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Abstract

Lipoteichoic acid (LTA) is an anionic surface pol-ymer that is essential for normal growth of
Staphylococcus aureus, making the LTA polymerase, LTA synthase (LtaS), a proposed drug target
for combating Staphylococcal infections. LtaS is a polytopic membrane protein with five
membrane-spanning helices and an extracellular domain, and it uses phosphatidyl glycerol to
assemble a glycerol phosphate chain on a glycosylated diacylglycerol membrane anchor. We
report here the first reconstitution of LtaS polymerization activity and show that the azo dye
Congo red inhibits this enzyme both /n vitroand in cells. Related azo dyes and the previously
reported LtaS inhibitor 1771 have weak or no /n vitro inhibitory activity. Synthetic lethality with
mutant strains known to be non-viable in the absence of LTA confirms selective inhibition by
Congo red. As the only validated Lta$S inhibitor, Congo red can serve as a probe to understand how
inhibiting lipoteichoic acid biosynthesis affects cell physiology and may also guide the discovery
of more potent inhibitors for use in treating S. aureus infections.

TOC graphic

Reconstitution Activity

The use of dyes in biomedical research and drug discovery has a long history. Indeed, the
origins of the pharmaceutical industry can be traced to the repurposing of dyes and dye
precursors for therapeutic use.l Examples include the forerunner of phenothiazine
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antipsychotics, methylene blue, which was once used to treat malaria;2 prontosil, an azo dye
that led to the discovery of the “sulfa drug” family of antibiotics;3 suramin, a 100-year old
compound derived from a family of dyes found to have anti-trypanosomal activity, which is
still used to treat African sleeping sickness;* and the acridine-based anticancer drugs.> Here
we report the discovery that Congo red (1, Figure 1A), a dye used to stain amyloid fibrils®
and detect biofilm-forming bacterial strains,” inhibits a Staphylococcus aureus enzyme
involved in assembly of the cell envelope. This enzyme, lipoteichoic acid synthase (LtaS),
forms the glycerol phosphate polymer of lipoteichoic acid, an important cell surface
polymer. Lta$S is a proposed target for new antibiotics,® and Congo red, as the first
compound shown to directly block its activity, may serve as a useful probe to guide the
discovery of therapeutically useful inhibitors.®

The S. aureus cell envelope is a protective barrier comprising the cell membrane, the
surrounding cell wall, and myriad proteins and anionic polymers anchored to these
structures.10 After cell wall peptidoglycan, teichoic acids are the most important polymers
for cell envelope integrity.1! S. aureus makes two distinct, highly abundant classes of
teichoic acids produced by separate biosynthetic pathways: lipoteichoic acids, anchored to
the cell membrane and-consisting of glycerol phosphate repeats,2 and wall teichoic acids,
covalently attached to peptidoglycan and composed mainly of ribitol phosphate repeats.!3
These cell envelope polymers have been implicated in resistance to cationic antibiotics,14
autolysin regulation,1> and cell division,® among other processes.16

The glycerol phosphate polymer of lipoteichoic acid is made by lipoteichoic acid synthase
(LtaS), a polytopic membrane protein with five A~terminal membrane spanning helices and
a C-terminal extracellular domain,8 which transfers glycerol phosphate units from
phosphatidyl glycerol (PG) to a diglucosyl diacylglycerol (Glc,-DAG) membrane anchor
(Figure 1A).17 The C-terminal extracellular domain uses manganese to facilitate the transfer
of glycerol phosphate from PG onto a threonine residue (T300 in S. aureus LtaS), which is
then transferred to the growing LTA polymer.%& 1118 The L TA polymer is further modified
by covalent attachment of D-alanine residues, which play a role in resistance to cationic
antimicrobial peptides and other toxins.1® The Glc,-DAG anchor of LTA is synthesized on
the inner leaflet of the membrane by the glucosyltransferase UgtP20 and is then flipped to
the outer leaflet by the flippase LtaA.17@ Mutants lacking either ugtP or /taA can still make
lipoteichoic acid polymers, but LtaS then uses PG instead of Glcyo-DAG as the membrane
anchor and the polymers are longer than normal.162. 172

LtaS in an important enzyme for cell viability. Mutants lacking LtaS are susceptible to
osmotic lysis and can only grow in osmotically stabilizing conditions, at low temperatures,
or after acquisition of compensatory mutations that suppress lysis.17? 21 The most common
suppressor mutations prevent expression of an intracellular phosphodiesterase, GdpP,
resulting in high concentrations of cyclic-di-AMP, a bacterial second messenger implicated
in transport of potassium and other ions.?2 These suppressor mutations or osmotically
stabilizing conditions are not sufficient to maintain viability if a mutant lacking lipoteichoic
acid synthase is also impaired in wall teichoic acid biosynthesis.23
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We speculated that Congo red might have a specific target in S. aureus after discovering that
it had potent activity against strains lacking wall teichoic acids. At 30°C, the MIC of Congo
red decreased from over 1000 pug/mL against wild-type S. aureusto ~2 pg/mL against a
strain lacking the earliest acting gene in the wall teichoic acid pathway, tar0.2* This finding
suggested a functional connection between the unknown target of Congo red and the wall
teichoic acid pathway. Including LtaS, only about a dozen genes become essential when wall
teichoic acids are depleted in S. aureus (Table S1).17b. 19¢, 23 \We subsequently found that
gadpPtransposon mutants are selected on Congo red agar plates incubated at 37°C,2° leading
us to hypothesize that lipoteichoic acid synthase was the target of this azo dye.

To test the hypothesis, we employed a cell-based assay that uses an a-LTA antibody to
detect lipoteichoic acid polymers viaimmunoblotting.172 Treatment of wild-type S. aureus
with increasing concentrations of Congo red (1) resulted in a dose-dependent decrease in
LTA, consistent with the hypothesis that 1 inhibits LtaS (Figure 1B).

While cell-based assays are powerful ways to evaluate inhibition of a pathway, inhibition
may be indirect. Although the purified C-terminal extracellular domain of LtaS, el taS,26
was shown to hydrolyze a fluorescent phosphatidy! glycerol analog,2” lipoteichoic acid
synthesis has not been reconstituted to enable inhibitor testing. Therefore, we purified S.
aureus LtasS bearing a C-terminal Hisg-tag from £. coliand then exploited the ability of LtaS
to use phosphatidy! glycerol as an alternative membrane anchor to reconstitute the enzyme
into liposomes containing 23% phosphatidyl glycerol (Figure 2A, supplementary methods,
Figures S1 and S2). We detected polymer using the a-LTA antibody only in reactions with
proteoliposomes containing LtaS and Mn2* (Figure 2B). Excess EDTA, boiling the
proteoliposomes prior to initiation with manganese, or incubating them with the S. aureus
SpsB signal peptidase, which cleaves eLtaS from the membrane domain,8 abolished
polymer synthesis (Figure 2B). The metal ion dependence of polymer formation is
consistent with previous findings that eLtaS requires a divalent cation to promote hydrolysis
of fluorescent phosphatidyl glycerol.

We also established an assay to detect the other product of the reaction, diacylglycerol
(DAG) (Figure 1A). The previously described assay that detects hydrolysis of a fluorescent
DAG analogue was not suitable for use in proteoliposomes containing large amounts of
native phosphatidyl glycerol.2” We therefore measured diacylglycerol (DAG) produced in
the proteoliposome reactions using a commercially available enzyme-coupled assay that
converts DAG to a detectable fluorescent signal (Figure S3). As with polymer formation, we
found that DAG production was dependent on the presence of manganese and required an
active catalytic domain (Figure 2C).% Our studies showing LTA polymer formation with
concomitant release of DAG confirm the first successful reconstitution of LtaS polymerase
activity. These new biochemical assays for LtaS activity allow us to test possible inhibitors.
We therefore added increasing concentrations of 1 to the proteoliposome assay and blotted
for polymer formation.

linhibited LTA polymerization with an I1Csq of ~2 uM (Figure 3A, Figure S4), which is
similar to its MIC against WTA-deficient S. aureus.?* 1 also decreased DAG production by
over 90% (Figure S5). Adding empty liposomes to the reaction did not significantly affect
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the ICgq (Figure S6), showing that the decrease in LTA formation is due to LtaS inhibition
and not to general disruption of the proteoliposomes. Because 1 has previously been
identified as a promiscuous inhibitor and is known to aggregate, we also tested a range of
conditions that affect its promiscuous inhibitory activity, resulting in substantial increases in
ICsq values.?® Adding detergent or increasing ionic strength had no effect on the ICsp;
adding micromolar concentrations of BSA (a 10-fold excess relative to LtaS) resulted in
only a two-fold shift in the ICsq (Figure S7).29%: 30 These negligible changes in inhibitory
potency are not consistent with promiscuous inhibition. Finally, we also measured LtaS
activity in the presence of three other azo dyes, Direct Red 7 (2), Acid Red 88 (3) and Sudan
Red 7B (4) (Figure 3B).24 Although 2 partially inhibited DAG production at the highest
concentration tested, the other dyes had no effect (Figure 3C, Figures S5 and S8). While we
cannot exclude the possibility that these dyes affect LtaS activity at higher concentrations,3!
the Jn vitro results show that 1 selectively inhibits the enzyme. These findings are also
consistent with /in cellulo data showing that only 1 is lethal to the AzarO strain (Figure 3D,
Figure S11).

We also used our assay system to test the only previously proposed LtaS inhibitor, a
compound known as 1771 (Figures S12 and S13). This compound was reported to inhibit
lipoteichoic acid polymer synthesis in cells, but was not fully validated because LtaS
polymerization activity had not been reconstituted.% We found that 1771 did not inhibit
either LTA polymer formation or the produc-tion of DAG in vitro (Figures S5 and S8).
Because an LtaS inhibitor should be synthetically lethal with WTA-deficient strains, we also
compared the activity of 1771 against S. aureus wildtype and AzarOsstrains.?4 Unlike 1,
which was lethal to AfarO but not wildtype strains at 30°C, compound 1771 was lethal to
both strains (Figure S14). 1771 also inhibited growth of a ggpP mutant, a known suppressor
of LtaS loss. In contrast, deletion of gapP suppresses temperature-dependent lethality of
Congo red.21: 2532 \We have concluded that compound 1771 does not inhibit Lta$S directly,
and suggest that its effects on lipoteichoic acid abundance in cells reflect inhibition of
another enzyme required for polymer production (e.g., in the phosphatidylglycerol
biosynthesis pathway) or a more general toxicity.

In summary, we have reconstituted activity of lipoteichoic acid synthase in proteoliposomes
for the first time, paving the way to characterize its full structure and its polymerization
mechanism. We have also shown that Congo red (1) inhibits LtaS both in celluloand in
vitro.33 Although Congo red aggregates have been shown to inhibit several soluble enzymes
in vitro, the in cellulo data for this compound — including lethality at 30°C against WTA-
deficient strains and temperature-dependent lethality that is suppressed by gapP deletion —
support the conclusion that it will be a useful chemical probe for understanding the effects of
perturbing LtaS on cell physiology. We expect 1 will be useful for genome-wide mapping of
synthetic interactions between lipoteichoic acids and other cellular components, and the
results of these experiments may facilitate the discovery of more potent LtaS inhibitors to
treat multidrug resistant bacterial infections.19¢: 23
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Congo Red is commonly used in agar plates to detect S. aureus strains capable of forming biofilms,
but these results suggest it may select for genetic suppressors of LtaS inhibition, with
consequences on biofilm forming potential at long time points.

It is worth nothing that we did not find LtaS inhibition with Congo red to be toxic to wildtype
strains at 37°C except at high concentrations. Low levels of LTA biosynthesis may be sufficient to
support growth under the conditions used. Work to assess these possibilities is ongoing.
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Figure 1.

LTA is biosynthesized at the cell membrane and Congo red (1) abolishes its production in
cells. (A) Diacylglycerol (DAG) is converted to diglucosyl DAG (Glcy,-DAG) by UgtP, then
flipped to the outer membrane by LtaA. Using phosphatidyl glycerol (PG) as a substrate,
LtaS transfers glycerol phosphate repeats to the Glc2-DAG anchor to produce LTA and
DAG. (B) 1 inhibits LTA polymerization in S. aureus RN4220 in a dose-dependent manner.
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Figure 2.

LtaS activity was reconstituted in proteoliposomes. (A) Scheme for LtaS-mediated transfer
of glycerol phosphate onto phosphatidyl glycerol. Glycerol phosphate from PG (blue) is
loaded onto T300 (purple) of LtaS, which is then attacked by the glycerol end of another
molecule of PG (red). This process repeats in a cycle in which PG is loaded onto T300 and
is then offloaded onto the glycerol unit at the tip of the growing LTA polymer. (B) /n vitro
reconstitution of LTA biosynthesis in proteoliposomes shows that the LTA polymer is
produced only when manganese is present. SpsB-catalyzed cleavage of the extracellular
domain from the membrane domain abolishes LTA synthesis. (C) DAG production for WT
LtaS and a mutant, T300A, containing an active site mutation. Activity is normalized to
DAG produced by WT LtasS in the presence of manganese. LtaS T300A did not produce
DAG or LTA polymer (Figure S10).
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Congo red, but not related azo dyes, inhibits LtaS /n vitro and against WTA-deficient S.
aureus strains. (A) 1 inhibits /n vitro LTA polymerization in proteoliposomes in a dose-
dependent manner. (B) Structures of azo dyes tested against S. aureus strains and
proteoliposomes. (C) Replicate dot blots of assays containing the indicated concentrations of
land 2 (for 3, 4, and 1771, see Figure S8). (D) 1 selectively inhibited the growth of a
Newman AfarO strain, but not Newman (Figure S9).
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