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Phosphorus is an essential nutrient, but how phosphates cross the mycobacterial cell wall is unknown.
Phosphatase activity in whole cells of Mycobacterium smegmatis was significantly lower than that in lysed cells,
indicating that access to the substrate was restricted. The loss of the outer membrane (OM) porin MspA also
reduced the phosphatase activity in whole cells compared to that in lysed cells. A similar result was obtained
for M. smegmatis that overexpressed endogenous alkaline phosphatase, indicating that PhoA is not a surface
protein, contrary to a previous report. The uptake of phosphate by a mutant lacking the porins MspA and
MspC was twofold lower than that by wild-type M. smegmatis. Strikingly, the loss of these porins resulted in a
severe growth defect of M. smegmatis on low-phosphate plates. We concluded that the OM of M. smegmatis
represents a permeability barrier for phosphates and that Msp porins are the only OM channels for the
diffusion of phosphate in M. smegmatis. However, phosphate diffusion through Msp pores is rather inefficient
as shown by the 10-fold lower permeability of M. smegmatis for phosphate compared to that for glucose. This
is likely due to the negative charges in the constriction zone of Msp porins. The phosphatase activity in whole
cells of Mycobacterium bovis BCG was significantly less than that in lysed cells, indicating a similar uptake
pathway for phosphates in slow-growing mycobacteria. However, porins that could mediate the diffusion of

phosphates across the OM of M. bovis BCG and Mycobacterium tuberculosis are unknown.

Phosphorus is indispensable for the biosynthesis of nucleic
acids and phospholipids and for the energy supply of any cell.
Bacteria employ sophisticated transport mechanisms to acquire
phosphorus-containing nutrients from the environment. In gram-
negative bacteria, phosphates first need to cross the outer mem-
brane (OM). To this end, Escherichia coli produces the two gen-
eral porins, OmpF and OmpC, under conditions of phosphate
excess. Under phosphate-limiting conditions, these porins are
partially replaced by the pore protein PhoE (30), which prefer-
entially allows the diffusion of anions (1), in contrast to the cation
preference of OmpF and OmpC (29). Hence, the diffusion of
phosphates through PhoE pores is more efficient and is the prev-
alent pathway for phosphates across the outer membrane under
phosphate-limiting conditions (17). While inorganic phosphate is
the preferred source of phosphorus, many bacteria can also take
up organic phosphates and release phosphate by the action of
periplasmic phosphatases such as PhoA. E. coli possesses four
transport systems, Pst, Pit, GlpT, and UhpT, that translocate
inorganic phosphate across the inner membrane (48). Part of the
Pst system is the periplasmic protein PstS, which binds and trans-
fers phosphate to the transmembrane components PstA and
PstC. PstB hydrolyzes ATP and delivers energy for the translo-
cation of phosphate across the inner membrane by PstA/PstC. Pst
systems bind and transport phosphate with binding constants and
apparent transport K,,, values in the submicromolar range. These
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systems also exist in gram-positive bacteria (32) and in mycobac-
teria (5).

Mycobacteria are classified as gram-positive bacteria, but
models of their cell walls include asymmetrical outer mem-
branes that are covalently bound to an arabinogalactan-pepti-
doglycan copolymer (7, 25, 28). These models are consistent
with the very efficient permeability barrier established by my-
cobacterial cell walls towards hydrophobic and hydrophilic
compounds (7). The discovery of channel-forming outer mem-
brane proteins in several mycobacteria lends further support to
these models (26).

It was conclusively shown that MspA represents the major
porin of M. smegmatis (43) and is required for the transport of
glucose, serine, and hydrophilic B-lactam antibiotics (44, 45).
However, the preference of MspA for cations (27) and the high
density of negative charges in the constriction zone of MspA
(14) appear to be adverse properties for efficient diffusion of
phosphates. Thus, anions may cross the outer membrane of M.
smegmatis via PhoE-like porins as in gram-negative bacteria.
Importantly, the transport of phosphate across the inner mem-
brane is essential for the growth of Mycobacterium tuberculosis
in macrophages (34) and for the survival of mice (31, 38).
However, how phosphate is transported across the outer mem-
brane of M. tuberculosis is also unknown.

In this study, we used phoA as a reporter gene and analyzed the
uptake of radiolabeled phosphate to examine the uptake of or-
ganic phosphate esters and inorganic phosphate by M. smegmatis.
We show that the outer membrane represents a permeability
barrier for phosphates in both assays, in contrast to previous
claims that PhoA and PstS are cell surface proteins (18, 19).
Importantly, we demonstrate that Msp porins are required for the
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TABLE 1. Bacterial strains and plasmids used in this study”

Strain or plasmid

Relevant genotype or description

Source or reference

Strains
E. coli DH5a
AlacZYA-argF UE169
M. smegmatis SMRS

recAl endAl gyrA96 thi relAl hsdR17(ry~ my ") supE44 $80AlacZAM15 36

mc?155 derivative, not characterized, high transformation efficiency, Sm" (rpsL *) 37

M. smegmatis MNO1 SMRS5 derivative mspA:Gm" 43
M. smegmatis ML10 SMRS derivative AmspA AmspC 45
M. smegmatis MLAO mc?155 derivative, attB::pML443, Hyg" This study
M. smegmatis ML41 MLI10 derivative, attB:pML443, Hyg" This study
M. smegmatis MLA2 ML10 derivative, attB::pML443, Ahyg This study
M. smegmatis MLA43 MNO1 derivative, attB::pML443, Hyg" This study
M. bovis BCG Pasteur 35739 ATCC
M. bovis BCG ML44 M. bovis BCG derivative, attB:pML443 This study
Plasmids
pMV361 oriE aph attP int 47
pMS2 PALS5000 origin, ColE1 origin, hyg 16
pMN402 PALS5000 origin, ColE1 origin, hyg, pjypeogfp” 40
pMN234 PALS5000 origin, pBR322 origin, aph, rpsL 46
pML102 PALS5000 origin, ColE1 origin, aph, sacB, int This study
pML113 ColE1 origin, bla, FRT-hyg-FRT, attP This study
pML118 ColE1 origin, bla, FRT-hyg-FRT, attP, py,g,c08fp" This study
pMN252 ColE1 origin, bla, FRT-hyg-FRT, rpsL 46
pMLA440 PALS5000 origin, ColE1 origin, hyg, PimycphoA This study
pML443 ColE1 origin, bla, FRT-hyg-FRT, attP, p;yyphoA This study
@ *, gene encoding a mutated ribosomal protein S12 (K43R) which confers streptomycin resistance (Sm").
efficient uptake of phosphates by M. smegmatis and for the growth Insertion of a phoA expression cassette into the chr of M. smegmati

of M. smegmatis under low-phosphate conditions.

MATERIALS AND METHODS

Chemicals and enzymes. Hygromycin B was purchased from Calbiochem. All
other chemicals were purchased from Merck, Roth, or Sigma at the highest
purities available. Enzymes for DNA restriction and modification were from New
England Biolabs, MBI Fermentas, and Boehringer. Oligonucleotides were ob-
tained from MWG Biotech.

Bacterial strains and growth conditions. E. coli DH5a was used for cloning
experiments and routinely grown in Luria-Bertani broth at 37°C. M. smegmatis
strains (Table 1) were grown at 37°C in Middlebrook 7H9 medium (Difco) supple-
mented with 0.2% glycerol and 0.05% Tween 80 or on Middlebrook 7H10 plates
supplemented with 0.5% glycerol unless otherwise noted. M. bovis BCG (Strain
Institute Pasteur) was grown in Middlebrook 7H9 medium or on Middlebrook 7H10
(Difco) plates supplemented with 0.2% glycerol, 0.05% Tween 80, and 10% OADC
(oleic acid-albumin-dextrose-catalase; Remel) unless otherwise noted. When re-
quired, the antibiotics hygromycin (200 wg/ml for E. coli; 50 pg/ml for mycobacteria)
and kanamycin (30 wg/ml for E. coli; 10 pg/ml for mycobacteria) were added.

Construction of plasmids. The phoA gene was amplified by PCR from chro-
mosomal DNA of M. smegmatis by using the oligonucleotides phoA_Msfwd01
(5'-GATTACTTAATTAAGCATGCCAGAAAGGAGGTTAATATG CCTGT
CAGTACCTATCTCAGAGCGACGGT-3") and phoA_Msrev (5'-ATATAAT
TTAAATGCGCTCCGGCACATCGCCAC-3'), introducing the restriction sites
SphI and Swal (underlined). The Sphl-digested fragment was cloned into the
plasmid pMS2 which was digested with SphI and EcoRV to give the replicative
phoA expression vector pML440. To integrate the phoA expression cassette at
the genomic a#tB site of mycobacteria, an integration plasmid, pML443, was
constructed as followed. For the construction of the attP site, a 365-bp fragment
was amplified from pMV361 (47) by PCR using the oligonucleotides attPbig_fwd
(5'-GATTACCTGCAGATCCGCGACGTGCCAACTAG-3') and attPbig_rev
(5'-GATTAGCTCGAGAGCCAGATCAGGGATGCGTTG-3'), introducing
the restriction sites Pstl and Xhol (underlined). The digested fragment was
cloned into pMN252 (46), which was cut with the same restriction endonucleases
to give the proficient control vector pML113. The vector pMN402 (40) was
digested with Clal and Pmel, and the fragment was cloned into pML113 digested
with the same restriction endonucleases to give pML118. To integrate the phoA
expression cassette at the genomic a#tB site of mycobacteria, pML443 was con-
structed by cloning the Swal/Pmel fragment of pML440 into the backbone of
pML118 digested with Pmel and EcoRV.

A two-plasmid system derived from mycobacteriophage L5 was used to integrate
aphoA expression cassette at the a#B site of the mycobacterial chromosome. The
replicative vector pML102 carrying the L5 integrase gene (int) was transformed
in M. bovis BCG and M. smegmatis. These cells were transformed with the
nonreplicative vector pML443 containing the phage attachment site a#tP and the
phoA expression cassette. Since the continued expression of L5 integrase can
cause the excision of the integrated vector from the genome, which contributes
to plasmid instability (42), cells were plated on 7H10 plates containing hygro-
mycin and 10% sucrose to select for the insertion of pML443 and to counters-
elect against pML102. Single colonies were plated in parallel on 7H10 plates
containing hygromycin and 7H10 plates containing kanamycin to confirm the loss
of pML102. The integration of the plasmid resulted in clones resistant to hygro-
mycin and sensitive to kanamycin. Integration into the a#B site was confirmed by
PCR using the primers attB2 (5'-ACAGGATTTGAACCTGCGGC-3') and
attL01 (5'-TCGCCACGTTCGCCCTAG-3'), while the primers attB1 (5'-ACG
TGGCGGTCCCTACCG-3") and attB2, which only give a PCR product if inte-
gration does not occur, were used as controls. The hygromycin resistance marker
gene (hyg), flanked by FLP recombination target sites of pML443, was removed
from the genome by using the Flp recombinase (46). Competent cells were
transformed with the flp expression vector pMN234. After selection on 7H10
plates containing kanamycin, 4 ml of Middlebrook 7H9 medium with kanamycin
was inoculated and incubated for 12 h to 20 h at 37°C on a roller drum. In order
to get only single cells, the culture was filtrated using a 5.0-wm filter. Several
dilutions of the filtrate were plated on 7H10 plates without any antibiotics. Then,
single colonies were streaked in parallel on 7H10 plates with and without hy-
gromycin to identify clones which lost the hygromycin resistance gene.
Phosphate-dependent growth and phosphatase activity of M. smegmatis. In
order to examine the dependence of growth and phoA expression on the phos-
phate concentration, we home-prepared 7H10 medium containing 0.5, 10, and 25
mM inorganic phosphate by adding 1 M P; buffer (1 M Na,HPO,, adjusted to pH
7 with 1 M KH,PO,). To detect PhoA activity on plates, 60 pg/ml 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) and 0.1% Tween 80 were also added. Mala-
chite green was omitted from the self-made 7H10 medium to enhance the
visibility of the blue color on the plates. The strains were streaked on Middle-
brook 7H10 plates containing 0.1% Tween 80 and incubated at 37°C for 5 to 7
days. Cells were scraped off the plates and resuspended in home-made 7H9
medium containing 0.5 mM P; buffer. The cell culture was filtered and adjusted
to an optical density at 600 nm (ODgq) of 0.1. By using an inoculation loop, the
cell suspension was streaked on the plates described above. The plates were
scanned daily after the 3rd day by using a digital scanner (V700 Photo; Epson).
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Pictures of single colonies were taken from the same plates by using a stereomi-
croscope (Stemi 2000-C; Zeiss) and a cooled digital color camera (AxioCam
MRec; Zeiss).

Measurement of phosphatase activity of M. smegmatis and M. bovis BCG. Cells
were grown on Middlebrook 7H10 medium. Tween 80 was added to a final
concentration of 0.1% to improve the solubility of the cells in liquid medium. The
cells were scraped from the plate and suspended in Middlebrook 7H9 medium.
This culture was filtrated (pore size, 5 wm; Sartorius) to obtain single cells and
diluted with the same medium to an ODyg of 0.5. By using an inoculation loop,
the cell suspension was streaked on Middlebrook 7H10 medium containing 60
pg/ml BCIP. Tween 80 (0.1%) was also added to improve the homogeneity of the
coloration of the colonies. The plates were put into a sealed plastic bag to keep
them moist and incubated in the dark at 37°C. The color of the colonies was
examined daily for a period of up to 10 days. Growth and PhoA activity were
compared for only strains streaked on the same plate. Pictures of colonies were
taken by using a stereomicroscope (Stemi 2000-C; Zeiss) and a cooled digital
color camera (AxioCam MRc; Zeiss).

The PhoA activity of M. smegmatis and M. bovis BCG in liquid cultures was
measured as described previously (6, 18) with small modifications. Unless oth-
erwise noted, strains were grown in Middlebrook 7H9 medium to an ODyq, of
about 1.0. Cells were harvested by centrifugation at 3,000 X g for 10 min at 4°C
and resuspended in an equal volume of ice-cold 1 M Tris-buffer (pH 8.0). The
ODyg of the cell suspension was determined. Cells were kept on ice during all
steps. A portion of each cell suspension was lysed by two 20-s pulses at 40 W
applied by a sonifier (Branson) using a microtip. PhoA activity was measured in
both whole and lysed cells by adding 0.15 ml of samples (V) to 1 ml of detection
buffer (1 M Tris-HCI, pH 8.0, 4 mM p-nitrophenylphosphate [pNPP]). After 30
to 40 min of incubation at 37°C, 100 pl of 1 M K,HPO, was added to stop the
reaction. The sample was centrifuged in a microcentrifuge (Eppendorf) for 10
min at maximum speed. After centrifugation, 1 ml of the supernatant was used
to determine the A4 4y5 by using a spectrophotometer (SmartSpec Plus; Bio-Rad).
The PhoA activity of whole and lysed cells was calculated using the following
formula (18): activity (units) = (1,000 X A4s)/(t; X ODggy X V), where ¢; is the
incubation time in minutes and V is the volume of sample.

Measurement of phosphate uptake by M. smegmatis. Phosphate uptake mea-
surements were carried out as previously described for glucose (44), with some
modifications. Cells were grown on Middlebrook 7H10 plates containing 0.1%
Tween 80 and incubated for 5 to 7 days at 37°C. The cells were scraped off the
plates, suspended in Middlebrook 7H9 medium, and filtered through a 5.0-pum-
pore-size filter (Sartorius). The cell suspension was used to inoculate 100 ml of
Middlebrook 7H9 medium to an ODyy, of 0.05. The cells were harvested at an
ODy of 1.0 by centrifugation (1,250 X g at 4°C for 10 min), washed twice in
uptake buffer [5S0 mM Tris-HCI (pH 6.9), 15 mM KCl, 10 mM (NH,),SO,, 0.05%
Tween 80], and resuspended in the same buffer. The cell suspension was kept for
15 min at 37°C before [*?P]phosphate and nonlabeled phosphate were mixed and
added to the cell suspension to obtain final concentrations of 1, 2.5, 5, 10, and 20
M. The mixtures were incubated at 37°C, and 1-ml samples were removed at
the indicated times. The cells were filtered through a 0.45-wm-pore-size filter
(Sartorius). The filters were washed with 0.1 M LiCl and water, and their
radioactivity levels were measured in a liquid scintillation counter. All experi-
ments were performed in triplicate. The uptake rate was expressed as nanomo-
lars per milligram of cells. The Michaelis-Menten constant K,,,, the maximal
uptake velocity V., for the overall transport, and a minimal estimate of the
permeability coefficient were determined as described previously (15, 44).

Gel electrophoresis and Western blots. Protein samples were analyzed in
denaturing polyacrylamide gels that were stained with Coomassie blue G250 or
silver. All samples were mixed with loading buffer (150 mM Tris, 4% sodium
dodecyl sulfate, 30% glycerol, 0.1% bromophenol blue, pH 7.5) and boiled in a
water bath for 10 min before being loaded onto a denaturing 10% polyacryl-
amide gel. The protein gel was blotted (4 h at 150 mA in transfer buffer [10 mM
NaHCO;, 3 mM Na,CO;, 20% methanol]) onto a nitrocellulose membrane
(Schleicher & Schuell). The presence of PhoA was detected by using a mono-
clonal mouse antibody against PhoA of E. coli and a secondary rabbit anti-mouse
antibody coupled with horseradish peroxidase. Immunoblots were developed
by using an ECL Plus kit according to the manufacturer’s recommendations
(Amersham).

RESULTS

The cell envelope represents a permeability barrier for
PhoA substrates in M. smegmatis. Our first aim was to examine
whether the enzymatic activity of the alkaline phosphatase

UPTAKE OF PHOSPHATES BY MYCOBACTERIA REQUIRES PORINS 2437

PhoA can be used to analyze the uptake of organic phosphates
across the OM of mycobacteria as was shown for E. coli (23).
This requires that PhoA be localized in the periplasm of myco-
bacteria as in that of gram-negative bacteria (10). However,
based on the association of PhoA with membranes in subcel-
lular fractions, it was proposed that PhoA is a cell surface
protein of M. smegmatis (18). In order to solve the puzzle of
the subcellular localization of the M. smegmatis PhoA protein,
which is encoded by two identical phoA genes, msmegl1000 and
msmeg2294, we examined whether the phosphatase activity
was limited by the accessibility to substrates in whole cells. To
this end, M. smegmatis SMRS was grown to end-log phase and
the PhoA activity was measured for lysed and whole cells
obtained from the same culture. Since the endogenous PhoA
activity of M. smegmatis was very low, the difference between
whole and lysed cells was small (Fig. 1A). To increase PhoA
activity, the vector pML440 was constructed in which one of
the phoA genes of M. smegmatis is transcribed from a consti-
tutively active mycobacterial promoter, ;. (16, 22). The total
PhoA activity in lysed M. smegmatis cells carrying pML440 was
increased ninefold compared to that in the control vector
pMS2 (Fig. 1A). Western blot experiments using an anti-
serum against PhoA of E. coli revealed a 55-kDa band,
which was strongly enhanced in M. smegmatis containing
PMLA440 (not shown), confirming that the increased PhoA
activity was due to the enhanced expression of phoA. Im-
portantly, PhoA activity in whole cells was twofold reduced
compared to that in lysed cells, indicating that the substrate
pNPP is not freely accessible for PhoA. This was also ob-
served for wild-type (wt) M. smegmatis and the porin mu-
tants as evidenced by a small but significantly increased level
of PhoA activity in lysed cells compared to that in whole
cells (Fig. 1A, inset). This rules out the possibility that the
lower PhoA activity level in whole cells compared to that in
cell lysates is caused by the overexpression and concomitant
mislocation of PhoA. Hence, we concluded that the intact
cell envelope of M. smegmatis represents a permeability
barrier for the PhoA substrate pNPP.

Porins mediate the diffusion of PhoA substrates across the
OM of M. smegmatis. The diffusion of the substrate pNPP
across the OM is rate limiting for the PhoA activity in E. coli
and is mediated mainly by the porins OmpF and OmpC when
E. coli is grown in rich medium (24). To analyze whether porins
of M. smegmatis play a role in the diffusion of pNPP, PhoA
activities were determined for M. smegmatis MNO1, which
lacks the major porin MspA, and for ML10, which lacks MspA
and MspC. The PhoA activities of lysed cells of the wild type
and of both porin mutants transformed with pML440 were
identical, demonstrating that the deletion of the porin genes
did not interfere with phoA expression (Fig. 1A). By contrast,
the PhoA activity in whole cells of the AmspA mutant MNO1
was threefold less than that in wild-type cells. This is consistent
with the threefold-reduced number of porin channels in the
OM of MNO1 (44). A further reduction of the PhoA activity in
whole cells for the porin double-mutant ML10 was not ob-
served. These results demonstrate that PhoA activity in M.
smegmatis depends on the presence of porins in the OM of M.
smegmatis and strongly support the conclusion that PhoA is
localized in the periplasm of M. smegmatis.

To test whether any of these strains would produce PhoA in
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FIG. 1. Porin-dependent phosphatase activity of M. smegmatis. (A) The phosphatase activity of M. smegmatis grown in liquid culture was
determined using pNPP. Black and gray bars indicate the phosphatase activity in whole and lysed cells, respectively. The inset shows the
endogenous phosphatase activity in the parent strains SMRS5, MNO1, and ML10. Error bars indicate standard deviations. (B) Phosphatase activity
of M. smegmatis on Middlebrook 7H10 agar plates containing Tween 80 and BCIP. After 5 days of incubation, pictures of colonies were taken with
a Zeiss stereomicroscope Stemi 2000-C using the same magnification for all strains. In both experiments, the strains were SMRS5 (wild-type) and
the porin mutants MNO1 (AmspA) and ML10 (AmspA AmspC), each of which was transformed with the control plasmid pMS2 (control) and the
phoA expression plasmid pML440 (pML440+phoA), respectively. The blue color indicates the cleavage of BCIP by PhoA.

amounts sufficient for detection on plates, M. smegmatis wild
type and the porin mutants (MNO1 and ML10), carrying the
vectors pMS2 and pMLA440, respectively, were streaked on
7H10 plates containing the chromogenic PhoA substrate
BCIP. Colonies of M. smegmatis wild-type-carrying pMS2 ap-
peared white, which was consistent with the very low intrinsic
PhoA activity level, while colonies of M. smegmatis with
pML440 were blue (Fig. 1B, panels a and d) as a result of
increased PhoA expression. Importantly, the intensity of the
blue color decreased from the wild type (Fig. 1B, panel d) over
MNO1 (panel e) to ML10 (panel f). The smaller sizes of the
colonies of M. smegmatis ML10 were caused by the reduced
growth rates due to the lower number of porins (44). Further
incubation of the porin double-mutant ML10 for 2 days in-
creased the sizes of the colonies to those of wt M. smegmatis
but did not yield any blue color (not shown). Since the total
PhoA activities were equal for all three strains (Fig. 1A), these
results supported our previous conclusions that the uptake of
BCIP across the OM is mediated by porins and that the PhoA
activity is not surface associated in M. smegmatis. Furthermore,
the fact that strains with high (M. smegmatis wild type) and low
(MNO1 and ML10) levels of porin activity are clearly distin-
guishable on plates containing BCIP showed that PhoA, in
principle, is a suitable indicator of the uptake of phosphates
across the OM and of the porin activity in M. smegmatis.
Porins are required for growth of M. smegmatis on low-
phosphate medium. To examine whether porins play a role in
the uptake of inorganic phosphate in vivo, the growth levels of
M. smegmatis wild type and the porin double-mutant ML10
were examined on self-made 7H10 plates containing 0.5, 10,
and 25 mM inorganic phosphate and BCIP. After 3 days of
incubation, no growth of ML10 was observed on plates con-
taining the lowest phosphate concentration (Fig. 2A, streaks 3
and 4) in contrast to that of the wild-type strain (Fig. 2A
streaks 1 and 2). Even after 6 days of incubation, colonies of
the MLI10 strain were very small, indicating a severe growth

defect of the ML10 strain at 0.5 mM inorganic phosphate (Fig.
2C, streaks 3 and 4). The mspA expression vector pMNO16
fully restored the ability of M. smegmatis ML10 to grow on
low-phosphate plates (Fig. 2A to D, streaks 5) and demon-
strated that the loss of porins caused the growth defect. Sur-
prisingly, a significantly lower level of growth of the porin
double-mutant ML10 was also observed on plates containing
10 mM phosphate (not shown), indicating that the level of
phosphate uptake is very low in this mutant and limits its
growth rate at rather high phosphate concentrations. Taken
together, these results show that Msp porins are required for
the growth of M. smegmatis under low-phosphate conditions.
These results also indicated that the uptake of inorganic phos-
phate across the OM of M. smegmatis depends on Msp porins.

Msp porins are required for uptake of inorganic phosphate
by M. smegmatis. It was shown previously that diffusion through
MspA and other Msp porins is the rate-limiting step for the
uptake of glucose by M. smegmatis (43, 44). The reduced PhoA
activity in whole cells of porin mutants (Fig. 1) and the limited
growth of the porin mutant ML10 on plates with low-phosphate
concentrations (Fig. 2) strongly indicated that Msp porins are
used by M. smegmatis to enable the diffusion of organic and
inorganic phosphates across the OM. To provide direct evidence
for this conclusion, we examined the uptake of radioactive phos-
phate by wild-type M. smegmatis and the porin double-mutant
ML10. For these experiments, strains were grown in Middlebrook
7H9 medium. The uptake rates were measured at a phosphate
concentration of 20 WM because differences in diffusion through
porins are more pronounced at solute concentrations in the mi-
cromolar range. M. smegmatis SMRS (wt) took up phosphate with
a rate of 0.06 nmol/min per mg cells. The porin double-mutant
ML10 showed a 4.5-fold-lower uptake rate of 0.014 nmol/min per
mg cells (Fig. 3A). The expression of mspA from the vector
pPMNO16 increased the uptake rate of phosphate by M. smegmatis
ML10 to 60% of the wild-type level (Fig. 3A). This demonstrated
that the loss of porins in the ML10 strain reduced the ability of M.
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FIG. 2. Porin-dependent growth of M. smegmatis on low-phosphate plates. (A to D) M. smegmatis SMRS (wt) and ML10 (AmspA AmspC) were
streaked on self-made 7H10 agar plates containing different concentrations of phosphate and BCIP. The plates were incubated at 37°C for 6 days
and were scanned (V700 Photo, Epson) each day. Scans of plates after 3 (A and C) and 6 days (B and D) of incubation are shown. The strains
on the plates are as follows: streak 1, SMR5/pMS2 (control); streak 2, SMR5/pML440 (phoA); streak 3, ML10/pMS2; streak 4, ML10/pMLA440;
and streak 5, ML10/pMNO16 (mspA). (E to L) M. smegmatis SMRS5 and ML10 were filtered through a 5-wm filter to obtain single cells and plated
on self-made 7H10 agar plates containing different concentrations of phosphate and BCIP. Pictures of single colonies after 8 days of incubation

at 37°C were taken at a 16-fold magnification using a Zeiss stereomicroscope Stemi 2000-C.

smegmatis to take up phosphate. We concluded that inorganic
phosphate diffuses through the MspA and MspC porins into M.
smegmatis.

Kinetic experiments with phosphate concentrations ranging
from 1 pM to 20 M and time points at 45, 75, 105, 135, 165,
and 195 s were performed to determine the apparent perme-
ability coefficients of wild-type M. smegmatis and AmspA
AmspC mutant ML10 for phosphate. The data were fitted well
by the Michaelis-Menten equation (Fig. 3B). Data analysis
yielded V,,,, values of 0.4 and 0.2 nmol min~' mg™ ! and K,,,
values of 12.7 and 15.2 uM for wild-type M. smegmatis and the
mutant ML10, respectively. The lower limit of the outer mem-
brane permeability can be estimated by assuming that the
phosphate transport across the inner membrane has a very
high affinity. This has not been determined for M. smegmatis
yet, but Pst systems are highly efficient (K,,,) and such a system
is present in M. smegmatis (2). Thus, the apparent permeability
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coefficients were calculated to 2.1 X 10 ®and 1 X 10" %cm s ™!
for wild-type M. smegmatis and the porin double-mutant
ML10.

The cell envelope of M. bovis BCG represents a permeability
barrier for PhoA substrates. The phosphatase activity in whole
cells of M. bovis BCG was significantly reduced compared to
that in lysed cells (Fig. 4, inset). This indicated that M. bovis
BCG contains at least one endogenous cell-bound phosphatase
which hydrolyzes pNPP. The expression of phoA of M. smeg-
matis from the attB site (strain ML44) or from the replicating
plasmid pML440 increased the phosphatase activity level
three- or sixfold, respectively. In both recombinant M. bovis
BCG strains, the phosphatase activity in whole cells was ap-
proximately twofold reduced compared to that in the corre-
sponding cell lysates (Fig. 4). Taken together, these results also
demonstrated that the cell envelope of slow-growing mycobac-
teria represents a permeability barrier for phosphates. This
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FIG. 3. Uptake of phosphate by porin mutants of M. smegmatis. (A) Accumulation of [**P]phosphate by M. smegmatis SMRS (wild-type) (black
circles), the AmspA AmspC mutant ML10 (white circles), and ML10 complemented with the mspA expression plasmid pMNO016 (triangles) was
measured. The assay was performed at 37°C at a final phosphate concentration of 20 uM. The uptake rates were determined by a regression
analysis of the first 4 min for each strain. The dotted lines represent regression lines. Error bars indicate standard deviations. (B) A series of
phosphate uptake measurements was performed with phosphate concentrations ranging from 1 to 20 uM for M. smegmatis SMRS5 (wild-type) and
MLI10 (AmspA AmspC). For each strain, the uptake rates at different phosphate concentrations were approximated by Michaelis-Menten functions
that are shown as regression lines (dotted lines).



2440 WOLSCHENDORF ET AL.

- 50
—_— sl
240} ' =
S 30f
s Sl
2]
8 201,
=
T 10}o0
(=]
£ i
=
& & 2
\© o Y
‘QQ‘“ \&\GJ{L \!\\/b?‘ *QD\“\CJ ?.\‘-
O
W R W K
&

FIG. 4. Expression of phoA in M. bovis BCG. M. bovis BCG strains
containing the control plasmid pMS2, the phoA expression plasmid
pMLA440, or a phoA expression cassette integrated at the attachment
site of phage LS were grown in liquid culture. The phosphatase activity
in these strains was determined by using pNPP. Black and gray bars
indicate the phosphatase activity of whole and lysed cells, respectively.
The inset shows the endogenous phosphatase activity of M. bovis BCG.
Error bars indicate standard deviations.

was independent of the type of phosphatase exploited in this
assay. Single colonies of M. bovis BCG expressing phoA from
the plasmid pML440 at the a#B site did not turn blue on plates
containing BCIP (not shown). This was due to both a lower
level of PhoA and a lower permeability for pNPP as derived
from a comparison of cell lysates and whole cells of the re-
combinant strains of M. bovis BCG and M. smegmatis (Fig. 1A
and 4).

Integration of a phoA expression cassette into the chromo-
some of M. smegmatis. Since porins that mediate the uptake of
phosphates in M. tuberculosis and M. bovis BCG are unknown,
we attempted to use a phoA-based screening system in M.
smegmatis porin mutants to identify them. To this end, the
plasmid pML443 carrying the p;,,phod cassette was inte-
grated into the autB sites of M. smegmatis and the porin mu-
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tants MNO1 and ML10. The integration of the phoA expression
cassette at the a#fB site increased the phosphatase activity in
lysed cells threefold in all strains compared to that in their
parent strains (Fig. 5A). The phosphatase activity in whole
cells was significantly reduced compared to that in lysed cells
both for the parent strains and for the strains with an inte-
grated recombinant phoA expression cassette. Further, the
phosphatase activity in whole cells decreased with a reduced
number of Msp porins. These results are consistent with the
previous observations that the OM of M. smegmatis represents
a permeability barrier for pNPP and that the diffusion of pNPP
is porin dependent. However, the colonies of the recombinant
strains did not show a clearly detectable blue color on 7H10
agar plates with BCIP (Fig. 5B). We concluded that these M.
smegmatis strains are not useful for screening for porins of M.
tuberculosis.

DISCUSSION

Porins are required for the uptake of inorganic and organic
phosphates by M. smegmatis. In this study, we demonstrated
that the cell envelope of M. smegmatis represents a permeabil-
ity barrier for phosphates and that access to both organic
phosphates and inorganic phosphate in M. smegmatis is medi-
ated by the porins MspA and MspC. Msp porins are integral
pore-forming membrane proteins (14, 27) and are directly ac-
cessible on the cell surfaces of M. smegmatis by antibodies (14,
43). It follows that the membrane in which MspA is localized
represents the permeability barrier for phosphates. These re-
sults are consistent with a model proposed by Minnikin (25)
and substantial indirect evidence that the mycolic acids, to-
gether with a large variety of extractable lipids, form an un-
usual outer membrane in addition to the cytoplasmic mem-
brane of mycobacteria (7, 8, 13, 21, 28). These results are
similar to those obtained for E. coli: mutations of OmpF and
OmpC porins reduced the OM permeability to pNPP by two-
to sixfold and concomitantly reduced the phosphatase activity
in whole cells (23).

The diffusion of phosphate through Msp porins is quite

B attB::phoA
wild-type
(v C
AmspA
oA . ML43
AmspAl
AmspC ® =
ML10 e

FIG. 5. Integration of phoA into the chromosomes of M. smegmatis wild-type and porin mutants. (A) The phosphatase activity of M. smegmatis
grown in liquid culture was determined by using pNPP. Black and gray bars indicate the phosphatase activity of whole and lysed cells, respectively.
Error bars indicate standard deviations. (B) Phosphatase activity of M. smegmatis on Middlebrook 7H10 agar plates containing Tween 80 and
BCIP. After 5 days of incubation, pictures of colonies were taken with a Zeiss stereomicroscope Stemi 2000-C using the same magnification for
all strains. In both experiments, the strains were SMRS (wild-type) and the porin mutants MNO1 (AmspA) and ML10 (AmspA/mspC) and
derivatives with an phoA expression cassette integrated at the attachment site of the phage LS5 (a#tB::;phoA). The blue color indicates the cleavage

of BCIP by PhoA.
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inefficient compared to that of neutral solutes as shown by the
10-fold lower permeability coefficient of wild-type M. smegma-
tis for inorganic phosphate compared to that for glucose (44).
This observation is not surprising considering the high density
of negative charges in the constriction zones of MspA (14) and
MspC, the two porins expressed by wild-type M. smegmatis
(44). Furthermore, the fact that the deletion of the porins
MspA and MspC reduced the OM permeability of ML10 for
glucose by 75-fold (44) but only by 2-fold for phosphate com-
pared to that for the isogenic parent strain indicated that the
residual porins in ML10 allow a faster diffusion of phosphate
than do MspA and MspC to partially compensate for the
15-fold lower number of Msp porins in ML10. We have shown
that the expressions of the mspB and mspD genes, which are
silent in wild-type M. smegmatis, are induced in ML10 (44).
Relative to MspA, in the surface-exposed loop L9, MspB has
only two amino acid exchanges (43), which are not likely to
alter the solute specificity of this pore. However, the mutation
D91G in MspD reduces the number of negative charges in the
constriction zone and may increase the diffusion rate of nega-
tively charged solutes relative to MspA.

Growth of M. smegmatis at low-phosphate concentrations
depends on Msp porins. In order to efficiently scavenge phos-
phate at submillimolar concentrations, E. coli expresses the
high-affinity phosphate transport system Pst and the outer-
membrane porin PhoE, which preferentially allow the diffusion
of anions across the OM (33). Under those conditions, PhoE
completely compensates for the loss of the two general porins
OmpF and OmpC in E. coli mutants (17). By contrast, the loss
of porins MspA and MspC caused a severe growth defect in M.
smegmatis on plates containing 0.5 mM phosphate. It is sur-
prising that a twofold reduction of the overall permeability of
the porin mutant ML10 for phosphate compared to that of the
isogenic parent strain resulted in such a drastic growth defect.
A 75-fold-lower level of permeability for glucose was required
to produce a significant growth defect of the porin mutant
ML10 on regular 7H9 plates containing 22 mM glycerol (44).
This demonstrates that no other porin fully compensates for
the loss of MspA and MspC in M. smegmatis under those
conditions. In this regard, it was striking that the porin mutant
already showed a significant growth defect at phosphate con-
centrations of 10 mM (not shown). Such high concentrations
may be necessary to overcome the intrinsically slow diffusion of
phosphate through the Msp porins.

Localization of phosphatases in mycobacteria. The reduced
phosphatase activity in whole cells of the recombinant M. smeg-
matis strains that overexpressed the endogenous alkaline phos-
phatase (PhoA) to up to 90% of the total phosphatase activity
may also be explained by the existence of the OM permeability
barrier. However, it may be argued that this effect results from
a (partial) mislocalization of PhoA in the cytoplasm due to
overexpression and a putative overload of the export apparatus
of M. smegmatis. PhoA of M. smegmatis shares almost 60%
identical amino acids with PhoA of Escherichia coli, including
the conserved residues of the active site and the four cysteines
which form essential intrastrand disulfide bridges (41). The
efficient formation of these disulfide bonds occurs in only the
oxidative milieu of the periplasm of E. coli, explaining why
PhoA is unable to fold into an active conformation if retained
in the cytoplasm (11). Thus, it is likely that the export of M.
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smegmatis PhoA is also required for activity. This possibility
argues against a contribution of putatively mislocated PhoA to
the observed activity. In contrast to its E. coli homolog, PhoA
of M. smegmatis has a lipoprotein signal sequence. Cell frac-
tionation experiments of PhoA labeled with ['*Clacetate
showed indeed that PhoA of M. smegmatis is a membrane-
bound lipoprotein (18). Our results strongly suggest that PhoA
is not a surface protein as was concluded from the association
of PhoA with membranes (18) but rather localized in the
periplasm of M. smegmatis as it is for E. coli (23).

Three lipoproteins with phosphatase activity and the se-
creted acid phosphatase SapM were identified in M. bovis BCG
(3) and M. tuberculosis (35), respectively. Our observation that
the cell envelope of M. bovis BCG establishes a permeability
barrier for phosphates indicates that at least one phosphatase
with significant activity is localized in the periplasm. Our ex-
periments do not exclude the possibility that other phosphata-
ses are either located on the surface or secreted. However, the
conclusion that proteins are surface proteins based solely on
membrane association (4) is premature as demonstrated for
PhoA of M. smegmatis.

Phosphate uptake in slow-growing mycobacteria. Survival
inside macrophages requires the adaptation of intracellular
pathogens to the phagosomal environment. The transcrip-
tional profiles of M. tuberculosis and Salmonella enterica in
infected macrophages revealed that the proteins involved in
inorganic phosphate transport are up-regulated (12, 39), indi-
cating that phosphate levels inside phagosomes of macro-
phages are indeed limited. Consistent with this conclusion,
genes encoding efficient phosphate transport systems were
found to be essential for the survival of M. tuberculosis in
macrophages and mice (34, 38). However, how inorganic or
organic phosphates cross the OM of M. tuberculosis is un-
known. Since the direct rate of diffusion of phosphates through
model lipid membranes is extremely low (permeability coeffi-
cient of the monoanion = 5 X 10~ "2 cm/s [9]), it appears likely
that slow-growing mycobacteria also use OM pore proteins for
the uptake of phosphate. Indeed, the existence of a porin with
anion specificity has been demonstrated (20). This porin still
awaits discovery. A screening system based on complementa-
tion of the uptake defects for phosphates of a porin mutant of
M. smegmatis as described in this study provides a tool to
identify such a porin of M. tuberculosis. These experiments are
currently being pursued in our laboratory.
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