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Three Different Putative Phosphate Transport Receptors Are
Encoded by the Mycobacterium tuberculosis Genome and Are
Present at the Surface of Mycobacterium bovis BCG
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A gene encoding a protein homologous to the periplasmic ABC phosphate binding receptor PstS from
Escherichia coli was cloned and sequenced from a Agtl1 library of Mycobacterium tuberculosis by screening with
monoclonal antibody 2A1-2. Its degree of similarity to the E. coli PstS is comparable to those of the previously
described M. tuberculosis phosphate binding protein pab (Ag78, Ag5, or 38-kDa protein) and another M.
tuberculosis protein which we identified recently. We suggest that the three M. tuberculosis proteins share a
similar function and could be named PstS-1, PstS-2, and PstS-3, respectively. Molecular modeling of their
three-dimensional structures using the structure of the E. coli PstS as a template and their inducibility by
phosphate starvation support this view. Recombinant PstS-2 and PstS-3 were produced and purified by affinity
chromatography. With PstS-1, these proteins were used to demonstrate the specificity of three groups of
monoclonal antibodies. Using these antibodies in flow cytometry and immunoblotting analyses, we demonstrate
that the three genes are expressed and their protein products are present and accessible at the mycobacterial
surface as well as in its culture filtrate. Together with the M. tuberculosis genes encoding homologs of the PstA,
PstB, and PstC components we cloned before, the present data suggest that at least one, and possibly several,
related and functional ABC phosphate transporters exist in mycobacteria. It is hypothesized that the myco-
bacterial gene duplications presented here may be a subtle adaptation of intracellular pathogens to phosphate
starvation in their alternating growth environments.

The diseases caused by mycobacteria are still important
sources of morbidity and mortality in the world today. The
World Health Organization has established that there are
about 10 million new cases of tuberculosis each year and that
tuberculosis is responsible for at least 3 million deaths annually
(5, 16, 26, 40). The efficacy of the live attenuated strain of
Mycobacterium bovis BCG, which is presently the only available
tuberculosis vaccine, varies considerably from one population
to another. This may explain the effort invested by many lab-
oratories in identifying new antigens (51) that may be used to
stimulate an efficient immune defense response against the
pathogen or provide new and more rapid tools for its identi-
fication. The first generation of antigens to be identified was
mostly stress proteins (with molecular masses of 10, 65, and 70
kDa) selected with monoclonal antibodies (MADs) raised in
BALB/c mice immunized with killed mycobacteria (16, 51).
Immunization of mice with mycobacterial culture filtrates (CF)
(29) or with live Mycobacterium tuberculosis (11) or M. bovis
BCG (23) resulted in different humoral responses directed
against other distinct antigens. The response obtained was
dependent on the mouse strain. C57BL/6 mice infected with
live BCG vaccine were found to react preferentially against a
40-kDa protein (Ag88) and a 37-38-kDa doublet protein,
whereas BALB/c mice reacted essentially against the 65-kDa
heat shock protein and against the 30-32-kDa fibronectin-bind-
ing antigen 85 complex (23).
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In this paper, we report on the cloning and sequencing of an
M. tuberculosis gene by using the MAb 2A1-2, which reacts
with the 37-38-kDa doublet protein from M. bovis BCG CF
(22). The deduced amino acid sequence encoded by this gene
shows a high degree of similarity with PstS (PhoS), the high-
affinity phosphate binding subunit of the E. coli Pst system (31,
42). Since another mycobacterial PstS-like protein was cloned
before (2), we decided to call this latter protein PstS-1 instead
of pab, Ag78, Ag5, or 38-kDa protein and the gene we cloned
and its product pstS-2 and PstS-2, respectively.

We have previously shown that the M. tuberculosis pstS-1
gene belongs to a gene cluster including three other genes
called pstB, pstC-1, and pst4-2 (see Fig. 1, cluster 1) due to
their similarity to the corresponding genes of the E. coli Pst
system (10). In addition, by genomic walking upstream of the
M. tuberculosis pstA-1 gene (8), the first mycobacterial ho-
molog of E. coli pstA, we identified another gene similar to
pstC and a third pstS-like gene, which we designated pstC-2 and
pstS-3, respectively, and which constitute cluster 2 (9). Cluster
3 encloses pstS-2, which is described here, and the MbK gene
(33a). All of these genes were found on a continuous DNA
stretch of the M. tuberculosis genome (see Fig. 1).

Here, we report on the production and purification of the
recombinant PstS-2 and PstS-3 proteins (rPstS-2 and rPstS-3,
respectively). Using these proteins and recombinant PstS-1
(rPstS-1), we show that a group of MAbs reacting with antigens
from the CF of M. bovis BCG previously known as the 38-kDa
protein (pab) (2), 37-38-kDa protein, and the 40-kDa protein
(Ag88) (22) can also react with and distinguish between the
products of the pstS-1, -2, and -3 genes. Finally, using these
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MAbs for flow cytometry, we have demonstrated that these
PstS proteins are also presented and are accessible on the
mycobacterial surface.

MATERIALS AND METHODS

Screening of Ngtl1 M. tuberculosis library with a MAb. The \gt11 M. tubercu-
losis genomic DNA library was kindly provided by R. A. Young (52). Screening
was performed with MAb 2A1-2 (directed against a 37-38-kDa doublet protein
[22]) as previously described (7, 24). Crude lysates from selected Agtll recom-
binant lysogens were prepared as previously described (7) and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 8 to
16% gradient gels (NOVEX) and immunoblotting with MADb 2A1-2 as previously
described (22).

Large-scale preparation of phage DNA, subcloning, and DNA sequencing.
Large-scale preparation of phage DNA was carried out according to standard
procedure (34). The R1 clone (see Fig. 1) was digested with EcoRI, and a 1.1-kb
fragment was subcloned into the EcoRI site of pBluescribe-M13+. DNA se-
quencing was carried out by Sanger’s technique (35). Double-stranded plasmid
DNA was sequenced on both strands with the T7 sequencing kit (Pharmacia).
GC-rich compressed regions were sequenced with Tag DNA polymerase (Pro-
mega) in the presence of 7-deaza-dGTP.

Production and purification of PstS-2 and PstS-3 recombinant proteins. The
gene fragment coding for the mature PstS-2 protein was generated by digestion
of the 1.1-kb EcoRI fragment of R1 pBluescribe-M13+ with Spil and EcoRI and
subcloned into pRSET-B (Invitrogen) in frame with a His, encoding headpiece.
For PstS-3, a fragment of 1,079 bp was amplified for 25 PCR cycles with the Pfu
polymerase (Stratagene) with the oligonucleotides 5'-CGCGGATCCT-CTGTG
GTAACGACGACAATGTGACC (forward primer) and 5'-CGCGGA-TCCCG
TCAACCTCAGATCAGG (reverse primer). The amplification product was
then digested with Bg/II and inserted in pRSET-C (Invitrogen) in frame with a
His, encoding headpiece. Competent E. coli IM109 (DE3) (Promega) was trans-
formed with the two constructions, and transformants were selected on Luria-
Bertani plates supplemented with 50 pg of ampicillin/ml.

For protein expression, cells were grown in SOB medium with 50 pg of
ampicillin/ml to an optical density at 600 nm (ODg) of 0.45 and then induced
with 1 mM isopropyl-B-p-thioglycolate for 3 h at 37°C. The recombinant pro-
teins, recovered in major quantities in the insoluble fraction (inclusion bodies),
were purified by metal affinity chromatography on a Ni-nitrilotriacetic acid resin
column (Qiagen) under denaturing conditions. Purity of the purified recombi-
nant proteins was examined by Coomassie staining of an SDS-15% PAGE
electrophoresis gel. For immunoblot analysis, nitrocellulose filters were incu-
bated with the specified MAbs and revealed with the Protoblot Western Blot AP
system (Promega) according to the manufacturer’s instructions.

Phosphate starvation. Prior to culturing the cells, the Sauton medium (36) was
supplemented with K,HPO, to a final concentration of 3 g/liter (instead of 0.5
g/liter in the original medium). M. bovis BCG was inoculated into this modified
Sauton medium and grown at 37°C under agitation. When the culture had
reached an ODy4, of 0.3, two samples were harvested by centrifugation at
6,000 X g, washed, and resuspended in the same volume of either modified
Sauton medium or Sauton medium prepared without phosphate. The culture was
continued for 24 h, and the bacterial lysates were prepared as previously de-
scribed (3).

Computer analysis. Computer-aided analyses of the nucleic acid and deduced
amino acid sequences were performed with the DNA Strider program (32) and
the Genetics Computer Group program (14) of the BEN (Belgian EMBnet
Node) network facility. Homology search in the protein sequence data banks was
greatly facilitated by use of the EMBL Blitz server, which utilizes the Smith and
Waterman algorithm (39) on a MPsrch program, and the NCBI Blast programs
(1, 20). Probable sequencing errors and open reading frames (ORFs) were
detected with GenMark 2.1 (6).

Molecular modeling. The three-dimensional models of PstS-1, -2, and -3 were
built with the X-ray structure of the E. coli PstS (protein data bank accession
code, 1bpb) as a template. The side chains of residues in the E. coli PstS were
exchanged for those of the M. tuberculosis proteins according to the sequence
alignments (see Fig. 6) by using a database search approach. Preliminary inspec-
tion of the protein cores showed fairly good packing of the molecules without
unfavorable contacts of side chain atoms, indicating a good accommodation of
the M. tuberculosis sequences into the E. coli PstS structure. Nevertheless, the
structures were energy minimized over 500 steps by using a steepest-descent
algorithm to reach an energetically low conformation. Molecular modeling and
graphical representation were carried out by using the programs WHATIF (48)
and GRASP (33), respectively, on an Indigo 2 SGI (Silicon Graphics Inc.,
Mountain View, Calif.).

Flow cytometry analysis. Flow cytometry analysis was performed on a Facscan
(Becton Dickinson) driven by Cellquest software. Green fluorescence was stud-
ied with a 530/30-nm bandpass filter. Photomultiplier tube pulses were amplified
logarithmically. Ten-thousand events were measured and stored in list mode data
files. Before each sample run, the flow cytometer performances were monitored
by using fluorescent microspheres (Calibrite Fluorescent kit, Becton Dickinson).
The fluorescence was calibrated with beads of known fluorescence activity rang-
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ing from 6.3 X 10* to 1.41 X 10° equivalent soluble molecules of fluorochrome
(Flow Cytometry Standards). Bacteria were gated with their morphological prop-
erties (forward scatter-side scatter) set on logarithmic mode. The mean fluores-
cence intensity of the related populations of bacteria was calculated from histo-
grams and expressed in arbitrary units corresponding to an intensity channel
number ranging from 0 to 1023. For the staining procedure with MAbs, M. bovis
BCG and E. coli (JM109, Promega) cultures were grown in Sauton medium
supplemented with 0.025% Triton X-100 and Luria-Bertani medium, respec-
tively, to an ODyg of 0.7. Cells were harvested by centrifugation at 3,000 X g at
4°C for 5 min and resuspended in 50 ul of a buffer containing 10% fetal calf
serum and 1% bovine serum albumin in normal saline solution (buffer L).
Bacteria were incubated for 1 h at 4°C, with permanent agitation, in the presence
of one of the following MAbs: HBT12, HYT28, 2A1-2, 2C1-5, or 2F8-3. Anti-
human CD3 MADb and anti-human CD4 MAb (Becton Dickinson) were used as
negative controls. Cells were washed three times with buffer L and stained (by
incubation for 1 h at 4°C in a final volume of 100 pl) with the secondary
fluorescein isothiocyanate-conjugated anti-mouse antibody (Dako, Glostrup,
Denmark). After being washed, the cell pellets were resuspended in normal
saline for cytometry analysis.

Nucleotide sequence accession number. The DNA sequence of the pstS-2 gene
has been deposited in the European Molecular Biology Laboratory database
under accession number Z48056.

RESULTS

Cloning and sequencing of M. tuberculosis pstS-2 gene.
Screening a Agtll M. tuberculosis expression library with MAb
2A1-2, we isolated the recombinant phage R1 (Fig. 1). Analysis
of crude lysates of E. coli lysogens of this recombinant phage
revealed a fusion protein of ~150 kDa that was recognized by
MAD 2A1-2 in a Western blot assay, suggesting that the clone
contained a relatively large part of the 37-38-kDa protein (data
not shown).

To complete the gene sequence, we screened the same Agt11
M. tuberculosis library with a fragment from the right extremity
of R1 (Fig. 1). We isolated clone B1, which displayed an
overlap of about 900 bp with the R1 fragment sequence (Fig.
1) (10). The nucleotide sequence (EMBL Z48056) correspond-
ing to the overlap between R1 and B1 shows that among the
several potential in-frame initiation codons, only one GTG was
preceded, 12 nucleotides upstream, by a purine-rich, potential
ribosome binding site. It was therefore chosen as the most
likely start codon of the R1-B1 OREF, extending to a final TGA
codon at position 1111. The overall base composition was 61%
guanines and cytosines with a predominance of these bases at
the third position of each codon. The deduced amino acid
sequence of the complete R1-B1 ORF corresponds to a pro-
tein of 370 residues which is highly similar to the M. tubercu-
losis phosphate binding component PstS-1 (77% similarity,
29.5% identity) (2). We therefore designated this gene pstS-2
and the protein it encodes, PstS-2. Shortly after, we identified
by genomic walking upstream of pstA-1 (8) another gene,
similar to pstS-1 and pstS-2, which we named pstS-3 (28 and
65.5% identity; 73 and 94% similarity with PstS-1 and PstS-2,
respectively) (Fig. 1) (9). Examination of the deduced amino
acid sequences of PstS-1 (2), PstS-2, and PstS-3 revealed they
contain a typical 20- to 25-amino-acid hydrophobic signal se-
quence and the consensus amino acid sequence for a predicted
prokaryotic membrane lipoprotein lipid attachment site:
{DERK}(,)-[LIVMFWSTAG](,)-[ LIVMFYSTAG-CQ -
[AGS]-C (4) (see Fig. 6). Interestingly, PstS-1 was recently
shown to be a lipoprotein by metabolic labeling with fatty acid
precursors and Triton X-114 phase separation (42).

Expression of PstS-2 and PstS-3 in E. coli and their recog-
nition by specific MAbs. In order to show that these genes are
coding for the predicted PstS proteins, and to find out whether
they are recognized by available MAbs directed against M.
bovis BCG CF antigens, we expressed PstS-2 and PstS-3 in
recombinant form in E. coli. To prevent PstS-2 and PstS-3 from
being exported to the periplasm and anchored to the cytoplas-
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FIG. 1. Map of overlapping M. tuberculosis-\gt11 clones C1, Al (8, 9), R1 (this study), B2 (9), B1 (10), and AA71 (2). The arrows indicate the orientation of ORFs.
The drawing shows the locations of the new pstS genes relative to the components of other phosphate permeases which are organized in three clusters as indicated
(8-10). The M. leprae ORFs found in cosmids B650 and B1308 and which are homologous to the M. tuberculosis proteins are indicated. Hairpins represent EcoRI

restriction sites.

mic membrane by a lipoyl-amino acid moiety we chose to
produce these recombinant proteins without their putative sig-
nal sequence. Recombinant PstS-2 and PstS-3 were expressed
as His-tagged fusion proteins and purified. Coomassie blue
staining of SDS-PAGE gels of the purified proteins rPstS-2
and rPstS-3 has shown that they were both expressed well and
had the expected molecular mass. An example of purification
of rPstS-2 is shown in Fig. 2A. Previous studies have shown
that MAbs HBT12 and HYT28, 2A1-2, and 2F8-3 and 2C1-5
react with pab (38 kDa), the 37-38-kDa protein, and Ag88 (40
kDa), respectively, from the CF of M. bovis BCG (2, 22).

We compared the recognition of the three recombinant pro-
teins and CF antigens by Western blot analysis using these
three different MAbs. As shown in Fig. 2B, rPstS-2 is recog-
nized by MAb 2A1-2, rPstS-3 is recognized by MADb 2F8-3, and
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FIG. 2. (A) Coomassie blue-stained SDS-PAGE gel showing the purified
recombinant PstS-2 protein. Lane 1 represents the flow-through and lane 2
represents the elution at pH 6.5. (B) Immunoblotting analysis with MAbs
HBT12, 2A1-2, and 2F8-3 of recombinant proteins PstS-1 (lane 1), PstS-2 (lane
2), and PstS-3 (lane 3) and CF of M. bovis BCG (lane 4).

rPstS-1 (38) is recognized by HBT12. These results demon-
strate that the pstS-1, -2, and -3 genes exist and are expressed
as CF antigens in M. bovis BCG. The MAbs are specific since
no cross-reactivity was detected between them.

Are PstS-1, PstS-2, and PstS-3 secreted and/or anchored
proteins? As described above the three PstS proteins are pre-
dicted to be lipoproteins which may bind the bacterial mem-
brane. However their presence in CF suggests that they are
soluble and probably secreted. To test whether they are at-
tached to and exposed on the M. bovis BCG membrane we
analyzed 10-day cultures of M. bovis BCG populations (ODy,
of 0.7) by using flow cytometry. We used the five specific MAbs
described above. As shown in Fig. 3 MAbs HYT28, 2A1-2, and
2F8-3 each revealed a difference of about 1 log,, in fluores-
cence intensity compared to negative controls. Similar results
were obtained with HBT12 (for PstS-1) and 2C1-5 (for PstS-3)
(data not shown). None of the five MAbs showed any emission
of fluorescence when E. coli bacterial populations at the same
OD were used (data not shown). Labeling of the mycobacteria
with anti-human CD3 MADs or anti-human CD4 MAbs (data
not shown) was also negative. Altogether, the above results
demonstrate that the three PstS subunits are located on the
mycobacterial surface, possibly by cell wall or membrane an-
choring.

PstS proteins and phosphate metabolism. The effect of
phosphate starvation on PstS-1, PstS-2, and PstS-3 expression
within whole M. bovis BCG cells cultivated for 24 h was ana-
lyzed by immunoblot assay (Fig. 4). The 32-kDa protein
(Ag85) (50) was used as an internal control in this experiment.
The accumulation of the three PstS proteins is enhanced under
phosphate starvation while the production of Ag85 is not in-
fluenced.

The PstS proteins constitute a family of phosphate recep-
tors for bacterial ABC-type transporters. A homology search
for PstS-2 and PstS-3 with the Blast program (20) detected a
dozen additional PstS-type proteins in eight distinct bacterial
organisms. A dendrogram of these proteins shows that three
clusters may be distinguished: a PstS-1 group, including three
species of mycobacteria (M. tuberculosis, M. leprae, and M.
intracellulare), a second group containing PstS-2 and PstS-3 of
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FIG. 3. Flow cytometric analysis of bacterial populations. (A) Dot plots of the gated mycobacterial population used for analysis. The three MAbs used were HYT28
(B) for PstS-1, 2A1-2 (C) for PstS-2, and 2F8-3 (D) for PstS-3. Fine-line tracings represent bacterial populations without MAbs (negative control), and the heavy lines

represent the same specimens stained with the indicated MAbs.

M. tuberculosis and PstS-4 of M. leprae (Fig. 5). The third group
is represented by the external phosphate receptor of gram-
negative bacteria and cyanobacteria, this group being distant
from the gram-positive bacteria represented by the genus Ba-
cillus. It is interesting that according to this diagram the puta-
tive evolutionary distance between the PstS-1 cluster and the
PstS-2-PstS-3-PstS-4 cluster is nearly as important as their
respective distances from the gram-negative cluster, suggesting
a very ancient duplication (divergence) within the mycobacte-
ria.

Recently, the X-ray diffraction structure of the liganded
form of PstS of E. coli has been determined (30). It has indi-
cated that Thr-10, Phe-11, Ser-38, Asp-56, Arg-135, Ser-139,

PstS-1  PstS-2 PstS-3 Ag85
1 2 3 4 5 6 7 8 kD
— 974
- o 30
— 215
— 143
+ - + - + - + -— Phosphate
starvation

FIG. 4. Western blot analysis of the total proteins from M. bovis BCG sub-
mitted (+) or not (—) to phosphate starvation. The MAbs used were HBT12 for
PstS-1, 2A1-2 for PstS-2, 2C1-5 for PstS-3, and 32TD15 for Ag85.

Gly-140, and Thr-141 are directly involved in hydrogen bond-
ing with the phosphate. The alignment between this PstS from
E. coli and its three M. tuberculosis homologs (Fig. 6) showed
that amino acids identical (six locations) or equivalent (two
locations) to these eight key residues (see details below) are
also present in the aligned mycobacterial amino acid se-
quences. A major difference is apparent in the N-terminal
region of the M. tuberculosis proteins, which is about 20 resi-
dues longer than that of the E. coli periplasmic PstS. If the
mycobacterial PstS proteins are lipoproteins attached to the
cell wall or membrane, this stretch may provide them the
structural freedom needed for their function.

Molecular modeling of the PstS-1, PstS-2, and PstS-3 struc-
tures. Using the coordinates of the structure of the E. coli PstS
we constructed three-dimensional (3-D) models of its three M.
tuberculosis homologs (see Materials and Methods) (Fig. 7A).
Comparison of our 3-D models with the structure of the E.
coli PstS has revealed they have high tertiary structure sim-
ilarity indicating good accommodation of the three M. fu-
berculosis sequences into the E. coli PstS structure. All four
proteins consist of two distinct globular domains bisected by
a groove wherein the ligand binds. The movement of these
domains around a predicted hinge was suggested as the
mechanism by which the orthophosphate ligand is buried
within the protein. Structural differences between the mod-
els of M. tuberculosis proteins and the X-ray structure of E.
coli PstS are found in loops (Fig. 7A) where according to the
alignment deletions and insertions of amino acid residues
had to be accommodated. One of these loops is located at
the site of the predicted hinge region. This may affect the
constants of equilibrium between the free and bound forms
of the receptor. Close inspection of the ligand binding sites
of the M. tuberculosis proteins has revealed that the amino
acid residues predicted to interact directly with the ligand
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FIG. 5. Dendrogram representing the distances between aligned sequences
of proteins related to E. coli PstS. The PstS-like protein sequences analyzed are
as follows: E. coli (43); X. oryzae (Xanthomonas oryzae [21]); H. influenzae
(Haemophilus influenzae [19]); Synechocystis sp. (a) and (b) (Synechocystis sp.
PCC6803 [25], accession number D90909); Synechococcus sp. (Synechococcus sp.
WH7803 [37]); B. subtilis (Bacillus subtilis, ORF 108, accession number D58414);
M. tuberculosis (1), (2), and (3) (M. tuberculosis PstS-1 [2], PstS-2 [this study], and
PstS-3 [9], respectively); M. leprae (1), (3), and (4) (M. leprae PstS-1 [C2_156,
cosmid B1308], PstS-3 [phoS1, cosmid 650], and PstS-4 [phoS, cosmid B2266]);
and M. intracellulare (1a) and (1b) (M. intracellulare PstS-1a and PstS-1b, acces-
sion number X95538). The dendrogram was constructed with the help of the
Genetics Computer Group (GCG) software (14). The sequences were aligned
with the pileup program. A Kimura distance matrix (27) was computed with the
Distances GCG program. The tree was constructed with the GrowTree GCG
program by the neighbor-joining method (44) and plotted with the PHYLIP (18)
program Drawtree.

are as suggested by our alignment (Fig. 6). Phe-11 of the E.
coli protein is replaced by Leu-37, Ala-34, and Ala-36 in the
mature PstS-1, -2, and -3, respectively, whereas Thr-141 is
replaced by Asp-168 in PstS-1 alone. Phe-11 of PstS of E.
coli was not conserved, probably since its involvement in the
hydrogen bonding with the phosphate is ensured by the
amino-terminal end of the residue and not by the aromatic
side chain (30).

J. BACTERIOL.

DISCUSSION

In this paper we describe the cloning of the pstS-2 gene.
Together with the pstS-1 and pstS-3 genes this is the third M.
tuberculosis gene that encodes a protein closely related to E.
coli PstS, the high-affinity soluble ligand binding protein com-
ponent of an ABC periplasmic phosphate permease (43, 47,
49). Protein sequence alignments and molecular modeling of
the mycobacterial proteins, with the crystal structure of the E.
coli PstS (30) as a template, have demonstrated that the pre-
dicted 3-D structures of all of the three proteins, compared
with the E. coli PstS structure, are very much alike and that the
amino acid residues included in the phosphate binding site are
conserved (Fig. 7A). Since PstS-1 is able to bind phosphate
with an affinity similar to that of PstS of E. coli (12) and since
the structural similarity between the different mycobacterial
PstS proteins is high, it is very likely that all three are phos-
phate binding proteins. Moreover, the observed induction of
these three PstS proteins under phosphate starvation also sug-
gests that they are involved in phosphate transport (3, 17, 49).

By using five MADs reacting with specific M. bovis BCG CF
antigens, we have shown by immunoblot assay that the three
pstS genes are expressed. Flow cytometry analysis using the
same MADs has demonstrated that the three PstS proteins are
accessible on the surface of intact living mycobacteria where
they are probably anchored. These data are in agreement with
our previous observation that MAb HBT12 (directed against
PstS-1) neutralizes phosphate uptake by M. bovis BCG (10).

We have recently cloned and sequenced a few other M.
tuberculosis genes corresponding to two PstA, two PstC, and
one PstB components of putative phosphate permeases (8-10).
The three pstS genes are positioned in different orientations
and are probably clustered in three potential adjacent operons
controlled by different promoters (Fig. 1).

Altogether, the present data support the presumption that at
least one, and possibly several, related and functional phos-
phate permeases exist in mycobacteria. It was previously shown
that a single ABC prokaryotic permease uses different ligand
binding subunits specific for distinct substrates (28). However,
the existence of several ligand binding subunits for a single
ligand has not been described to date among known ABC
transporters (45) and may represent an interesting and subtle

1 100
PstS-1 MKIRLHTLLA VLTAAPLLLA AAGCG.SKPP SGSPETGAGA GTVATTPASS PVTLAETG YPLFNLWG PAFHERYPNV TITAQGTRIG AGIAQAAAGT
PstS-2 MKFARSGAAV SLLAAGTLVL TA.CGGGTNS SSSGA..GGT SGSV.HCGGK K.ELHSSG JOENAMEQFV YAYVRSCPGY TLDYNANGEG AGVTQFLNNE
PstS-3 MKLNRFGAAV GVLAAGALVL SA.CGNDDNV TGGGATTGQA SAKV.DCGGK K.TLKASG JOANAMTRFV NVFEQACPGQ TLNYTANGEG AGISEFNGNQ
PstS MKV..MRTTV ATVVAATLSM SAFSVFAERS .......... «cevuninvennn oun LTGAG. EPAPVYAKWA DTYQKETGN. KVNYQGIGRYS GGVKQIIANT
101 200
PstS-1 VNIGA! SEGDMAAHKG ....... LMN TALATSAQQV NYNLPGV.SE HLKLNGKVLA AMYQGTIKTW DDPQIAALNP GVNLPGTAVV PLHE D
PstS-2 TDFAG NPSTGQPDRS AERCGSPAWD LPTVFGPIAI TYNIKGVST. ,LNLDGPTTA KIFNGTITVW NDPQIQALNS GTDLPPTPIS VIF)ISD]
PstS-3 TDFGG . .SKDEPS.G AARCGSPAWN LPVVFGPIAV TYNLNSVSS. .LNLDGPTLA KIFNGSITQW NNPAIQALNR DFTLPGERIH VVFISD
Psts VDFGA SDEKL.AQEG ....... LFQ FPTVIGGVVL AVNIPGLKSG ELVLDGKTLG DIYLGKIKKW DDEATAKLNP GLKLPSQNIA VV
201 300

PstS-1 TFLFTQYLSK QDPEGWGKSP GFGTTVDFPA VPGALGENGN GGMVTGCAET PGCVAYIGIS FLDQASQRGL GEAQLG.NSS GNFLLPDAQS IQ...AAAAG

PstS-2 SDNFQKYLDG ASNGAWGKGA SETFNGG... ..VGVGASGN NGTSALLQTT DGSITYNEWS
PstS-3 TDNFQRYLQA ASNGAWGKGA GKSFQGG... ..VGEGARGN DGTSAAAKNT PGSITYNEWS
PstS SFVFTSYLAK VN.EEWKNNV GTGSTVKWPI ...GLGGKGN DGIAAFVQRL PGAIGYVEYA Y...AKQNNL AYTKLI.SAD GKPVSPTEEN FA

301

PstS-1 FA.SKTPANQ AISMIDGPAP DGYPIINYEY AIVNNRQKDA ATAQTLQAFL HWAITDGNKA SFLDQVHFQP LPPAVVKLSD ALIATISS..
PstS-2 MGQGNDLVLD TSSFYRPTQP GSYPIVLATY EIVCSKYPDA TTGTAVRAFM QAAIGPGQEG
PstS-3 SGVGNDLVLD TDSFYRPKRP GSYPIVLATY EIVCSKYPDS QUVGTAVKAFL QSTIGAGQSG

F...AVGKQL NMAQIITSAG PDPVAITTES VGKTIAGAKI
F...AQAHDL TMANIVTSAG GDPVAITIDS VGQTIAGATI
. .NAAKG

. .LDQYGSIP LPKSFQAQLA AAVNAIS... ......
. .LGDNGYIP IPDEFKSRLS TAVNAIA... ......

PstS ADWSKTKAQD ...LTNQKGE DAWPITSTTF ILIHKDQKKP EQGTEVLKFF DWAYKTGAKQ A..NDLDYAS LPDSVVEQVR AAWKTNIKDS SGKPLY

FIG. 6. Alignment of the amino acid sequences of E. coli PstS and M. tuberculosis PstS-1, PstS-2, and PstS-3. The eight amino acid residues homologous to those
involved in phosphate binding of E. coli PstS are in black boxes. The potential mycobacterial lipoprotein consensus sequence cleavage site is indicated by an arrow.
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PstS—1

E. coli PstS

FIG. 7. (A) Schematic backbone representation of the X-ray structure of the
E. coli PstS and the molecular models of M. tuberculosis PstS-1, PstS-2, and
PstS-3. The bound phosphate is colored in red. Regions in the M. tuberculosis
PstS-1, PstS-2, and PstS-3 models which differ in structure compared with the E.
coli PstS are depicted in yellow. These differences occur only in loop regions
where deletions or insertions of amino acid residues had to be accommodated.
(B) Graphical representation of the electrostatic potential map of the predicted
PstA-PstC binding interface of M. tuberculosis PstS-1, PstS-2, and PstS-3 (top
view). Colors represent the negative (red) and positive (blue) electrostatic po-
tential at the surface of the molecule. The surface of the phosphate binding cleft
is highlighted.

biochemical adaptation of a microorganism capable of growth
and survival under very different conditions.

Although the proteins share a high degree of similarity, their
predicted isoelectric points are different (4.68, 5.38, and 4.83
for PstS-1, PstS-2, and PstS-3, respectively). Inspection of the
predicted PstA-PstC binding interface of the 3-D models of
PstS-1, -2, and -3 suggests that the electrostatic potential at the
surface of the molecules is different (Fig. 7B). Thus, it is con-
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ceivable that the three different mycobacterial PstS proteins
interact differently with the different PstA and PstC subunits.
In addition, their expression may vary in different environ-
ments (extracellular or intracellular or within the phagolyso-
somes or the cytoplasm) depending on the pH or phosphate
concentrations (see above) (13, 41).

It is likely that the three pstS genes have originated as the
result of several gene duplications. These duplications are
probably more recent for pstS-2 and pstS-3 since their amino
acid sequences are highly similar and relatively distant from
PstS-1. We have found that pstS-1 (Fig. 1) and pstS-2 (not
shown) homologs exist in the genome of M. leprae with a
similar organization to that described here for M. tuberculosis,
whereas a pstS-3 M. leprae homolog is located at a distant site,
within a permease gene cluster similar to the one found in M.
tuberculosis (9). In the M. leprae genome, an additional fourth
pstS-like gene was found, which we designated pstS-4. It is not
clear at the moment whether another such gene also exists in
M. tuberculosis. A somewhat similar diversity also exists in M.
intracellulare (46) (Fig. 5). This may indicate that in all myco-
bacteria this diversification of phosphate permeases has oc-
curred.

Detailed knowledge of these phosphate transport systems
could open new insights into their physiology, regulation in
various conditions, importance for the survival of mycobacte-
ria, and pathogenesis. At least one of the MAbs used here,
2A1-2, was able to distinguish M. tuberculosis from other my-
cobacterial species (15). Therefore, the accessibility of the PstS
antigens to these MADbs on the surface of intact mycobacteria
may open new possibilities for rapid and specific diagnosis.
Finally, molecular modeling may prove useful for the develop-
ment of specific inhibitors of these transport systems such as
mutated binding proteins, peptides, site-directed MAbs, or
even synthetic compounds.
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