, indicating that cleavage by the S1P is incomplete under these
assay conditions. This finding may indicate that the activation signals for these sigma factor
regulons are not present under the conditions tested, as was observed in the SigK, SigL and
SigM pathways (Agarwal et al., 2006, Dainese et al., 2006, Hahn et al., 2005, Raman et al.,
2006, Said-Salim et al., 2006). To more clearly interrogate the role of Ripl in anti-sigma
factor cleavage, we expressed C terminally truncated versions of RsdA, RskA, RslA, and
RsmA in wild type and Aripl cells, reasoning that these truncated proteins would not require
site one cleavage to be substrates of Ripl (Schobel et al., 2004). RsmA-154 and RskA-160
accumulated in Aripl cells but not in wild type cells (Figure 2F). We could not examine a
truncated RslA as we were unable to transform Arip1 cells with the truncated RslIA
construct. RsdA-192 did not accumulate in wild type or Aripl cells (Figure 2F), suggesting
that it can be degraded by a S2P other than Rip1. Taken together, we interpret these results
to indicate that second site cleavage of RskA, RslA, and RsmA requires the Ripl protease.

The M. tuberculosis chromosome encodes two other predicted S2Ps, rv0359 (rip2) and
rv2625c (rip3). To examine whether these proteases are involved in processing anti-sigma
D,K,L,M, we examined our HA tagged anti-sigma factor proteins in cells lacking these
proteases. In M. tuberculosisArip2 and Arip3, all three anti-sigma factors remained
unprocessed as in wild type cells and no proteolytic intermediates were detected (Figure S1,
A-B). Therefore, under our assay conditions, we conclude that neither Rip2 nor Rip3 are
required for processing these four anti-sigma factors.

Rip1 mediated cleavage of anti-sigma factors is conserved in M. smegmatis

To further examine the molecular requirements for anti-sigma factor processing by Rip1, we
reconstituted the processing event in the fast growing mycobacterium M. smegmatis. The M.
smegmatis chromosome encodes two S2P family members, one an apparent ortholog of
Ripl (MSmeg_2579, MSmripl, 68% identity) and one of Rip2 (MSmeg_0756, MSmrip2,
68% identity). We deleted each of these genes from the M. smegmatis chromosome by two-
step allelic exchange, leaving unmarked deletion mutations (data not shown). We then
examined the HA tagged M. tuberculosis anti-sigma factors in each of these M. smegmatis
protease mutants. We observed full length RsdA, RskA, RslA, and RsmA in the MSmrip2
mutant and no proteolytic intermediates were observed (data not shown). In contrast, in the
MSmripl null strain, we observed C terminally truncated intermediates of RskA, RslA, and
RsmA (figure 3A). These results indicated that Ripl and MSmRip1 are functionally
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conserved with respect to anti-sigma factor cleavage. We then expressed truncated anti-
sigma factors in the MSmripl null strain and observed accumulation of all truncated anti-
sigma factors except for RsdA (figure 3B)

To show that the accumulation of anti-sigma factor intermediates was the result of loss of
Rip1 proteolytic activity, we complemented the MSmripl mutant with M. tuberculosis Ripl
and Rip1-H21A, encoding a Rip1 protein with an inactivating mutation in the protease
active site. Complementation with rip1 abolished accumulation of RskA160 (figure 3C) and
RslA161 (figure 3D), whereas complementation with the H21A active site mutant resulted
in accumulation of both RskA160 and RslA161 similar to the mutant strain (Figure 3C-D).
These experiments strongly indicate that RskA, RslA, and RsmA are direct Ripl proteolytic
targets. Our attempts to reconstitute anti-sigma factor processing in E. coli by expressing
Rip1 and RskA or RsmA were unsuccessful due to constitutive degradation of the
mycobacterial anti-sigma factors, even in wild type E. coli without Rip1(data not shown).

Phenanthroline induces expression of rpfC, a Ripl dependent gene

ECF sigma factors control gene expression in response to cell envelope stress. In the
absence of the activating signal, the ECF regulons are off and therefore genetic ablation of
the sigma factor has little or no effect on gene expression. The upstream activating signals
for Sigma K, L, and M in M. tuberculosis are unknown and target genes have been assigned
based on sigma factor over-expression (Agarwal et al., 2006, Raman et al., 2006) or deletion
of their cognate anti-sigma factor (Dainese et al., 2006, Said-Salim et al., 2006). Our prior
examination of gene expression in the Aripl strain identified rpfC as a strongly under-
expressed gene (Makinoshima & Glickman, 2005). In the course of testing for chemical
compounds that would activate or inhibit the Rip1 pathway, we identified the metal chelator
phenanthroline as an activator of rpfC transcription (data not shown) indicating that
phenanthroline may be an upstream activator of the Rip1 pathway. This result stimulated a
broader examination of phenanthroline induced, Rip1 dependent gene expression.

To examine the full complement of genes controlled through Ripl in response to
phenanthroline, we performed transcriptional profiling using oligonucleotide microarrays
representing 4750 ORFs from M. tuberculosis. We compared RNA isolated from
phenanthroline treated wild type M. tuberculosis to phenanthroline treated Aripl cells. We
found relatively few genes were differentially regulated between phenanthroline treated wild
type and Aripl cells (Table S3). Among the regulated genes in these experiments were the
iron storage protein bfrB and the resuscitation promoting factor rpfC, the latter of which was
previously identified as differentially regulated in the Rip1 mutant in the absence of
phenanthroline (Makinoshima & Glickman, 2005). To interrogate the role of SigK, L, and M
in the phenanthroline response, we performed additional microarray experiments comparing
RNA isolated from phenanthroline treated wild type M. tuberculosis to phenanthroline
treated AsigK, AsigL, and AsigM strains (constructed by allelic exchange, see methods and
strain table). In contrast to the few differentially regulated genes observed in the Aripl
strain, deficiency of SigK, SigL, or SigM resulted in 14, 31, and 46 genes differentially
regulated by phenanthroline compared to wild type cells (Supplementary table S4-S6). We
selected four genes for further analysis based either on their regulation in the Rip1 array
dataset, or their regulation in multiple sigma factors array datasets (suggesting that these
genes might be in the Rip1 pathway). A heat map comparing gene expression of these four
genes (rpfC, katG, bfrB, and kasA) across all four strains is shown in Figure S2. The pattern
of expression of these genes suggests a complex mode of regulation. For example, katG is
under-expressed in Aripl, AsigK, and AsigL, but not AsigM, whereas bfrB is over-expressed
in Aripl but in none of the sigma factor mutants.
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To confirm that the levels of these transcripts (rpfC, katG, bfrB, and kasA) were controlled
by Ripl in response to phenanthroline, we performed quantitative RT-PCR for each mRNA
in wild type and Arip1 cells with and without phenanthroline treatment. The level of rpfC
mRNA was 15 fold lower in Aripl cells compared to wild type (Figure 4A). Phenanthroline
induced rpfC in wild type cells, but rpfC remained under-expressed in phenanthroline
treated Aripl cells (Figure 4A). Similarly, the level of katG mRNA was barely detectable in
untreated wild type and Arip1l cells (Figure 4B). However, phenanthroline induced katG
RNA by 9.3 fold in wild type cells, a response that was absent in the Arip1 strain and
restored in the ripl mutant complemented with wild type ripl (Figure 4B). These data
indicate that the Rip1 pathway is required to upregulate katG expression in response to
phenanthroline. Quantitation of bfrB mRNA revealed that this gene is overexpressed by 10
fold in Arip1 cells (Figure 4C). Treatment with phenanthroline did not induce bfrB in wild
type cells, consistent with the repression of ferritins by iron chelation (Rodriguez & Smith,
2003). In contrast, phenanthroline highly induced bfrB in Arip1 cells (figure 4C). The Aripl
strain complemented with wild type ripl behaved like wild type, demonstrating the bfrB
dysregulation is due to loss of Rip1(figure 4C). These data indicate that a function of the
Rip1 pathway is to suppress bfrB transcription. Finally, kasA was underexpressed in Aripl
untreated cells compared to wild type, confirming prior microarray data (Makinoshima &
Glickman, 2005). However, with phenanthroline treatment kasA was repressed in both wild
type and Aripl cells, indicating that phenanthroline induced repression of kasA is
independent of the Rip1 pathway (Figure 4D). These results identify four genes whose
transcriptional regulation is Ripl dependent and three in which the phenanthroline response
requires Ripl (rpfC, katG and bfrB). Having identified four transcriptional targets of the
Rip1 pathway, we sought to test the involvement of Sigma K, L, and M in the regulation of
these transcripts.

The role of SigK, SigL, and SigM in control of katG expression

Based on our anti-sigma factor cleavage assays, one model of the Ripl pathway is that Rip1l
is required to activate the SigK, SigL, and SigM regulons through cleavage of their
transmembrane anti-sigma factors. Without Rip1 proteolysis, these sigma factors will
remain tethered to the membrane and therefore be unable to direct RNA polymerase to
target promoters. As such, loss of Ripl may phenocopy some combination of loss of Sigma
K, L, M. To explore whether Rip1 dependent phenanthroline responses are a direct
consequence of Ripl proteolysis of one or more anti-sigma factor substrates, we applied the
following genetic criteria : 1) phenanthroline-regulated, ripl-dependent genes should also be
dependent on Sigma K, L or M 2) A given Ripl/sigma factor target should be hyperinduced
by deletion of the anti-sigma factor in wild type cells 3) Any phenotype of the Arip1 strain
shared with a specific sigma factor mutant should be reversed by deletion of the cognate
anti-sigma factor (i.e. in a AriplA (anti-sigma factor) double mutant) because the sigma
factor will no longer require Rip1 for activation when the anti-sigma is missing, as has been
demonstrated for E. coli SigE and B. subtilis SigW (Alba et al., 2002, Kanehara et al., 2002,
Ellermeier & Losick, 2006).

We first applied the genetic criteria defined above to katG using quantitative RT-PCR to
measure katG mRNA with and without phenanthroline treatment. We observed that
phenanthroline induction of katG was abolished in AsigK, and AsigL, but was unaffected in
the AsigM strain (Figure 4B), suggesting that Rip1 cleavage of anti-SigK and/or anti-SigL
activates katG transcription. Regulation of katG expression in M. tuberculosis and other
mycobacteria has been extensively investigated. The KatG coding sequence is downstream
of the gene encoding FurA, a metal binding transcriptional repressor that responds to
oxidative stress (Pym et al., 2001). Transcription of katG in M. tuberculosis and M.
smegmatis initiates from two promoters, one upstream of furA and one at the 3’ end of the
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furA coding sequence (figure 4F;(Master et al., 2001, Milano et al., 2001)). Both pfurA and
pkatG are induced inside macrophages with different temporal profiles (Master et al., 2001).
FurA binds upstream of the furA coding sequence and represses transcription of the furA
promoter by binding an AT rich sequence which overlaps the —35 element (Sala et al.,
2003). To determine whether activation of furA is also downstream of Rip1/SigK/SigL, we
measured furA RNA and found that furA expression was also Rip1, SigK, and SigL
dependent, but SigM independent (figure 4E). The activators of the pkatG promoter have not
been defined, but the 5" end of the katG mRNA is a cytosine residue 17 nucleotides
upstream of the last nucleotide of the FurA coding sequence (Milano et al., 2001). Using this
transcription start point (TSP) and that of furA, we searched for SigK and SigL consensus
binding sequences using the experimentally determined TSPs of known SigK targets

(mpt70, mpt83, and Rv0449 (Rodrigue et al., 2007, Said-Salim et al., 2006)) or SigL targets
(sigL, sigB, pks10, rv2978c, and rv1139c (Dainese et al., 2006, Hahn et al., 2005) using the
program MD scan (Liu et al., 2002). This approach identified a Sigk —10 and —35 site 5’ of
the katG TSP but did not identify a SigL site (figure 4F). Although our search included the
region 5' of the furA TSP, we did not identify a SigK or SigL site 5’ of furA. Coupled with
the genetic data presented above, this finding suggests that Sigk-RNAP may activate
transcription at the katG promoter at the 3' end of furA.

Taking into account that phenanthroline can chelate iron and induce oxidative stress, we
tested whether the Rip1 dependent activation of katG could be reproduced by iron
deprivation. We found that katG was not induced iron limitation (Figure S3A), consistent
with previously published data (Zahrt et al., 2001, Rodriguez et al., 2002). We confirmed
that the cells were experiencing iron deprivation by measuring induction of the siderophore
biosynthetic gene mbtB (Figure S3B). In contrast, we did observe a partial Rip1 dependence
of katG induction in response to hydrogen peroxide, indicating that phenanthroline may be
acting through induction of oxidative stress (Figure S3C).

The role of SigkK, SigL, and SigM in Ripl dependent regulation of bfrB, kasA and rpfC

We next turned our attention to the role of Rip1 in suppressing bfrB in response to
phenanthroline (figure 4B). Bacterioferritins are iron storage proteins that chelate
intracellular iron. These storage molecules also play a major role in defense against
oxidative stress because they remove Fe2*, which participates in Fenton chemistry with
hydrogen peroxide (Arosio et al., 2009). Transcription of bacterioferritins is repressed in
low iron and induced in high iron to match iron storage capacity with the availability of
excess iron (Gold et al., 2001). As such, iron chelation by phenanthroline should repress
bfrB expression, a response that is defective when the Rip1 pathway is inactivated (Figure
4C). We measured bfrB mRNA and found that over-expression of bfrB in untreated cells
was not present in any sigma factor mutant (Figure 4C) and that phenanthroline did not
induce bfrB in any of the Sigma KLM mutants (Figure 4C). These data indicate that bfrB
overexpression is a ripl dependent phenotype, but that loss of any one sigma factor in the
Rip1 pathway does not reproduce this phenotype. The most likely explanation for these
findings is that bfrB overexpression in the Rip1 null is due to simultaneous inactivation of 2
or 3 sigma factor regulons. An alternative explanation is that bfrB overexpression is
independent of the anti-sigma factor substrates identified here.

To determine whether rpfC and kasA are directly regulated by Rip1 cleavage of anti-
SigKLM, we measured rpfC and kasA mRNAs in the AsigK, AsigL, and AsigM strains. We
confirmed that rpfC is under-expressed in the Arip1l strain, but this phenotype was not
shared by any of the Sigma factor mutants (figure 4A), indicating that Rip1 dependent
activation of rpfC is independent of any one of the three Rip1 cleaved anti-Sigma factors
identified here. Similar results were obtained for kasA. Specifically, kasA RNA was 2.8 fold
less abundant in Arip1 cells than wild type cells. However, the suppression of kasA RNA by
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phenanthroline present in wild type cells was still observed in Aripl cells (figure 4D). None
of the individual sigma factor mutants phenocopied the degree of kasA under-expression of
the ripl mutant, although kasA was mildly under-expressed in the SigK and SigL mutants.
In summary, we find that three Rip1 regulated genes (rpfC, kasA, and bfrB) are regulated
independently of any single sigma factor. In contrast, katG expression requires two sigma
factors and Rip1 for activation.

Phenanthroline induction of katG requires Rip1l cleavage of RskA and RslA

The participation of SigK and SigL in katG expression afforded an opportunity to test
whether Ripl cleavage of RskA or RslA activated katG. In order to further dissect the
molecular mechanism of katG induction upon phenanthroline treatment, we monitored the
levels of this transcript in various Rip1l pathway double mutants in the presence or absence
of phenanthroline. Deletion of anti-SigK, anti-SigL, or anti-SigM caused over-expression of
katG in untreated cells by approximately 2—-3 fold (Figure 5A). Strikingly, phenanthroline
induced katG expression was restored in the Aripl strain by deletion of rskA (AriplArskA),
indicating that rip1 is only required to induce katG when rskA is present (Figure 5A). In
contrast, phenanthroline induced katG expression was partially restored in the Arip1/ArslA
strain to a level similar to the derepressed basal level in theArslA strain, indicating that katG
is expressed, but not induced by phenanthroline in this strain. This data demonstrates that
the lack of katG induction in the Aripl strain is due to failed cleavage of RskA. The failure
of phenanthroline induction of katG in theAripl/ArslA strain is presumably caused by the
presence of RskA and its requirement for Rip1 for cleavage.

Phenanthroline does not induce site-one cleavage of Ripl pathway anti-sigma factors

The data presented above indicates that phenanthroline induces katG and that this response
requires SigK and SigL activation by Rip1 cleavage of RskA and RslA. We considered two
possible mechanisms for this observation. It is possible that phenanthroline is acting as an
upstream activator of the Rip1 pathway by initiating site one cleavage of RskA/RsIA.
Alternatively, it is possible that phenanthroline is acting intracellularly to relieve repression
by metal dependent repressors (such as FurA), thereby exposing a Rip1/SigK/SigL
dependent positive signal that activates katG transcription. To distinguish these two
possibilities, we tested whether phenanthroline treatment induced anti-Sigma factor site one
cleavage, which can be assayed by the accumulation of C terminally truncated intermediates
of RskA and RslA in Aripl cells (see figure 2). In wild type cells, treatment with
phenanthroline did not affect the abundance of full length RskA or RslA (Figure 5B). In ripl
mutant cells, treatment with phenanthroline also did not result in accumulation of C
terminally truncated RsIA (Figure 5B, lane 6 vs. lane 8). C terminally truncated RskA
actually disappeared with phenanthroline treatment (Figure 5B, lane 2 vs. lane 4). These
data suggest that phenanthroline does not directly activate the site one cleavage of the anti-
sigma factors, but rather serves as a chemical tool that unmasks the previously cryptic
contribution of positive regulators (Rip1, SigK, SigL) to katG transcription, possibly
through the relief of FurA mediated repression.

Candidate gene approach to identify S1P(s) of RskA, RslA, and RsmA

Having identified three transmembrane anti-sigma factors as Rip1 substrates and shown that
these substrates undergo processing by site one protease(s), we sought to identify S1Ps using
a candidate gene approach, To identify potential S1Ps of the Rip1 pathway, we took
advantage of our cleavage assay using N-terminal Hemagglutinin tagged anti-Sigma factors.
Loss of Rip1 results in accumulation of truncated forms of anti-SigK, L, and M (Figure 2),
suggesting that loss of the protease that initiates Site-1 cleavage should prevent the steady-
state accumulation of the truncated proteins in the ripl mutants. This type of analysis was
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used to identify PrsW as the protease responsible for the Site-1 cleavage of RsiW in Bacillus
subtilis (Ellermeier & Losick, 2006,Heinrich & Wiegert, 2006).

We implemented a reverse genetic approach in order to identify potential S1Ps of the Ripl
pathway. We used MEROPS (http://merops.sanger.ac.uk/), a protein database that uses
hierarchical and structure based classification of peptidases in order to identify likely S1Ps
annotated in the M. tuberculosis genome. We tested Rv3668c, PepA, and Rv1043c, all of
which are orthologs of DegS, the S1P of the SigE proteolytic cascade of Escherichia coli
(Ades, 2008), by deleting the genes encoding these proteases in both wild type and Aripl M.
tuberculosis. In the rv3668c, pepA, and rv1043c mutants, RskA, Rsla, and RsmA were
detected at their predicated unprocessed molecular sizes as expected (Figure S4 A-C). Loss
of Rv3668c (Figure S4A), pepA (Figure S4B), or Rv1043c(Figure S4C) in the Aripl
background did not affect the accumulation of truncated products of RskA, RslA, and
RsmA. Taken together, we believe that these results indicate that these three S1P candidates
are not individually required for the processing of the three anti-sigma factors of the Ripl
pathway. Further exploration of the S1Ps for the Ripl pathway will require additional
candidate gene approaches or genetic screening.

Discussion

RIP of multiple substrates

We have shown that a single RIP protease has three distinct anti-Sigma factor substrates,
RskA, RslA, and RsmA. This is a novel feature of the Rip1 pathway of M. tuberculosis
because other bacterial S2Ps have single anti-Sigma factor substrates, although some S2Ps
do have multiple substrates in mammalian cells (Ye et al., 2000, Zhang et al., 2006) and in
B. subtilis (Schobel et al., 2004, Bramkamp et al., 2006). Our present model of the Ripl
pathway is presented in Figure 6. Rip1/SigK/SigL activate katG transcription in response to
phenanthroline. KatG activation occurs through Rip1 cleavage of anti-SigK and anti-SigL.
Additionally, the Rip1 pathway suppresses bfrB transcription in untreated cells and in
response to phenanthroline, implicating Rip1 in regulation of iron metabolism. However,
loss of Sigma K, L, or M does not cause overexpression of bfrB. Similarly, Rip1 positively
regulates expression of kasA and rpfC, but this phenotype is not present in the individual
sigma factor mutants. Taken together, these results suggest either that combinatorial loss of
Sigma K, L, or M is responsible for the bfrB, kasA, and rpfC regulation in the Aripl strain,
or that Rip1 has additional substrates not yet identified that control bfrB, kasA, and rpfC.

Phenanthroline and the Rip1 pathway

We have used phenanthroline in this initial dissection of signal transduction through the
Rip1 pathway. Phenanthroline stress of M. tuberculosis has revealed a clear role for the Ripl
pathway is regulating two genes involved in defense against oxidative stress, katG and bfrB.
Our data strongly suggest that phenanthroline does not result in increased cleavage of RskA/
RslA, but likely relieves FurA repression, which reveals regulation of katG by SigK/SigL
through basal cleavage of RskA/RsIA by Ripl. Further studies will be required to determine
whether SigK and/or SigL containing RNAP directly transcribes the katG gene, either acting
at pFurA or pKatG. Published data about the existence of a promoter at the 3’ end of FurA
(pKatG) are conflicting. In one study, the 3’ end of M. tuberculosis FurA can directed
expression of a GFP reporter in vitro and in macrophages and was inducible by hydrogen
peroxide (Master et al., 2001). In another study, a promoter at the 3’ end of FurA was active
in M. smegmatis, although this promoter was not induced by hydrogen peroxide (Milano et
al., 2001). A later study suggested that the appearance of the shorter katG mRNA was due to
transcript cleavage rather than transcriptional initiation (Sala et al., 2008). The basis for
suggesting transcript cleavage was the lack of a demonstrable promoter at the 3’ end of FurA
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when assayed in M. smegmatis. However, M. smegmatis does not contain a SigK ortholog
and therefore these studies may not reflect the regulation that occurs in M. tuberculosis,
especially in light of our identification of a SigK recognition site at pKatG.

Although the regulation of KatG expression has been extensively investigated at the
promoter level, less is known about the signal transduction systems that regulate its
expression in response to extracytoplasmic stress. The data presented here demonstrates that
transmembrane signal transduction through the Ripl pathway is an important regulatory
system for katG expression, and suggests that the virulence defect in the Aripl strain may in
part be due to KatG dysregulation (Ng et al., 2004). Although phenanthroline is a useful
chemical tool for some ripl dependent genes, the true in vivo activators of the Ripl system
remain to be identified. Based on our results, we hypothesize that they are likely to include a
combination of stresses (possibly sensed through a multiplicity of S1Ps to be determined)
such as iron deprivation and oxidative stress. Monitoring the expression of M. tuberculosis
target genes identified in this study during the course of infection may provide us with clues
about the nature of these signals. Ultimately, identification of the S1P(s) responsible for the
cleavage of anti-SigK,L, and M is paramount in order to further understand the molecular
mechanism responsible for Ripl dependent gene expression and virulence attenuation.

Our initial description of Ripl of M. tuberculosis established a major virulence role for this
pathway. The data presented here suggests that this severe in vivo phenotype may be due to
the simultaneous inactivation of three Sigma factor pathways. This model is consistent with
the previously reported mild in vivo phenotypes for individual sigma factor mutants,
including sigM (Karls et al., 2006, Agarwal et al., 2006) and sigL (Hahn et al., 2005,
Dainese et al., 2006) which do not phenocopy the severe attenuation of the Aripl strain. The
virulence phenotype of an M. tuberculosis sigk null mutant has not been reported. Cleavage
of three anti-sigma factor substrates by Rip1 may allow M. tuberculosis to integrate multiple
extracellular stresses encountered during growth in the host, and respond to these stresses
with an appropriate and robust transcriptional response. This model can now be addressed
genetically by testing double and triple sigma factor mutants (AKM, AKL, ALM, AKLM) in
virulence assays.

Experimental Procedures

Bacterial Strains and Growth Conditions

All strains for this study are listed in Supplementary Table 2 (Table S2). M. tuberculosis
strains (Erdman) were grown at 37°C in 7H9 (broth) or 7H10 (agar) (Difco) media with
OADC enrichment, 0.5% glycerol, 0.05% Tween 80 (broth). M. smegmatis strains were
cultured at 37°C on LB or Middlebrook 7H9 medium (Difco) containing 0.5% dextrose,
0.5% glycerol and 0.05% Tween 80. When appropriate, Hygromycin B (Boehringer
Mannheim) at 50 pg/ml, Kanamycin (Sigma) at 20 ug/ml or 1,10-phenanthroline (Sigma) at
1 mM was added into medium. For iron-depleted growth conditions, the strains were
cultivated in pH6.6 glycerol alanine salts including 0.05% Tween80 (GAST) medium with
or without iron as described previously (De Voss et al., 2000, Manabe et al., 2005).

Plasmid construction expressing HA-tagged anti-sigma factors

We constructed N-terminally HA-tagged RsdA (Rv3413c), RsmA (Rv3912), RskA
(Rv0444c) and RslA (Rv0736) by amplifying the open reading frame with oHMG253 254,
oHMG255_256, oHMG251_268 and oHMG269_270, respectively. All HA tagged anti-
Sigma factors are expressed from the GroEL promoter on episomal plasmids using the
vector PMV261kan. To make the C-terminal truncated version of anti-sigma factors, we
used the same upstream primers for full length anti-sigmas (see above) and downstream

Mol Microbiol. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sklar et al. Page 10

primers named oHMG333 for RsdA192, oHMG334 for RsmA154, oHMG335 for RskA160
and oHMG336 for RsIA161.

Mutant Construction and Removal of Hygromycin Cassette

All Ripl pathway mutants were constructed via specialized transduction using the
temperature sensitive phage phAE87 (Bardarov et al., 1997, Barkan et al., 2009). To remove
the hyg" cassette from ripl mutants, MGM309 cells were transformed with pMSG381-1, a
plasmid expressing HSP60-Cre, which contains an unstable MF1 origin of replication. After
3 weeks of growth on 7H10 plates containing kanamycin, transformants were picked and
grown in 7H9 media without antibiotics for 1 week. After reaching confluence, 10ul of these
cultures were subcultured into 10ml of fresh 7H9 media without antibiotics. After 1 week of
growth, cells from these cultures were struck onto nonselective 7H10 agar plates. Single
colonies from these plates were scored for kanamycin and hygromycin sensitivity. Loss of
hyg" through LoxP recombination was verified using PCR.

Quantitative RT-PCR

MRNA levels for katG, bfrB, kasA, rpfC, and mbtB were measured with quantitative RT-
PCR. For all phenanthroline experiments, 1 mM of phenanthroline solution (in methanol)
was added to a culture at OD600 ~0.5. 30 min after induction, the cells were pelleted, and
resuspended in Trizol reagent (Invitrogen). For control treatment, an equal volume of
methanol was used. For hydrogen peroxide treatment, 10mM of H,O, was added to a
culture at OD600 ~0.5. for 1 hour, the cells were pelleted, and resuspended in Trizol reagent.
Cells were disrupted mechanically with Zirconia beads in a FastPrep instrument
(QBiogene). After extraction with chloroform, RNA was precipitated with isopropyl alcohol
and washed with 75% ethanol and dried. The RNA was treated with RNase free DNase | for
use with RNeasy Columns (QIAGEN). About 1 ug of DNase | treated RNA was reverse-
transcribed using Superscript 111 reverse transcriptase (Invitrogen) and random primers
(Invitrogen). Real-time RT-PCR was performed using SYBR Green and an Opticon2 real
time fluorescence detector (MJ Research). Single amplification products for each PCR
reaction were confirmed by melting curve analysis. All experiments are the mean of biologic
triplicates. The primers used in real RT-PCR are listed in Table S1. The cycle threshold
value (Ct) obtained for each gene of interest (GOI) was normalized with that of sigA, a
housekeeping gene, in the same RNA sample by the formula ACt =Ctgp)-Ctsjga. Relative
levels of individual genes were calculated using the following formula: 2‘(AC§ to generate
an expression level for each gene of interest.

DNA Microarrays

RNA was prepared from 20 ml of M. tuberculosis cultures as described above and
subsequently treated with QIAGEN’s RNAeasy RNA clean-up protocol. cDNA libraries
were made using the Stratagene Fairplay kit. cDNA coupled to fluorescent dyes Cy3 and
Cy5 (GE Healthcare) were hybridized to gene chips spotted four times with oligos
representing 4750 M. tuberculosis ORFs (obtained from through the Pathogen Functional
Genomics Resource Center). All experiments were performed in triplicate and analyzed
using Partek Genomics Suite software using intensity dependent Lowess normalization.
Significance was determined with a p-value confidence level set to <5%. Significant fold
changes were assigned to log, values higher or lower than 0.5.

Western blot analysis

Briefly,10mL cultures were grown to an OD600 ~0.5, pelleted, and washed twice with
NP-40 lysis buffer (9.32mM Na2P04, 0.68mM NaH2P0O4, 150mM NacCl, 0.25% NP-40)
supplemented with complete protease Inhibitor cocktail (Roche). The final cell pellet was
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resuspended in 100uL of buffer. Cells were disrupted mechanically with Zirconia beads in a
FastPrep instrument (QBiogene) for a total of 3x with a 5-min incubation on ice between
disruptions. After an additional incubation on ice for 10 min, 100puL of 2x SDS loading
buffer was added to each lysate. Samples were boiled for 10 min and equal volumes were
loaded onto NUPAGE 4-12% Bis Tris polyacrylamide gels (Invitrogen). After
electrophoresis, gels were transferred to a nitrocellulose membrane and probed with mouse
monoclonal anti-HA antibody (Covance). Anti-Dlat antibodies were used as a loading
control. HRP conjugated anti-mouse antibody (Zymed) was used as a secondary probe. ECL
(GE Healthcare) and XAR film (Kodak, Rochester, NY) were used to visualize the protein
bands.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Four M. tuberculosis anti-sigma factors are predicted transmembrane proteins

The indicated proteins are pictured schematically with amino acid hydrophobicity as a color
scale from blue (hydrophilic) to red (hydrophobic) according to the Kyte-Doolittle scale,
with white being neutral. The predicted transmembrane domains (TM) are indicated and
amino acid numbers are indicated at the top.
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Figure 2. Ripl is required for proteolytic processing of three anti-Sigma factors

Four anti-sigma factors RsdA (A), RskA (B), RslA (C), and RsmA (D) with N-terminal
Hemagglutinin epitope tags were expressed in wild type M. tuberculosis (WT lanes), or the
ripl null mutant (AM lanes). HA tagged proteins were detected by immunoblotting using
anti-HA antibodies in parallel with the loading control anti-DLAT. Panel E is a schematic
representation of predicted cleavage products after the action of Site one (S1P) and site two
proteases (S2P).

F. Ripl constitutively degrades truncated RsmA and RskA, but not RsdA. C terminally
truncated anti-Sigma factors with N terminal Hemagglutinin tags were expressed in wild
type (WT) or ripl mutant (AM) M. tuberculosis. Protein lysates were probed with either
anti-HA or the loading control anti-DLAT.
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Figure 3. Molecular requirements for Rip1 anti-sigma factor cleavage reconstituted in M.
smegmatis

A. HA tagged anti-sigma factors used in Figure 2A-D were expressed either in wild type M.
smegmatis (WT), or the AMSmegripl strain (M). Proteins were detected either with anti-HA
or anti-DLAT (loading control).

B. C terminally truncated, HA tagged, anti-sigma factors accumulate in the absence of
MSmegripl

C terminally truncated anti-sigma factors were expressed in wild type M. smegmatis or the
MSmegripl null mutant and monitored by anti HA western blotting.

C-D. Ripl proteolytic activity is required for anti sigma factor processing. The MSmegripl
null mutant bearing RskA160 (C) or RslA161 (D) was complemented with M. tuberculosis
Ripl or Ripl-H21A.
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Figure 4. Role of Sigma K, Sigma L, and Sigma M in Rip1 dependent gene expression

A. Quantitative RT-PCR of rpfC RNA in Wild type (WT), Aripl, AsigK, AsigL, and AsigM
either treated with methanol (solvent control, white bar), or treated with ImM
phenanthroline for 30 minutes (grey bar). Y axis shows the level of katG transcript
normalized to RNA encoding the housekeeping sigma factor SigA. Plotted values are means
of biologic triplicates and error bars are standard deviation.

B. Quantitative RT-PCR of katG RNA in Wild type (WT), Aripl, genetically complemented
(Aripl+ripl), AsigK, AsigL, and AsigM either treated with methanol (white bar), or treated
with 1mM phenanthroline for 30 minutes (grey bar). Y axis shows the level of katG
transcript normalized to RNA encoding the housekeeping sigma factor SigA. Plotted values
are means of biologic triplicates and error bars are standard deviation.

C. Quantitative RT-PCR of bfrB RNA in Wild type (WT), Aripl, Aripl+ripl, AsigK, AsigL,
and AsigM either treated with methanol control (white bar), or treated with 1mM
phenanthroline for 30 minutes (grey bar). Y axis shows the level of bfrB transcript
normalized to RNA encoding the housekeeping sigma factor SigA. Plotted values are means
of biologic triplicates and error bars are standard deviation.

D. Quantitative RT-PCR of kasA RNA in phenanthroline treated cells with the same legend
presented in A.

E. Quantitative RT-PCR of furA RNA in phenanthroline treated cells with the same legend
presented in A.

F. SigK consensus at the 5’ proximal promoter of katG. The consensus was derived using
computational analysis of known SigK target promoters (mpt70, mpt83, and rv0499) and the
entire furA-katG genetic locus. Purple letters represent experimentally derived
transcriptional start sites (see text), the FurA binding site is colored blue, —10 elements are
colored red, and —35 elements are colored yellow.
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Figure 5. Phenanthroline induction of katG requires Ripl cleavage of RskA and RslA

A. Quantitative RT-PCR of katG RNA in various Rip1 pathway mutants either treated with
methanol control (white bar), or treated with 1mM phenanthroline for 30 minutes (grey bar).
Y axis shows the level of katG transcript normalized to RNA encoding the housekeeping
sigma factor SigA. Plotted values are means of biologic triplicates and error bars are
standard deviation.

B. Western blot analysis of HA tagged anti-sigma factors (RskA/RslA) expressed in wild
type M. tuberculosis (WT lanes), or the ripl null mutant (AM lanes). Cells were grown in
the presence of methanol (meth) and 1mM phenanthroline (phen) for 30min prior to
analysis. Protein lysates were probed with either anti-HA or the loading control anti-DLAT.
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Figure 6. Present model of the Ripl pathway

The orange and red lines represent cleavage of three anti-Sigma factors, RskA, RslA, and
RsmA, by unknown S1P(s) and Rip1 respectively. Ripl cleavage of RskA and RsIA releases
SigK and SigL respectively, which activates transcription of katG. In addition, our data
identifies Rip1 dependent regulation of kasA, bfrB, and rpfC which is independent of Sigma
K, L, or M. A functional copy of Ripl is required to repress bfrB transcription and activate
kasAB and rpfC transcription. We have represented these regulatory interactions directly
from Rip1, although we envision that they arise either through some combination of Sigma
KLM, or through as yet unidentified additional substrates of Rip1 (pictured as the grey
cylinder).
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