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Wall teichoic acids are cell wall polymers that maintain the integrity of the cellular envelope and contribute
to the virulence of Staphylococcus aureus. Despite the central role of wall teichoic acid in S. aureus virulence,
details concerning the biosynthetic pathway of the predominant wall teichoic acid polymer are lacking, and
workers have relied on a presumed similarity to the putative polyribitol phosphate wall teichoic acid pathway
in Bacillus subtilis. Using high-resolution polyacrylamide gel electrophoresis for analysis of wall teichoic acid
extracted from gene deletion mutants, a revised assembly pathway for the late-stage ribitol phosphate-utilizing
enzymes is proposed. Complementation studies show that a putative ribitol phosphate polymerase, TarL,
catalyzes both the addition of the priming ribitol phosphate onto the linkage unit and the subsequent
polymerization of the polyribitol chain. It is known that the putative ribitol primase, TarK, is also a bifunc-
tional enzyme that catalyzes both ribitol phosphate priming and polymerization. TarK directs the synthesis of
a second, electrophoretically distinct polyribitol-containing teichoic acid that we designate K-WTA. The
biosynthesis of K-WTA in S. aureus strain NCTC8325 is repressed by the accessory gene regulator (agr) system.
The demonstration of regulated wall teichoic acid biosynthesis has implications for cell envelope remodeling

in relation to S. aureus adhesion and pathogenesis.

Wall teichoic acids (WTA) are anionic, carbohydrate-based
polymers that are covalently attached to the peptidoglycan
matrix of many gram-positive bacteria (32, 41, 44). In Bacillus
subtilis, WTA accounts for 30 to 60% of the total cell wall mass
and has been implicated in a number of roles critical to main-
taining the overall integrity of the cell envelope (21). The loss
of cell surface charge balance, tensile strength, rigidity, poros-
ity, and proper cell morphology along with misregulation of
autolysins are all associated with mutations in WTA-related
genes (32). In addition to a structural role, the WTA polymer
itself may also serve as a phosphate reservoir for transition to
growth in phosphate-depleted medium and in cation (Mg**/
Ca®") assimilation/homeostasis (12).

While much is known about the structure and function of
WTA in rod-shaped bacteria, comparatively little is known
about the role of WTA in coccoid bacteria. In contrast to
findings for B. subtilis (10), the growth rate and fitness of
Staphylococcus aureus lacking WTA is not significantly im-
paired (11, 25, 45). S. aureus WTA has been shown, however,
to play an essential role in adhesion to endothelial and epithe-
lial tissues and to be critical for colonization in multiple infec-
tion models (2, 45, 46). Since adhesion is a key step in infec-
tion, WTA can be considered a quintessential virulence factor,
making it a potential target for antimicrobial intervention. To
exploit the WTA pathway as a novel drug target in S. aureus, it
is necessary to define the activity of the enzymes in the pathway
and to elucidate the mechanism of assembly.

The majority of S. aureus strains contain polyribitol phos-
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phate (poly-RboP) WTA, whose biosynthetic pathway has
been modeled using the prototype poly-RboP WTA-producing
strain B. subtilis W23 (28). The proposed pathway has been
accepted for S. aureus despite major differences in WTA gene
organization between S. aureus and B. subtilis strain W23 (38).
There are at least two separate polycistronic WTA gene clus-
ters (in addition to the monocistronic farO gene) in the S.
aureus genome, whereas in B. subtilis W23 the WTA genes are
in a single, divergently transcribed locus. In particular, the
proposed poly-RboP WTA assembly model invokes two se-
quentially acting enzymes, an RboP primase (TarK) and an
RboP polymerase (TarL). Qian et al. (38) noted that for this
model to be correct for S. aureus, two enzymes (TarK and
TarL) with more than 80% sequence identity would have to
catalyze distinct reactions, namely, RboP priming and RboP
polymerization. Since high sequence similarity is not uncom-
mon among WTA polyol biosynthetic enzymes and a common
donor (CDP-Rbo) is used by both enzymes, we sought to
establish the pathway by experimentally addressing whether S.
aureus has a unique three-enzyme pathway in which TarK and
TarL are functionally redundant or whether indeed the en-
zymes have unique priming/polymerizing activities despite lim-
ited primary sequence divergence.

MATERIALS AND METHODS

Strains and growth conditions. All of the S. aureus strains used are derivatives
of the sequenced NCTC8325 reference strain (18). Plasmids were constructed in
Escherichia coli Novablue (Novagen) cells and introduced into restriction-nega-
tive S. aureus strain RN4220 by electroporation (40). Plasmids were purified by
pretreating cells with lysostaphin (50 pg/ml, 10 min, 37°C) prior to isolation using
a standard plasmid miniprep protocol (Qiagen). Modified plasmids were then
introduced into restriction-positive wild-type strains by electroporation. S. aureus
was grown in either tryptic soy broth (TSB) or Luria-Bertani medium at 37°C
unless otherwise noted. Antibiotic markers were selected with erythromycin
(Em) (10 pg/ml), tetracycline (Tc) (2.5 pg/ml), and chloramphenicol (Cm) (for
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