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Abstract

Lysobactin, also known as katanosin B, is a potent antibiotic with in vivo efficacy against
Staphylococcus aureus and Streptococcus pneumoniae. It was previously shown to inhibit
peptidoglycan (PG) biosynthesis, but its molecular mechanism of action has not been established.
Using enzyme inhibition assays, we show that lysobactin forms 1:1 complexes with Lipid I, Lipid

I1, and Lipid IIXVTA, substrates in the PG and wall teichoic acid (WTA) biosynthetic pathways.
Therefore, lysobactin, like ramoplanin and teixobactin, recognizes the reducing end of lipid-linked
cell wall precursors. We show that despite its ability to bind precursors from different pathways,
lysobactin’s cellular mechanism of killing is due exclusively to Lipid Il binding, which causes
septal defects and catastrophic cell envelope damage.

The prevalence of antibiotic-resistant bacterial infections has increased dramatically over the
past two decades and now poses a serious threat to public health. Today there is no antibiotic
in clinical use to which resistance has not developed, and common infections that were once
easily treated can result in permanent injury and even death. There is a pressing need to
develop antibiotics that have novel mechanisms of action.

Among clinically used antibiotics, vancomycin (Figure 1) has had a remarkably long
lifespan. Introduced in 1956, it is still used to treat methicillin-resistant Staphylococcus
aureus (MRSA) and multidrug-resistant streptococcal infections, but clinical failure due to
vancomycin resistance is increasingly common.? Like other glycopeptide antibiotics,
vancomycin inhibits biosynthesis of the bacterial cell wall by binding to a »-Ala-cAla found
in peptidoglycan (PG) precursors.2 This mechanism of action, in which a substrate rather
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than a biosynthetic enzyme is the target, is difficult to overcome. Multiple genetic changes
that remodel the cell envelope are required for even moderate resistance.3 Although
vancomycin and related glycopeptides are the only clinically used substrate binders, they are
not unique in having a substrate-binding mechanism. Other nonribosomal peptide synthetase
(NRPS)-derived natural products that bind cell wall precursors include ramoplanin and the
recently discovered teixobactin.4® The latter has garnered considerable attention not only
because it represents a new structural class but also because it was shown to bind cell wall
precursors from multiple biosynthetic pathways.® In the course of our efforts to identify
potent antimicrobial natural products from novel and known producing organisms, we found
extracts of Lysobacter ezymogenes® to be highly potent against Gram-positive bacteria.
Isolation of the active compound revealed production of lysobactin, an NRPS-derived
natural product that we here show has similar recognition properties as teixobactin, binding
wall teichoic acid (WTA) as well as PG biosynthetic precursors. Lysobactin- and
ramoplanin-induced cell death is due to inhibition of only PG biosynthesis.

The bacterial cell wall in S. aureus is composed of thick layers of PG further modified with
covalently bound WTA.” The PG layers are essential for survival because they stabilize the
cell membrane against high turgor pressure, thereby preventing osmotic lysis. As shown in
Figure 2, the PG precursor Lipid 11 (Lipidllgjys) is synthesized inside the cell on an
undecaprenyl phosphate (Und-P) “carrier lipid” and then flipped outside, where it is
polymerized and cross-linked to make mature PG.8 Polymerization releases undecaprenyl
pyrophosphate (Und-PP), which is dephosphorylated and recycled into the cell so that more
Lipid 11 can be produced.® The WTA biosynthetic pathway also involves intracellular
assembly of a precursor on the Und-P carrier.” After translocation to the surface of the cell,
this precursor is attached to the C6 hydroxyl of residues in PG through a phosphodiester
bond, liberating the carrier lipid.” Vancomycin inhibits PG biosynthesis by binding to a o-
Ala-o-Ala found at the terminus of the stem peptide of Lipid Il, while ramoplanin and
teixobactin bind to a region of Lipid Il that includes the pyrophosphate and the first sugar
but not the stem peptide.2P4b:5> Teixobactin was also reported to bind a lipid-linked WTA
precursor; therefore, it was proposed that teixobactin kills by inhibiting both the PG and
WTA biosynthetic pathways.®

Lysobactin, also known as katanosin B, is produced by several genera of Gram-negative
gliding bacteria found in soil. First reported in 1987, it was shown to inhibit PG biosynthesis
and found to have outstanding in vitro activity against MRSA and vancomycin-resistant
Enterococcus (VRE) as well as efficacy against systemic staphylococcal and streptococcal
infections in mice.19 Although it was speculated to act as a substrate binder, experimental
evidence to establish this mechanism of action has not been reported.2 In 2007, two groups
independently described the total synthesis of lysobactin, and in 2011 the gene cluster was
identified and characterized.1 To enable assessment of analogues for possible development,
we further characterized lysobactin’s activity and determined its mechanism of action.

We found that lysobactin is rapidly bactericidal against S. aureus and also has significant
activity against mycobacteria (Figures 3 and S2). The colony forming units (CFUs) of a
growing S. aureus culture treated with lysobactin at 1.5 pg/mL (twice the minimum
inhibitory concentration (MIC)) dropped more than five logs in 4 h, with lysis indicated by
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complete clearing of the culture tube within the same time period (Figure 3a,b). Although
many antibiotics are not active against nongrowing cells, lysobactin was still bactericidal
against stationary-phase cultures, although the rate of killing was lower (Figure S1b). As
reported, ramoplanin was also bactericidal at 2x MIC (Figure S1a), but cultures treated with
vancomycin at 2x MIC recovered after the CFUs dropped briefly.*¢ Vancomycin is known to
have greatly reduced efficacy at high inoculum densities, explaining these results.12

To determine whether lysobactin could be a substrate binder, we added exogenous cell wall
precursors to S. aureus treated with lysobactin. Whereas the stem peptide mimic Lys-o-Ala-
o-Ala antagonized the effects of vancomycin, it had no effect on the MIC of lysobactin, as
previously reported.13 In contrast, synthetic Lipid 114 and an analogue lacking the stem
peptide protected S. aureus from killing by lysobactin. These results suggested that
lysobactin does indeed act via a substrate-binding mechanism (Figure 3c and S3).

To confirm a substrate-binding mechanism and characterize lysobactin’s recognition
preferences, we monitored the reaction rate as a function of substrate concentration for three
enzymes that use cell wall precursors, MurG, SgtB, and TagB. MurG catalyzes the
formation of Lipid Il from Lipid I; SgtB catalyzes the polymerization of the PG precursor
Lipid Il; TagB catalyzes the transfer of phosphoglycerol to a lipid-linked WTA disaccharide

intermediate, Lipid IT\" * (Figure 2).14-16 Substrate binders produce a characteristic
enzyme inhibition curve in which the reaction rate is negligible at low substrate
concentrations because there is no free substrate but jumps as soon as substrate becomes
available.* The inhibitor:substrate ratio at which reaction is first observed provides the
stoichiometry of the complex. Lysobactin inhibited all three enzymes and the velocity versus
substrate concentration curves were characteristic of a substrate-binding mode of inhibition
(Figures 4 and S5). Product was observed once the substrate concentration exceeded the
concentration of lysobactin. Hence, lysobactin forms a 1:1 complex with cell wall precursors
and inhibits all three enzymes comparably in vitro. However, micromolar concentrations of
substrates were used in these experiments, and any difference in binding affinity may be
obscured.

Ramoplanin was previously reported to bind Lipid I and Lipid Il with a stoichiometry of 2:1,
but it was never tested for binding to WTA precursors. We found that ramoplanin inhibits

TagB by binding as a dimer to Lipid IT}' ™ (Figure S6).4> We conclude that the ability to
recognize cell wall precursors from different biosynthetic pathways may be a common
feature of substrate binders that recognize the sugar—pyrophophosphate—lipid portion of cell
wall intermediates.1” As teixobactin has also been reported to bind cell wall precursors with
a 2:1 stoichiometry, lysobactin is distinctive among these NRPS-derived antibiotics for its
1:1 stoichiometry.

While in vitro studies on substrate binders provide useful information on recognition
preferences and stoichiometry, they do not establish the cellular targets responsible for their
antibiotic activity. Identifying these targets requires in vivo assays. We recently introduced a
method to detect changes in Lipid 11 pool levels after treatment of bacterial cultures with
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antibiotics, and below we demonstrate the utility of this assay for establishing the cellular
mechanism of lysobactin.18

We first examined how Lipid Il pool levels change upon treatment of S. aureus with several
antibiotics having known mechanisms of action. Following a 10 min incubation in the
presence of antibiotic, total cellular lipids were extracted from 2 mL cultures of S. aureus,
and Lipid Il was labeled with biotin via PBP4-mediated exchange of the terminal o-Ala with
biotin—o-Lys (BDL) (Figure 5a). Moenomycin and vancomycin, which prevent Lipid 11
utilization by PG synthases, resulted in accumulation of Lipid Il, as shown by the
appearance of several intense chemiluminescent bands on a Western blot (Figure 5b).
Treatment with lysostaphin, which cleaves pentaglycine cross-links, resulted in collapse to a
single Lipid Il band (Figure S7a), showing that the higher bands resulted from PBP4-
mediated cross-linking of Lipid Il during biotin labeling. CDFI and DMPI, reported as S.
aureus MurJ inhibitors, also resulted in Lipid Il accumulation (Figure S7b), consistent with
the proposed mechanism of action.® Treatment with ramoplanin unexpectedly resulted in
apparent depletion of Lipid Il (Figure S8a). However, ramoplanin 2:1 complexes are known
to form stable fibrils, and we speculated that these fibrils were resistant to disassembly and
therefore to Lipid |1 extraction (Figure S8b).4C€ It is worth noting that Lipid 11 extraction
into organic solvent is also prevented by complexation with teixobactin.®> We were able to
extract Lipid Il into the organic phase after increasing the pH above 10, which likely disrupts
the ramoplanin-Lipid Il complexes. We then found that cells treated with ramoplanin had in
fact accumulated large amounts of Lipid Il (Figures 5b and S8a).18 Bacitracin, which binds
to Und-PP, prevents recycling of the carrier lipid, resulting in depletion of Lipid Il (Figure
S7c). Finally, targocil, a WTA flippase (TarGH) inhibitor, also resulted in depletion of Lipid
I (Figure 5b), in this case because the carrier lipid accumulates in WTA intermediates and
thus is not available to make PG precursor (see Figure 2).

We tested lysobactin and found that it resulted in a dramatic accumulation of Lipid Il in S.
aureus. Therefore, we have concluded that although both lysobactin and ramoplanin bind to
WTA precursors in vitro, the ability to do so does not contribute substantially to the cellular
mechanism of action for either one because Lipid Il is not depleted. Indeed, our results
conclusively show that Lipid Il is the cellular target of both compounds.

We finally examined the terminal phenotypes of S. aureus cells treated with lysobactin and
ramoplanin using transmission electron microscopy (TEM). Treated at 2x MIC, both
compounds caused major septal defects as well as distinctive cytoplasmic changes. It has
been suggested that PG substrates recruit components of the division machinery, and the
septal defects observed are consistent with mislocalization of cell division proteins in the
absence of free Lipid 11 (Figures 5d and S9).20

In conclusion, we have shown that lysobactin is a substrate binder that binds the reducing
end of lipid-linked cell wall precursors. Although lysobactin, like ramoplanin and
teixobactin, recognizes cell wall precursors from different biosynthetic pathways, we have
shown that its cellular mechanism of action is due to its ability to bind the PG precursor
Lipid Il. One in nine MurNAc units of PG is modified with WTA, suggesting that the
precursor flux is substantially higher through the PG pathway.?! Because most of the cell
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wall precursors present on the cell surface are PG precursors, they comprise the major target
of lysobactin.

Unlike ramoplanin and teixobactin, lysobactin binds Lipid Il with a stoichiometry of 1:1.
Because lysobactin binding does not prevent Lipid 11 extraction at neutral pH, we speculate
that the complexes do not form higher-order aggregates as they do in the case of ramoplanin.
Ramoplanin’s membrane disruption effects, which have to date prevented its successful
clinical development, may be related to its propensity to oligomerize on cell surfaces even
when Lipid Il is not present. We note in closing that lysobactin, unlike ramoplanin, is not
hemolytic against human red blood cells at concentrations well above its MIC (40x) (Figure
S10). In view of its potent activity against a broad spectrum of important pathogens,
lysobactin may be a promising candidate for further development.
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Structures of four NRPS-derived natural products that target cell wall biosynthesis by

binding substrates.
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Schematic of pathways for biosynthesis of lipid-linked PG and WTA precursors from the

common intermediate Und-P. Compounds targeting PG and WTA biosynthesis are shown in
purple and blue, respectively.
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Figure 3.

Lysobactin causes rapid lysis of S. aureus. (a) Cultures treated with lysobactin or
vancomycin at 2x MIC. (b) Kill curves for S. aureus treated with no antibiotic (black
circles), vancomycin (blue triangles), or lysobactin (red squares) at 2x MIC. (c) Addition of
exogenous sugar—pyrophophate—lipids (5 (M) rescued S. aureus from killing by lysobactin
(see Figure S3).
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Figure 4.

In vitro, lysobactin inhibits three cell wall biosynthetic enzymes by binding to their
substrates. (a—c) Chemical structures of the substrates used for the in vitro enzyme assays.
(d—f) Plots of reaction rate as a function of substrate concentration for (d) MurG, (e) SgtB,
and (f) TagB in the absence (black) and presence (red) of lysobactin (4 4/M). See Figure 2 for
the symbol key.
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Figureb.

Lysobactin sequesters Lipid 11, triggering catastrophic cell envelope damage. (a) Schematic
of the method used to detect Lipid 11 after extraction from cells. (b) Western blots of Lipid Il
isolated from cells after treatment with the indicated antibiotics and then labeled with
biotin—o-Lys (BDL) using S. aureus PBP4. (c) Table summarizing how inhibition of or
binding to various targets in the PG and WTA pathways affects pool levels of Lipid Il. (d)
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TEM images showing the septal defects and distinctive cytoplasmic changes in S. aureus
resulting from lysobactin treatment (1.5 tg/mL).
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