JOURNAL OF BACTERIOLOGY, Jan. 2009, p. 141-151
0021-9193/09/$08.00+0 doi:10.1128/J1B.01221-08

Vol. 191, No. 1

Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Pleiotropic Roles of Polyglycerolphosphate Synthase of Lipoteichoic
Acid in Growth of Staphylococcus aureus Cells”

Yusuke Oku,'t Kenji Kurokawa,"** Miki Matsuo,'§ Sakuo Yamada,>*
Bok-Luel Lee,” and Kazuhisa Sekimizu'

Laboratory of Microbiology, Graduate School of Pharmaceutical Sciences, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033," Department of Microbiology, Kawasaki Medical School, Matsushima 577, Kurashiki 701-0192,% and
Department of Clinical Nutrition, Kawasaki University of Medical Welfare, Matsushima 288, Kurashiki 701-0193,*
Japan, and National Research Laboratory of Defense Proteins, College of Pharmacy, Pusan National University,
Gumjeong-ku, Busan 609-735, South Korea®

Received 1 September 2008/Accepted 14 October 2008

Lipoteichoic acid (LTA) is one of two anionic polymers on the surface of the gram-positive bacterium Staphylo-
coccus aureus. LTA is critical for the bacterium-host cell interaction and has recently been shown to be required for
cell growth and division. To determine additional biological roles of LTA, we found it necessary to identify
permissive conditions for the growth of an LTA-deficient mutant. We found that an LTA-deficient S. aureus AltaS
mutant could grow at 30°C but not at 37°C. Even at the permissive temperature, AlfaS mutant cells had aberrant
cell division and separation, decreased autolysis, and reduced levels of peptidoglycan hydrolases. Upshift of AlfaS
mutant cells to a nonpermissive temperature caused an inability to exclude Sytox green dye. A high-osmolarity
growth medium remarkably rescued the colony-forming ability of the AltaS mutant at 37°C, indicating that LTA
synthesis is required for growth under low-osmolarity conditions. In addition, the AlfaS mutation was found to be
synthetically lethal with the AfagO mutation, which disrupts the synthesis of the other anionic polymer, wall teichoic
acid (WTA), at 30°C, suggesting that LTA and WTA compensate for one another in an essential function.

Staphylococcus aureus is a major pathogenic agent of oppor-
tunistic infections. Indeed, S. aureus can cause endocarditis,
pneumonia, and septic shock, particularly in immunocompro-
mised patients. The appearance and spread of multiple-drug-
resistant strains of S. aureus make these infections difficult to
treat (18). Thus, understanding the physiology of staphylococ-
cal cell growth and pathogenesis is important for knowing how
to treat infectious diseases and develop novel antibiotics.

On the surfaces of gram-positive S. aureus cells are two
negatively charged polymers: lipoteichoic acid (LTA) and wall
teichoic acid (WTA). Together with the peptidoglycan, they
form a polyanionic network or matrix. While not all gram-
positive bacteria have conventional LTA and WTA, those
without these polymers generally have functionally similar an-
ionic polymers, suggesting that cell wall anionic polymers are
important for the growth of these organisms (36). WTA in S.
aureus consists of repeating units of 1,5-p-ribitol phosphate
and is attached via a linkage unit to the C-6 position of Mur-
NAc residues of the peptidoglycan. The repeating units of
p-ribitol phosphate are joined via phosphodiester linkages to
form linear chains and are substituted with GlcNAc residues
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and Dp-alanyl esters (2, 4). WTA is critical for cell surface
hydrophobicity, maintenance of cell shape, and adhesion to
host cells (36, 51). WTA is also thought to be dispensable for
bacterial cell growth, however, because a WTA-depleted
AtagO mutant is viable (50).

Staphylococcal LTA consists of about 25 repeating units of
poly(1-3)-glycerolphosphate linked to a membrane anchor, a dig-
lycosyldiacylglycerol (12). Additionally, about 60 to 70% of the
glycerol residues are p-alanylated. LTA is a major macroamphi-
phile of gram-positive bacteria that constitutes 1/10 to 1/5 of the
outer leaflet of the cell membrane. Physicochemical studies have
shown that LTA increases the phase transition temperature of the
phospholipid membrane by stabilizing the membrane (16). In
addition, LTA has been proposed to have roles in the localization
and activity of peptidoglycan hydrolases on the cell surface (53).
Moreover, LTA functions in bacterium-host cell interaction, with
roles in directing cell adhesion, phagocytosis, and the induction of
inflammatory cytokines (14, 34, 51).

Biochemical analyses have revealed that the polyglycerol phos-
phate is synthesized by a membrane protein that uses a mem-
brane phospholipid, phosphatidylglycerol (PG), as a substrate (5,
28, 39). Recently, the /taS (lipoteichoic acid synthase) gene was
identified as a gene encoding a polyglycerolphosphate synthase of
LTA in S. aureus (15). When LtaS expression was limited in S.
aureus cells at 37°C, the amount of LTA in the cells decreased,
cell growth was arrested, and abnormalities in cell division and
separation appeared (15). Nonetheless, the exact physiological
roles of LTA in bacterial cell growth and host cell interaction
remain unclear.

We have previously isolated mutant temperature-sensitive S.
aureus strains to identify essential genes in S. aureus (22, 31).
Here we describe how the ltaS gene was identified via a
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TABLE 1. Strains and plasmids used in this study
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Strain or plasmid Description Source or reference
Strains
E. coli
JM109 recAl endAl gyrA96 thi hsdR17 supE44 relAl TakaraBio
A(lac-proAB)[F'[traD36 proAB™ lacl? lacZ AM15]
JES513Tc¢ Hfr manl pps Ipp2 thyA uvrC279::Tnl0 3
YA5513Tc JE5513Tc pgsA3 3
S. aureus
RN4220 Restriction minus wild type 37
TS2519 RN4220 lta$2519 This work
TS2947 RN4220 /taS$2947 This work
TS8643 RN4220 ltaS8643 This work
TS2519kan TS2519 Q(SA0667-SA0668::pSF151kan) This work
TS2947kan TS2947 U(SA0667-SA0668::pSF151kan) This work
TS8643kan TS8643 Q(SA0667-SA0668::pSF151kan) This work
M0674/pM101 RN4200 AltaS::phleo/pM101 This work
MO0674/pM101-ltaS RN4200 AltaS::phleo/pM101-ItaS This work
MO0674/pM102-ItaS RN4200 AltaS::phleo/pM102-ItaS This work
MO0107 RN4220 Aspa::phleo This work
M0702 RN4220 AtagO::pT0702 24
MO0875 RN4220 AypfP::pT0875 24
YO1001/pM101 MO0674 AypfP::pT0875/pM101 This work
YO1001/pM102-ItaS MO0674 AypfP::pT0875/pM102-ItaS This work
YO1003/pM102-itaS M0674 AtagO::pT0702/pM102-ItaS This work
Plasmids
pND50 S. aureus-E. coli shuttle vector; Cm" 54
pKES1S S. aureus-E. coli shuttle vector, Cm" Amp" 30
pSltaS pKES1S5 carrying the lfaS gene This work
pSF151 E. coli pUC plasmid; Km" 47
pSF-ltaS pSF151 carrying AltaS::phleo This work
pM101 S. aureus-E. coli shuttle vector; Km" Matsuo et al., unpublished
pM102 S. aureus-E. coli shuttle vector; Cm" Matsuo et al., unpublished
pM101-litaS pM101 carrying the /taS gene This work
pM102-itaS pM102 carrying the /taS gene This work
pHW353 S. aureus-E. coli shuttle vector carrying TetR and xyl-tet 13
pNDX1 pNDS50-based S. aureus-E. coli shuttle vector carrying TetR and This work
xylftet from pWH353
pNDXI/taSHis pNDXI1 carrying His-tagged LtaS ORF This work
pBAD24 Inducible expression vector in E. coli 17
pBADItaSHis pBAD24 carrying His-tagged LtaS ORF This work

different experimental approach; we obtained three mutant
strains with a temperature sensitivity that could be comple-
mented by the hypothetical gene SA0674 (ItaS). We show that
the /taS gene encodes a polyglycerolphosphate synthase of
LTA that uses PG as a substrate and that the AlfaS mutation
results in a complete depletion of LTA from the cells. Notably,
we identified permissive growth conditions for AlfaS mutant
cells: the /raS gene is dispensable for cell growth at 30°C,
though cells still exhibit irregular cell division and separation.
At 37°C or higher, /ta$ is essential for colony formation, via-
bility, and resistance to low-osmolarity conditions. In addition,
we found that synthetic lethality results from the combination
of the AlfaS mutation with the AfagO mutation, which elimi-
nates WTA, suggesting that LTA and WTA have complement-
ing essential functions.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. S. aureus and Escherichia
coli strains were grown in Luria-Bertani (LB) medium (1% tryptone, 0.5% yeast
extract, and 1% NaCl) containing, where appropriate, 12.5 pwg/ml chloramphen-

icol (Cm), 20 pg/ml phleomycin (Phleo), 100 pg/ml ampicillin (Amp), 50 pg/ml
kanamycin (Km), or 50 pg/ml thymine at 30°C or 37°C. The bacterial strains and
plasmids used in this study are listed in Table 1. S. aureus temperature-sensitive
mutant cells were derived from RN4220 (37). The plasmid pKES515-derived
library and the E. coli-S. aureus shuttle vector (30) were as described previously
(21, 22, 31). Genetic engineering of S. aureus cells (including electroporation,
plasmid extraction, insertional deletion of genes, and phage transduction) was
conducted as described previously (23, 24, 33, 35). To prepare a phage lysate
from the AtagO mutant cells, a complementing strain was used, since fagO is
required for phage absorption (50). To insert the Km resistance gene near the
ItaS gene, we amplified the SA0667 and SA0668 gene region (5 kb away from
ItaS) by PCR using primers ACTTCTTTGAAATGTTTTTT and TTATCAAT
ACCAACAACTTG, and the resultant fragment was inserted at the Smal site of
pSF151. The resultant plasmid was introduced into temperature-sensitive mutant
cells harboring point mutations in /faS, and Km-resistant transformants, gener-
ated by site homologous recombination, were selected. The chromosomal /taS
gene was replaced with a Phleo resistance gene as described previously (9) but
with some modifications. First, a DNA fragment of approximately 1.5 kbp from
upstream or downstream of the /faS gene was amplified by PCR using primers
SA0674-P1 (TTCGAAATATGGTCCGGATA) and SA0674-P2 (TATTGGAT
CCGGAAATTATTTGCATCGGACTC) or SA0674-P3 (GTTCAGCAATCGG
CATAGTCATCAAAGCCTTATCAA) and SA0674-P4 (GCTTTTGCTCTCC
ACCAGAT), respectively. Second, the Phleo resistance gene was amplified using
primers Phleo-P1 (GGATCCAATAGACCAGTTGCA) and Phleo-P2 (CGAT
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TGCTGAACAGATTAATAA), containing sequences complementary to
SA0674-P2 and SA0674-P3, respectively, and to the pUC19-upp-phleo template
sequence. Next, the three amplified fragments were connected by joining PCR
(9), and the resultant fragment was inserted at the Smal site of pSF151, creating
pSFltaS. The pSFltaS plasmid was introduced into RN4220 cells harboring
pM102-ItaS, and Km-resistant transformants, generated by first-site homologous
recombination, were selected. From these cells, Km-sensitive strains with both
Phleo resistance and Cm resistance, which were formed by a second-site homol-
ogous recombination event, were selected and named M0674/pM102-ItaS. The
pM102 vector (M. Matsuo et al., unpublished data) is a shuttle vector that can be
propagated in E. coli (Cm") or S. aureus (Cm"), facilitated by replicons of E. coli
pUC19 and S. aureus pN315, respectively. The pM102-ltaS plasmid is a pM102
derivative that harbors the /taS gene. Deletion of the chromosomal /faS gene in
MO0674/pM102-ItaS was confirmed by PCR using primers SA0674-P1 and
SA0674-P4 (data not shown). M0674/pM102-ltaS was transformed with pM101
(Matsuo et al., unpublished), which is incompatible with pM102, since they
possess the same replicon, but has a different marker from pM102 (namely, Km
resistance). A Km-resistant transformant, M0674/pM101, was obtained at 30°C.
The loss of pM102-ItaS in M0674/pM101 was confirmed by Cm sensitivity (data
not shown). In M0107, the spa gene, which encodes protein A, has been dis-
rupted in RN4220 cells by replacement with a Phleo resistance gene by double-
crossover recombination as described above using primers spa-P1 (GGGTCTA
GAAAAAAGTCAAGCCTGAAGTCG), spa-P2 (TATTGGATCCAAAGTGG
GGCTTTGAATGTG), spa-P3 (CCCGGGTACCTGCAGCGTTATTAGCTG
GAC), spa-P4 (GGGGAATTCTAATTGGTGCAACTGGGACA), and Phleo-P1
and Phleo-P3 (GGTACCCGGGCGATTGCTGAA). The pNDX1 vector is a de-
rivative of the E. coli-S. aureus shuttle vector pND50 (54); it has a xyl-tet promoter-
operator fusion and the fefR gene from pWH353 (13). pPNDX/taS-His is a derivative
of pNDX that contains a C-terminally His-tagged LtaS open reading frame (ORF)
under the control of the xyl-tet promoter-operator. pSitaS was a derivative of pKE515
obtained from a pKE515-based genomic DNA library. pSF151 is a so-called suicide
vector for S. aureus (23, 47).

Localization analysis of LtaS. To examine the localization of the LtaS protein
via subcellular fractionation, the protein A-deficient M0107 (Aspa::phleo) strain
harboring pNDX1 or pNDXItaS-His was first grown at 37°C to an optical density
at 600 nm (ODg) of 0.5. Strain M0107 was used to diminish any unwanted
signal from the interaction of protein A with immunoglobulin G during Western
blotting. Next, up to 0.5 pg/ml anhydrotetracycline (ATc) (Sigma-Aldrich) was
added, and the cells were further incubated for 2 h. To prepare the culture
medium protein, cells were centrifuged; the supernatant fractions were collected,
brought to a final concentration of 10% trichloroacetic acid, and incubated
overnight at 4°C. Precipitates were collected by centrifugation at 10,000 X g for
10 min, washed twice with ice-cold ethanol, dried, and dissolved in 8 M urea and
2 M thiourea as previously described (55). To prepare membrane proteins,
precipitated cells were washed, resuspended in 1 ml of phosphate-buffered saline
(PBS), and treated with 200 wg/ml lysostaphin (Wako) at 37°C for 30 min. The
resulting cell lysate was sonicated and then centrifuged at 100,000 X g for 30 min
at 4°C. The pellet was resuspended in PBS by sonication. The protein concen-
tration was determined by the Lowry method using bovine serum albumin as a
standard (32). Membrane (30 wg) and culture medium (3 pg) proteins were
analyzed by immunoblotting with a peroxidase-conjugated anti-His monoclonal
antibody (Nacalai Tesque).

Analysis of LTA using 3*P;. LTA was extracted from S. aureus cells with
phenol and was purified using Octyl-Sepharose as described previously (11). In
brief, S. aureus cells were grown at 30°C overnight in LB medium containing up
to 10 pCi/ml 3?P; (GE Healthcare). 3*P;-labeled cells were suspended in TSS
buffer (50 mM Tris-HCI [pH 7.9], 150 mM NaCl, 20% sucrose) and lysed with
200 pg/ml lysostaphin at 37°C for 1 h. Spheroplasts were collected by centrifu-
gation and resuspended in PBS. The LTA fraction was extracted with an equal
volume of 80% phenol at 70°C for 1 h; the extract was treated with chloroform;
and finally the extract was dried under a vacuum. The LTA fraction was absorbed
to 250 pl of Octyl-Sepharose Fast Flow slurry, washed twice with 500 wl of 15%
1-propanol, and eluted with 50% 1-propanol. *?P-labeled LTA was dried and
dissolved in MilliQ water. 3*P-labeled LTA was separated by 15% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (15% SDS-PAGE). The gels
were then dried, and the radioactive bands were detected using BAS1800 (Fuji
Film).

Quantification of LTA by ELISA. An enzyme-linked immunosorbent assay
(ELISA) of LTA was performed as described previously (48). In brief, S. aureus
cells (1 ml of culture) were first collected and resuspended in 1 ml of PBS. For
E. coli harboring pBAD24 (17) or pBADItaS-His, cells were grown at 37°C to an
ODy of 0.5; then L-(+)-arabinose (Sigma-Aldrich) was added to a final con-
centration of 1%, and the cells were further incubated for 2 h, collected, and
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resuspended in 1 ml of PBS. Cells were lysed with 200 pg/ml lysostaphin for S.
aureus or 200 pg/ml lysozyme for E. coli. LTA was extracted from the resultant
cell lysate with phenol at 70°C for 1 h. The extract was then treated with
chloroform, dried under a vacuum, and dissolved in 1 ml of water. Samples were
diluted with PBS, and 100 pl of sample was incubated on an Immulon 1B ELISA
plate (Dynatech) at 4°C overnight. After three washes with 200 pl of PBST (PBS
containing 0.05% Tween 20), the plate was treated with 200 wl of 3% bovine
serum albumin in PBST at room temperature for 1 h. After five washes with
PBST, a 200-fold-diluted anti-S. aureus LTA monoclonal antibody (clone 55;
Hycult Biotech) was added and incubated for 2 h at room temperature. The plate
was washed three times and then incubated with alkaline phosphatase-conju-
gated anti-mouse immunoglobulin G (Promega) at room temperature for 2 h.
Then the plates were washed three times with PBST and incubated with 1 mg/ml
p-nitrophenylphosphate (Sigma) in buffer AP (50 mM Tris-HCI [pH 9.0] and 1
mM MgCl,). The OD,5s was measured using a microplate reader. LTA from S.
aureus (Sigma-Aldrich) was used as a standard.

Preparation of WTA. WTA was prepared as described previously (41). In brief,
200 ml of cells grown in LB medium was harvested by centrifugation and washed
with 0.9% NaCl. Cells were then resuspended in water, boiled for 30 min, washed
with water, and washed twice with acetone. The cells were resuspended in PBS
and disrupted using a French press (35,000 Ib/in; Aminco). The resultant crude
cell wall fraction was collected by centrifugation and treated with 1 pg/ml DNase
Tand 10 pg/ml RNase for 18 h, followed by treatment with 200 pg/ml trypsin for
18 h. The cell wall fraction was collected by centrifugation and washed twice with
0.9% NaCl. WTA was solubilized from the insoluble cell wall fraction by treat-
ment with 5% trichloroacetic acid for 18 h at room temperature, precipitated
with 3 volumes of acetone, and dissolved in water. WTA was separated on an
18% polyacrylamide gel and visualized using 0.5% alcian blue 8GX (Sigma-
Aldrich) in 5% acetic acid.

Determining the rate of turnover of PG. S. aureus cells in liquid culture were
diluted in 10 ml of LB medium containing 12.5 pg/ml Cm and were grown at
30°C to an ODg of 0.1. Then the culture was brought to 30 wCi/ml **P; (GE
Healthcare) and incubated at 30°C for 1 h. Cells were collected by centrifugation,
washed twice with 1 ml of LB medium, released, and further incubated at 30°C
in fresh LB medium. Aliquots (1 ml) of the culture were sampled periodically.
Total lipids were extracted by the Bligh-Dyer method and spotted onto a silica
gel 60 thin-layer chromatography plate (Merck). The plate was developed using
chloroform-methanol-acetic acid (65:25:10) and dried, and the radioactivity of
32P-labeled PG was quantified using BAS1500 (Fuji Film) (38).

Autolysis assay. The autolysis assay was performed as described previously
(40). In brief, cells growing exponentially in 5 ml of LB medium were collected
by centrifugation, washed, and suspended in 5 ml of buffer containing 50 mM
Tris-HCI (pH 7.4) and 0.05% Triton X-100. The resultant cell suspension was
incubated at 30°C, and ODg, values were monitored.

Zymographic analyses. Bacteriolytic activities were measured, using poly-
acrylamide gels containing heat-killed Micrococcus luteus cells, by a slight mod-
ification of a previously described method (45). The stacking gel contained 3%
acrylamide, 0.08% bisacrylamide, 0.125 M Tris-HCI (pH 6.8), 0.2% SDS, 0.25%
N,N,N',N'-tetramethylethyenediamine, and 0.05% ammonium persulfate. The
separating gel contained 7.5% acrylamide, 0.135% bisacrylamide, 0.125 M Tris-
HCI (pH 8.8), 0.2% SDS, 0.1% N,N,N',N'-tetramethylethyenediamine, 0.1%
ammonium persulfate, and 1.0 mg (wet weight)/ml heat-killed M. luteus cells.
The sample loading buffer contained 25 mM Tris-HCl (pH 6.8), 2% SDS, 5%
glycerol, and 0.04% bromophenol blue. Cell surface fractions (4% SDS extract)
corresponding to 2.5 ml of culture at an ODg, of 1 were used. Electrophoresis
was performed at a constant voltage. After electrophoresis, gels were washed in
400 ml of water for 45 min and then incubated in 0.2 M phosphate buffer (pH
7.0) for 1 to 4 h. Visualization of the zone cleared by cell lysis was enhanced by
staining with 0.5% methylene blue, and gels were imaged using a GT-8700
scanner (Epson).

Microscopic analysis. For Sytox Green staining, cells growing exponentially in
LB medium at 30°C were shifted to 37°C or 43°C. Aliquots of the cells were
sampled and stained with 5 pM Sytox green nucleic acid stain (Molecular
Probes) in LB medium. Cells were spread onto glass slides coated with amin-
opropylsilane (Matsunami) and were observed with a DM4000B fluorescent
microscope (Leica) using a 100X objective. Images were taken with a charge-
coupled device camera (Leica) and processed by Adobe Photoshop Elements. At
least 200 cells were counted. Electron microscopic analysis was performed as
described previously (46). In brief, cells growing exponentially in 200 ml of LB
medium at 30°C were sampled directly or shifted to 43°C for 3 h. Harvested cells
were washed twice and doubly fixed with 2.5% glutaraldehyde and 1% OsO,. The
samples were then dehydrated using an ethanol series and were embedded in
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TABLE 2. Complementation of temperature-sensitive mutant strains®

No. of transformants (10%) with the
following plasmid at 43°C/30°C:

Strain
pSltaS pKES15
TS2519 2.1/1.3 0.0/0.8
TS2947 1.0/2.0 0.0/2.6
TS8643 5.0/4.4 0.0/1.6

“ Competent cells of each temperature-sensitive mutant strain of S. aureus (50
wl) were electroporated with 250 ng of pSltaS or the empty vector pKES515,
followed by incubation at 43°C or 30°C for 24 h on LB agar plates containing 12.5
pg/ml Cm. The number of transformants was counted. Data are representative
of more than three independent experiments.

Spurr’s Epon. Ultrathin sections were cut with an ultramicrotome and examined
using a JEOL JEM-2000 EXII electron microscope at 80 or 100 kV.

RESULTS

Identification of the ltaS gene. To identify genes essential for
S. aureus cell growth, we collected about 750 temperature-
sensitive mutants that grow at 30°C but not at 43°C. Genes that
complement temperature-sensitive cell growth in these mutant
strains were identified by introducing a pKE515-based plasmid
library containing chromosomal DNA fragments derived from
S. aureus strain RN4220. We found three temperature-sensi-
tive mutant strains that could be complemented by pSitas$, a
plasmid harboring the hypothetical gene SA0674 (/zaS), but
not by the empty vector, pKES515 (Table 2). (The gene iden-
tification number was assigned in S. aureus strain N315 [29].)
The pSita$S genomic insert did not contain any genes other than
ltaS; this gene appears to be encoded in a monocistron. We
next compared the nucleotide sequences of the chromosomal
ItaS gene and its flanking regions in the mutant strains. We
found that each strain had a different single transition or trans-
version mutation in the LtaS coding region that resulted in an
amino acid substitution. Three distinct lesions were identified:
G768A (Ser256Asn; strain TS2947), C1055T (Thr3511le; strain
TS2519), and G1062T (Trp354opal; strain TS8643) (Fig. 1A).
We named these mutations /faS2947, ltaS2519, and ltaS8643,
respectively.

To determine if these mutations were really responsible
for the temperature-sensitive growth of these mutant
strains, we performed phage transduction experiments using
phage 80alpha. We inserted a selection marker (a kanamy-
cin resistance gene) into a noncoding region between the
SA0667 and SA0668 genes, a region that is proximal to /fa$
in each of the mutant strains (TS2519, TS2947, and
TS8643). For TS2519, 27 of 136 kanamycin-resistant trans-
ductants showed temperature-sensitive cell growth, whereas
the remaining 109 transductants remained temperature re-
sistant (Table 3). A similar link between kanamycin resis-
tance and temperature sensitivity was observed in TS2947
and TS8643 (Table 3). As with the parental mutant strains,
pSltaS was able to complement the temperature sensitivity
of the mutant transductants (data not shown). These results
strongly suggest that these /faS point mutations are responsible
for the temperature-sensitive phenotype.

The ItaS gene encodes a 68-kDa protein with an N-termi-
nal five membrane-spanning region and a C-terminal phos-
phoglycerol transferase-like (or anion binding, sulfatase, al-
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kaline phosphatase-like) domain (Fig. 1A). Notably, each of
the three mutations is located within the phosphoglycerol
transferase-like domain. Sequence alignment of LtaS ortho-
logues in related species, such as Listeria monocytogenes,
Streptococcus pyogenes, and Bacillus subtilis (Table 4), re-
vealed that Ser256 has been well conserved in S. aureus LtaS
and that Thr352 is Thr or Ser in the other organisms. The
conservation of these amino acids is consistent with their
importance for LtaS protein function.

Because /taS8643 is a nonsense mutation, it seems plausible
to imagine that /faS is dispensable for cell growth at 30°C. To

A 1taS2519
Thr351lle
1 646

N _EI]]]] Phosphoglycerol

transferase like domainl |'C
5-membrane

spanning region /taS2947  [taS8643
Ser256Asn Trp354Stop

B host: M0674
/pM102-/taS
—

Introduced plasmid
pM101 pM101-/taS

43°C

30°C

Cc
RN4220/pKE515 gy
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MO0674/pSitaS
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E
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FIG. 1. Isolation of mutations in S. aureus ltaS. (A) Primary struc-
ture of LtaS protein. Filled bars and shaded box indicate membrane-
spanning regions and the phosphoglycerol transferase-like domain,
respectively. Each mutation site identified in temperature-sensitive
[taS mutant strains is indicated by an arrow. (B) Colony formation of
AltaS mutant cells. M0674 (AltaS::phleo) harboring pM102-/taS (Cm")
was transformed with an incompatible plasmid, pM101 (Km") or
pM101-ltaS (Km"). Cells were spread onto LB agar plates containing
50 pg/ml Km and 20 pwg/ml Phleo and were incubated at 30°C and 43°C
for 24 h. (C) Temperature-sensitive cell growth of AltaS mutant cells.
RN4220/pKES515, M0674/pM101/pKES15, or MO0674/pM101/pSitaS
cells at 30°C in LB medium were serially diluted 10-fold, and each 2-pl
aliquot was spotted onto LB agar plates. Plates were incubated at 30°C,
37°C, or 43°C for 48 h. (D and E) Changes in turbidity and viability of
AltaS mutant cells (M0674/pM101) after a temperature shift. Cells
were diluted and incubated at 30°C in 5 ml of LB medium. At the
exponential-growth phase, the temperature either was shifted to 43°C
(filled symbols) or 37°C (shaded symbols) or was maintained at 30°C
(open symbols). Turbidity was measured (D), and viable cell numbers
were counted (E). Data are representative of at least three indepen-
dent experiments.
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TABLE 3. Results of phage transduction”
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TABLE 4. Conservation of the /taS gene among bacteria

No. of transductants with: Linkage (%) Presence
between . “ or
Donor - TS Km' and TS Phylum and species LTA absence
b
phenotype phenotype of ltaS
TS2519%an 136 27 20 Firmicutes
TS2947kan 104 10 10 Staphylococcus aureus GroP +
TS8643kan 174 29 16 Bacillus subtilis GroP +<
— . — Listeria monocytogenes GroP +
“In each temperature-sensitive mutant strain identified in this study, a Km Lactobacillus casei GroP +
resistance gene was inserted near the /faS gene locus, and the resultant mutant
. A . Streptococcus pyogenes GroP +
was used as a donor for transduction analysis using phage 80alpha. The recipient .
Streptococcus agalactiae GroP +

was M0107 in all transductions. The Km-resistant (Km") transductants were
selected at 30°C and tested for temperature-sensitive cell growth (TS phenotype)
at 43°C. Data are representative of two independent experiments.

test this hypothesis, the chromosomal /faS gene was replaced
with a Phleo resistance gene in a strain harboring pM102-/taS,
a complementing plasmid. Plasmid pM102 is a vector contain-
ing a replicon of the S. aureus pN315 plasmid and a Cm
resistance gene (Matsuo et al., unpublished). This strain,
MO0674/pM102-ItaS, was transformed with pM101, a Km-resis-
tant plasmid containing the same pN315 replicon region as
pM102, so that pM101 is incompatible with pM102-ltaS. Km-
resistant transformants (M0674/pM101) were obtained at 30°C
but not at 43°C (Fig. 1B). The loss of the preexisting pM102-
ltaS in M0674/pM101 was confirmed. Colonies obtained at
30°C grew more slowly than those of M0674/pM101-/taS. Fur-
thermore, the colony-forming ability of the M0674/pM101
strain dramatically decreased (to less than 10~°) on agar plates
when cells were cultured at 37°C or 43°C but was recovered by
the introduction of pSiza$S (Fig. 1C). Upon a temperature up-
shift of M0674/pM101 cells from 30°C in liquid medium, a
turbidity increase was detected at 37°C, but this increase was
smaller than that observed at 30°C. When the culture was
shifted to 43°C, there was no further increase in turbidity (Fig.
1D). The number of viable cells tapered off at 37°C and began
to decrease at 43°C (Fig. 1E). Taken together, these results
indicate that the /faS gene is dispensable for S. aureus cell
growth at 30°C but essential at temperatures above 37°C.

Loss of LTA synthesis in the AlfaS mutant. We next sought
to reveal the biochemical function of the LtaS protein. We
identified four /taS orthologues (VfIE, yfnl, yqgS, and yvg/) in
Bacillus subtilis. The C-terminal regions of two of the four
proteins, the yflE and yfnl gene products, have been reported
to be extracellular (1, 19). Consistent with this result, the C-
terminal region of the S. aureus LtaS protein was identified
among extracellular proteins in a proteomics-based analysis of
S. aureus (55). Thus, we postulated that the LtaS C-terminal
region containing the phosphoglycerol transferase-like domain
was located outside the cell membrane. Additionally, it seemed
likely that the region is cleaved and released to the culture
medium.

To test this possibility, we expressed a version of LtaS with
a His tag on the C terminus under the control of the ATc-
inducible promoter in a protein A-deficient S. aureus strain
(M0107). Immunoblotting revealed that a 68-kDa protein
could be detected in the membrane fraction in a manner de-
pendent on the presence of ATc (see Fig. SIA in the supple-
mental material). This size is consistent with the predicted
molecular mass of a full-length LtaS-His, and this result sup-

Streptococcus pneumoniae RibP + tetrasaccharide
Mycoplasma genitalium -

Proteobacteria (Escherichia coli) —

Actinobacteria (Mycobacterium - -
tuberculosis)

“ GroP, glycerolphosphate polymer; RibP + tetrasaccharide, polymer of
ribitol phosphate and a tetrasaccharide unit; —, no LTA.

b +, presence; —, absence.

¢ Four Ita$ orthologues are found in Bacillus subtilis.

ports the idea that LtaS is a membrane protein. As expected, a
C-terminal 48-kDa protein fragment containing the phospho-
glycerol transferase-like domain was detected in an extracellu-
lar protein fraction (see Fig. S1A in the supplemental mate-
rial). The ratio of the amount of full-length protein present in
the membrane fraction to the amount of the C-terminal frag-
ment in the extracellular protein fraction was about 6:1 in
exponentially growing cells. These results suggest that the C-
terminal region, containing the phosphoglycerol transferase-
like domain, is oriented toward the extracellular space on
the cell membrane and that this region is cleaved and re-
leased into the culture medium (see Fig. S1B in the supple-
mental material).

Since the phosphoglycerol transferase-like domain of
LtaS appears to be oriented to the extracellular space, we
next asked if the AlfaS mutant strain was depleted of any cell
surface constituents, including LTA. The mutant and parent
cells were metabolically labeled with *?P,, and the **P-la-
beled LTA was extracted by phenol and purified by Octyl-
Sepharose column chromatography as described previously
(11). In the AltaS mutant (M0674/pM101/pKES515), no **P-
labeled LTA was detected (Fig. 2A, lane 2), and its loss was
complemented by the introduction of plasmid pSlza$S into
the mutant (Fig. 2A, lane 3). The loss of LTA in the AltaS
mutant was also confirmed by an ELISA (Fig. 2B), in which
an anti-LTA monoclonal antibody directed against polyglyc-
erolphosphate was used. In contrast, the amount of WTA in
the AltaS mutant strain (M0674/pM101) was similar to that
in the parental strain (Fig. 2C). These results indicate that
Ita$ is required for the biosynthesis of the polyglycerolphos-
phate chain present in LTA. The extracellular localization
of the phosphoglycerol transferase-like domain of LtaS is
consistent with the idea that polyglycerolphosphate of LTA
is synthesized on the outer leaflet of the cell membrane in
gram-positive bacteria (36).

Previous biochemical studies have demonstrated that mem-
brane PG is a substrate for the biosynthesis of the polyglycer-
olphosphate present in LTA. We tested this idea by using the
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FIG. 2. Essential nature of the /S gene for LTA biosynthesis. (A) Loss of LTA in AltaS mutant cells. Cells were metabolically labeled with *?P;, and
32P-labeled LTA was extracted, separated by 15% SDS-PAGE, and detected by autoradiography. Lanes: 1, RN4220/pKE515; 2, M0674 (AltaS)/pM101/
pKES515; 3, M0674/pM101/pSitaS. (B) Quantification of LTA by ELISA. Levels of LTA in S. aureus cell culture were quantified by ELISA using an
anti-polyglycerolphosphate antibody. Means from three independent experiments are presented along with standard deviations. Bars: 1, RN4220/
pKES15; 2, M0674/pM101/pKES15; 3, M0674/pM101/pSitaS. (C) The ltaS gene is dispensable for WTA biosynthesis. WTA was extracted from
stationary-phase S. aureus cells, separated by PAGE (18%), and visualized by 0.5% alcian blue staining. Lanes: 1, RN4220; 2, M0674/pM101; 3, M0702
(AtagO). (D) Decreased turnover rate of membrane PG in an S. aureus AltaS mutant. Cells were metabolically pulse-labeled with *?P; for 1 h and
incubated further in fresh medium for the indicated periods. Total lipids were extracted and separated by silica gel thin-layer chromatography
(chloroform-methanol-acetic acid, 65:25:10). 3*P-labeled PG was quantified by autoradiography. Filled circle, RN4220/pKE515; open circle, M0674/
pM101/pKES51S5; filled triangle, M0674/pM101/pSitaS. Data are means and standard deviations from three independent experiments.

AltaS mutant strain. By a pulse-chase experiment using **P;
(Fig. 2D), the half-life (t,,) of PG in the parental strain
(RN4220/pKE515) was found to be 19 min, consistent with
previously reported data (28). In contrast, in the AlfaS mutant
(M0674/pM101/pKE515), the t,,, for PG was more than 120
min. The introduction of pSlta$ into the AlfaS mutant strain
decreased the t,,, to 32 min. These results are consistent with
the previous biochemical observations and suggest that PG is
really a substrate for polyglycerolphosphate biosynthesis of
LTA. Additionally, our data clearly reveal that a large propor-
tion of the PG in S. aureus cells is used for the biosynthesis
of LTA.

Induction of LTA synthesis in E. coli cells via ectopic ex-
pression of LtaS. Next, we tested if the ectopic expression of
LtaS in E. coli cells could induce the biosynthesis of polyglyc-
erolphosphate. Since E. coli has the substrate PG but not LTA
and the S. aureus AypfP mutant strain lacks the glycolipid
anchor of LTA and instead is able to synthesize polyglycerol-
phosphate on diacylglycerol (10, 27), we postulated that the
expression of LtaS in E. coli might induce the synthesis of
polyglycerolphosphate. To test this idea, an E. coli pgsA3 mu-
tant strain, which has severe defects in PG biosynthesis, and its
isogenic parent strain (3) were transformed with pBADIfaS-
His harboring the LtaS ORF with a C-terminal His tag under
the control of the arabinose promoter. The induction of LtaS
in the parent E. coli strain by the addition of L-arabinose
caused synthesis of polyglycerolphosphate (Fig. 3A), as mea-
sured by an ELISA for LTA as described for Fig. 2B. In
contrast, much lower levels of LTA synthesis were induced in
the pgsA3 mutant (Fig. 3A). Arabinose-dependent expression
of LtaS in both strains was confirmed by immunoblotting for
the His tag (Fig. 3B). These results strongly suggest that ltaS
encodes a polyglycerolphosphate synthase that uses PG as a
substrate. The role of the LtaS protein in the LTA biosynthetic
pathway is diagramed in Fig. 3C.

The /taS gene has been conserved among low-GC-content
gram-positive bacteria, which have glycerol phosphate type
LTA, including staphylococci, bacilli, listeriae, lactobacilli, en-
terococci, and streptococcal groups A and B (Table 4; also data

not shown). Streptococcus pneumoniae, in which LTA has a
repeating unit of ribitol phosphate and tetrasaccharide instead
of polyglycerolphosphate (8), does not have an identifiable /taS
orthologue (Table 4). Thus, the conservation of the gene is
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6 <
E. coli ‘2‘ S
pgsA* &S
PgsA3 + - + - _Arabinose
LtaS-His  vector Plasmid
B pgsAt PgsA3
LtaS-His vector LtaS-His vector
+ -+ -+ -+ -
-~
-_
anti-His blot
C [Glycerol
i
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DAG YpfP Lta/hg LtaS
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FIG. 3. PG-dependent induction of LTA synthesis in E. coli cells by
ectopic expression of S. aureus LtaS. (A) pgsA-dependent LTA synthesis in E.
coli. Exponentially growing E. coli cells were brought to a final concentration
of 1% L-arabinose and were further incubated for 3 h. LTA levels in a phenol
extract of the E. coli cells were quantified by ELISA as described for Fig. 2B.
The results shown are representative of at least three independent experi-
ments. Strains used were JES513Tc (pgsA ™) and YAS5513Tc (pgs43), which is
deficient in PG biosynthesis, each harboring pBAD/faS-His (LtaS-His) or
pBAD24 (vector). (B) Expression of LtaS-His in E. coli cells. Whole-cell
extracts of E. coli cells were prepared as described for panel A, and LtaS-His
protein was detected by immunoblotting with an anti-His antibody. (C) Pro-
posed LTA biosynthetic pathway. YpfP catalyzes the transfer of two glucose
molecules to diacylglycerol (DAG) from UDP-glucose (UDP-Glc), and the
resultant diglycosyldiacylglycerol is transported to the outer leaflet of the
membrane by the putative membrane permease, LtaA. Glycerol phosphate
residues are transferred by LtaS using PG as a donor.
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FIG. 4. Aberrant cell division and separation in AlfaS mutant cells.
Exponentially growing cells at 30°C (top) or cells after a shift to 43°C
for 3 h (bottom) were fixed and observed by transmission electron
microscopy. (Left) RN4220; (center and right) M0674/pM101 (AltaS).

consistent with the idea that LtaS catalyzes polyglycerolphos-
phate synthesis of LTA.

Aberrant cell division and separation in AltaS mutant cells.
To further characterize the physiological roles of the ltaS gene,
analyses of the mutant cells were performed by electron mi-
croscopy. When grown at 30°C, AltaS mutant cells irregularly
positioned the division septa; they had parallel but not perpen-
dicular division septa (Fig. 4). In addition, daughter cells often
remained connected to each other. Furthermore, cells were
enlarged, and their cell walls were thicker than those of wild-
type cells (Fig. 4). A similar phenotype was observed for AltaS
mutant cells cultured at 43°C for 4 h (Fig. 4). Fluorescent light
microscopy of 4',6-diamidino-2-phenylindole (DAPI)-stained
temperature-sensitive /faS point mutant cells revealed that
cells were enlarged and harbored multiple nucleoids at their
restrictive temperature (data not shown). The introduction of
pSlta$ into these strains suppressed these phenotypes (data not
shown). These results clearly indicate that LTA synthesis by
LtaS is required for complete cell division and separation and
for proper cell wall metabolism.

Decreased autolysis in AltaS mutant cells. The thickened
cell wall and irregular cell separation in AlfaS mutant cells
resemble phenotypes that have been observed for Aa#/ and
Aslel peptidoglycan hydrolase mutants (25, 46). Thus, we sup-
posed that a AltaS mutant might express lower peptidoglycan
hydrolase activity on its cell surface. To test this hypothesis, we
performed a Triton X-100-mediated autolysis assay. Cells
growing exponentially at 30°C were harvested and suspended
in a buffer containing 0.05% Triton X-100; then changes in
turbidity due to autolysis were monitored. There was an ob-
servable decrease in turbidity in AltaS mutant cells; this de-
crease was smaller than that for the parent strain (Fig. 5A). In
addition, a zymography assay, in which peptidoglycan hydro-
lase activity is monitored by in-gel digestion of heat-killed
Micrococcus luteus cells, revealed that the levels of peptidogly-
can hydrolases in the cell wall fraction were lower in AlfaS
mutant cells than in parent cells (Fig. 5B). The introduction of
pSita$ into the AlfaS mutant rescued the peptidoglycan hydro-
lase activity (Fig. 5B). Thus, LTA is also critical for maintain-
ing normal levels of peptidoglycan hydrolase activity on the
bacterial cell surface.
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FIG. 5. Decrease in peptidoglycan hydrolase activity in AltaS mu-
tant cells. (A) Monitoring of autolysis of AltaS mutant cells. Exponen-
tially growing cells at 30°C were harvested, suspended in 50 mM
Tris-HCI (pH 7.4) buffer containing 0.05% Triton X-100, and incu-
bated at 30°C. The ODy, was determined at the indicated times. Open
circles, RN4220; filled circles, M0674/pM101 (AltaS). Data are means
and standard deviations for at least three independent experiments.
(B) Zymographic analysis of peptidoglycan hydrolases. A cell wall
fraction was prepared and separated by SDS-PAGE (10%) with a gel
containing 1 mg/ml heat-killed M. luteus cells. The gel was incubated in
0.2 M phosphate buffer, and visualization of the cleared zone was
enhanced by staining with 0.5% methylene blue. Lanes: 1, RN4220/
pKES15; 2, M0674/pM101/pKES15; 3, M0674/pM101/pSitas.

Inability to exclude a dye from AltaS mutant cells at high
temperatures. The aberrant cell division and separation and
the decrease in peptidoglycan hydrolase activity in AlfaS mu-
tant cells were observed under permissive conditions (i.e., at
30°C). Because Alta$ mutant cells stop the increase in turbidity
after a temperature upshift to 43°C, we supposed that another
defect in cellular function, in addition to the phenotypes de-
scribed above, contributes to the loss of colony formation un-
der nonpermissive conditions (i.e., at 37°C or 43°C). Based on
previous reports that LTA occupies 1/10 to 1/5 of the available
lipid molecules in the outer leaflet of the cell membrane and
that LTA increases the phase transition temperature of the cell
membrane, leading to stabilization of the membrane (16), we
speculated that loss of the stabilizing effect of LTA on the cell
membrane at high temperatures would damage the cell mem-
brane severely enough to account for the decrease in cell
viability. To test for membrane damage in AltaS mutant cells,
we used the fluorescent dye Sytox green, which is excluded
from intact cell membranes but can permeate membrane-dam-
aged cells and render the cells fluorescent by binding to nucleic
acids inside the cell (42). As shown in Fig. 6A, parent cells did
not fluoresce at either temperature; about 10% of the AltaS
mutant cells fluoresced at 30°C, and this percentage of Sytox
green-positive cells increased after a temperature upshift (Fig.
6A). To lessen the membrane stress, we added 7.5% NaCl or
40% sucrose to the nutrient agar plates and found that either
treatment remarkably suppressed the growth defect of AltaS
mutant cells at 37°C (Fig. 6B). One possible interpretation of
these results is that the growth defect of the AlfaS mutant at
high temperatures is caused, at least in part, by loss of mem-
brane integrity due to the loss of LTA.

Accumulation of LTA intermediates cannot explain the
growth defect of AltaS mutant cells. It has been proposed that
the accumulation of intermediates in WTA synthesis leads to
impaired cell growth in B. subtilis and S. aureus (6, 7). This idea



148 OKU ET AL.

>

80

B

8 AltaS 43°C

3 60

C

£

®

§ 40

] AltaS 37°C

X

O 20

> AltaS 30°C

S RN4220
30,37,43°C

0 0.5 1 1.5 2
Time after temperature shift (h)

7.5% NaCl

1% NaCl

40% sucrose

Upper RN4220
Lower AltaS

FIG. 6. Inability to exclude Sytox green dye at high temperatures in
AltaS mutant cells. (A) Exponentially growing RN4220 and M0674/
pM101 (AltaS) cells at 30°C were shifted to the indicated temperatures
and sampled at the indicated times. Cells were then stained with 5 pM
Sytox green, and the percentage of Sytox green-stained cells was de-
termined under a microscope. At least 200 cells were counted. Data
are means and standard deviation from three independent experi-
ments. (B) Effect of high osmolarity on colony formation by Alta$
mutant cells. Fully grown RN4220 and M0674/pM101 cells at 30°C in
LB medium were serially 10-fold diluted, and each 2-ul aliquot was
spotted onto LB agar (1% NaCl), LB agar with 7.5% NaCl, or LB agar
with 40% sucrose. Plates were incubated at 30°C, 37°C, or 43°C for
48 h.

is based on the fact that the fagO gene, which catalyzes the first
reaction of WTA biosynthesis, is dispensable for cell growth,
whereas the tagBDF genes, which act in subsequent steps of
WTA biosynthesis, are indispensable. We thought that it would
be interesting to know if a similar situation exists for LTA
synthesis—that is, if the accumulation of LTA intermediates
(specifically glycolipids) in AlfaS mutant cells may cause the
growth defect at high temperatures. To test this possibility, we
generated an /faS ypfP double mutant; the ypfP gene is respon-
sible for the synthesis of the glycolipid anchor of LTA and is
dispensable for cell growth (27). Specifically, we deleted the
chromosomal ypfP gene in the M0674/pM102-ltaS strain via
phage transduction, which created the YO1001/pM102-/taS
strain; then we replaced pM102-/taS with pM101 to remove
Ita$ function. The resultant AltaS AypfP double-mutant strain
YO1001/pM101 formed colonies at 30°C but not at 43°C, sim-
ilar to what was seen for the AlfaS single-mutant strain M0674/
pM101 (data not shown). This result demonstrates that the
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AypfP mutation cannot suppress the growth defect of Alta$
mutant cells at high temperatures, thus arguing against the
rationale that the temperature sensitivity of AlfaS is related to
the accumulation of glycolipid intermediates of LTA biosyn-
thesis.

Loss of both LTA and WTA leads to synthetic lethality in S.
aureus. Wall anionic polymers of bacteria have been thought to
be important for growth (36). To examine the requirement of
WTA for the growth of LTA-depleted mutant cells, we next
tested the effect of removing WTA from the S. aureus AltaS
mutant. To perform this experiment, a AtagO::erm construct
was transduced into M0674/pM102-/taS by using phage 80alpha.
The resultant YO1003/pM102-/taS$ strain was transformed with
pM101 to remove lfaS function. The AtagO AltaS double mu-
tant, in which pM102-/faS was successfully replaced by pM101,
could not be obtained under any condition tested, including
growth at 30°C on LB agar alone and on LB agar with 40%
sucrose (Table 5). This result suggests that the simultaneous
depletion of LTA and WTA leads to synthetic lethality at
30°C, thus providing evidence that S. aureus requires the
presence of at least one of these two anionic polymers for
growth at 30°C.

DISCUSSION

The polyglycerolphosphate chain of LTA was recently
shown to be synthesized by LtaS. Because of the limited study
of LTA-depleted cells, however, the biological roles of LTA in
cell growth and the pathogenic-bacterium-host cell interaction
have not been determined clearly. In this study, we show that
a AltaS mutation in S. aureus resulted in the depletion of LTA
and a dramatic decrease in the turnover of membrane PG. We
also show that ectopic expression of the S. aureus LtaS protein
in E. coli induced polyglycerolphosphate synthesis in a manner
dependent on pgsA, which is required for PG production.
Taken together, these data strongly suggest that /taS encodes
the polyglycerolphosphate synthase of LTA and uses PG as a
substrate. The AlfaS mutant cells were viable at 30°C but not at
37°C or 43°C; thus, LTA synthesis is required for S. aureus cell
growth at temperatures of 37°C and higher.

When AlfaS mutant cells were shifted from 30°C to 43°C,
turbidity did not continue to increase as it would for normally
growing cells, and the number of viable cells decreased. It
should be noted, however, that cell lysis caused by a general

TABLE 5. Deficiency of both LTA and WTA leads to synthetic lethality

No. of transformants® on the following medium with the
indicated plasmid:

Temp
(°C) LB LB + sucrose
pM101 pM101-ltaS pM101 pM101-itaS
30 200 1,581 0 868
37 4v 1,670 0 929
43 0 1,250 0 920

“YO01003 (AltaS AtagO) harboring pM102-/taS was transformed with pM101
or pM101-/taS and selected with Km on LB agar plates with or without 40%
sucrose for 48 h. Data are representative of at least three independent experi-
ments.

® Tiny colonies appeared but failed to regrow to detectable levels under the
same agar plate conditions after being picked from the original agar plates.
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attenuation of peptidoglycan biosynthesis or its degradation
does not necessarily account for the decrease in cell viability,
because AltaS mutant cells at 43°C maintained a constant tur-
bidity and a lower autolysis activity. Moreover, levels of pep-
tidoglycan hydrolase activity on the cell surface were also de-
creased. Another finding of note is that AlfaS mutant cells
became permeable to Sytox green fluorescent dye after the
temperature upshift. Furthermore, we observed that condi-
tions of high osmolarity remarkably suppressed the cell growth
defects of AltaS mutant cells at 37°C. Therefore, LTA is re-
quired for the resistance of low osmolarity. We also observed
this phenomenon at 30°C; indeed, we found that the growth of
AltaS mutant cells could be largely attenuated by decreasing
the concentration of NaCl in the LB medium from 1% to 0.5%
(data not shown).

One explanation both for the inability to exclude the dye at
high temperatures and for the high-osmolarity requirement of
the AlfaS mutant is that a protein(s) involved directly or indi-
rectly in systems for excluding the dye requires LTA or high
osmolarity for its structure or function. Another explanation is
that LTA is required for membrane integrity. Because LTA is
one of the constituents of membrane lipids and has been re-
ported to stabilize cell membranes by increasing the phase
transition temperature (16), this cell membrane-stabilizing ef-
fect of LTA might function in maintaining the membrane
integrity, and thus the cell viability, of S. aureus at higher
temperatures. Alternatively, LTA in cooperation with pepti-
doglycan and WTA might be needed to compose a cell wall
structure adequate to resist intracellular osmotic pressure
across the cell membrane. The high-osmolarity requirement of
the AltaS mutant seems consistent with this notion.

An idea for the role of LTA in resisting low osmolarity is
that LTA is important for osmotic regulation in S. aureus and
other LTA-containing gram-positive bacteria, a role similar to
that of membrane-derived oligosaccharides (MDOSs) in E. coli
and related gram-negative bacteria. E. coli MDOs are located
in the periplasmic space and are a family of soluble glucans of
5 to 12 glucose molecules that are substituted with phospho-
glycerol and phosphoethanolamine groups (43). It is thought
that MDOs release fixed anions into the periplasmic space and
that negatively charged MDOs and their counter-ions are the
principal source of the osmotic pressure in the space of cells
(26). LTA contains anionic polymers of phosphoglycerol and
thus releases fixed anions on the outside of the cell membrane.
LTA and its counter-ions could provide local osmotic pressure
on the outside of the cell membrane and could thus reduce
osmotic stress; this idea could explain the high-osmolarity re-
quirement of the AlfaS mutant. The expected roles of LTA
described above might function in combination. Further stud-
ies to uncover the roles of LTA in resisting low osmolarity are
needed.

LTA and WTA are negatively charged polymers and are
thought to have similar functions on the cell surface. We have
shown that deletion of both /taS and tagO leads to synthetic
lethality at 30°C. Thus, WTA appears to compensate for a loss
of LTA, and vice versa. This genetic evidence demonstrates the
essential nature of wall anionic polymers for the growth of S.
aureus.

While LTA-depleted S. aureus mutant cells were tempera-
ture sensitive, no increase in the LTA content was observed in
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normal cells after a temperature upshift (data not shown).
Recently, it was reported that LTA was reduced to 1/10 of its
normal levels in AypfP mutant cells, which nevertheless grew
normally (10). Thus, the amount of LTA required for normal
cell growth is much smaller than its typical content in wild-type
cells; this finding could help explain why the LTA content did
not increase at higher temperatures.

The AltaS mutation resulted in aberrant cell division and
separation, lower levels of peptidoglycan hydrolase activity on
the cell surface than in parent cells, and decreased autolysis.
Interestingly, the irregularity in cell separation that we ob-
served in AltaS cells is similar to that observed for the Aat/
peptidoglycan hydrolase autolysin mutant and the Aslel pep-
tidoglycan amidase mutant (25, 46). The S. aureus Atl protein
is known to localize to the cell division plane and the predicted
cell division site; the binding of Atl to LTA is predicted to be
involved in septal localization (53). Thus, it seems reasonable
that LTA might be involved in cell separation by maintaining
the amount and localization of peptidoglycan hydrolases on
the cell surface. Moreover, we speculate that LtaS may localize
to the cell division plane, where it would act to synthesize
nascent LTA chains at the septum. Support for this idea comes
from a previous report that YpfP, which is required for glyco-
lipid anchor synthesis, is localized to the cell division plane
(49).

Our measurement of the ¢,,, of PG revealed that LTA syn-
thesis has a dramatic effect on membrane phospholipid metab-
olism, suggesting that about half the PG molecules on the cell
membrane are used for LTA synthesis in one doubling time.
Concomitant with LTA synthesis, a large quantity of diacyl-
glycerol is produced on the outer leaflet of the cell membrane.
These molecules must be translocated to the cytoplasmic side
of the cell membrane so that they can be used for phosphatidic
acid production. This process requires the translocation of a
large number of molecules. Thus, phospholipid metabolism
might have a role in the maintenance of cell physiology and cell
cycle events, since the activity of the replication initiator pro-
tein DnaA is sensitive to acidic phospholipids (20, 44, 52). In
the future, it will be interesting to learn more about the role of
LTA synthesis in cell division and separation.

Because the catalytic domain of LtaS is oriented toward the
extracellular space, inhibitors of LtaS would not need to per-
meate the bacterial cell membrane; thus, soluble compounds,
which have favorable pharmacological properties, could be
considered in the design of therapeutics. In addition, since S.
aureus is a normal constituent of the resident flora in animals,
the fact that AlfaS mutant cells cannot grow at the physiolog-
ical temperature of 37°C is interesting. Moreover, the LtaS
protein has been conserved among those gram-positive patho-
genic bacteria that have glycerol phosphate-type LTA. These
factors make LtaS an attractive target for the development of
antimicrobial agents.

We have uncovered permissive conditions for AltaS mutant
cells. The identification of the temperature-sensitive nature of
AltaS mutant cells is important, because it enables us to culture
LTA-depleted mutant cells and thus makes it possible to ana-
lyze the physiological roles of LTA in bacterium-host cell in-
teractions.
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