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Phosphate import is required for the growth of mycobacteria and is regulated by environmental
inorganic phosphate (P;) concentrations, although the mechanism of this regulation has not been char-
acterized. The expression of genes involved in P; acquisition is frequently regulated by two-component
regulatory systems (2CRs) consisting of a sensor histidine kinase and a DNA-binding response regulator.
In this work, we have identified the senX3-regX3 2CR as a P;-dependent regulator of genes involved in
phosphate acquisition in Mycobacterium smegmatis. Characterization of senX3 mutants with different PhoA
phenotypes suggests a dual role for SenX3 as a phosphatase or a phosphodonor for the response regulator
RegX3, depending upon P, availability. Expression of PhoA activity required phosphorylation of RegX3,
consistent with a role for phosphorylated RegX3 (RegX3~P) as a transcriptional activator of phoA.
Furthermore, purified RegX3~P bound to promoter sequences from phoA, senX3, and the high-affinity
phosphate transporter component pstS, demonstrating direct transcriptional control of all three genes.
DNase I footprinting and primer extension analyses have further defined the DNA-binding region and
transcriptional start site within the pho4 promoter. A DNA motif consisting of an inverted repeat was
identified in each of the promoters bound by RegX3~P. Based upon our findings, we propose a model for

P;-regulated gene expression mediated by SenX3-RegX3 in mycobacteria.

Bacterial pathogens must adapt to numerous harsh condi-
tions in order to persist within their hosts. The expression of
genes required for survival under specific environmental con-
ditions is often controlled by two-component regulatory sys-
tems (2CRs) consisting of a sensor histidine kinase (HK) and
a response regulator (RR) (17, 34). Commonly, HKs are mem-
brane-associated proteins which autophosphorylate upon de-
tection of an environmental stimulus and mediate transfer of
the phosphoryl group to a cognate RR at a highly conserved
aspartic acid (Asp) residue. Phosphorylation of the RR leads
to activation of its effector function, which usually involves
DNA binding and transcriptional regulation. In the absence of
an environmental stimulus, the HK can often catalyze the
reverse reaction, resulting in dephosphorylation and inactiva-
tion of the RR effector function (7, 31, 44).

Recent data have emerged regarding the 2CRs of Myco-
bacterium tuberculosis, and important roles have been dem-
onstrated for several, including DevRS, MprAB, PhoPR,
PrrAB, and SenX3-RegX3 (14, 22, 24, 25, 27, 29, 43). Parish
et al. have performed microarray analyses of M. tuberculosis
H37Rv with a deletion in the regX3 RR and identified ap-
proximately 100 differentially regulated genes involved in
diverse cellular pathways (25). However, a consensus DNA-
binding motif within the promoters of deregulated genes
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was not apparent. In addition, no activation of senX3-regX3
expression was observed in response to a variety of stress
conditions, including pH extremes, nutrient deprivation, an-
tibiotics, sodium dodecyl sulfate (SDS), and H,O, (25).
Thus, the genes that directly require senX3-regX3 for their
regulation and the governing environmental stimuli remain
to be determined.

Inorganic phosphate (P;) is an essential nutrient for living
organisms and must be acquired by pathogens during the
course of infection. M. tuberculosis carries multiple copies of
genes for components of a high-affinity, phosphate-specific
transporter (Pst) (8, 21). Mutations within any of several Pst
genes result in reduced phosphate import, and such strains are
significantly attenuated for growth within macrophages and in
animal models of infection (10, 26, 28). Furthermore, expres-
sion of pstS genes increases when mycobacteria are grown
under P;-limiting conditions, demonstrating P;-regulated ex-
pression of the Pst transporters (2, 13, 21). However, none of
the M. tuberculosis 2CRs have been shown to regulate gene
expression in response to limiting available P;.

Analysis of P;-regulated gene expression is often facili-
tated by the detection of alkaline phosphatase (encoded by
phoA), a monoesterase which liberates P; from macromole-
cules. Although a low level of nonspecific phosphatase ac-
tivity is present on the cell surface, pathogenic mycobacteria
do not carry a phoA homolog (5, 8, 9, 15). We recently
reported the unexpected presence of a P;-regulated phoA
gene in the saprophytic organism Mycobacterium smegmatis,
providing a convenient means to study P;-regulated gene
expression in mycobacteria (19). Here, the senX3-regX3 2CR
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TABLE 1. Plasmids used in this work

Plasmid name Relevant characteristics Reference

p0004.SacB Suicide vector, Hyg", SacB Gift from
counterselection T. Hsu

pYUB76 pMV306; (promoterless) E. coli lacZ 4

pYUBI1106 pYUB76; P, 4-lacZ fusion This work

pPMV306 Integrative, single copy 35

pYUBI1113 pMV306; P, x3-senX3-regX3 from This work
M. smegmatis

pYUBI1114 pMV306; P, x3-senX3-regX3 from This work
M. tuberculosis

pET45b E. coli expression vector Novagen

pTIC6 Integrative, single-copy, tetracycline- This work
inducible promoter

pYUB1122 pTIC6; HissRegX3 This work

pYUB1123 pTIC6; HisgRegX3(D52N) This work

is shown to respond to limiting environmental phosphate
concentrations and to regulate phoA expression in M. smeg-
matis. This work provides key information for further anal-
ysis of P;-regulated gene expression in pathogenic mycobac-
terial species.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Escherichia coli strains used for
cloning, protein expression, and cosmid propagation were grown in LB. Wild-
type M. smegmatis mc*155 (33) was grown in LB broth supplemented with 0.02%
tyloxapol for those experiments where P; was not a limiting nutrient. Phosphate-
limiting growth assays were performed using a MOPS (morpholinepropanesul-
fonic acid)-glucose minimal medium (25 mM MOPS, pH 7.2, 25 mM KClI, 10
mM Na,SO,, 20 mM NH,CI, 10 pM FeCl;, 2 mM MgSO,, 0.1 mM CaCl,, 0.4%
glucose, 0.02% tyloxapol) with K,HPO, added as a source of P;.

Plasmid construction. Plasmid construction and molecular biology techniques
were performed according to methods described by Sambrook et al. (32). A list
of plasmids used in this work is provided in Table 1. All cloned DNA alleles were
verified by DNA sequencing. The complete senX3-regX3 operon (including 300
bp of upstream promoter sequence) from M. smegmatis and M. tuberculosis was
PCR amplified and cloned into pMV306 (35) to generate pYUBI1113 and
pYUBI1114, respectively.

N-terminal His, fusion protein constructs were generated as follows. regX3 was
PCR amplified using the oligonucleotides (s)regX3fwd (ATAAGATCTAACC
AGCGTGTTGATCGTTG) and (s)regX3rvr2 (GCAAGCTTTCAGCCCTCCA
GCTTGTATC), where introduced BglIT and HindIIT sites are underlined. A
truncated fragment of senX3 (lacking the N-terminal 393-bp transmembrane
domain) was amplified using (s)senX3sol (TAACGGTACCCGGCTGCTGAC
CGACGAC) and (s)senX3rvr (GCAAGCTTCGCTGGTCATCGTTCTCGT
TG), where KpnI and HindIII sites are underlined. PCR products were digested
and ligated into pET45b vector DNA (Novagen, Madison, WI). A missense
mutation (underlined) at codon 52 (GAT to AAT) was introduced into regX3
using the Quick-Change Site-directed mutagenesis kit (Stratagene, La Jolla, CA)
and oligonucleotides Rmutl (GCCGACATCGTGCTGCTGAATCTCATGCT
CCCCGGCA; the mutagenized nucleotide is in italics) and Rmut2 (TGCCGG
GGAGCATGAGATTCAGCAGCACGATGTCGGC). The resulting product,
HisgregX3(D52N), contains an Asn substitution at position Asp52, which corre-
sponds to the conserved site of RegX3 phosphorylation (16).

To assemble the integrative tetracycline-inducible vector pTIC6, a fragment
containing the M. smegmatis rmT?2 transcription terminator and the P, tetO
promoter/operator (12) was amplified by PCR using pUV15tetORs as a template.
This fragment was inserted into pMP118 (a gift from Martin Pavelka), a pMV261
derivative containing the Tnl0 tetR gene fused to the Mycobacterium bovis hsp60
promoter. A synthetic multiple cloning site was inserted downstream of
Py, tetO. Finally, the pMV261 backbone was replaced with that of pMV361 to
generate  pTIC6  (http:/www.aecom.yu.edu/tbresearch/Resources/Vectors/6
.html). The HisgregX3 and HisgregX3(D52N) genes were amplified from the
pET45b-derived vectors described above (including the vector-derived ribosome
binding site [RBS]) and cloned into the multiple cloning site of pTIC6 to gen-
erate pYUB1122 and pYUBI1123, respectively.
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Plasmid pYUB1106 was constructed by PCR amplification of the phoA pro-
moter with BgIII sites (underlined) introduced using primers Pphl (AAAGAT
CTCGGCCACCCGGACGCAGG) and Pph2 (GTCGGATCCACGGCTTCTC
CTAGACTC). The PCR product was digested and ligated with pYUB76 (4).
The final construct consisted of approximately 300 bp of promoter sequence with
the phoA initiation codon in frame with the promoterless E. coli lacZ.

Transposon mutagenesis. Transposon mutagenesis was performed using
phAE181(Kan"), a temperature-sensitive mycobacteriophage containing the
mariner-based transposon Tn5371 (19, 30). Preparation of high-titer phages and
transductions were performed as previously described (20). Transposon mutants
that constitutively express PhoA activity were isolated on LB agar plates con-
taining 50 wg/ml kanamycin and 60 pg/ml 5-bromo-4-chloro-3-inlolylphosphate
(BCIP). Genetic sites of transposon insertion were identified as previously de-
scribed (3, 11).

Specialized and generalized transductions. DNA regions of approximately
1 kb flanking senX3 or regX3 were amplified by PCR and cloned into the
counterselectable vector p0004.SacB (a gift from T. Hsu) (unpublished data).
Sequenced plasmids were linearized with Pacl and ligated to Pacl-digested
phAE159 DNA. Ligation reaction products were packaged using Gigapack
Gold IIT (Stratagene, La Jolla, CA) and grown as cosmids in E. coli HB101.
Cosmid DNA containing the deletion constructs was electroporated into M.
smegmatis mc*155, and high-titer phage was prepared as previously described
(20). Following transduction, strains with successful allelic exchange were
selected on LB agar plates containing 50 wg/ml hygromycin at 37°C. Gener-
alized transductions using mycobacteriophage Bxz1 were performed as pre-
viously described (20).

Alkaline phosphatase assays. Determination of alkaline phosphatase activity
on whole cells was performed as described previously, with minor modifications
(6). Bacterial cultures were diluted to an optical density at 600 nm (ODygy) of
approximately 0.05 and grown at 37°C with gentle shaking for 40 h. One-milliliter
aliquots were removed and washed twice in an equal volume of TT buffer (1 M
Tris, pH 8.0, 0.1% Tween 80). The cells were resuspended in 1 ml TT buffer, and
100-pl aliquots were divided into individual tubes. One milliliter of substrate
solution (10 mM p-nitrophenyl phosphate, 10 mM MgCl,) was added, and the
tubes were incubated at 37°C and protected from light until a pale yellow color
developed; 0.2 ml of 1 M K,HPO, was added to stop the reaction, and cellular
debris was removed by centrifugation. The OD of each sample was read at 410
nm, and alkaline phosphatase activity was determined using the following formula:
1,000 X OD; X (min of reaction) ™' X ODggo ' X (0.1 ml volume of cells) .

B-Galactosidase assays. M. smegmatis was grown in MOPS-glucose medium
with K,HPO, added as a source of P;, as described above. At the indicated time
points, aliquots were removed; washed in 1 M Tris, pH 8.0; lysed by sonication;
and centrifuged for 10 min to remove insoluble material. Total protein in the
soluble fraction was quantified using the Bio-Rad Protein Assay Kit (Bio-Rad,
Hercules, CA). B-Galactosidase activity was determined as previously described
(23). Units of activity were defined as follows: 1,000 X OD,,, X (min of reac-
tion) ™! X (mg protein) L.

Northern blot analysis. RNA was isolated from 10 ml bacteria using the
FastRNA Pro Blue kit and FastPrep Instrument (Qbiogene, Carlsbad, CA) for
40 s at a speed setting of 6. Five hundred nanograms of RNA was run per lane
on a 1% denaturing agarose gel using NorthernMax Northern blot reagents
(Ambion, Austin, TX). Following electrophoresis, the separated RNA was trans-
ferred to a cellulose membrane using capillary transfer and cross-linked by UV
irradiation. Single-stranded RNA probes were prepared by amplifying intragenic
target DNA with PCR primers introducing a 3" T7 sequence. PCR products were
used as transcription templates and labeled with [«->*P]CTP using Ambion’s
Maxiscript Kit. Membranes were incubated with 1 X 10° cpm of labeled probe
for 1 h at 80°C in UltraHyb buffer and washed six times in 0.1X SSC (1X SSCis
0.15 M NaCl plus 0.015 M sodium citrate) buffer. The membranes were air dried
and exposed on a phosphorimager screen overnight.

Nickel affinity purification of recombinant proteins. Recombinant E. coli
Rosetta(DE3)/pLysS (Novagen, Madison, WI) was induced with 1 mM IPTG
(isopropyl-B-p-thiogalactopyranoside) for 3 h at 37°C. The bacteria were
washed in phosphate-buffered saline, resuspended in 1/50 volume of lysis
buffer (50 mM Tris, pH 8.0, 60 mM NaCl, 1 mg/ml fresh lysozyme) supple-
mented with protease inhibitor cocktail (Roche, Mannheim, Germany), lysed
by sonication, and centrifuged for 30 min at 28,000 X g at 4°C. NaCl and
imidazole were then added to the cleared lysate to 500 mM and 5 mM,
respectively. Protein purification was performed using Amersham HiTrap
chelating columns charged with NiSO,, in accordance with the manufactur-
er’s instructions (Amersham Biosciences, Piscataway, NJ). Briefly, the col-
umns were equilibrated with buffer A (50 mM Tris, pH 8.0, 500 mM NacCl, 5
mM imidazole), loaded with lysate, and washed with 5 volumes of buffer A to
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remove nonspecific protein binding. Stepwise elutions were performed using
5 ml buffer A plus 15 mM, 60 mM, and 300 mM imidazole, with collection
volumes of 1 ml each. Fractions with positive OD,g, values were checked for
protein content by standard SDS-polyacrylamide gel electrophoresis and
stained with Coomassie blue.

Samples containing protein of the predicted molecular weight were subjected
to buffer exchange using an Amersham HiTrap desalting column in buffer B (50
mM sodium phosphate, pH 7.0, 25 mM NaCl, 1 mM EDTA, 1 mM dithiothre-
itol) and were concentrated using Amicon Centriprep YM-3 columns. The pu-
rified proteins were >95% pure, as determined by Coomassie blue staining on
12% SDS-polyacrylamide gel electrophoresis gels. Aliquots were mixed with an
equal volume of glycerol and stored at —80°C for long-term storage.

EMSAs. Target DNA for use in electrophoretic mobility shift assays (EMSAs)
was amplified by PCR and labeled with [y->P]JATP using T4 polynucleotide
kinase. Ten micromolar HisqRegX3 was phosphorylated by 2 uM His,SenX3 in
phosphorylation buffer (10 mM MgCl,, 50 mM KCI, 25 mM Tris-HCI, pH 8.0, 0.5
mM EDTA, 10 mM ATP, 5% glycerol) for 20 to 30 min at room temperature. As
a control, the same reaction was performed in the absence of ATP or with
HissRegX3(D52N). Binding reactions consisted of 4 uM HissRegX3 and 100
pM of target DNA in phosphorylation buffer supplemented with 6 X 10™* U
poly(dI-dC) and 0.3 mg/ml bovine serum albumin for 30 min at room tempera-
ture. Samples were run on 5% nondenaturing polyacrylamide gels (45 mM
Tris-borate, 1.25 mM EDTA, 10 mM MgCl,), vacuum dried, and exposed over-
night on a phosphorimager screen.

DNase I footprint analysis. The PCR fragment of the phoA promoter was
digested with BamHI, and the recessed 3’ end was labeled using [«*?P]TTP and
Klenow exo enzyme (Epicenter, Madison, WI). HisqRegX3 was phosphorylated
as described above and incubated with 5 fmol/ul of radiolabeled DNA in phos-
phorylation buffer supplemented with 1 mM CaCl, and 0.3 mg/ml bovine serum
albumin for 45 min at room temperature; 0.1 U DNase I was added to each tube,
and the reactions were stopped after 30 seconds with stop solution (5 mM
EDTA, 5 mM EGTA, 1% SDS, 0.3 M sodium acetate, pH 5.2). Following
phenol-chloroform extraction and ethanol precipitation, samples were run on a
5% acrylamide sequencing gel, dried, and exposed to a phosphorimager screen
overnight.

Primer extensions. Complementary-strand oligonucleotides PhPEA1 (GCCA
CCGTTGGTCACGATGT) and SsPEA1 (GCAGTAACGCCGACACCAAG)
were end labeled with [y->P]ATP using T4 polynucleotide kinase. Reverse
transcription was performed using avian myeloblastosis virus reverse transcrip-
tase (Roche, Mannheim, Germany) on RNA extracted from mc®155 grown for
1 h in P;-limiting MOPS-glucose medium. To make a single-nucleotide marker,
a plasmid carrying phoA was sequenced with the Sequitherm II kit (Epicenter,
Madison, WI), using the same primers as for the reverse transcription reactions.
Samples were run on a 4% polyacrylamide-urea gel, dried, and exposed to a
phosphorimager screen overnight.

RESULTS

Transposon insertions within senX3 result in PhoA-consti-
tutive mutant strains. In order to identify genes involved in the
regulation of phoA expression, M. smegmatis transposon inser-
tion mutant libraries were plated on rich medium supple-
mented with the chromogenic PhoA substrate BCIP. From
approximately 5,000 transductants, 24 mutants with constitu-
tive PhoA activity were isolated. Twenty-one of the mutants
had transposon insertions within genes of the phosphate-
specific transporter encoded by pstSCAB, consistent with our
previous observation that phoA repression requires an intact
Pst transporter during growth in excess P; (19). Three novel,
independent transposon insertions mapped within the senX3
HK, with each transposon inserted in the same orientation
(Fig. 1). To confirm that the senX3::Tn5371 transposon inser-
tions mediated the PhoA-constitutive phenotype and did not
result from unrelated secondary mutations, generalized trans-
ductions were performed on each mutant strain using the my-
cobacteriophage Bxz1 (20). Greater than 99.5% of the result-
ing kanamycin-resistant transductants cleaved BCIP to yield
“blue” colonies, demonstrating tight linkage between the
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FIG. 1. The senX3-regX3 region of M. smegmatis. senX3, regX3, and
flanking genes are shown as open arrows. Vertical lines indicate sites
of transposon insertion within senX3. A horizontal arrow indicates the
orientation of the kanamycin-selectable marker within each transpo-
son, with strain designations indicated above each arrow. The DNA
fragments used for homologous integration (bold lines) and targeted
deletions (slanted lines) are shown below the gene map.

senX3::Tn5371 insertions and the PhoA-constitutive pheno-
type.

M. smegmatis and M. tuberculosis senX3-regX3 complement
senX3 Tn5371 mutants. The previous result suggested that
SenX3 may be required for the repression of phoA in the
presence of excess P;. To test this prediction, each of the
senX3::Tn5371 mutant strains was transformed with an inte-
grative vector carrying the senX3-regX3 operon cloned from
either M. smegmatis or M. tuberculosis H37Rv. For all three
mutants, 100% of transformants reverted to a PhoA-repressed
phenotype, appearing as “white” colonies on agar plates con-
taining BCIP. The senX3::Tn5371 mutant mc?5023 was further
used in a quantitative alkaline phosphatase assay to measure
the degree of complementation. As shown in Fig. 2A, the
presence of the senX3-regX3 operon cloned from either M.
smegmatis (pYUB1113) or M. tuberculosis (pYUB1114) re-
duced alkaline phosphatase activity in mc?5023 to levels com-
parable to that of the parental mc?155, while the vector control
(pPMV306) had no significant effect. The ability of M. tubercu-
losis senX3-regX3 to complement the senX3::Tn5371 PhoA-
constitutive M. smegmatis mutants further suggests a shared
regulatory role between these species.

senX3 and regX3 deletion analysis. To further analyze the
individual roles of SenX3 and RegX3 in phoA regulation, de-
letions of the coding region of each gene (Fig. 1) were made
using specialized transduction (3). Numerous attempts to de-
lete regX3, either alone or together with senX3, were unsuc-
cessful, suggesting that regX3 is essential in M. smegmatis. In
support of this prediction, disruptions of regX3 were obtained
in merodiploid strains containing an extra copy of the senX3-
regX3 operon cloned from either M. smegmatis or M. tubercu-
losis. Allelic exchange of senX3 was successful in mc?155, and
the integrated construct was resolved to generate an unmarked
AsenX3 mutant strain, designated mc*5032. Surprisingly, un-
like the transposon insertion mutants, the AsenX3 strain did
not exhibit detectable PhoA activity, even under growth con-
ditions where P; was the limiting nutrient. The PhoA-uninduc-
ible phenotype observed in mc?5032 suggests that SenX3 is
required for the induction, rather than the repression, of PhoA
activity. Because senX3 precedes regX3 in an operon, the dif-
ferent PhoA phenotypes most likely result either from residual
SenX3 activity (in the transposon insertion mutants) or from
deregulated transcription/translation of downstream regX3.
Because the sites of transposon insertion are broadly distrib-
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FIG. 2. Anaylsis of gene expression in senX3 mutant strains. (A) The PhoA-constitutive senX3::Tn5371 mutant mc?5023 was transformed with
a vector containing the complete senX3-regX3 operon cloned from M. smegmatis (pYUB1113) or M. tuberculosis (pYUB1114). Recombinant
bacteria were grown in P;-rich media and assayed for alkaline phosphatase activity as described in Materials and Methods. (B) Total RNA was
extracted from the indicated strains, and Northern blot analysis was performed using a regX3-specific RNA probe. Ethidium bromide (EtBr)
staining was used to confirm equal loading. (C) Wild-type mc?155 and the AsenX3 strain mc®5032 were transformed with pYUB1122 (black bars)
and pYUB1123 (gray bars). pYUB1122 encodes HissRegX3, while pYUB1123 encodes the phosphorylation-defective mutant His;RegX3(D52N),
each under the transcriptional control of a tetracycline-inducible promoter. Protein expression was induced in the indicated cultures by the addition
of 50 ng/ml anhydrotetracycline and assayed for alkaline phosphatase activity. The error bars indicate standard deviations.

uted within senX3, residual SenX3 activity conserved in each
mutant seems unlikely. The latter possibility is reasonable, as
the transposon used in this study lacks a transcriptional termi-
nator and all three transposons are inserted in the same ori-
entation (Fig. 1).

To determine whether transcription of regX3 is constitutive
among the mutant strains, Northern blot analysis was per-
formed. As shown in Fig. 2B, mRNA corresponding to regX3 is
more abundant in each of the transposon mutant strains than
in wild-type M. smegmatis. In addition, the sizes of regX3-
specific mRNAs are increased relative to each site of trans-
poson insertion, consistent with regX3 transcription from the
Kan" promoter. Because regX3 is essential in M. smegmatis, we
predicted that some level of regX3 transcription must occur in
mc?5032, and a regX3-specific mRNA species of approximately
1 kb was detected in this strain.

RegX3 is required for PhoA activity. The senX3 deletion
strategy included the removal a putative RBS within the coding
region. We therefore predicted that regX3 translation in
mc?5032 may be impaired. In order to precisely determine
the effect of RegX3 expression, regX3 bearing an N-terminal
His, tag was cloned into a tetracycline-inducible vector to
generate pYUB1122. An additional construct, pYUB1123,
was created using site-directed mutagenesis for the expres-
sion of HisgRegX3(D52N), a mutant that cannot be phos-
phorylated at the conserved Asp52 residue due to an Asn
substitution. As expected, mc?155 transformed with either
pYUB1122 or pYUB1123 showed no change in PhoA activity
following promoter induction with anhydrotetracycline (Fig.
20). In contrast, expression of His;RegX3 in mc?5032 resulted
in >5-fold induction of PhoA activity compared to the unin-
duced control, an induction level consistent with the predicted
promoter activity using the tetracycline-inducible promoter in
mycobacteria (12). These data are consistent with the tran-

scription of a stable, regX3-encoding mRNA species in
mc?5032 which cannot be efficiently translated into functional
RegX3 protein. Importantly, PhoA activity under these condi-
tions also requires the expression of wild-type RegX3, as expres-
sion of the phosphorylation-defective mutant RegX3(D52N) had
no effect on PhoA activity. Together, these observations suggest a
requirement for phosphorylated RegX3 (RegX3~P), as well as
the absence of functional SenX3, in the positive regulation of
PhoA activity.

Both senX3-regX3 and phoA are transcriptionally activated
under P;-limiting growth conditions. Expression of PhoA ac-
tivity in M. smegmatis is known to be induced during P;-limiting
growth (19). To determine the kinetics of phoA and senX3-
regX3 regulation at the level of transcription, Northern blot
analysis was performed on total RNA isolated from wild-type
mc?155 grown in MOPS-glucose medium in the presence of
excess P; or without exogenously supplied P;. mRNAs corre-
sponding to phoA, senX3, and regX3 were rapidly induced when
bacteria were grown in media lacking P; (Fig. 3A). The senX3
and regX3 mRNAs were not well resolved in the denaturing
agarose gel and appeared to be between 1.2 and 2 kb and 0.9
and 2 kb, respectively, with the lower range corresponding to
the size of each individual gene. Both senX3 and regX3 mRNAs
were detectable as early as 5 min following phosphate deple-
tion and preceded detectable phoA transcription. The levels of
all three transcripts began to decline by 2 h poststarvation,
possibly reflecting a global decrease in transcription as a result
of insufficient available P;.

To analyze the regulation of the phoA promoter indepen-
dently of PhoA activity, we utilized a reporter plasmid,
pYUB1106, containing a P,,,4-lacZ translational fusion. Re-
combinant M. smegmatis was grown in MOPS-glucose medium
containing excess P; (50 mM) or without added P; and assayed
for lacZ activity at various time points. In agreement with the
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FIG. 3. Phosphate-dependent transcriptional regulation of phoA and senX3-regX3. (A) Northern blot. Total RNA was extracted from bacteria
grown in medium supplemented with excess P; (50 mM) or with no added P;, as shown. The single-stranded RNA probes used for each blot are
identified on the left. Ethidium bromide (EtBr) staining of total RNA was used to demonstrate equivalent loading of RNA. (B) Recombinant
mc?155 containing the P, 4-lacZ reporter plasmid pYUB1106 was grown in the presence of excess (50 mM) P; (gray bars) or in P;-limiting medium
(black bars). At the time points indicated, aliquots were removed and assayed for 3-galactosidase activity as described in Materials and Methods.

The error bars indicate standard deviations.

data obtained from Northern blots, translation of lacZ from
the phoA promoter was induced only when bacteria were
grown under P-limiting growth conditions (Fig. 3B). After
24 h, the level of LacZ activity was increased more than 450
times when bacteria were grown in P;-depleted media. In con-
trast, lacZ expression from the constitutive M. tuberculosis
hsp60 promoter remained constant throughout the assay, re-
gardless of the phosphate concentration (data not shown).

Phosphorylated RegX3 directly binds to promoters of phos-
phate-regulated genes. Analysis of M. tuberculosis SenX3-
RegX3 has indicated canonical 2CR characteristics, including
autophosphorylation of SenX3, transfer of the phosphoryl
group to RegX3, and binding of RegX3 to the senX3 promoter
(autoregulation) (16). The data described here provide strong
evidence for the transcriptional control of phoA by SenX3-
RegX3 but cannot exclude an indirect relationship within a
more complex regulatory network. In order to determine if
RegX3 acts directly on the phoA promoter, EMSAs were per-
formed.

M. smegmatis His,SenX3, His;RegX3, and His,RegX3(D52N)
were expressed in E. coli and purified using nickel affinity
chromatography. EMSAs were performed using His;RegX3
and PCR-amplified DNA promoter elements of phoA (167
bp), senX3 (199 bp), and the phosphate-regulated gene pstS
(139 bp), with the sizes of the respective PCR products in
parentheses. His;RegX3 directly bound to each of the regu-
lated promoters only when it was first phosphorylated by pre-
incubation with His,SenX3 (Fig. 4). No binding was observed
when the phosphorylation reaction was performed in the ab-
sence of ATP, with the mutant HisyRegX3(D52N), or with
His,SenX3 alone. In addition, RegX3~P was unable to bind to
a 355-bp DNA fragment corresponding to an internal senX3
coding sequence, P, y;(int). These results demonstrate a spe-
cific and direct regulatory role for RegX3~P in the transcrip-
tional control of phoA, senX3, and pstS.

Identification of the RegX3~P DNA-binding region and
transcriptional start site (TSS) within the phoA4 promoter. To
determine the specific DNA sequence within the phoA pro-

moter recognized by RegX3~P, DNase I footprinting was per-
formed. As shown in Fig. 5A, incubation with RegX3~P pro-
tected a region of the phoA promoter from DNase I cleavage.
The protected region consisted of approximately 50 bp located
between positions —110 and —59 upstream of the phoA coding

123475
{His) RegX3 + + - - -
(His) RegX3(D52N) - - + - -
(His) SenX3 + + + + -
ATP + -+ + -
A) PphoA
B—f ndt
F—| et
B) PsenX3
B—|
E— el bl
C) pstS
B—
F— ol ot
D) PsenX3{inrJ
F—| ot bt ot s

FIG. 4. Direct binding of RegX3~P to P;-regulated promoter ele-
ments using EMSA. Promoter regions were amplified upstream of
(A) phoA (157 bp), (B) senX3 (199 bp), and (C) pstS (139 bp) or from
(D) an internal coding region of senX3 (355 bp). Radiolabeled PCR
products were used in binding reactions with the protein combinations
indicated above each lane. Bound (B) and Free (F) DNA is indicated
on the left of each panel. Binding reactions consisted of 4 pM
HisgRegX3 or His,RegX3(D52N), 0.8 uM His,SenX3, and 200 pM
[y->*P]ATP-labeled DNA. The final concentration of phosphorylated
HisSenX3 in lane 4 was 4 pM.
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FIG. 5. (A) DNase I footprinting of the phoA promoter bound by RegX3~P. End-labeled phoA promoter DNA was incubated with (lane 1)
1.5 uM, (lane 2) 3 pM, (lane 3) 6 uM, (lane 4) 12 uM, or (lane 5) 24 wM phosphorylated HisyRegX3. Following DNase I treatment, samples were
run on a 5% acrylamide sequencing gel and visualized on a phosphorimager. The DNA region protected from DNase I cleavage is indicated. As
a control, the same experiment was performed with the omission of ATP in the phosphorylation reaction. (B and C) Total RNA isolated from
P;-starved cells was used in a primer extension analysis with antisense oligonucleotide primers located within phoA (B) and senX3 (C), as indicated.
Samples were run adjacent to a sequencing reaction performed using the same primer as for the reverse transcription on a 4% polyacrylamide-urea
gel and visualized using a phosphorimager. The unique band identified in each primer extension is distinguished from adjacent sequence by a

capital letter.

sequence. As predicted by the EMSA results, the same pro-
moter fragment was not protected from DNase I cleavage
using purified His,RegX3 that was not phosphorylated.

To further characterize the phoA promoter, the TSS was
determined by primer extension analysis of total RNA ex-
tracted from M. smegmatis grown in P;-limiting medium. The
antisense primer PhPEA1 was used to identify a unique, dom-
inant TSS at a cytosine residue 41 nucleotides upstream of the
GTG start codon (Fig. 5B). The same experiment was per-
formed using an additional primer, PhPEA2, and confirmed
the location of the phoA TSS (data not shown). Using the same
pool of total RNA and the antisense primer SsPEAIL, the
senX3 TSS was identified at a thymidine residue located at
least 7 bp upstream of several potential translational initiation
codons (Fig. 5C).

Using Gibbs motif analysis (36, 37) of the sequences of
the three promoters bound by RegX3~P, a putative “pho
box” consisting of an inverted repeat (GTGAAC) and sep-
arated by seven unconserved nucleotides was identified in
each promoter (Fig. 6A). This conserved motif was also
identified within a 42-bp region of the M. tuberculosis senX3
promoter previously shown to bind recombinant purified

RegX3 from M. tuberculosis (16). The predicted “pho box”
within the M. smegmatis senX3 promoter is located 78 bp
upstream of the senX3 TSS.

Based on sequence analysis of the phoA promoter, the
DNase I protected region is located approximately 6 bp up-
stream of a consensus —10 sequence, with the TSS preceding
a well-conserved RBS sequence (Fig. 6B). The positions of
regulatory elements within the phoA promoter are all consis-
tent with a role for RegX3~P in the transcriptional activation
of phoA. Interestingly, the “pho box” sequence present in the
phoA promoter exists as an exact inverted 7-bp repeat, extend-
ing 1 bp from the conserved motif at each end. It is unclear if
the extended motif or exact repeat plays a role in the activity of
phoA regulation by RegX3~P. At this time, the RegX3~P
recognition sequence we have identified is loosely conserved at
specific nucleotides among the three regulated promoters. As
such, the binding motif we have identified is insufficient to
predict additional RegX3~P binding sequences in the M.
smegmatis genome. The identification of additional genes di-
rectly regulated by RegX3~P and the invariant nucleotides
within the RegX3~P binding motif should help to define the
mycobacterial “pho” regulon.
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FIG. 6. Conserved regulatory sequences identified within P;-regulated promoters. (A) The DNA sequences used in the EMSA assay were
compared using Gibbs motif analysis. Sequences were aligned based on the identified motif present in each. Nucleotides conserved between at least
two of the three sequences are highlighted. The consensus motif is shown below the alignment with the inverted-repeat sequence underlined. n,
unconserved nucleotide. (B) The sequence of the phoA promoter is shown with regulatory elements indicated, including the DNase I protected

region, —10 consensus, TSS, RBS, and translation initiation codon.

DISCUSSION

M. smegmatis has previously been shown to carry a P;-regu-
lated alkaline phosphatase (phoA) gene (19). Here, we have
identified the senX3-regX3 2CR as a direct regulator of
phoA expression. We isolated two classes of senX3 mutants
with dichotomous PhoA phenotypes; three independent
senX3::Tn5371 mutants were PhoA constitutive, while a
AsenX3 strain was PhoA null. Because SenX3 is a sensor HK,
its role in regulating phoA expression is predicted to involve
modification of the phosphorylation state of RegX3. The op-
posing PhoA phenotypes observed in the different senX3 mu-
tant strains most likely resulted from deregulated expression of
regX3, which lies immediately downstream of senX3. Differing
levels of RegX3 were expected among the different mutants, as
the transposon used in this study does not contain a transcrip-
tional terminator and all three transposon insertions are in the
same orientation (Fig. 1). Furthermore, because regX3 is es-
sential in M. smegmatis, some level of RegX3 protein must be
present in the transposon insertion mutants, as well as the
AsenX3 strain.

Under growth conditions where P; is abundant, we observed
PhoA activity when SenX3 was absent and RegX3 was present
in a phosphorylatable state. Because PhoA activity requires
RegX3~P and the absence of functional SenX3, we conclude
that SenX3 catalyzes the removal of the phosphate moiety
from RegX3. In vitro experiments, on the other hand, suggest
that SenX3 acts as a phosphodonor for RegX3 and that phos-
phorylation of RegX3 is required for its DNA-binding activity.
The latter result is consistent with a role for SenX3 in facili-
tating the phosphorylation and consequent positive regulatory
activity of RegX3.

Based on our data and current information regarding other
prokaryotic 2CRs (18, 31), we propose a model for phoA reg-
ulation by SenX3-RegX3 as outlined in Fig. 7. According to
our model, the phosphatase activity of SenX3 maintains
RegX3 in an unphosphorylated (and inactive) state when P; is

abundant. When environmental P; becomes limiting, SenX3
loses its phosphatase activity, probably through dimerization
and autophosphorylation, and acts as a preferred phosphodo-
nor for RegX3. The accumulation of RegX3~P then leads to
the transcriptional activation of several genes, including phoA.
Our model requires that RegX3 be phosphorylated in the
absence of SenX3, although an alternative phosphodonor has
not been identified. However, the M. tuberculosis dormancy
RR DosR can acquire a phosphor group from its cognate HK,
DosS, or by the orphan HK, DosT, demonstrating the presence
of alternative phosphodonors in mycobacteria (35). In ad-
dition, RR can often use small phosphate-containing meta-
bolic intermediates directly as phosphodonors (34). The ap-
parent similarities between P;-regulated gene expression in
M. smegmatis and E. coli are noteworthy, particularly be-
cause these organisms are so genetically distinct.

In E. coli, phoA expression is regulated by a 2CR consisting
of the RR PhoB and the HK PhoR (38, 40). Like SenX3, PhoR
lacks a significant extracellular domain, and the Pst transporter
is predicted to be the sensor of available P;. Accordingly, P;
sampling is most likely performed by the Pst transporter en-
coded by pstS-C-A-B, as mutations in any of these genes are
sufficient for deregulated phoA expression. PhoR has also been
shown to have phosphatase activity toward PhoB (7), demon-
strating a similar mechanism for phoA repression in E. coli.
Like the senX3::Tn5371 identified in this work, E. coli phoR
mutants are PhoA constitutive and PhoB is known to acquire
a phospho group from either an unrelated kinase, CreC, or
directly from acetyl phosphate, neither of which is regulated by
environmental P; (1, 41, 42).

The essentiality of regX3 that we observed in M. smegmatis
was unexpected, because neither senX3 nor regX3 is essential in
M. tuberculosis (25, 29). 1t is possible that a low level of regX3
expression is required in M. smegmatis to permit sufficient P;
uptake for normal growth. Due to the slower growth and/or
presence of multiple phosphate transporters (21), this require-
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FIG. 7. Model of phoA regulation by SenX3-RegX3. When environmental P; is abundant, SenX3 is required to maintain RegX3 in an
unphosphorylated state, where it is unable to bind target DNA and gene transcription is repressed (1). When P; becomes a limiting nutrient, SenX3
autophosphorylates and becomes a phosphodonor for RegX3 (2). The increased affinity of RegX3~P for its consensus motif permits DNA binding
and activates gene transcription. In the absence of functional SenX3, RegX3 can acquire phosphate from another, undetermined donor molecule
(3). Because the extracellular sequence of SenX3 is only a few amino acids in length, the concentration of available P; is probably not sensed by
SenX3 directly. Instead, the Pst transporter is likely to relay this information to SenX3 and to regulate its phosphatase/phosphodonor activity
toward RegX3, as indicated by arrows on either side of the Pst transporter.

ment may be reduced in M. tuberculosis. Alternatively, the
essential gene(s) that requires RegX3 for its expression in M.
smegmatis may be under different or additional regulatory con-
trols in M. tuberculosis.

SenX3-RegX3 comprise one of several complete 2CRs highly
conserved in mycobacteria (8, 9, 15, 39), and independent studies
have shown attenuated virulence of M. tuberculosis senX3-regX3
mutants in vivo (25, 29). Nevertheless, previous efforts to identify
an environmental stimulus for senX3-regX3 have been unsuccess-
ful (25), and the environmental stimuli that govern 2CR re-
sponses can rarely be predicted based solely on gene homology.
The work described in this paper provides a mechanism for P;-
regulated gene expression in mycobacteria that is mediated by the
SenX3-RegX3 2CR and suggests that pathogenic mycobacteria
must adapt to P-limiting conditions in vivo. Because the M. fu-
berculosis senX3-regX3 operon was able to complement the M.
smegmatis senX3 transposon insertion mutants, it is possible that
both organisms utilize SenX3 and RegX3 for P;-dependent gene
regulation. Future research should focus on identifying those
genes that are directly regulated by SenX3-RegX3 and determin-
ing the significance of the P;-regulated adaptive response for the
virulence of pathogenic mycobacteria.
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