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ABSTRACT The opportunistic pathogen Staphylococcus aureus is protected by a cell
envelope that is crucial for viability. In addition to peptidoglycan, lipoteichoic acid
(LTA) is an especially important component of the S. aureus cell envelope. LTA is an
anionic polymer anchored to a glycolipid in the outer leaflet of the cell membrane.
It was known that deleting the gene for UgtP, the enzyme that makes this glycolipid
anchor, causes cell growth and division defects. In Bacillus subtilis, growth abnormal-
ities from the loss of ugtP have been attributed to both the absence of the encoded
protein and the loss of its products. Here, we show that growth defects in S. aureus
ugtP deletion mutants are due to the long, abnormal LTA polymer that is produced
when the glycolipid anchor is missing from the outer leaflet of the membrane. Dys-
regulated cell growth leads to defective cell division, and these phenotypes are cor-
rected by mutations in the LTA polymerase gene, [taS, that reduce polymer length.
We also show that S. aureus mutants with long LTA are sensitized to cell wall hydro-
lases, beta-lactam antibiotics, and compounds that target other cell envelope path-
ways. We conclude that control of LTA polymer length is important for S. aureus
physiology and promotes survival under stressful conditions, including antibiotic
stress.

IMPORTANCE Methicillin-resistant Staphylococcus aureus (MRSA) is a common cause
of community- and hospital-acquired infections and is responsible for a large frac-
tion of deaths caused by antibiotic-resistant bacteria. S. aureus is surrounded by a
complex cell envelope that protects it from antimicrobial compounds and other
stresses. Here, we show that controlling the length of an essential cell envelope
polymer, lipoteichoic acid, is critical for controlling S. aureus cell size and cell enve-
lope integrity. We also show that genes involved in LTA length regulation are re-
quired for resistance to beta-lactam antibiotics in MRSA. The proteins encoded by
these genes may be targets for combination therapy with an appropriate beta-
lactam.

KEYWORDS beta-lactams, cell division, cell envelope, cell wall, Gram-positive
bacteria, lipoteichoic acid, peptidoglycan, peptidoglycan hydrolases, teichoic acids

he bacterial cell envelope is a barrier that protects bacteria from unpredictable and

often hostile environments. In Gram-positive bacteria, such as Staphylococcus au-
reus, the cell envelope comprises the cell membrane and a thick peptidoglycan (PG)
layer that is decorated with a variety of proteins and polymers important for viability
and virulence. Among these polymers are teichoic acids, which are negatively charged
and divided into two classes based on their subcellular localization. One class, wall
teichoic acids (WTA), are covalently linked to PG; the other class, lipoteichoic acids
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(LTA), are associated with the cell membrane through a glycolipid anchor (1). WTA and
LTA play partially redundant roles in cell envelope integrity and cannot be deleted
simultaneously (2-4).

In S. aureus, both WTA and LTA have been implicated in the control of cell
morphology and division (3, 5, 6), virulence (7-14), osmoregulation (15-18), antimicro-
bial resistance (6, 19-22), and spatiotemporal regulation of cell wall enzymes (23-27).
These functions may be accomplished through organization and regulation of cell
envelope enzymes, binding of protons and divalent cations, and alteration of the
physicochemical properties of the cell envelope. However, LTA is more important than
WTA for cell viability. S. aureus can grow under standard laboratory conditions without
WTA (28), but cells lacking lipoteichoic acid synthase (LtaS), the enzyme that assembles
LTA on the cell surface, are not viable and rapidly acquire suppressor mutations (3, 5,
16, 29, 30).

The usual glycolipid anchor and the starting unit for LTA is diglucosyl-diacylglycerol
(Glc,DAG), which is synthesized from UDP-glucose and diacylglycerol (DAG) by the
glycosyltransferase UgtP (also called YpfP) (Fig. 1A and B) (31, 32). GIc,DAG is exported
to the cell surface by LtaA (10). The lipoteichoic acid polymerase is LtaS, a polytopic
membrane protein with an extracellular domain that contains the active site (4, 33).
LtaS transfers phosphoglycerol units derived from phosphatidylglycerol (Ptd-Gro) to
the GIc,DAG starter unit, producing DAG as a by-product (5, 34, 35). DAG is recycled to
Ptd-Gro by a salvage pathway (36). LTA is heavily decorated with p-alanyl residues, a
modification of teichoic acids that is important in autolysin regulation and has also
been implicated in S. aureus virulence (8, 12, 13, 19). Notably, deleting the glycosyl-
transferase gene ugtP or the genes encoding the enzymes that produce UDP-glucose,
its substrate, does not result in the loss of LTA, although such mutations result in
morphological and fitness defects (10, 11, 32). Instead, LtaS uses Ptd-Gro rather than
Glc,DAG as the lipid starter unit for LTA assembly.

In Bacillus subtilis, deleting ugtP or the genes for the enzymes that produce UDP-
glucose also results in morphological defects (37-40). In one study, ugtP mutant cells
were shown to be shorter than wild-type cells, and it was proposed that UgtP is a
nutrient sensor that negatively regulates cytokinesis in a manner that depends on
UDP-glucose levels (38). In this model, under nutrient-rich conditions, high levels of
UDP-glucose localize UgtP to the cytokinetic ring and inhibit FtsZ polymerization or
constriction, which delays cell division to provide cells time to grow to a larger size (38,
41). AugtP cells are therefore small, because UgtP is not present to slow cell division.
Other studies in B. subtilis are not consistent with a role for UgtP in nutrient sensing,
because mutant cells were found to be enlarged in its absence or to have shape rather
than size alterations (39, 40). Instead, loss of the glycolipids produced by UgtP was
proposed to be responsible for the defects of AugtP in this organism (42).

UgtP evidently does not act to increase cell size in S. aureus, because AugtP mutant
cells are larger, rather than smaller, than those of the wild type (32). Like other S. aureus
cells that grow too large (6, 43-46), the mutant cells have cell division defects, such as
multiple and misplaced septa (32). While these defects may result directly from the loss
of the ugtP gene product, the AugtP deletion is pleiotropic and causes multiple effects,
including the absence of the disaccharide anchor Glc,DAG and a reported abnormal
lengthening of LTA polymers (10). Whether increased cell size and dysregulated cell
division directly result from the loss of the ugtP gene product, from the loss of
intracellular GIc,DAG, or from the abnormally long LTA polymers has been unclear.

Mutants lacking /taA, which encodes the flippase that exports Glc,DAG to the cell
surface, provide a means to distinguish among these possibilities. AltaA mutants
express UgtP and synthesize Glc,DAG but are unable to export it efficiently; they may
have higher intracellular concentrations of Glc,DAG than wild-type cells (10). The LTA
polymers produced by AltaA mutants are longer than those of the wild type but shorter
than those of AugtP mutant cells, being a heterogeneous mixture in which some
polymers are assembled on Ptd-Gro and some on GIc,DAG (which is exported to the
cell surface by an alternative, unknown mechanism) (10). Although AltaA cells have an
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FIG 1 S. aureus mutants unable to synthesize LTA on Glc,DAG produce long LTA polymers anchored on Ptd-Gro, have cell size and division
defects, and are susceptible to PG hydrolases and beta-lactam antibiotics. (A) LTA is a polymer of 30 to 50 phosphoglycerol repeats linked to a
Glc,DAG lipid anchor. Repeat units are heavily modified with p-alanyl esters. (B) UgtP uses DAG and UDP-glucose to synthesize Glc,DAG, which
is then exported by LtaA to the cell surface. LtaS polymerizes phosphoglycerol units derived from Ptd-Gro on the lipid anchor. Each elongation
cycle generates DAG. The dit pathway adds p-alanyl esters to LTA. In the absence of Glc,DAG, LtaS uses Ptd-Gro as an alternative lipid anchor,
resulting in abnormally long LTA. (C) Anti-LTA Western blot of exponential-phase S. aureus lysates. RN4220 and Newman are methicillin-sensitive
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altered distribution of glycolipids in the membrane leaflets, and AugtP cells lack
glycolipids entirely, we hypothesized that if the defects observed in AugtP cells were
caused by the abnormally long LTA polymers, we should also observe cell size and
division defects in the AltaA mutant. Under this assumption, we predicted that the
AltaA mutant would have less pronounced phenotypes than the AugtP mutant due to
the intermediate polymer length in the AltaA mutant.

Here, we show that the production of long, abnormal LTA is sufficient to alter cell
size and lead to cell division defects. We also report that LTA pathway mutants with
these morphological defects are highly susceptible to beta-lactam antibiotics and PG
hydrolases and are dependent on other cell envelope pathways that are dispensable in
wild-type strains. We used an inhibitor of one of these pathways to select for suppressor
mutations in AugtP strains and found that most of the suppressor mutations were
located in the LTA polymerase gene, [taS, and caused a reduction in LTA polymer
length. Polymer abundance was frequently decreased as well, in some cases to almost
undetectable levels. The [taS suppressor mutations partially reversed the cell size and
division abnormalities caused by the AugtP mutation. Taken together, these studies
indicate that LTA length and abundance play a crucial role in controlling cell size and
cell envelope integrity in S. aureus.

RESULTS

AugtP and AltaA mutants are larger than wild-type cells and have cell division
defects. Earlier studies of this pathway were performed in mutagenized laboratory
strains derived from NCTC 8325 and reached different conclusions on the impact of
deleting ugtP on LTA length, with one study reporting increased length and the other
reporting decreased length (10, 24). Because both results were in mutagenized strains,
we examined LTA from the wild type and AugtP mutants in several other strain
backgrounds and found that in all cases, LTA length is increased in AugtP mutants that
do not produce Glc,DAG (Fig. 1G; also, see Fig. STA in the supplemental material). A
previous study in S. aureus reported that AugtP cells are larger than wild-type cells and
have other morphological defects (32), but AltaA mutant cells have not been examined
in detail. We compared the morphology of otherwise isogenic wild-type, AltaA, and
AugtP strains by transmission electron microscopy (TEM) and quantified cell size using
bright-field and epifluorescence microscopy after staining with a membrane dye.
Compared with the wild type, AltaA cells appeared larger by TEM and AugtP cells were
clearly larger (Fig. 1D). Quantification of cell size confirmed these observations: cell
volume increased from 0.72 = 0.14 um?3 for the wild type to 1.26 = 0.38 um3 for AltaA
cells and 1.98 = 0.59 um?3 for AugtP cells (Fig. 1E; Fig. S1B). AltaA and AugtP cells also
displayed cell division defects, including multiple and misplaced septa (Fig. S1C and D).
Only 2.1% (n = 536) of wild-type cells had these defects, compared with 7.3% (n = 518)
for AltaA cells and 18.9% (n = 555) for AugtP cells (Fig. 1F). Furthermore, AltaA and
AugtP cells were more commonly observed without partial or complete septa, indicat-
ing that they spend a longer time growing prior to initiating septal synthesis (Fig. 1G;
Fig. STE). This enrichment of cells without septa implies a delay in cell division in
mutants that produce longer LTA polymers, which likely explains their large cell size. An
important challenge for the future will be to elucidate the mechanism by which LTA
polymer length influences cell size and division. Together, the shared phenotypes of
AltaA and AugtP mutants indicate that control over cell growth and division is adversely

FIG 1 Legend (Continued)

Journal of Bacteriology

S. aureus (MSSA) strains, while COL and USA300 are MRSA strains. (D) TEM of RN4220 strains. Arrowheads indicate septal defects. Bars, 500 nm.
(E) RN4220 cell volumes were calculated from cells lacking visible septa. The median is shown with a red bar. ****, P < 0.0001. (F) RN4220 cells
were classified based on the cell cycle stage and presence of defects (see Fig. S1C for the classification scheme). Cells containing misplaced and/or
multiple septa (classes C and E) were totalled. (G) Cell cycle stage frequency plot of classified cells without visible defects. (H) RN4220 strains were
suspended in phosphate-buffered saline and treated with lytic enzymes. The decrease in OD,, was tracked over time. For all plots, the averages
and standard deviations from 3 technical replicates are shown. () MIC table of oxacillin, vancomycin, and moenomycin against select S. aureus

strains. HGOO3 is an MSSA strain, and COL is an MRSA strain.
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affected when LTA is abnormally long and assembled on a Ptd-Gro, rather than on a
Glc,DAG, membrane anchor.

AugtP and AltaA mutants are more susceptible to lytic enzymes than the wild
type. Given the established connection between teichoic acids and enzymes that act
on the cell wall, we used AltaA and AugtP mutants to probe whether production of
abnormal LTA causes susceptibility to lytic enzymes that degrade peptidoglycan. We
employed two enzymes that act on distinct sites on peptidoglycan: lysostaphin, an
endopeptidase produced in other Staphylococcus spp. that hydrolyzes the peptide
cross bridges between PG strands (47, 48), and a maltose-binding protein (MBP) fusion
of Sle1, an amidase native to S. aureus that hydrolyzes the amide bond between
N-acetylmuramic acid and the stem peptide of PG (49). We found that AltaA and AugtP
mutants were substantially more susceptible to these enzymes than were wild-type
cells (Fig. 1H; Fig. S1F), indicating that cells that make long, abnormal LTA have
alterations in their cell envelopes that cause increased susceptibility to enzymes that
hydrolyze PG.

AugtP and AltaA MRSA mutants are sensitized to beta-lactam antibiotics.
Previous work has shown that when [taS is depleted or when WTA is removed,
methicillin-resistant S. aureus (MRSA) becomes susceptible to some beta-lactam anti-
biotics, including oxacillin (6, 50). Cells depleted of LTA and WTA-null cells also have cell
size and division defects that resemble those that we observed for AltaA and AugtP
mutants (5, 6). These observations prompted us to test whether deleting /taA or ugtP
in a MRSA background also affected beta-lactam susceptibility. Although the MIC for
oxacillin was only modestly decreased when [taA or ugtP was deleted in a methicillin-
sensitive background, it decreased 8-fold and 64-fold for AltaA and AugtP mutants,
respectively, in MRSA (Fig. 1l; Fig. S1G). In contrast, there was little or no change in the
MICs of antibiotics that primarily affect peptidoglycan polymerization (moenomycin
and vancomycin) rather than cross-linking. Unlike vancomycin and moenomycin, the
mechanism of action of beta-lactams generates a large number of un-cross-linked PG
strands (51, 52). We speculate that this condition may be particularly toxic to mutants
with long LTA polymers due to a resulting overactivity of PG hydrolases, as such
mutants are already sensitized to the action of lytic enzymes. The susceptibility of AltaA
and AugtP strains to beta-lactams provides further evidence that these mutants have
cell wall alterations.

AugtP and AltaA mutants lyse when teichoic acid p-alanylation is blocked. We
found in previous work that AugtP cells become reliant on a tailoring modification of
LTA called p-alanylation in which p-alanyl esters are attached to the C-2 hydroxyl
groups of the phosphoglycerol repeats of LTA (53). This modification, although dis-
pensable in wild-type strains, is important in resistance to cationic antimicrobial
peptides and aminoglycosides (15, 19) and has been linked to regulation of autolysin
function (54). We previously identified two structurally unrelated inhibitors, DBI-1 and
amsacrine (amsa), that inhibit DItB, an essential component of the p-alanylation path-
way (Fig. 1B and 2A) (53, 55). Using spot titer assays, we found here that AltaA strains,
like AugtP strains, are susceptible to both DItB inhibitors (Fig. 2B; Fig. S2A). AltaA
mutants are not as sensitive to the DItB inhibitors as AugtP mutants, reflecting an
intermediate phenotype that is consistent with the intermediate length of LTA in AltaA
mutants. This susceptibility provides additional evidence that the production of abnor-
mal, long LTA causes defects that result in conditional essentiality of other cell envelope
modifications.

Terminal phenotypes can provide insight into processes that lead to cell death. We
therefore used TEM to compare the phenotypes of wild-type, AltaA, and AugtP cells
treated with the DItB inhibitor amsa. Fields of untreated and treated wild-type cells
appeared similar by TEM, but there were large numbers of cell ghosts and fragments
in images of the treated AltaA and AugtP mutants (Fig. 2C; Fig. S2B). Moreover, when
we monitored biomass by optical density after treatment with inhibitor, we observed
that the mutants stopped growing and then the optical density dropped (Fig. 2D; Fig.
S2C and D). The TEM images of the untreated AugtP mutants also showed qualitatively
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FIG 2 Mutants with long, abnormal LTA undergo lysis when treated with p-alanylation inhibitors. (A) Structures of the two DItB inhibitors used in this study.
(B) Tenfold serial dilutions of RN4220 strains on 10 ug/ml DItB inhibitor or DMSO vehicle control. (C) TEM of RN4220 strains treated with DMSO or with 10 ug/ml
amsa. Bars, 2 um. (D) Growth curves of RN4220 strains treated with DMSO or 10 ug/ml amsa. The averages and standard deviations from 3 technical replicates
are shown.

more lysis than in wild-type cells. Taken together, our findings show that AltaA and
AugtP cells have a greater propensity to lyse than wild-type cells, and they undergo
catastrophic lysis when p-alanylation is inhibited. This suggests that p-alanylation may
control the activity of cell wall hydrolases.

Reducing LTA length and abundance suppresses lethality of p-alanylation inhib-
itors. Because suppressor analysis can provide clues to the underlying basis of a defect,
we selected for suppressor mutations of amsa lethality in a AugtP strain. Whole-genome
sequencing of one suppressor showed a mutation in /taS that resulted in a leucine
substitution at F93, and we found that LTA produced by this mutant was shorter and
less abundant than in the parent strain (see below). We raised additional amsa-resistant
mutants from multiple independent cultures in a few distinct ugtP-null strains, all of
which could be complemented (Fig. S3A). Targeted sequencing of /taS showed that
mutations in this gene accounted for 75% of the 64 resistant colonies tested. Notably,
only three of the mutations resulted in premature stop codons. In all other mutants, the
reading frame of [taS was maintained, suggesting that at least partial function of the
encoded protein was retained.

To assess whether the activity of LtaS was affected by the /taS mutations, we
selected 14 strains that contained mutations spanning different regions of the encoded
enzyme (Fig. 3A; Fig. S3B) and evaluated the abundance and length of their LTA. LtaS
contains five predicted transmembrane (TM) helices and a C-terminal extracellular
domain that contains the active site (4, 33). Three mutants contained 18-bp insertions
that resulted in the insertion of six amino acids in the extracellular loop between TM1
and TM2. The other eleven mutants contained single amino acid substitutions in
another extracellular loop, in the “helical linker” region, or in the extracellular domain.
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FIG 3 The lethality of amsa to the AugtP mutant is suppressed by mutations in LtaS that decrease LTA length
and/or abundance. (A) Schematic of LtaS depicting the location of the identified mutations. (B) Anti-LTA Western
blot of exponential-phase-cell lysates from isolated /taS mutants in ugtP-null backgrounds. While LTA abundance
cannot be precisely compared between LTA of different lengths with the anti-LTA antibody, several mutations
appear to drastically decrease LTA abundance. The wild type and ugtP:Tn strains are in the SEJ1 background, while
the strain background of each isolated mutant is given in Fig. S3B. (C) Tenfold serial dilutions of strains on plates
containing 10 pwg/ml DItB inhibitor or DMSO. The Alta$ strain contains a gdpP* hypomorphic suppressor mutation.
gdpP:Tn is a transposon disruption of gdpP. AltasS strains are in the SEJ1 background, while gdpP:Tn strains are in
the RN4220 background.

For the mutants for which LTA was detectable by Western blotting, we found that it
was shorter than that in the ugtP parent strain and was typically much less abundant
(Fig. 3B). For some mutants, LTA was undetectable. Targeted sequencing did not
identify suppressor mutations known to restore viability to /taS knockouts (16, 29, 30).
Moreover, whole-genome sequencing of a subset of strains did not identify any shared
mutations in other genes (Fig. S3C). Taken together, these results suggested that
suppression of the lethality caused by loss of p-alanylation in the AugtP strain was a
direct result of the reduced LTA length and abundance.

Consistent with this conclusion, we found that a AugtP AltaS double-deletion strain
was not susceptible to amsa because it does not produce LTA (Fig. 3C). This strain
contains a hypomorphic mutation in gdpP (gdpP*). GdpP is a cyclic-di-AMP phosphodi-
esterase, and this mutation results in increased cellular levels of cyclic di-AMP, a second
messenger implicated in osmoregulation (56). The accumulation of cyclic di-AMP allows
growth in the absence of /taS (16). We therefore confirmed that a AugtP gdpP:Tn
double mutant remained sensitive to amsa and produced LTA resembling that of a
AugtP single mutant (Fig. 3C; Fig. S4A and B). Therefore, amsa resistance in the AugtP
AltaS double mutant was due not to gdpP* but rather to the absence of LTA.

To verify that amsa resistance in the suppressor strains was indeed caused by the
ItaS mutations, we constructed strains expressing inducible copies of three /taS mutant
alleles (resulting in the mutations Ins3, F93L, and L181S) or the wild-type allele. The
mutations are found in extracellular loops of the transmembrane domain (Ins3 and
FI93L) or in the linker region between the transmembrane domain and the extracellular
domain (L181S). We then deleted the chromosomal copy of /taS and introduced
marked deletions of /taA or ugtP into each strain (Fig. 4A). RN4220 is a mutagenized
model strain and has uncharacterized mutations that may influence reported pheno-
types. However, we have verified that the LTA length patterns, beta-lactam sensitivity,
and amsa susceptibility of the AltaA and AugtP mutants are consistent across multiple
strain backgrounds. Given this, the advantages of using this transformable strain to
confirm effects of /taS mutations outweighed concerns about the uncharacterized
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FIG 4 Mutations in /taS that reduce LTA length and/or abundance correct defects of AugtP and increase WTA abundance. (A) RN4220 with an
anhydrotetracyline (Atc)-inducible copy of selected /taS mutants was transduced with an erythromycin (erm)-marked /ta$S deletion and, optionally,
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(B) Growth curves of RN4220 AugtP strains with ectopically expressed /taS variants as the only source of LtaS. Strains were treated with 10 ug/ml
amsa or DMSO. A representative growth curve from 3 replicates is shown for each strain. (C) Anti-LTA Western blot of exponential-phase lysates

(Continued on next page)
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mutations. The strains required inducer for growth, indicating that the mutant /ta$S
alleles, like the wild-type allele, performed an essential function (Fig. 4A). Strains
expressing the /taS mutants grew on amsa and DBI-1 regardless of whether ItaA or ugtP
was present; however, strains expressing /[taS*t in a AltaA or AugtP background did not
grow (Fig. 4A; Fig. S5A and B). Growth curves showed that amsa-treated cells express-
ing Ita$"* in the AugtP background underwent growth arrest followed by lysis, while
cells expressing the /taS mutants continued to grow (Fig. 4B). For two of the mutants,
the [taSf3t and [taSt787S mutants, growth rates in amsa were comparable to those of
the untreated controls, but the /taS"s3> mutant was growth impaired. This mutant also
reached only 20% of the optical density of the other mutants in overnight cultures.
Despite differences in fitness, the reconstructed mutants confirmed that the selected
ItaS mutations are necessary and sufficient to confer resistance to p-alanylation inhib-
itors in a AugtP background.

Access to a set of otherwise isogenic strains expressing different /ta$ alleles allowed
us to directly compare the impact of altering LTA length and abundance without
confounding effects of other genetic differences. In the wild-type background, we
found that LTA was undetectable in the /taS'"s3 strain; in strains with the other two /taS
mutant alleles, LTA was shorter and the signal was much less intense than in cells
expressing ltaS" (Fig. 4C). In the AugtP background, LTA was nearly undetectable in the
[taS'"s3 mutant but appeared similar in length to that in the /taS*t mutant. The other
two mutants showed greatly reduced LTA signal intensity and appeared shorter than
ItaS*t. Overall, these results confirmed that reducing LTA length or greatly reducing
abundance in cells that produce long, abnormal LTA confers resistance to p-alanylation
inhibitors. A question for future work is how p-alanylation protects cells from the
lethality of long LTA polymers.

Suppressors with low LTA retain the ability to produce large amounts of DAG.
We noted that most of the /taS mutant genes with suppressor mutations maintained
the reading frame, yet the LTA levels in the mutants were typically low. LtaS produces
DAG in addition to LTA, with one molecule of DAG produced during each round of
elongation (Fig. 1B). DAG is generally thought to be a by-product of LTA synthesis that
serves mainly as a feedstock for glycolipid synthesis and for a recycling pathway that
leads to more Ptd-Gro (57-59). To verify that the /taS mutants retained the ability to
produce appreciable amounts of DAG and to assess the correlation between DAG and
LTA levels, we purified and reconstituted LtaS"t, LtaS's3, LtaSF93L, and LtaS-'8's in
proteoliposomes and quantified DAG production (Fig. S6A). As reported previously,
LtaS"t made abundant LTA polymer in this system (60), but LTA was low or undetect-
able in the three mutants (Fig. S6B). However, all the mutants retained the capability to
produce considerable amounts of DAG, ranging from ~20% of the levels in the LtaS*t
strain for the LtaS'™s3 strain to levels comparable to those of the LtaS"t strain for the
LtaS-"8'S strain (Fig. S6C). Because these are technically challenging assays, we mea-
sured only endpoints, so relative DAG levels should be interpreted cautiously. None-
theless, and with this caveat in mind, it appeared that the mutants produced more DAG
than expected based on the LTA polymer detected, suggesting that DAG production
may be partially uncoupled from LTA synthesis.

FIG 4 Legend (Continued)

Journal of Bacteriology

from rebuilt /taS mutants. (D) RN4220 AugtP strains expressing [taS alleles were suspended in phosphate-buffered saline, and the decrease in
0Dy, Was tracked upon addition of Sle1. This phenotype is also observed with lysostaphin and when /taS mutant alleles are expressed in the
wild-type background (Fig. S7). The averages and standard deviations from 3 technical replicates are shown. (E) Cell volumes of reconstructed
RN4220 AugtP strains expressing /taS alleles were calculated from cells lacking visible septa. Expression of /taSf3t (1.15 = 0.31 uwm?3 [median =
median absolute deviation]) or [taSt’87S (2.17 = 0.78 um3) in the AugtP background reduces size compared to expression of [taS*t (2.45 + 0.73
um?3). The median is shown with a red bar. *, P < 0.05; ****, P < 0.0001. (F) RN4220 AugtP strains expressing /taS alleles were classified based on
cell cycle stage and presence of defects (see Fig. S1C for the classification scheme). The percentage of cells with division defects is decreased by
expression of [taSFo3t (21.8%, n = 467) or [taSt’87s (39.9%, n = 308) compared to expression of [taS¥t (44.9%, n = 492). (G) Purified sacculi from
overnight RN4220 cultures were hydrolyzed with HCl, and the released orthophosphate was quantified by an ammonium molybdate assay against
a standard curve of KH,PO,. The AtarO strain is a mutant with a deletion of the first gene in the WTA biosynthesis pathway and does not produce

WTA. The averages and standard deviations from 4 biological replicates are shown.
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Reducing LTA length and abundance partially corrects cell size and division
defects and protects against peptidoglycan hydrolases. With our set of otherwise
isogenic strains expressing /taS variants, we next examined whether the /taS suppressor
mutations corrected other defects of AugtP. We found that the rebuilt strain expressing
ItaS*tin the AugtP background was highly susceptible to both Sle1 and lysostaphin, but
strains expressing /taS variants were not (Fig. 4D; Fig. S7). We also quantified cell
morphology by microscopy and found that cells expressing /taS3t or [taSt’87S in the
AugtP background were 46% and 88% as large, respectively, as cells expressing ltaS"*
(Fig. 4E). These mutants had correspondingly fewer cell division defects (Fig. 4F).
Although [taSF®3t and [taSt’8'S mutants produce LTA of similar lengths, the [taSfo3t
mutation corrected size and division defects to a greater extent than the [taSt787s
mutation. We attribute this observation to the difference in LTA abundance produced
by these two strains. The abundance of LTA in the /taSf3! strain more closely matched
the abundance of LTA in the wild-type strain, suggesting that the limited amount of
LTA in the /taSt'8'S strain may be insufficient to promote proper growth and division,
as seen in [taS depletion strains that grow abnormally large before lysing (5). Therefore,
there may be both an ideal LTA length and abundance for optimal growth. The /taS's3
mutant could not be quantified due to severe clumping and morphological aberrations.
Nevertheless, the results for the other mutants allow us to conclude that reducing LTA
length and abundance partially corrects the cell size and division defects of AugtP
mutant cells and also confers protection against PG hydrolases.

Suppressors with low LTA have high WTA levels. Despite producing LTA at levels
substantially below wild-type levels, the /taS mutants we selected were viable and
relatively healthy. Moreover, two grew similarly to the wild type (Fig. 4B). Because LTA
and WTA have partially overlapping roles, we hypothesized that there may be com-
pensatory changes in WTA abundance in the [taS mutants that contribute to their
fitness. To address this question, we treated purified sacculi with strong acid to release
orthophosphate from WTA and quantified it. We found that sacculi from strains
expressing the mutant /ta$S alleles contained two to three times as much phosphate
as sacculi from the strain expressing [taS*!, consistent with a large increase in WTA
(Fig. 4G). Polyacrylamide gel electrophoresis (PAGE) analysis of WTA polymers liberated
from purified sacculi with base showed modest increases in WTA length in the strains
expressing [taS mutant alleles (Fig. S8). We conclude that S. aureus adapts to a
reduction in LTA by increasing WTA. Previous work has shown that WTA positively
regulates cell wall cross-linking (26). Moreover, WTA is known to decrease susceptibility
to PG hydrolases (23, 25). Therefore, we surmise that increased WTA levels and the
concomitant changes in cell wall structure lead to the decreased susceptibility of our
ItaS mutant strains to cell wall hydrolases.

DISCUSSION

The principal goals of this investigation were to elucidate the roles of ugtP and LTA
length in S. aureus cell growth and division and to identify mechanisms contributing to
cell viability when LTA levels are low. First, by comparing multiple phenotypes of AltaA
and AugtP mutants, we showed that cells producing long, abnormal LTA have cell
growth and division defects and are also more susceptible to cell lysis than the wild
type. Second, we showed that suppressor mutations in /taS that reduced LTA length
and abundance corrected these defects. Third, by comparing otherwise isogenic /ta$S
mutants that make either high or low levels of LTA, we showed that WTA levels
correlated inversely with LTA levels. It is likely that the increased abundance of WTA
partially compensated for low levels of LTA.

Previous work has shown that S. aureus AugtP mutants, which make long LTA, grow
larger than normal (32). In B. subtilis, ugtP is also important in cell growth and division,
although its absence led to decreased cell size in some studies (37, 38). B. subtilis UgtP
is proposed to function as a nutrient sensor that, when present with sufficient UDP-
glucose, slows Z-ring assembly so that cells grow to a larger size prior to division. Our
results show that such a mechanism does not operate in S. aureus. First, AugtP mutant
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cells spend a longer time growing before initiating septal synthesis and consequently are
larger rather than smaller than the wild type. Second, AltaA mutants are also larger than the
wild type even though they express ugtP and produce intracellular Glc,DAG. Therefore,
dysregulated cell growth in LTA pathway mutants upstream of the LtaS polymerase is not
due to the absence of the proteins or their products but rather is due to the production of
abnormally long LTA. Consistent with this conclusion, cell growth defects were reduced in
a AugtP mutant background by mutations in /taS that reduced LTA length.

Previous work has shown that cell division defects result when S. aureus cells grow larger
than normal (6, 43-46). Consistent with these findings, we observed a remarkable corre-
lation between cell size and frequency of cell division defects for the mutants studied here.
For example, AltaA mutants were substantially smaller than AugtP mutants, and we found
that AltaA mutants had 50% fewer cell division defects. Moreover, [taS mutations that
reduced cell size in a AugtP background had fewer cell division defects, with the magni-
tudes of the reduction in size and the reduction in division defects tracking closely. We
therefore concluded that the cell division defects observed in AugtP and AltaA mutants are
due to dysregulated coordination between cell growth and division.

We have shown that S. aureus WTA levels increase substantially when LTA levels are low.
This finding is reminiscent of findings in Streptococcus pneumoniae showing that levels of
WTA and LTA are inversely regulated (61). S. pneumoniae synthesizes both forms of teichoic
acid through the same pathway, with the outcome being distinguished only by a final
ligation step where the polymer precursor is transferred to PG or to a glycolipid (62). In S.
pneumoniae, LTA synthesis predominates during exponential growth, but there is a switch
to predominantly WTA synthesis as cells approach stationary phase. S. aureus WTA and LTA
are synthesized by different pathways, with only the p-alanine tailoring modification as a
shared feature. Nevertheless, there appears to be a mechanism to redistribute resources
between the WTA and LTA pathways when one is lacking. Although LTA and WTA share
some functions and act synergistically to maintain cell envelope integrity, their spatial
localization is different. LTA is located between the membrane and the inner layer of PG,
and WTA extends from the inner layer of PG beyond the outer layer. Consistent with this
difference in localization, we have found that producing long, abundant LTA tends to
promote cell lysis, whereas producing abundant WTA tends to limit cell lysis. Given this
evidence that physiological roles of LTA and WTA in S. aureus are not identical, it would not
be surprising to find that regulatory mechanisms exist to control the relative abundance of
these polymers.

Expression of normal LTA is critical for S. aureus virulence. Previous work has shown
that strains lacking /taA or ugtP have attenuated pathogenicity (10, 11). While the
physiological basis of this attenuation is not known, in light of our data on the
susceptibility of AltaA and AugtP to PG hydrolases, it may involve an increased
sensitivity to host lytic enzymes. We show here that the defects caused by expression
of long, abnormal LTA also result in increased susceptibility of MRSA to beta-lactam
antibiotics. We therefore anticipate that inhibitors of enzymes that act upstream of LtaS
will have therapeutic potential, particularly if used in combination with an appropriate
beta-lactam. Future work will focus on identifying such inhibitors and elucidating the
mechanism for glycolipid-dependent control of LTA polymer length.

MATERIALS AND METHODS

General information. Chemicals and reagents were purchased from Sigma-Aldrich unless otherwise
indicated. Oligonucleotides were purchased from Integrated DNA Technologies. Detergents were pur-
chased from Anatrace. Restriction enzymes were purchased from New England Biolabs. Staphylococcus
aureus strains were grown with shaking at 30°C unless otherwise indicated in tryptic soy broth (TSB;
Becton Dickinson Biosciences) or cation-adjusted Mueller-Hinton broth 2 (MHB2). Escherichia coli strains
were grown at 37°C with shaking in LB-Miller broth (LB; Becton Dickinson Biosciences). Growth on solid
medium used the appropriate broth plus 1.5% (wt/vol) agar (Becton Dickinson Biosciences). When
required, antibiotics were used at the following concentrations: 50 ug/ml kanamycin, 50 ug/ml neomy-
cin, 10 png/ml erythromycin, 10 ug/ml chloramphenicol, 3 ug/ml tetracycline, and 100 ug/ml carbenicil-
lin. Anhydrotetracycline (aTc) was used at 400 nM. S. aureus genomic DNA was isolated using a Wizard
genomic DNA purification kit (Promega). Genomic DNA from S. aureus RN4220 or isolated amsacrine-
resistant mutants was used as a template in PCRs to amplify S. aureus genes.
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Strain construction. To construct strains with aTc-inducible, integrated copies of genes via pTP63,
plasmids were electroporated into S. aureus RN4220 containing the pTP44 plasmid. Transformants were
selected on chloramphenicol at 30°C. Marked deletions, marked transposon insertions, and aTc-inducible
genes were transduced via bacteriophage ¢85 as described previously (63).

Analysis of LTA length by Western blotting. Overnight cultures grown in TSB were diluted in fresh
TSB and grown to an approximate optical density at 600 nm (ODg,,) of 0.8. A 0.5-ml portion of each
culture (normalized by OD,,) were harvested by centrifugation and suspended in 50 ul of a solution
containing 50 mM Tris (pH 7.4), 150 mM NaCl, and 200 ug/ml lysostaphin (from Staphylococcus staphy-
lolyticus; AMBI Products). The cells were incubated at 37°C for 10 min, diluted with one volume of 4X
sodium dodecyl sulfate (SDS)-PAGE loading buffer, and boiled for 30 min. Samples were centrifuged for
10 min at 16,000 X g to pellet any insoluble material. The supernatant was diluted with 1 vol of water
and treated with 0.5 ul of 20 mg/ml proteinase K (New England Biolabs) at 50°C for 2 h. Samples were
separated on 4% to 20% Mini-Protean TGX acrylamide gels (Bio-Rad) with a running buffer consisting of
5 g/liter Tris base, 15 g/liter glycine, and 1 g/liter SDS and transferred to a polyvinylidene difluoride
(PVDF) membrane. Western blotting was performed as described previously (60).

Transmission electron microscopy. Overnight cultures grown in TSB were diluted in fresh TSB and
grown to mid-log phase. Cells were treated with dimethyl sulfoxide (DMSO) or 16 ug/ml amsacrine for
4 h at 30°C, added to an equal volume of fixative solution (1.25% formaldehyde, 2.5% glutaraldehyde,
and 0.03% picric acid in 100 mM sodium cacodylate [pH 7.4]), and pelleted for fixation. Samples were
prepared for TEM by the Harvard Medical School Electron Microscopy Facility, and images were captured
on a JEOL 1200EX instrument.

Microscopy. Overnight cultures grown in TSB were diluted in fresh TSB and grown to an approxi-
mate ODy,, of 0.5. To stain the cell membrane, FM 4-64 (Thermo Fisher Scientific) was added at a final
concentration of 5 ug/ml to 1 ml of culture for 5 min at room temperature. Cells were pelleted at 4,000 X
g for 1 min, washed with PBS (pH 7.4) (50 mM sodium phosphate [pH 7.4], 150 mM NacCl), and suspended
in 100 ul of PBS (pH 7.4). A 1-ul aliquot of cells was spotted on top of a 2% agarose gel pad mounted
on a glass slide. A 1.5-mm coverslip was placed over the cells and sealed with wax before imaging.

The cells were imaged at 30°C as described previously (46). For each field of view, 3 images were
taken: (i) phase-contrast, (i) bright field, and (iii) fluorescence. The phase-contrast and bright-field images
were acquired at a 100-ms camera exposure, while the fluorescence image was acquired at 500 ms. The
bright-field images were used for cell segmentation for quantitative image analyses. Fluorescence
images were used to detect division defects and sort cells, as depicted in Fig. S1C.

Image segmentation, cell volume quantification, and cellular phenotype classification were per-
formed as described previously (46). Cell volumes were calculated from cells lacking visible septa. For
each strain, 600 to 1,000 cells were quantified. A two-tailed Mann-Whitney U nonparametric test was
used to calculate the P value for the differences in distribution of cell sizes among strains. Three hundred
to 600 cells of each strain were assessed for cell division phenotypes.

Expression and purification of MBP-Sle1. S. aureus sle1 (SAOUHSC_00427) was cloned into the
Ndel and BamHI sites of pMAL-c5X (New England Biolabs) with primers oTD22 and oTD23 and trans-
formed into E. coli NEB Express cells. An overnight culture grown at 30°C was used to inoculate fresh
medium, and the culture was grown at 37°C to an approximate ODg,, of 0.5. Cultures were cooled on
ice and induced with 0.3 mM IPTG (isopropyl-B-b-thiogalactopyranoside) at 16°C overnight. Cells were
pelleted at 3,600 X g for 15 min at 4°C, suspended in lysis buffer (20 mM Tris [pH 7.2], 200 mM NaCl, 10%
glycerol) plus 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 100 ug/ml lysozyme, and
100 ng/ml DNase, and lysed with 3 passages through an EmulsiFlex-C3 cell disruptor (Avestin). All
subsequent steps were performed at 4°C. Insoluble material was pelleted at 119,000 X g for 35 min, and
the supernatant was bound to amylose resin (New England Biolabs). The resin was washed with lysis
buffer and eluted with lysis buffer plus 10 mM maltose. The elution was concentrated with a 30-kDa-
molecular-weight-cutoff spin concentrator (EMD Millipore) and further purified on a Superdex 200
Increase 10/300 GL (GE Life Sciences) equilibrated in lysis buffer. Appropriate fractions were concen-
trated, flash frozen with liquid nitrogen, and stored at —80°C.

Whole-cell lytic assays. Overnight cultures grown in TSB were diluted in fresh TSB and grown to an
approximate ODy,, of 3. A 1.5-ml portion of culture (normalized by OD,,,) was harvested by centrifu-
gation, washed with PBS (pH 7.2), and suspended in 1.6 ml of PBS (pH 7.2). A 75-ul portion of cell
suspension was added to 75 ul of 25nM lysostaphin, 250 to 500 nM purified Sle1, or PBS (pH 7.2).
Samples were incubated at 25°C with shaking in a SpectraMax Plus 384 microplate reader, and OD,, was
monitored over time.

MIC determination. Overnight cultures grown in TSB were diluted in fresh MHB2 (without antibi-
otics) and grown to an approximate OD, of 0.8. Cultures were diluted with medium to an OD,, of
0.001, and 146 to 147 ul was added to each well of a 96-well plate. Three to four microliters of a
compound dilution series was added, and cultures were grown with shaking at 37°C for 18 h. Each
condition was tested in technical triplicates, and the MIC was determined as the lowest concentration
that prevented growth.

Spot dilutions. Overnight cultures of each strain grown in TSB were diluted in fresh TSB and grown
to an approximate OD,,, of 0.8. Cultures were normalized to an ODg,, of 0.1, a 10-fold dilution series
from 10" to 106 was created, and dilutions were spotted on TSB agar containing any desired
compounds. Strains grown with anhydrotetracycline were washed once with TSB before diluting. Plates
were incubated at 30°C and imaged the next day with a Nikon D3400 DSLR camera fitted with an AF
Micro-Nikkor 60-mm f/2.8D lens.
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Growth curves. Overnight cultures of each strain grown in TSB were diluted in fresh TSB and grown
to an approximate ODg,, of 0.8. Cultures were diluted to an ODg, of 0.03, and amsacrine or DBI-1 (in
DMSO) was added at a final concentration of 10 g/ml. DMSO was added to untreated control cultures
at a final concentration of 2%. Cultures were grown at 30°C in a 150-ul volume with shaking in a
SpectraMax Plus 384 microplate reader (Molecular Devices), and OD,,, was monitored over time.

Raising amsacrine-resistant mutants. Amsacrine-resistant mutants were raised in the following
strains: SEJ1 ugtP:Tn, HGOO3 ugtP:Tn, RN4220 AugtP, and SEJ1 AugtP:Kan. For mutants in the SEJ1
ugtP:Tn background, 50 ul of undiluted overnight cell culture was plated on TSB agar plus 6 ng/ml
amsacrine at 30°C for 2 days. For mutants in the backgrounds SEJ1 AugtP::Kan, HGO03 ugtP:Tn, and
RN4220 AugtP, overnight cultures were diluted in TSB and grown at 30°C to an OD,, of 1.0. One milliliter
of this culture was harvested, suspended in 100 ul fresh TSB, and plated on TSB agar plus 10 ug/ml
amsacrine at 30°C for 2 days. Multiple independent cultures were used to increase the diversity of
mutants. Whole-genome sequencing of select mutants was performed with an Illlumina MiSeq as
described previously (46).

Construction of strains with anhydrotetracycline-inducible /taS alleles. Genes encoding wild-
type LtaS and Ins3, F93L, and L181S LtaS variants were cloned from the genomic DNA of RN4220 or their
respective suppressor mutants into pTP63 with the primers iLtaS_1 and iLtaS_2 and electroporated into
RN4220 bearing pTP44 for integration (45). Each resulting strain was transduced with ¢85 lysate from a
strain with an erythromycin-marked /taS deletion. These strains were then optionally transduced with
¢85 lysate from a strain with a kanamycin-marked ugtP or ItaA deletion.

Phosphate quantification from purified sacculi. Sacculi containing covalently linked WTA were
isolated in a manner similar to that described previously (64). Two milliliters of an overnight culture
grown in TSB (normalized by ODy,,) was harvested, washed with buffer 1 (50 mM MES [pH 6.5]), and
suspended in buffer 2 (50 mM MES [pH 6.5], 4% SDS). Cells were boiled for 1h, and pellets were
harvested at 16,000 X g for 10 min. The supernatant was discarded, and the pellets were washed twice
with buffer 2, once with buffer 3 (50 MM MES [pH 6.5], 342 mM Nacl), and twice with buffer 1. Pellets
were treated with 50 uwg/ml DNase and 50 pg/ml RNase in buffer 1 at 37°C for 1 h. Pellets were harvested,
washed with buffer 1, and suspended in a solution containing 20 mM Tris (pH 8), 0.5% SDS. Samples were
treated with 20 ug/ml proteinase K at 50°C for 2 h with light shaking. After pellets were harvested by
centrifugation, pellets were washed once with buffer 3 and then three times with water.

Purified sacculi were suspended in T M HCI. A dilution series of K,HPO, in 1 M HCl was also prepared.
Samples were treated at 80°C for 16 h and cooled to room temperature. Any insoluble material remaining
was pelleted by centrifugation, and the supernatant was retained. An ammonium molybdate reagent
was prepared by mixing, in order, equal volumes of 2 M H,SO,, 2.5% (wt/vol) ammonium molybdate, and
10% (wt/vol) ascorbic acid. One volume of ammonium molybdate reagent was added to each sample,
and samples were incubated at 37°C for 1 h. Orthophosphate was quantified by absorbance at 820 nm
with the K,HPO, standard curve.

Polyacrylamide gel electrophoresis of WTA polymers. Sacculi containing covalently linked WTA
were isolated as described above but treated with 100 MM NaOH at room temperature for 16 h. Three
volumes of loading buffer (50% glycerol, 100 mM Tris-Tricine, 0.02% bromophenol blue) were added to
each sample.

High-resolution 20- by 20-cm polyacrylamide gels were prepared as described previously (64), but
with a stacking gel consisting of 3% acrylamide (3% T-3.3% C, where T is total acrylamide and C is the
percentage of T consisting of bisacrylamide), 900 mM Tris (pH 8.5), 0.1% ammonium persulfate, and
0.01% tetramethylethylenediamine. Gels were run at 4°C in a Protean Il xi Cell electrophoresis system
(Bio-Rad) at 40 mA/gel with a running buffer consisting of 100 mM Tris-Tricine (pH 8.2) until the
bromophenol blue loading dye was near the bottom of the gel. Gels were washed with water, stained
with 1T mg/ml aqueous alcian blue for 30 min, destained with water and 40% ethanol-5% acetic acid, and
rehydrated with water. Silver staining was performed with a Silver Stain Plus kit (Bio-Rad) without the
fixation step. Images were taken with a Nikon D3400 DSLR camera fitted with an AF Micro-Nikkor 60-mm
/2.8D lens and converted to an 8-bit image using ImageJ.

Purification of LtaS mutants and proteoliposome analysis of DAG production. Mutant LtaS
constructs were cloned from genomic DNA isolated from the original suppressor mutants and assembled
into pET28b with the primers LtaS_F and LtaS_R as previously described (60). LtaS constructs were
expressed, purified, and reconstituted into proteoliposomes as previously described (60). Proteolipo-
somes were added to 9 volumes of a solution containing 20 mM succinate (pH 6.0), 50 mM NaCl, and 5%
DMSO. Reaction mixtures were incubated in the presence or absence of 1 mM MnCl,. LTA was detected
by Western blotting as previously described (60). To measure DAG production, reactions proceeded for
4 h at 30°C, and then DAG was extracted and assayed according to the instructions provided by the Cell
BioLabs DAG assay kit. Reactions were performed in duplicate and plotted using GraphPad Prism.
Absolute activity was calculated by subtracting activity values calculated from reactions that did not use
MnCl, from the values from reactions that did use MnCl,. Activity was compared between mutants by
setting the activity in reactions with proteoliposomes containing wild-type LtaS to 100%.

Data availability. Whole-genome sequencing data (accession number PRINA612838) can be found
in the NCBI BioProject database.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.5 MB.
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