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Abstract

Antimicrobial resistance poses a serious threat to public health worldwide. To overcome this global
problem and ensure the supply of effective antibiotics for the therapy of infectious diseases in the
future requires to develop innovative anti-infectives with unprecedented and resistance-breaking
mechanisms of action and a thorough understanding of their antimicrobial effect on the molecular
level. This work investigates the modes of action of two natural product antibiotics, moenomycin and
corallorazine A, that target highly conserved structures located on different sites of the bacterial
membrane.

The first part of this thesis is devoted to the phosphoglycolipid antibiotic moenomycin, a well-known,
potent inhibitor of peptidoglycan glycosyltransferases. Here, it is shown for the first time that the
antibiotic possesses an extended target spectrum in Staphylococcus aureus comprising LytR-CpsA-
Psr (LCP) enzymes that catalyze the attachment of anionic glycopolymers, such as wall teichoic acids
(WTASs) or capsular polysaccharides, to peptidoglycan in Gram-positive bacteria. | showed that LcpA,
PBP4, and likely PBP2 are recruited to the septum of moenomycin-treated cells in response to the
presumed accumulation of WTA precursors at the division site. Moreover, the combination of
moenomycin and B-lactams was synergistic in MSSA1112 wildtype and the TarO-deprived SA113 strain
but not in the MSSA1112 AlcpABC triple mutant, suggesting that moenomycin reduces the amount of
WTAs and/or their attachment to the cell wall. Besides the identification of a so far unknown
moenomycin off-target, the results provide new insights into the temporal and spatial coordination of
the peptidoglycan and WTA biosynthesis pathways in moenomycin-treated S. aureus cells and could
contribute to the development of novel, moenomycin-based antibiotics.

The second part of this thesis focuses on the recently discovered lipodipeptide corallorazine A, a
bioactive secondary metabolite synthesized by the myxobacterium Corallococcus coralloides. Using
whole cell analysis and in vitro test systems, this work reveals that corallorazine A inhibits the bacterial
transcription by targeting the p’-subunit of the DNA-dependent RNA polymerase, a conserved target
for antibiotics in prokaryotes. Corallorazine A displayed good antimicrobial activity against Gram-
positive bacteria, including methicillin-resistant S. aureus, and could serve as an urgently required
broad-spectrum antibiotic.

In summary, this work significantly enhances our understanding of how the antibiotics moenomycin

and corallorazine A target relevant bacterial cellular structures.
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1. Introduction

Chapter 1: The attachment of wall teichoic acids to the peptidoglycan scaffold by LCP
enzymes in Staphylococcus aureus is an attractive antibiotic target

1.1 The well-armed major human pathogen Staphylococcus aureus

Staphylococcus aureus is a commensal Gram-positive bacterium and opportunistic pathogen that
colonizes the human nasal mucosa in approximately 30% of the population and constitutes a
serious threat for difficult-to-treat community- and healthcare-associated infections worldwide
(Laux et al., 2019, Antimicrobial Resistance Collaborators, 2022, Lade & Kim, 2023). It is a major
cause of bacteremia, infective endocarditis, as well as osteoarticular, skin and soft tissue,
respiratory, surgical, and device-related infections (Tong et al., 2015). To aggravate the eradication,
S. aureus has the outstanding ability to quickly acquire resistance to nearly every antibiotic
approved for human medication (Chambers & Deleo, 2009). The finesse in developing resistance
seems to be inexhaustible and comprises, among others, the enzymatic inactivation of the
compound, the introduction of efflux mechanisms, the modification of an existing target or the
acquisition of an alternative target to reduce the drug affinity, and the fortification of the
surrounding cell envelope (Foster et al., 2017). Beginning with the introduction of penicillin in
1941, S. aureus has developed resistance mechanisms to virtually every antibiotic class, including
B-lactams, macrolides, aminoglycosides, tetracycline, chloramphenicol, fusidic acid, rifampin,
lincosamides, glycopeptides, and fluoroquinolones (Rammelkamp & Maxon, 1942, Finland, 1955,
Brumfitt & Hamilton-Miller, 1989, Howden et al., 2010, Foster, 2017). Moreover, the prevalence
of multi-drug resistant MRSA (methicillin-resistant S. aureus) strains reduces the treatment
options enormously and causes excessive healthcare expenditures (Stryjewski & Corey, 2014,
Turner et al., 2019). In 2019, approximately five million deaths worldwide were associated with
bacterial antimicrobial resistance and S. aureus was highlighted as the second leading pathogen
(Antimicrobial Resistance Collaborators, 2022). The World Health Organization (WHO) classifies
methicillin- and vancomycin-resistant S. aureus as high priority pathogens, because they are a
major cause of global morbidity and mortality (WHO, 2017). International research efforts

urgently need to address the containment and the combat of multidrug-resistant S. aureus.



Therefore, the development of novel antibiotics or the chemical modification of existing
antimicrobials is of high importance. This requires to gain a deeper understanding of how anti-

infectives work.

1.2 The function and relevance of the bacterial cell wall

The bacterial cell wall is a crucial structure in free-living bacteria, because it maintains the integrity
and characteristic shape of a cell. The cell wall plays a key role in the uptake of nutrients and forms
a barrier to counteract environmental threats and hostile conditions (Silhavy et al., 2010). A
bacterial cell maintains a functional cell wall during growth and cell division through its constant

assembly, dismantling, and remodeling (Typas et al., 2012, Egan et al., 2020).
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Figure 1: Schematic representation of the cell envelope in Gram-positive bacteria. The cytoplasmic membrane is
surrounded by a thick peptidoglycan layer that is decorated with anionic glycopolymers, such as wall teichoic acids
(WTAs). WTAs are directly linked to the peptidoglycan sacculus, while the structurally related lipoteichoic acids (LTAs)
are anchored to the cell membrane.



A main component of the bacterial cell wall is the peptidoglycan (PG, also called murein) sacculus,
which fulfils multiple requirements. On one hand, it has to be rigid to structurally support the
cytoplasmic membrane, especially to withstand osmotic differences and the force exerted by
protruding appendages such as flagella and pili, and to provide mechanical strength. On the other
hand, the mesh-like structure needs to be flexible enough to enable cellular growth and the
attachment of various cell envelope components including proteins (Ou & Marquis, 1970,
Chevance & Hughes, 2008, Dramsi et al., 2008). Maintaining the sacculus is a highly dynamic
process requiring PG synthases and specific PG hydrolases to enable the incorporation of newly
synthesized glycan strands into existing PG layers, which are cross-linked to expand the scaffolding
structure or to repair damages (Holtje, 1998).

The cell wall in Gram-positive and Gram-negative bacteria differs substantially. Both groups
possess a cytoplasmic membrane, but the PG is thicker in Gram-positive bacteria (Vollmer &
Seligman, 2010). In addition, the PG sacculus of these bacteria is decorated with wall teichoic
acids (WTAs), contributing to an average thickness of the PG-WTA cell wall of 10 to 40 nm
(Figure 1) (Neuhaus & Baddiley, 2003, Ward, 1981, Vollmer & Seligman, 2010). In contrast, the
mostly single-layered PG sacculus of Gram-negative bacteriais 3 to 6 nm thick and surrounded by
an outer membrane (Vollmer & Seligman, 2010). Some Gram-positive and Gram-negative bacteria
can surround themselves with a capsule to prevent desiccation and enhance pathogenicity
(Roberson & Firestone, 1992, Ophir & Gutnick, 1994, Nilsson et al., 1997, Thakker et al., 1998).
Indeed, capsular polysaccharides (CPs) facilitate the adherence to host cells and constitute a
protective shield against host defense mechanisms, e.g., opsonophagocytic killing and
antimicrobials (P6hlmann-Dietze et al., 2000, Wilkinson & Holmes, 1979, Taylor & Roberts, 2005,
Campos et al., 2004, Spinosa et al., 2007). Like WTAs, some Gram-positive bacteria attach the
capsule covalently to the PG scaffold (Chan et al., 2014). Because the cell wall is of major
importance for cell viability, it represents a popular and effective target for antibiotics (Schneider

& Sahl, 2010a).

1.3 The structure and composition of peptidoglycan

The PG forms an essential three-dimensional scaffold within the bacterial cell envelope and

consists of linear glycan chains made of alternating B-(1,4)-linked N-acetylmuramic acid (MurNAc)



and N-acetylglucosamine (GIcNAc) residues that are connected by short peptides (Rogers et al.,
1980). The average chain length is 18 disaccharide units in S. aureus (Tipper et al., 1967). A
pentapeptide stem is attached to the D-lactoyl group of each MurNAc residue and varies among
different species. In S. aureus, the oligopeptide is composed of L-alanine, D-glutamic acid, L-lysine,
and the terminal dipeptide D-alanyl-D-alanine, whereas the sequence in E. coli and most
Gram-negative bacteria contains meso-diaminopimelic acid at the third position (Vollmer et al.,
2008).

In most Gram-positive bacteria, the cross-linking of glycan strands occurs between the side-chain
amino group of the residue at position 3 of one stem peptide and the carboxyl group of the
D-alanine at position 4 of another stem peptide, sometimes via an interpeptide bridge. The nature
of the interpeptide bridge can differ between bacteria. In S. aureus, it consists of five glycine
residues, whereas the structure in other species includes, e.g., L-alanine-L-alanine in Enterococcus
faecalis or a complete stem peptide in Micrococcus luteus (Schleifer & Kandler, 1972).

In S. aureus, 35 to 90% of the MurNAc residues are further modified by O-acetylation, which
contributes to lysozyme resistance (Ghuysen & Strominger, 1963, Snowden et al., 1989, Bera et
al., 2005). Other secondary modifications in S. aureus are the covalent attachment of surface
polysaccharides, i.e., teichoic acids and a capsule (Kojima et al., 1985, Kawai et al., 2011, Rausch
et al., 2019), and the amidation of the iso-D-glutamate at position 2 of the peptide (Figueiredo et
al., 2012, Miinch et al., 2012).

1.4 The peptidoglycan biosynthesis in S. aureus

PG biosynthesis steps occur in three different compartments: the cytoplasm, the inner leaflet of
the cytoplasmic membrane, and the cell exterior (Figure 2) (Barreteau et al., 2008, Bouhss et al.,
2008, Sham et al., 2014). In general, nucleotide-activated sugars and amino acids are synthesized
in the cytoplasm and transferred onto the carrier lipid at the inner face of the cytoplasmic
membrane (Walsh, 1989, Marquardt et al., 1992, Benson et al., 1993). Subsequently, the lipid-
linked precursor is flipped across the membrane, glycan chains are polymerized, and peptides are
cross-linked to form the PG mesh that is further modified by O-acetylation or the attachment of

secondary polymers (Kojima et al., 1985, Bera et al., 2006, Kawai et al., 2011, Rausch et al., 2019).



In detail, the biosynthesis of PG is initiated in the cytoplasm by the MurA and MurB-catalyzed
formation of UDP-MurNAc from UDP-GIcNAc and phosphoenolpyruvate (Marquardt et al., 1992,
Benson et al., 1993). The stem peptide is then built on the lactoyl moiety of UDP-MurNAc. ATP-
dependent amino acyl ligases MurC, MurD, and MurE add sequentially the amino acids L-alanine,
D-glutamic acid, and L-lysine (Walsh, 1989, Bouhss et al., 1997, Patin et al., 2010). L-Alanine is
racemized to D-alanine by Alr and then dimerized to form D-alanyl-D-alanine by Ddl. MurF
ligates the dipeptide to the growing peptide in an ATP-consuming reaction, resulting in the
formation of UDP-MurNAc-pentapeptide that is also referred to as Park’s nucleotide (Park, 1952,
Walsh, 1989).

The next stage of PG biosynthesis occurs at the inner face of the cytoplasmic membrane. Phospho-
MurNAc-pentapeptide is transferred onto the carrier lipid undecaprenyl phosphate (Css-P) by the
integral membrane protein MraY forming lipid | (undecaprenyl-pyrophosphoryl-N-acetylmuramyl-
(pentapeptide)) (Pless & Neuhaus, 1973, Bouhss et al., 2004, Chung et al., 2013). The membrane-
bound glycosyltransferase MurG adds GlcNAc to the MurNAc moiety of lipid |, generating lipid Il
(undecaprenyl-pyrophosphoryl-N-acetylmuramyl-(pentapeptide)-N-acetylglucosamine) (Hu et
al., 2003, Mengin-Lecreulx et al., 1991). In S. aureus, the oligopeptide is further modified by the
sequential addition of one, two, and two glycine residues by FemX, FemA, and FemB, respectively,
using glycyl-tRNA donors (Maidhof et al., 1991, Henze et al., 1993, Rohrer et al., 1999, Schneider
etal.,2004). The bi-enzyme complex MurT/GatD amidates the a-carboxyl group of D-glutamic acid
to yield D-isoglutamine (Figueiredo et al., 2012, Miinch et al., 2012). The ultimate PG precursor is
then translocated across the cytoplasmic membrane by the integral membrane protein MurJ (Ruiz
et al., 2008, Inoue et al., 2008, Sham et al., 2014).

Upon translocation to the outer face of the cytoplasmic membrane, the glycan chains are
polymerized and the peptides are cross-linked by penicillin-binding proteins (PBPs) (Blumberg &
Strominger, 1974, Sauvage et al., 2008). Overall, S. aureus has four different PBPs. PBP2 is the only
bifunctional PBP (class A) in S. aureus containing a glycosyltransferase domain for the
polymerization of glycan strands and a transpeptidase domain to cross-link the peptides
(Murakami et al., 1994, Goffin & Ghuysen, 1998). PBP1 and PBP3 are class B PBPs consisting of

only a transpeptidase domain to form cross-links (Pinho et al., 2000, Pereira et al., 2007). The only
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low molecular mass PBP in S. aureus, PBP4, is of particular importance, because it possesses a
dual function. It has the capability to act both as a carboxypeptidase, hydrolyzing the terminal
D-alanine of the stem peptide to restrict transpeptidation, and as a transpeptidase, producing
highly cross-linked PG (Henze & Berger-Bachi, 1995, Wyke et al., 1981). In addition, MRSA strains
produce an additional PBP, e.g., the transpeptidase PBP2a, with low affinity for B-lactam
antibiotics (Song et al., 1987, Zapun et al., 2008). Moreover, S. aureus has two monofunctional
glycosyltransferases, SgtA and SgtB, to polymerize glycan chains and the SEDS proteins FtsW and
RodA that work in concert with their cognate class B PBP to incorporate PG into the sidewall and
septum (Reed et al., 2011, Taguchi et al., 2019, Reichmann et al., 2019). Once the phosphorylated
carrier lipid undecaprenyl pyrophosphate (Css-PP) is released as a byproduct of the polymerization
reaction, it is immediately converted to Css-P by UppP and other phosphatases and flipped back
to the inner face of the membrane by a yet unknown translocase to enter a new cycle as a shared
carrier lipid (El Ghachi et al., 2004 & 2005, Bouhss et al., 2008). The PG scaffold is further modified
by O-acetylation and the attachment of anionic glycopolymers to the MurNAc residues (Kojima et
al., 1985, Bera et al., 2005, Kawai et al., 2011, Rausch et al., 2019).

PG biosynthesis is essential in most bacteria and represents a highly conserved process that is
effectively targeted by many antibiotics (Vollmer et al., 2008, Schneider & Sahl, 2010a & b).
Especially the Css-P and Css-P-containing lipid intermediates are of utmost importance for the cell,
because the carrier lipid supply is limited and the distribution among PG, WTA, and capsule
biosynthesis must be tightly regulated (Bouhss et al., 2008, Brown et al., 2013, Rausch et al.,
2019).

1.5 The function of wall teichoic acids

Gram-positive bacteria possess different types of teichoic acids that are either anchored to the
cytoplasmic membrane via a glycolipid and called lipoteichoic acids (LTAs) or covalently linked to
the PG scaffold as wall teichoic acids (WTAs). In S. aureus, the synthesis machinery of LTAs differs
substantially from that of PG-attached WTAs (Percy & Griindling, 2014). The zwitterionic charged
LTAs are, in contrast, essential for viability in S. aureus, but both kinds of teichoic acids seem to

perform similar tasks in the cellular context of protection and structural integrity, such as the



accurate positioning of components involved in cell division (Weidenmaier et al., 2004, Griindling
& Schneewind, 2007, Xia et al., 2010a). Since no functional connection is known between LCP
enzymes, that are responsible for the covalent attachment of WTAs to PG, and the linkage of LTAs

to the cytoplasmic membrane (Chan et al., 2014, HeR et al., 2017, Flores-Kim et al., 2019), this
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Figure 3: The functions of wall teichoic acids in Gram-positive bacteria. The anionic glycopolymers contribute to
adhesion and biofilm formation, e.g., on medical devices, mediation of interactions with phages and immune cells,
cation homeostasis, antibiotic resistance to cationic antimicrobial peptides (CAMPs), and the regulation of autolytic
activity and septal placement.

WTAs are anionic glycopolymers decorating the PG of Gram-positive bacteria. They are covalently
attached to PG and, depending on their attachment site, frequency, and charge, fulfill numerous
functions including the regulation of cell division and autolysis, ion chelation, antibiotic resistance,

interactions with host immune cells and phages, and surface adhesion as described below



(Figure 3) (Heptinstall et al., 1970, Peschel et al., 1999 & 2000, Gross et al., 2001, Campbell et al.,
2011, Biswas et al., 2012).

Under laboratory conditions, WTAs are not essential for cell viability of S. aureus (Weidenmaier et
al., 2004, D'Elia et al., 2006a & b). However, WTA-deficient S. aureus mutant strains (genetic
deletion of tarO, encoding the first glycosyltransferase of the WTA biosynthesis pathway, see
section 1.7) display major cell division defects that include misplaced, duplicated, and often
uncompleted septa, leading to clusters of unseparated cells (Campbell et al., 2011). Consistent
with these findings, some enzymes involved in WTA biosynthesis have been shown to colocalize
with PG synthesizing proteins (Formstone et al., 2008).

Atlis the major autolysinin S. aureus and crucial for the separation of daughter cells by catalyzing
the hydrolysis of PG. The preproprotein is modularly organized (signal peptide, propeptide,
amidase, three repeat units, and glucosaminidase) and proteolytically cleaved after secretion. The
cleavage sites are located on both ends of the propeptide and after the second repeat unit that
separates the amidase domain (AM, approx. 62 kDa) and the glucosaminidase (GM,
approx. 51 kDa) domain (Oshida et al., 1995). While the amidase hydrolyzes the amide bond
between the peptide and the N-acetylmuramic acid residue in PG, the glucosaminidase cleaves
the glycosidic bonds within the PG sugar backbone between the MurNAc and GIcNAc moieties
(Zoll et al., 2010, Biittner et al., 2014, Nega et al., 2020). The zwitterionic characteristics of WTAs,
based on negatively charged phosphate groups and positively charged free amino groups within
attached D-alanine moieties (see section 1.6) (Neuhaus & Baddiley, 2003, Weidenmaier & Peschel,
2008), allow the formation of an acidic micromilieu by attracting protons with their negatively
charged phosphate backbone to modulate the activity of enzymes situated in the bacterial cell
wall. Biswas et al. (2012) proposed that the activity of Atl, which is mainly active at a neutral pH,
is therefore inhibited in close proximity to the glycopolymers. In the absence of WTAs, Atl-derived
autolysins do not localize at the septal division site anymore but are distributed all over the cell
surface. Concomitantly, the cells become more susceptible to autolysis (Oshida et al., 1995,
Heilmann et al., 1997). WTAs have been shown to chelate magnesium and manganese ions with
high affinity and could also positively affect the regulation of cell wall enzymes (Heptinstall et al.,

1970, Kern et al., 2010).



WTAs are one of the first structures of the cell to encounter harmful substances, such as antibiotics
and effectors released by the host immune defense system. The zwitterionic properties of the
glycopolymers contribute to the resistance to cationic antimicrobial peptides (CAMPs, e.g.,
defensins and protegrins), lytic enzymes including lysozyme, cationic antibiotics (e.g.,
vancomycin), and bacteriocins (Peschel et al., 1999 & 2000, Collins et al., 2002, Bera et al., 2007).
In addition, WTAs provide protection against immoderate environmental conditions, including
heat stress (Vergara-Irigaray et al., 2008).

Due to their cell surface exposition and chemical properties, WTAs play a pivotal role in the
adherence to surfaces (inert, e.g., polystyrene and glass, as well as animal tissue) and in biofilm
formation (Gross et al., 2001). In vivo, the glycopolymers have been shown to be crucial for nasal
colonization and induce abscess formation in animal models (Weidenmaier et al., 2004, Tzianabos
etal., 2001). WTAs directly interact with host receptors and are major targets of the host defense
system (Van Dalen et al., 2020). Conversely to the exploitation of host receptors for nasal
colonization, WTAs themselves can serve as ligands for bacteriophages (Chatterjee, 1969, Park et
al., 1974, Weidenmaier et al., 2004).

Taken together, WTAs represent attractive targets for novel antimicrobial agents due to the spatio-
temporal interplay of WTA and PG machineries and their function in bacteria-host interaction and

biofilm formation.

1.6 The structure and composition of wall teichoic acids

WTAs decorate approximately every nineth MurNAc moiety and represent a main component of
the Gram-positive cell wall, comprising up to 60% of the cell wall dry mass (Ellwood, 1970, Kojima
et al., 1985, Tomita et al., 2010). WTA chains are composed of two structural domains: the
disaccharide linkage unit and a polymer of repeating polyol phosphate units (Figure 4) (Neuhaus
& Baddiley, 2003). The former is composed of ManNAc(B-1,4)GlcNAc with one to three glycerol
phosphate units linked via the C4 hydroxyl of the ManNAc moiety (Kojima et al., 1985, Araki & Ito,
1989, Neuhaus & Baddiley, 2003). The linkage unit is mostly conserved among Gram-positive
bacteria and covalently attached via a phosphodiester bond to the Cs hydroxyl of the MurNAc
residue in PG (Ward, 1981, Neuhaus & Baddiley, 2003). In contrast, the length and composition of



the adjoining polyol phosphate repeats, which are also phosphodiester-linked, can vary among
different bacteria and even within one species (Naumova et al., 2001, Neuhaus & Baddiley, 2003,
Vinogradov et al., 2006). In most S. aureus strains, the linkage unit comprises two glycerol
phosphate residues and is connected to a poly(ribitol phosphate) chain (Baddiley et al., 1962,
Brown et al., 2013). However, the S. aureus species ST395 lineage possesses poly(glycerol
phosphate) WTAs as commonly found in coagulase-negative staphylococci and B. subtilis 168 (Endl

etal. 1984, Lazarevic et al., 2002, Winstel et al., 2014).
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strains possess a ribitol phosphate backbone substituted by p-alanine as well as a-(1,4)-GIcNAc and/or B-(1,4)-GlcNAc
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The WTA polymer is variably substituted with D-alanine esters at the C, hydroxyl of ribitol

depending on growth factors, including temperature, medium pH, and salt concentration



(Neuhaus & Baddiley, 2003). The degree of D-alanylation can modulate the net anionic charge of
WTAs that is crucial for the function in, e.g., ion homeostasis, resistance to cationic antibiotics,
and regulation of autolysins (Neuhaus & Baddiley, 2003). Further modifications of WTAs in
S.aureus include the glycosylation of the ribitol C3 or C4 hydroxyl with GlcNAc in a- and/or
B-configuration (Figure 4). Substitutions in exclusively one configuration or mixtures can occur and
are highly dynamic depending on environmental influences (Torii et al., 1964, Nathenson et al.,

1966, Gerlach et al., 2018, Mistretta et al., 2019).

1.7 The wall teichoic acids biosynthesis in S. aureus

The complete WTA biosynthetic pathway takes place in three cellular compartments, i.e., the
cytoplasm, the inner leaflet of the cytoplasmic membrane, and the exterior of the cell (Figure 2).
The same carrier lipid as in PG biosynthesis, Css-P, is used for the biosynthesis of WTAs,
emphasizing the importance of a functional carrier recycling for cell wall maintenance. Due to the
formation of poly(ribitol phosphate) WTAs, genes involved in S. aureus WTA biosynthesis carry the
prefix tar for “teichoic acid ribitol”, whereas biosynthetic genes required for poly(glycerol
phosphate) WTAs are annotated tag genes. Since both types of WTAs are found in different
S. aureus strains with poly(ribitol phosphate) WTAs as primarily occurring variant, the tar term is
used in this work (Weidenmaier & Lee, 2017).

WTA biosynthesis in S. aureus begins in the cytoplasm with the transfer of phospho-D-GIcNAc from
UDP-D-GIcNAc to the membrane-anchored carrier lipid Css-P, resulting in the formation of the first
precursor, lipid lllwra (undecaprenyl-pyrophosphate-N-acetyl-D-glucosamine). This reaction is
catalyzed by the integral glycosyltransferase TarO and can be inhibited by the natural product
tunicamycin that also targets the hexose-1-phosphate transferase MraY of PG biosynthesis, albeit
to a lesser extent (Soldo etal., 2002a, Campbell et al., 2011). Following the stereochemical
inversion of UDP-D-GIcNAc at position C; to UDP-D-ManNAc by the cytoplasmic epimerase MnaA,
the membrane-embedded transferase TarA attaches ManNAc to the GlcNAc residue of lipid Hlwra
via a B-glycosidic linkage to complete the core component of the WTA linkage unit (Soldo et al.,

2002b, D’Elia et al., 2009b).



The glycerol-3-phosphate cytidylyltransferase TarD catalyzes the formation of CDP(cytidine
diphosphate)-glycerol that serves as a substrate for the stepwise addition of two phosphoglycerol
units to the C4 hydroxyl of ManNAc by the transferases TarB and TarF, completing the linkage unit
(Badurina et al., 2003, Bhavsar et al., 2005, Ginsberg et al., 2006, Brown et al., 2010). The
complete ribitol phosphate polymer, consisting of about 10 to 40 1,5-connected units, is gradually
assembled by the bifunctional enzymes TarK and TarL (Ginsberg et al., 2006, Brown et al., 2008,
Meredith et al., 2008, Pereira et al., 2008).

While still embedded in the cytoplasmic leaflet of the membrane, the WTA precursor is
substituted with o- and/or B-linked GIcNAc residues by the enzymes TarM and/or TarsS,
respectively (Figure 4) (Xia et al., 2010b, Brown et al., 2012). Following glycosylation, the ultimate
WTA precursor is translocated across the membrane to the external face by the ATP-binding
cassette (ABC) transporter system TarGH, which is specifically targeted by the antibiotic targocil,
and esterified with D-alanine moieties (Lazarevic & Karamata, 1995, Neuhaus & Baddiley, 2003,
Campbell et al., 2012). The origin of the D-alanine substrate, however, has not yet been
determined although it has been speculated that D-alanine is transferred to WTAs from alanylated
LTAs (Koch et al., 1985, Reichmann et al., 2013). Subsequently, the glycopolymer is covalently
attached to the C¢ MurNAc hydroxyl of the murein sacculus by members of the LytR-CpsA-Psr (LCP)
enzyme family (Kawai et al., 2011, Eberhardt et al., 2012). The distinct identity of the acceptor
substrate, either intermediate lipid 1l, nascent (uncross-linked) or mature (cross-linked) PG,

however, is controversially discussed (Chan et al., 2013, Schaefer et al., 2017, Rausch et al., 2019).

1.8 The discovery of the LytR-CpsA-Psr (LCP) enzyme family

The LytR-CpsA-Psr (LCP) enzyme family is a group of transferases that is responsible for the
attachment of anionic glycopolymers, such as WTAs (Kawai et al., 2011, Chan et al., 2013, Gale et
al., 2017, Schaefer et al., 2017), CPs (Hanson et al., 2012, Chan et al., 2014, Rausch et al., 2019),
and arabinogalactan (Baumgart et al., 2016, Grzegorzewicz et al., 2016, Harrison et al., 2016), to
PG in Gram-positive bacteria. The acronym “LCP” originates from the three proteins LytR (lytic

repressor of B. subtilis), CpsA (capsular polysaccharide expression regulator of S. pneumoniae),



and Psr (PBP5 synthesis repressor of Enterococcus hirae) (Lazarevic et al., 1992, Massidda et al.,
1996, Rossi et al., 2003).

Genes encoding for members of the LCP enzyme family have been almost exclusively discovered
in Gram-positive bacteria except for the cell wall-lacking order Mollicutes, indicating that they may
be involved in maintenance of the Gram-positive cell wall (Hibscher et al., 2008). All examined
strains belonging to the Gram-positive phylum Firmicutes possessed at least one gene encoding
for a member of the LCP protein family, and a maximum of 11 genes were found in the
actinobacterium Streptomyces coelicolor. The occurrence of multiple LCP enzymes in different
species could refer to functional specificity and/or redundancy in the LCP family (Hubscher et al.,
2008, Eberhardt et al., 2012). LCP proteins share a common structure consisting of a short
intracellular N-terminal sequence, a single transmembrane helix, and the catalytic extracellular
LCP domain. Crystal structures of CpsA from S. pneumoniae reveal a catalytic magnesium ion that
is coordinated by aspartate residues within the LCP domain (Kawai et al., 2011).

In search of the missing transferase that attaches the WTA polymer covalently to PG in B. subtilis,
Kawai et al. (2011) purified MreB, whose assembly products build the bacterial cytoskeleton and
are associated with WTA biosynthetic proteins (Yokoyama et al., 1989, Graumann, 2009, Kawai et
al., 2011). The three LCP proteins YwtF, LytR, and YvhlJ, later renamed to TagT, TagU, and TagV,
were co-purified and stood out due to their transmembrane (TM) topology, phylogenetic
distribution, and the gene localization close to that of known WTA biosynthetic genes (Kawai et
al., 2011). A AtagTUV mutant was not viable under normal growth conditions but could be
rescued by simultaneous disruption of tarO, the first gene involved in WTA biosynthesis. The
amounts of WTAs in double mutant variants and a conditional AtagTUV triple mutant were
strikingly reduced and these results confirmed, for the first time, the direct involvement of LCP
proteins in WTA biosynthesis (Kawai et al., 2011). The work group further revealed that the crystal
structure of heterologously expressed S. pneumoniae ATM-Cps2A contains a polyisoprenyl
(pyro)phosphate lipid bound to the conserved LCP domain with a magnesium ion perfectly aligned
between the two phosphate residues. Unless magnesium was absent or complexed by
ethylenediaminetetraacetic acid (EDTA), ATM-Cps2A catalyzed the hydrolysis of the
phosphodiester bond in the nestled pyrophosphate lipid. In 2017, Schaefer et al. reconstituted

the capacity of soluble S. aureus LCP homologs LcpA, LcpB, and LcpC to transfer WTA precursors



to PG oligomers in vitro. The work group prepared the radiolabeled WTA precursors Cso-lipid IVwta
(hexaprenyl-pyrophospho-GlcNAc-MurNAc) and Cso-lipid Vwra (hexaprenyl-pyrophospho-GlcNAc-
MurNAc-phosphoglycerol) containing a truncated lipid chain and were able to show the
glycopolymer ligation to PG oligomers by polyacrylamide gel electrophoresis autoradiography.
Moreover, the capacity of ATM-LcpA to link the disaccharide unit from lipid IVwra to nascent PG
produced from Cyo-lipid Il was confirmed by high-resolution mass spectrometry. Hence, the first
biochemical evidence that LCP proteins are directly entangled in the ligation of WTAs to PG was

provided.

1.9 The LCP enzymes of S. aqureus

The S. aureus genome codes for three LCP proteins named LcpA/MsrR/SA1195, LcpB/SA0908, and
LcpC/SA2103, with a common topology consisting of a short N-terminal cytoplasmic linker, a single
transmembrane a-helix encompassing around 20 amino acids (aa), and an extracellular LCP
domain (Figure 5). In contrast to LcpA (327 aa) and LcpC (315 aa), LcpB (405 aa) possesses a
remarkably elongated C-terminal region of unknown function. The predicted 3D structure of LcpB
provided by Alphafold (identifier AF-AOAOH3JTR6-F1, date accessed April 19, 2023, Jumper et al.,
2021, program developed by DeepMind, London, UK) reveals an unstructured domain with a

minor per-residue confidence score.
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Figure 5: Structural features of the LytR-CpsA-Psr (LCP) enzyme family members in S. aureus. The typical domain
organization includes a short N-terminal tail followed by a transmembrane (TM) domain and the C-terminal LytR-
CpsA-Psr (LCP) domain.



So far, only the crystal structure of soluble LcpA complexed with Cao-lipid Illwra (octaprenyl-
pyrophospho-GlcNAc) has been solved, showing that the LCP domain consists of a six-stranded
B-sheet superimposed by a number of a-helices and double-stranded B-sheets (Li et al., 2020). A
striking feature is the large hydrophobic lipid binding pocket with a slim opening that expands
towards the base. The active site of LcpA is located at the entrance of the pocket with a positively
charged region favourable to interact with the pyrophosphate residue of the donor lipid. It
encompasses several conserved arginine residues and is surrounded by four loops (regions Ato D)

that structurally differ from LCP proteins found in other Gram-positive species (Li et al., 2020).
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Figure 6: Genetic organization of IcpA, IcpB, and IcpC in the S. aureus N315 genome.

While the three LCP genes in B. subtilis are encoded within a 50 kb DNA segment that
encompasses almost every WTA biosynthetic gene (Kawai et al., 2011), the S. aureus Icp genes are
dispersed within the genome but localized in proximity of genes associated with the modulation
of the cell envelope (Figure 6). The fmtC/mprF gene, encoding for a protein involved in the
biosynthesis of the cytoplasmic membrane component lysylphosphatidylglycerol (Staubitz et al.,
2004), is located upstream of IcpA, while the genes encoding for the Fem enzymes, which are
responsible for the attachment of the pentaglycine residue to the ultimate PG precursor lipid Il
(Schneider et al., 2004), are found in the downstream region. Interestingly, IcpB is indirectly
flanked by genes encoding for the major autolysin in S. aureus, Atl, and the teichoic acid D-alanine
esterase FmtA that is thought to modulate the teichoic acid charge depending on environmental

conditions (Rahman et al., 2016). IcpC lies in close proximity to SA2100, a proposed homolog of



the amidase domain of Staphylococcus epidermidis autolysin E (Heilmann et al., 1997, Over et al.,
2011).

The LCP genes are part of the cell wall stress stimulon which is induced by cell wall-active
antibiotics and, in consequence, causes the disruption of genes encoding for crucial cell envelope
biosynthesis enzymes. The depletion of one, two, or all LCP proteins activates the cell wall stress
response, emphasizing the importance of this enzyme family for cell wall integrity (Dengler et al.,
2012).

LCP proteins are suggested to play semi-redundant roles in the linkage of anionic glycopolymers
to PG (Eberhardt et al., 2012, Chan et al., 2013 & 2014, Schaefer et al., 2017). In LCP-deficient
strains, WTA attachment is restored by complementation with each LCP enzyme, indicating that
LcpA, LepB, and LcpC have WTA ligase activity (Chan et al., 2013). This could be confirmed by in
vitro reconstitution conducted by Schaefer et al. (2017). However, the deletion of IcpA or IcpB
results in a more pronounced reduction of cell wall-associated WTAs compared to IcpC (Dengler
et al., 2012, Chan et al., 2013). The capsule is covalently linked to the Cs hydroxyl of PG MurNAc
by LCP enzymes and thus competes with WTAs for this attachment site. Accordingly, as seen in
S. pneumoniae, the amounts of each polymer are negatively correlated (Kim & Weiser, 1998,
Yother, 2011, Eberhardt et al., 2012). Capsule attachment is completely suppressed in LCP-
depleted S. aureus cells but restored when plasmid-encoded LcpA, LcpB, and LcpC are expressed
in trans. However, the deletion of neither IcpA nor IcpB affects CP attachment, while AlcpC single
and AlcpAC and AlcpBC double mutants display a distinct reduction in CP anchoring (Chan et al.,
2014). Rausch et al. (2019) could confirm the CP ligase activity of LcpC by in vitro reconstitution.
The aforementioned results highlight the functional semi-redundancy of LCP enzymesin S. aureus.
Yet, LcpA is supposed to play a leading role in WTA attachment, while LcpC is thought to be the
major CP ligase (Chan et al., 2013 & 2014, Schaefer et al., 2017, Rausch et al., 2019).

The disruption of all three Icp genes in S. aureus impairs the growth rate, especially at higher
temperatures, and results in severe morphological damages, including enlarged, widely deformed
cells with multiple, misplaced septa (Over et al., 2011). Each LCP protein is able to restore growth,
although to a different extent: complementation with /cpA restores the phenotype almost
completely, while cells complemented with IcpB or IcpC still exhibit abnormalities. However, IcpB

better compensates growth and deformities than /cpC. Single knockout mutants of IcpB and IcpC



have no distinguishable effect on cell size and septum placement, whereas the deletion of only
IcpA results in enlarged cells and septal irregularities (Hibscher et al., 2009, Over et al., 2011).
The latter phenotype strongly resembles that of the WTA-deficient AtarO strain and cells treated
with the TarO inhibitor tunicamycin (Campbell et al., 2011).

To ensure an ordered cell wall maintenance and division, autolysins need to be firmly regulated.
The disruption of IcpA and/or IcpC does not affect triton X-100-induced autolysis, while AlcpB
single and double mutants display a strongly enhanced autolytic activity (Over et al., 2011). This
result may be associated with the genetic organization of /cpB and the downstream gene at/
(Figure 6), which encodes for the major autolysin in S. aureus, suggesting an interplay between
both proteins. In the absence of WTAs, cells become more susceptible to detergent-induced
autolysis due to an increased adherence of autolysins to the cell wall (Schlag et al., 2010).

When IcpA is deleted in MRSA strains, the cells become susceptible to the B-lactam oxacillin and
resistance can be restored by complementation of IcpA in trans (Rossi et al., 2003, Schaefer et al.,
2017). The disruption of IcpB causes a similar but less pronounced effect in different MRSA
background strains, whereas AlcpC knockout mutants were not tested by Schaefer et al. (2017).
In staphylococci, B-lactam resistance primarily occurs through the production of a B-lactamase
and/or the expression of mecA or mecC, which both encode for a PBP with low affinity for most
B-lactam antibiotics (Hartman & Tomasz, 1984, Matsuhashi et al., 1986, Ballhausen et al., 2014,
Nomura et al., 2020). In addition, the equipment of the S. aureus cell wall with WTAs is required
for B-lactam resistance (Brown et al., 2012, Farha et al., 2013). Accordingly, the TarO inhibitor
tunicamycin has been shown to act synergistically with oxacillin in MRSA strains (Campbell et al.,
2011). It has been suggested that WTAs scaffold proteins involved in PG biosynthesis and turnover
(Schlag et al., 2010, Atilano et al., 2010, Campbell et al., 2011, Frankel & Schneewind, 2012) that
could include enzymes conferring resistance to B-lactams. In line with this assumption, the
interaction of PBP2a and WTA glycopolymers could be confirmed by Qamar & Golemi-Kotra
(2012). The AtarO and AlcpA single and double mutants are equally sensitive to oxacillin,
emphasizing the importance of LcpA in WTA ligation (Schaefer et al., 2017).

The abrogation of WTA biosynthesis affects the nasal colonization of S. aureus strains in human
and cotton rats (Weidenmaier et al., 2004). Moreover, the virulence of IcpA-inactivated single and

double mutants of S. aureus MSSA1112 is strongly reduced in Caenorhabditis elegans killing



assays. The nematodes exhibit a slightly enhanced survival rate upon infection with the AlcpB
mutant compared to the wildtype strain, while the disruption of IcpC does not affect virulence
(Over et al., 2011). Hubscher et al. (2009) also confirmed in a rat endocarditis model that the
absence of LcpA decreases virulence.

Notably, LCP-deficient S. aureus strains release minimal amounts of WTA glycopolymers in the
culture medium. This effect is abolished in the presence of the TarO inhibitor tunicamycin (Chan
et al., 2013). Moreover, AlcpC single and double mutants as well as the AlcpABC triple mutant
release CPs to the growth medium, indicating that WTA and CP biosyntheses are continued to a
certain degree in the absence of LCP enzymes, but no attachment occurs (Chan et al., 2013 &
2014). Although the late-stage genes involved in WTA biosynthesis and translocation of the
ultimate precursor across the cytoplasmic membrane are essential for cell growth, S. aureus cells
lacking all three LCPs are viable but affected in their growth behavior (D’Elia et al., 2006a, Over et
al., 2011). This observation raises the question of how WTA and CP precursors are cleaved from
their carrier lipid after translocation to the outer face of the cytoplasmic membrane if the
hydrolytic activity of LCP enzymes is completely abrogated. The hypersusceptibility of the LCP-
depleted MSSA1112 strain to bacitracin, an antibiotic known to complex Css-PP and thereby
interfering with recycling of the carrier lipid (Qi et al., 2008, Dengler et al., 2012, Economou et al.,
2013), contradicts the hypothesis that the precursors are still cleaved in the absence of LCPs. Since
CPs and WTAs are attached to PG via a phosphodiester bond, the PG biosynthesis pathway is the
only one releasing Css-PP. If the glycopolymers stay attached to the carrier lipid after translocation
in the mutant strain, the hypersensitivity to bacitracin may be caused by a carrier shortage for the
essential PG biosynthesis (Dengler et al., 2012).

Taken together, it can be assumed that, in S. aureus, LCP enzymes may have semi-redundant roles,
with LcpA acting as the major WTA ligase and LcpC being mainly responsible for CP attachment.
The precise role for LcpB is less obvious, as this protein is able to link both types of glycopolymers
to PG and, in addition, seems to be particularly involved in the protection from autolysis (Over et
al., 2011, Chanetal., 2013 & 2014, Schaefer et al., 2017, Rausch et al., 2019). Since MRSA strains
devoid of WTAs become susceptible to B-lactam antibiotics (Rossi et al., 2003, Wang et al., 2013,

Schaefer et al., 2017), LCP enzymes could be attractive targets for new antimicrobial therapeutics.



1.10  Moenomycin family antibiotics

Moenomycins are natural product antibiotics derived from the bacterial genus Streptomyces and
are known to inhibit bacterial PG biosynthesis by targeting PG glycosyltransferases (van Heijenoort
& van Heijenoort, 1980, Chen et al., 2003, Halliday et al., 2006). Discovered in 1965,
moenomycin A was the first identified member of this antibiotic family comprising only

phosphoglycolipids (Wallhausser et al., 1965, Huber et al., 1965, Lenoir et al., 1969).
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Figure 7: Chemical structures of selected moenomycins.

Moenomycins share a common basic structure consisting of a 3-phosphoglyceric acid core that is
linked via a phosphodiester bond to a complex tetrasaccharide and tethered to an exceptional
Cas-isoprenoid chain with its C hydroxyl (Figure 7). The structure of the lipid isomer as well as
diverse substitutions of the tetrasaccharide unit vary among different members of the
moenomycin family (Ostash & Walker, 2010). In Gram-positive bacteria, minimal inhibitory

concentrations (MICs) between 1 to 100 ng/ml have been determined and a high potency against



MRSA and vancomycin-resistant S. aureus (VRSA) strains has been observed (Ostash & Walker,
2010). To achieve the same bactericidal effect against Gram-negative bacteria requires 100 to
1000-fold higher moenomycin concentrations to facilitate the uptake across the outer membrane.
Accordingly, some Gram-negative strains with an increased permeability of the outer membrane,
such as Neisseria, are highly susceptible to the phosphoglycolipid (Torikata et al., 1977, Parenti et
al., 1978, van Heijenoort et al., 1987, Baizman et al., 2000, Ostash & Walker, 2010, Yang et al.,
2022).

Crystal structures of PG glycosyltransferases complexed with neryl- or full-length moenomycin A
reveal that the compound binds to the donor site in the catalytic cavity, which is normally occupied
by the elongating lipid-linked glycan chain, whereas the substrate lipid Il binds to the acceptor
site. Thus, the polymerization of glycan chains is inhibited which ultimately leads to cell death
(Lovering et al., 2007, Yuan et al., 2008, Heaslet et al., 2009, Sung et al., 2009). The binding of
moenomycin A to PG glycosyltransferases is reversible and the compound does not compete with
the substrate lipid Il (Stembera et al., 2002, Chen et al., 2003, Cheng et al., 2008).

Moenomycins have served as animal growth promotors for decades. Although a widespread
prevalence of acquired moenomycin-resistance in animal livestock has not been reported, their
use as feed additives has officially been prohibited in the European Union since 2006, while the
application in the United States is still approved (Pfaller, 2006, Gallo et al., 2010, Ostash & Walker,
2010). The phosphoglycolipids are not therapeutically used in human medicine due to their poor
pharmacokinetic properties. Presumably caused by the isoprenoid chain, they form micelle-like
structures in aqueous solutions and have a long half-life in the bloodstream. In addition,
moenomycins show hemolytic activity and no bioavailability when administered orally (Volke et
al., 1997, Graves-Woodward & Pratt, 1999, Anikin et al., 1999, Pfaller, 2006, Adachi et al., 2006).
The shortening of the lipid chain, however, has been demonstrated to reduce the antibiotic
activity (Vogel et al., 2001a & b, Welzel, 2005, Ostash et al., 2009). Nevertheless, moenomycins
are potent inhibitors and can serve as a powerful template for the development of structurally
related compounds for the treatment of human infections.

In this work, if not stated otherwise, the annotation “moenomycin” is used for a mixture of the

moenomycins A, A1, C1, C3,and Ca.



Chapter 2: The discovery and characterization of corallorazines

The ubiquitous, soil-dwelling Myxobacteria of the order Myxococcales exhibit an exceptional
multicellular way of living expressed by aggregation into swarms, quorum sensing, fruiting-body
formation, and preying on a vast array of bacteria and fungi (Pérez et al., 2016, Arias Del Angel et
al., 2017, Livingstone et al., 2017). Myxobacteria possess the largest genomes of prokaryotes
known so far. They are a rich source of secondary metabolites, including potent antimicrobials of
novel structural classes with innovative modes of action that are urgently needed to overcome
the ascending antibiotic crisis (Wenzel & Miiller, 2009, Weissman & Miiller, 2010).
Corallorazines were first discovered by Schmitz et al. (2014) as a novel set of secondary
metabolites synthesized by the myxobacterium Corallococcus coralloides BO35. The organism was
originally isolated from a Belgian soil sample in the 1980s (Irschik et al., 1985) and is known to
produce corallopyronin A, a potent DNA-dependent RNA polymerase inhibitor that is effective
against Gram-positive and intracellular Gram-negative bacteria and currently undergoing
preclinical trials (Schaberle et al., 2014b, Krome et al., 2022).

Corallorazines are classified as lipodipeptides and comprise three structurally related compounds,
corallorazine A, corallorazine B, and corallorazine C (Figure 8). Corallorazine A is the major
metabolite and contains a core piperazine ring composed of N-methylglycine and dehydroalanine
(Dha) that are cyclized via a hemiaminal. Additionally, the Dha residue is acylated with the rare
branched fatty acid (2E, 42)-iso-octa-2,4-dienoic acid. Corallorazine B and C have been suggested
to form intermediates of the corallorazine biosynthesis pathway, because the latter is lacking the
N-methyl group and the glycine residue is absent in both compounds. Deduced from high-
resolution mass spectrometry (HRMS) and nuclear magnetic resonance spectroscopy (NMR)
experiments, corallorazine A has a molecular formula of CisH22N,03 with a molar mass of
278.35 g/mol. The UV maximum was detected at Amax = 267 nm. The hemiaminal functionality
enables the formation of enantiomers with a ratio of 44:56, as judged from high-performance

liquid chromatography (HPLC) results (Schmitz et al., 2014).
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Figure 8: Structure of corallorazine A, B, and C as derived from NMR and HRMS experiments (Schmitz et al., 2014).
Homologous residues are highlighted in similar colors. All of these compounds contain an acylated dehydroalanine
backbone (yellow) and a rare branched fatty acid (blue). The structure of corallorazine A includes additionally an
N-methylglycine residue (green), while corallorazine B bears a supplementary methyl group.

Dreckmann et al. (manuscript in preparation) identified the corallorazine nonribosomal peptide
synthetase (NRPS) biosynthetic gene cluster (BGC) crz (Figure9) and reconstituted the
biosynthesis pathway in vitro to produce a corallorazine A derivative with an altered acyl chain.
The corallorazine BGC of C. coralloides belongs to a supercluster and comprises 16.5 kb that can
be divided into eight biosynthetic crz genes. crz7 and crz8 encode a cytochrome P450 oxygenase
and the associated flavine mononucleotide reductase, respectively. However, for the enzymatic
biosynthesis of corallorazine A, these proteins seem to be irrelevant, because the complete
structure of the compound can be derived from functional predictions of Crz1-6. The biosynthesis
pathway appears to commence with the formation of the rare acyl chain (2E,42)-iso-octa-2,4-
dienoic acid from isovaleryl-CoA and a second yet unknown substrate. Crz4 and Crz5 are acyl-CoA
dehydrogenases that presumably incorporate double bonds into the acyl chain while crz3
encodes for an acyl-CoA-ligase transferring the CoA-bearing precursor onto the acyl carrier
protein Crz6. crz1 encodes for the megaenzyme Crz1 that assembles into a bimodular NRPS
system together with Crz2. It is suggested to add an L-serine to the acyl chain in a lipoinitiation

reaction and to catalyze its dehydration to dehydroalanine. In a next step, a glycine molecule is



methylated and attached to the precursor, forming the dipeptidic Dha-N-methyl-Gly backbone.
By consuming NAD(P)H, the product is cyclized and released as completed corallorazine A

(Dreckmann et al., manuscript in preparation).
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Figure 9: (A) Genetic organization of the 16.5 kb corallorazine biosynthetic gene cluster (BGC) and (B) the predicted
corallorazine biosynthesis pathway. Isovaleryl-CoA and a second yet unknown substrate are used to build the rare
acyl chain (2E,4Z2)-iso-octa-2,4-dienoic acid. Crz4 and Crz5 are acyl-CoA dehydrogenases supposed to introduce
double bonds into the acyl precursor. In the next step, the acyl-CoA-ligase Crz3 connects the acyl chain to the acyl
carrier protein Crz6 before it is further modified by the bimodular NRPS consisting of Crz1 and Crz2. The amino acid
L-serine is connected to the acyl chain and dehydrated into dehydroalanine. A glycine molecule is methylated and
subsequently attached to the growing acyl precursor. After heterocyclization, the product is reductively released,
forming completed corallorazine A (figure originating from Dreckmann et al., manuscript in preparation).

Corallorazine A has been demonstrated to be unable to inhibit leukocyte elastase, a serine
protease secreted by neutrophils during inflammation. Moreover, the compound shows no
affinity for cannabinoid receptors, which are involved in the regulation of multiple physiological
functions in the human body (Belaaouaj et al., 2000, Howlett, 2002, Schmitz et al., 2014). To

conclude, no biological activity has been detected for corallorazine A so far.



Aims of this thesis

The prevalence of multi-resistant S. aureus strains causes increasing numbers of difficult-to-treat,
often life-threatening infections, and is a serious issue for healthcare worldwide. While antibiotics
once were considered a convenient magic bullet in curing bacterial diseases, the doctor’s
armamentarium of effective antimicrobials has become depleted. Apart from the development of
novel antibiotics with unprecedented mechanisms of action, a detailed knowledge about how
anti-infective substances function is indispensable for a potent drug design to outpace the

ascending antibiotic crisis. Therefore, the aim of this thesis is to answer the following questions:

— Are LCP proteins off-targets of moenomycin and how does their inhibition contribute to

bacterial killing?

— Does corallorazine A have an antibiotic activity and, if so, what is its mode of action?



2. Materials and Methods

2.1 Materials

2.1.1 Chemicals

Chemical/ Reagent

Manufacturer/ Supplier

Acetic acid

N-Acetylglucosamine

40% Acrylamide/Bisacrylamide 29:1
Agar

Agarose

Ammonium bicarbonate
Ammonium heptamolybdate
Ammonium hydroxide
Ammonium peroxodisulfate (APS)
L-Arabinose

L-Ascorbic acid

Aqua ad iniectabilia
5-Bromo-4-chloro-3-indolyl B-D-
galactopyranoside (X-gal)
N-Butanol

Css-P (undecaprenyl-phosphate)
Calcium chloride

Cerium(IV) sulfate

Chloroform

Copper(ll) sulfate pentahydrate
Deoxynucleoside triphosphates (dNTPs)
Dimethyl sulfoxide (DMSO)

1,2-Dioleoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (DOPG)

Dipotassium hydrogen phosphate
Disodium hydrogen phosphate
Dithiothreitol (DTT)

N-Dodecyl B-D-maltoside (DDM)
Double-distilled water

Ethanol

Ethylenediaminetetraacetic acid (EDTA)
Folin-Ciocalteu phenol reagent

Gel Loading Dye, 6Xx, purple

GelRed nucleic acid stain 10000X water
Glycerol

Carl Roth, Karlsruhe, Germany
Sigma Aldrich, St. Louis, USA
PanReac AppliChem, Darmstadt, Germany
Carl Roth

Carl Roth

Sigma Aldrich

Carl Roth

Honeywell, Morristown, USA
PanReac AppliChem

Carl Roth

Carl Roth

B. Braun, Melsungen, Germany
Sigma Aldrich

Merck, Darmstadt, Germany
Larodan, Solna, Sweden

Merck

Merck

Thermo Fisher, Waltham, USA
Merck

New England Biolabs, Ipswich, UK
Sigma Aldrich

Avanti Polar Lipids, Alabaster, USA

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

PanReac AppliChem
Merck

Merck

New England Biolabs
Biotium, Fremont, USA
Carl Roth



Chemical/ Reagent

Manufacturer/ Supplier

Glycine

Hydrochloric acid
2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethane-1-
sulfonic acid (HEPES)

Imidazole

lodine

Isopropanol
Isopropyl-B-D-thiogalactopyranoside (IPTG)
N-Lauroylsarcosine

Lithium chloride

Magnesium chloride

Magnesium sulfate

B-Mercaptoethanol

Methanol

Methylene blue
2-(N-Morpholino)-ethane sulphonic acid (MES)
Mueller-Hinton broth

Nucleoside triphosphates (NTPs)
NuPAGE LDS sample buffer (4X)
PageBlue protein staining solution
Perchloric acid

Phosphomolybdic acid

Phosphoric acid

Phusion GC Buffer

Pierce protease inhibitor mini tablets, EDTA-free
Potassium chloride

Potassium dihydrogen phosphate
Potassium hydroxide

Potassium sodium tartrate tetrahydrate
Protein assay dye reagent concentrate
Pyridine

2x RNA loading dye

SOC outgrowth

Sodium acetate

Sodium azide

Sodium bicarbonate

Sodium borate

Sodium borohydride

Sodium carbonate

Sodium chloride

Sodium dihydrogen phosphate dihydrate
Sodium dodecyl sulphate

Sodium hydroxide

Sodium sulfate

Carl Roth
Carl Roth
Merck

Sigma Aldrich

Merck

Avantor, Radnor, USA
Thermo Fisher
Sigma Aldrich

Carl Roth

Carl Roth

Merck

Carl Roth

Thermo Fisher
Sigma Aldrich

Carl Roth

Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Merck

Sigma Aldrich

Merck

New England Biolabs
Thermo Fisher
Merck

Carl Roth

Merck

Merck

Bio-Rad Laboratories, Hercules, USA
Merck

Thermo Fisher

New England Biolabs
Sigma Aldrich

Sigma Aldrich
Honeywell
bioWORLD, Dublin, USA
Sigma Aldrich

Sigma Aldrich

Carl Roth

Merck

Carl Roth

Merck

Sigma Aldrich



Chemical/ Reagent

Manufacturer/ Supplier

Sucrose

Sulfuric acid
N,N,N',N'-Tetramethylethane-1,2-diamine
(TEMED)

Tricine SDS running buffer (10X)
Tris-(hydroxymethyl)-aminomethane
hydrochloride

Tris-MOPS-SDS

Triton X-100

Tryptic soy broth

Tryptone

UDP-D-[**C]GlcNAC

UDP-D-GIcNAc
Xylose
Yeast extract

Carl Roth
Carl Roth
Avantor

Thermo Fisher
Carl Roth

GenScript, Piscataway, USA

Thermo Fisher

Merck

MP Biomedicals, Eschwege, Germany
Hartmann Analytic, Braunschweig,
Germany

Sigma Aldrich

Sigma Aldrich

Carl Roth

2.1.2 Other materials

Utensil/ Reagent

Manufacturer/ Supplier

384-well polystyrene microplate with flat
bottom (non-binding, black, ref. 781900)

50 mL conical centrifuge tubes

50 mL conical centrifuge tubes, skirt

96-well polystyrene microplate with flat bottom
(medium-binding, white, ref. 655075)

96-well polystyrene microplate with flat bottom
(transparent, ref. 655161)

96-well polystyrene microplate with U-bottom
(sterile, transparent, ref. 650161)

Acrodisc syringe filters (pore size 0.2 um)
Autoclave tape

Axygen 0.2 mL thin wall PCR tubes

Axygen 80 um AxySeal sealing film

BD DISCARDIT Il disposable syringes

Cover glass 18 x 18 mm, thickness 0.13-0.17 mm
Cryotubes with attached screw cap

Cuvettes (10 x4 x 45 mm)

Disposable 5 ml polypropylene columns
Disposal bags

Electroporation cuvette (1 mm)

Greiner Bio One, Frickenhausen, Germany

Corning, Corning, USA
Greiner Bio One
Greiner Bio One

Greiner Bio One
Greiner Bio One

Pall Corporation, Port Washington, USA
VWR, Radnor, USA

Corning

Corning

Becton Dickinson, Franklin Lakes, USA
Engelbrecht, Edermiinde, Germany
Brand, Wertheim, Germany

Sarstedt, Nimbrecht, Germany
Thermo Fisher

Sarstedt

Bio-Budget Technologies, Krefeld,
Germany



Utensil/ Reagent

Manufacturer/ Supplier

Filtropur BT 50 (pore size 0.2 um)

HiTrap DEAE sepharose FF column

Immersol immersion oil 518F

Inoculation loop, 1 & 10 pl

Invitrogen Novex 10-20% tricine gels

Lid with condensation rings, polystyrene (ref.
656171)

Microscope slide 76 x 26 mm (0.95-1.05 mm)
Microtube 1.5 ml & 2 ml

Microtube with Snap-on Seal Closure
NuPAGE 4-12% Bis-Tris acrylamide gel

Nunc OmniTray single-well plates (ref. 140156)
Oligonucleotides

Parafilm PM996 wrap

PCR SoftTubes, 0.5 ml

Peha-soft nitrile white disposable gloves
Petri dish (94/16 mm, polystyrene)

pH indicator rod pH 0-14

Pipette tip 5 ml, 1000 pl, 200 pl & 10 pl
Protino Ni-NTA agarose

Safe-Lock reaction tubes 1.5 & 2 ml

Sensor Chip CM5

Slide-A-Lyzer mini dialysis unit (7 kDa MWCO)
Sterican needles

Superdex Increase 75 10/300 column

TLC Silica gel 60 F,s4 plate

Tube 15 ml, conical bottom

Vivaspin 500 centrifugal concentrator

(10 kba MWCO)

Vivaspin Turbo 15 centrifugal concentrator
(10 kba MWCO)

Zeba Spin desalting columns (0.5 ml, 7 kDa
MWCO)

®X174 replicative form (RF) DNA

Sarstedt

Cytiva, Marlborough, USA

Carl Zeiss, Oberkochen, Germany
Sarstedt

Thermo Fisher

Greiner Bio One

Engelbrecht

Sarstedt

Thermo Fisher

Thermo Fisher

Thermo Fisher

Microsynth, Balgach, Switzerland
Bemis, Neenah, USA

Biozym, Hessisch Oldendorf, Germany

Hartmann, Heidenheim, Germany
Greiner Bio One

Carl Roth

Sarstedt

Macherey-Nagel, Diiren, Germany
Eppendorf, Hamburg, Germany
Cytiva

Thermo Fisher

B. Braun

Cytiva

Merck

Greiner Bio One

Sartorius, Gottingen, Germany

Sartorius
Thermo Fisher

Promega, Madison, USA

2.1.3 Laboratory equipment

Equipment

Manufacturer/ Supplier

Agilent 1260 Infinity Il LC system
AKTA Prime+ system
Amersham Typhoon biomolecular imager

Agilent Technologies, Santa Clara, USA

Cytiva
Cytiva



Equipment

Manufacturer/ Supplier

Alpha 1-2 LDplus freeze dryer

Avanti JXN-26 centrifuge (JA-25.50 fixed-angle
rotor, J-LITE JLA-8.1000 fixed-angle aluminum
rotor)

Axio Observer Z1 microscope (equipped with
HXP 120 C lamp, AxioCam MRm camera, aPlan-
APOCHROMAT 100x%/1.46 oil immersion
objective, Carl Zeiss filter set 38)

Axio Observer Z1 microscope (equipped with
X-Cite Xylis LED Lamp, Teledyne Photometrics
Prime BSI express camera, aPlan-APOCHROMAT
100x/1.46 oil immersion objective, Carl Zeiss
filter set 38)

B3D1020 mini 3D mixer

Bead Ruptor 12

Biometra UV-Transilluminator Tl 1

Bransonic CPXH digital ultrasonic bath

CN 4713-22 fridge-freezer

Contamination monitor LB 124

Desiccator

Dry block feater QBH2

Multichannel pipette 200 pl

EV231 electrophoresis power supply

FiveEasy F20 pH/mV meter

Flake ice machine AF 80

Gilson HPLC system

GraphPad Prism V9.5.1.733 software

Heating magnetic stirrer AREC

Heraeus Fresco 21 (24 x 1.5/2.0 ml rotor)
Heraeus Megafuge 40R (X-750 rotor with round
buckets)

Heraeus Megafuge 8R (HIGHConic Il fixed angle
rotor)

Heraguard ECO clean bench

Heratherm Compact microbiological incubator
HLC Heating-ThermoMixer MHL 23

i-control V3.9.1.0 software

Image eraser

Image Lab software V5.2

ImageJ V1.53k software

ImageQuant TL V8.2.0.0. software

Martin Christ Gefriertrocknungsanlagen,
Osterode am Harz, Germany
Beckman Coulter, Brea, USA

Carl Zeiss

Carl Zeiss

Benchmark Scientific, Sayreville, USA
Omni International, Kennesaw, USA
Biometra, Gottingen, Germany
Branson

Liebherr, Bulle, Switzerland

Berthold Technologies, Bad Wildbad,
Germany

VWR

Grant, Shepreth, UK

VWR

Consort, Turnhout, Belgium
Mettler Toledo, Columbus, USA
Scotsman, Milano, Italy
Gilson, Madison, USA
GraphPad Software

VELP Scientifica, Usmate, Italy
Thermo Fisher

Thermo Fisher

Thermo Fisher

Thermo Fisher

Thermo Fisher

Ditabis, Pforzheim, Germany

Tecan Group, Mannedorf, Switzerland
Cytiva

Bio-Rad Laboratories

National Institutes of Health, Bethesda,
USA

Cytiva



Equipment

Manufacturer/ Supplier

Infinite 200 PRO microplate reader

Infors HT Ecotron incubator shaker

Julabo MWB mini water bath

Laboratory pump VP 820

Laura software

MicroPulser Electroporator

Microwave Micromat

MiniSpin micro centrifuge (F-45-12-11 rotor)
MiniStar silverline microcentrifuge

Molecular Imager Gel Doc XR+ system
MultoHigh-Bio-300-C4 reversed-phase column
(5uM, 125 x4 mm)

Mupid One electrophoresis system
NanoPhotometer NP80

Novaspec I+ spectrophotometer
NU-543-300S class Il, Type A2 biosafety cabinet
Nutrient media steriliser MediaClave 10
OpenLab CDS V2.6 software

PCB 6000-1 precision balance

peqSTAR thermocycler

Personal contamination monitor LB 147
Premium Line 1800 ceramic HD 3700 hair dryer
ProntoSIL 120-3-C1 250x4.6mm HPLC Column
PZ 28-1 Prazitherm precision hot plate

Rainin Pipet-Lite XLS+ 2 pl, 20 ul, 200 pl &

1000 ul

Research plus 5 ml pipette

Rotavapor R-100, interface 1-100, vacuum pump
V-100, heating bath B-100

Sartorius BCE641-1S Entris Il analytical balance
Sartorius M3P micro balance

Savant SPD101B-120 speed vac concentrator
Scan 1200 automatic colony counter

Scan 1200 V8.6.12.0 v3.4 software

Scanlaf Mars 1200 Runner safety workbench
SFX 250 digital sonifier with 0.5-inch horn
SHP Laboclav 135-MSLV

Sorvall MTX 120 micro-ultracentrifuge (S55A2
rotor)

Spark 10M microplate reader

SparkControl V3.1 SP1 software

Storage phosphor screen

Tecan Group

Infors HT, Bottmingen, Switzerland
Julabo, Seelbach, Germany

VWR

LablLogic Systems, Koblenz, Germany
Bio-Rad Laboratories

Electrolux, Stockholm, Sweden
Eppendorf

VWR

Bio-Rad Laboratories

CS Chromatographie, Langerwehe,
Germany

Nippon Genetics, Duren, Germany
Implen, Munich, Germany
Biochrom, Cambridge, UK

NuAire, Plymouth, USA

Integra Biosciences, Zizers, Switzerland
Agilent Technologies

Kern & Sohn, Balingen-Frommern,
Germany

VWR

Berthold Technologies

Grundig, Firth, Germany

Bischoff, Leonberg, Germany

Harry Gestigkeit, Diisseldorf, Germany
Mettler Toledo

Eppendorf
Blichi Labortechnik, Flawil, Switzerland

Sartorius

Sartorius

Thermo Fisher

Interscience, Saint Nom la Bretéche,
France

Interscience

LaboGene, Allergd, Denmark
Branson, Brookfield, USA

SHP Steriltechnik, Haldensleben, Germany

Thermo Fisher

Tecan Group
Tecan Group
Cytiva



Equipment

Manufacturer/ Supplier

Storm 820 phosphor imager

Storm Scanner control V5.03 software

SureCast glass plates & gel spacers

TDE40086FV -80 °C upright freezer

Thermal Shake lite thermal shaker
ThermoStat C thermoblock
Trilution LC V2.1 software

UCSF Chimera V1.17.1 software
Ultracentrifuge LE-80K (70Ti rotor)
Unicorn V5.11

Universal oven UF260

Vortex Genie 2

Water heating bath

Cytiva

Cytiva

Thermo Fisher

Thermo Fisher

VWR

Eppendorf

Gilson

University of California, USA
Beckman Coulter

Cytiva

Memmert, Schwabach, Germany
Scientific Industries, New York, USA
Gesellschaft fir Labortechnik, Burgwedel,

Germany
XCell SureLock mini-cell electrophoresis system  Thermo Fisher
ZEN blue V3.6.095.03000 software Carl Zeiss
2.1.4 Antibiotics
Antibiotic Solvent Reference/ Source
Ampicillin water Carl Roth
Bocillin FL water Thermo Fisher
Cefoxitin water Carl Roth
Chloramphenicol ethanol Carl Roth
Ciprofloxacin water Fagron, Rotterdam, Netherlands
Clindamycin ethanol Cayman Chemical
Corallorazine A DMSO AG Criisemann, University of Bonn
Erythromycin ethanol Carl Roth
Kanamycin water Carl Roth
Moenomycin DMSO Cayman Chemical, Ann Arbor, USA
Moenomycin-BODIPY DMSO Menche Lab, University of Bonn
Oxacillin water Sigma Aldrich
Ramoplanin water Sigma Aldrich
Rhodamine B-Ramoplanin water Sigma Aldrich
Rifampin methanol Merck
Targocil DMSO GLPBio, Montclair, USA
Teixobactin water NovoBiotic, Cambridge, USA
Tunicamycin DMSO Sigma Aldrich
Vancomycin water Hikma Pharmaceuticals, London, UK
Vancomycin-FITC water Sigma Aldrich




2.1.5 Molecular weight markers

Molecular weight marker

Manufacturer/ Supplier

GeneRuler 1kb DNA ladder

PageRuler Plus prestained protein ladder

Quick-Load 1 kb DNA Ladder

Thermo Fisher
Thermo Fisher
New England Biolabs

2.1.6 Kits

Kit

Manufacturer/ Supplier

Amine Coupling Kit

In-Fusion HD Cloning Kit

Monarch DNA Gel Extraction Kit
Monarch Plasmid Miniprep Kit
NucleoSpin Microbial DNA Mini Kit

Cytiva

Takara, Kyoto, Japan
New England Biolabs
New England Biolabs
Macherey-Nagel

2.1.7 Proteins
Protein Description Reference/ Source
His-Colicin M MHgGS-Colicin M-KLN This work
His-LcpA MGSSH6SSGLVPRGSH-LcpA This work
His-LcpB MGSSH6SSGLVPRGSH-LcpB This work
His-LcpC MGSSH6SSGLVPRGSH-LcpC This work
LcpAshort-His MA-LcpAssg.327-LEH6 This work
LcpBshort-His MA-LcpB31-405-LEH6 This work
LcpCshort-His MA-LcpCso-315-LEH6 This work
PBP2-His MAS-PBP2-LEHg This work
PBP4-His MAS-PBP4-LEHs This work
SgtA-His SgtA-ALEHe This work
SgtB-His MGSS-SgtB-LEHg This work
WhbpL-His MDIGINSDP-WbpL-KLAAALEHs  This work
Benzonase nuclease Sigma Aldrich
Bovine serum albumin (BSA) Carl Roth
DNase | (bovine pancreas) PanReac AppliChem
Lysostaphin (Staphylococcus simulans) Sigma Aldrich
Lysozyme (chicken egg white) Carl Roth
Mutanolysin (Streptomyces Sigma Aldrich

globisporus)
Phusion High-Fidelity DNA Polymerase
RNA polymerase holoenzyme (E. coli)

New England Biolabs
New England Biolabs



Protein Description Reference/ Source
RNase A (bovine pancreas) Sigma Aldrich
Trypsin (porcine pancreas) Carl Roth

2.1.8 Bacterial strains
Strain Characteristics Reference/ Source

Staphylococcus aureus

Newman
Newman AlcpA
Newman AlcpB

Newman AlcpC
Newman AlcpBC

Newman AlcpA plcpA
MSSA1112

MSSA1112 AlcpA
MSSA1112 AlcpB

MSSA1112 AlepC
MSSA1112 AlcpABC
MSSA1112 AlcpAB
MSSA1112 AlcpAC

MSSA1112 AlepBC
RN4220

SG511
HGO03

Mu50
CoL

MSSA, Mcs, capsular serotype 5, saeRS
constitutively expressed by SaeS T53C
substitution, fnbA and fnbB mutated
Newman, SA1195::spec, Sp'

Newman, markerless SA0908 deletion
mutant

Newman, SA2103::ermB, Em"

Newman, markerless SA0908 deletion,
SA2103::ermB, Em"

Newman, SA1195::spec, Sp", plasmid-
encoded msrR, Em’

Clinical isolate, bla, Mc®

Pen’

MSSA1112, AmsrR::ermB, Em"
MSSA1112, markerless SA0908 deletion
mutant

MSSA1112, markerless SA2103 deletion
mutant

MSSA1112, SA2103/SA0908/msrR triple
mutant, Em"

MSSA1112, msrR/SA0908 double mutant,
Em'’

MSSA1112, msrR/SA2103 double mutant,
Em"

MSSA1112, SA0908/SA2103 double mutant
Laboratory strain, restriction-deficient
derivative of NCTC 8325-4

MSSA, Mc$

Derivative of NCTC 8325, rsbU repaired,
tcaR repaired

Clinical isolate, VISA, Rif®

MRSA, Mc', agr, lacks ®SA3, which
integrates in hib

Duthie & Lorenz, 1952
Chanetal., 2014
Chanetal., 2014

Chanetal., 2014
Chanetal., 2014

This work
Entenza et al., 1997

Hlbscher et al., 2009
Over et al., 2011

Overetal., 2011
Over et al., 2011
Overetal., 2011
Over et al., 2011

Over et al., 2011
Kreiswirth et al., 1983

Sass & Bierbaum,
2009
Herbert et al., 2010

Kuroda et al., 2001
Dyke et al., 1966



Strain Characteristics Reference/ Source
AS-091 RN4220, pEPSA5-antisense infA Forsyth et al., 2002
AS-306 RN4220, pEPSA5-antisense rpoC Forsyth et al., 2002
AS-329 RN4220, pEPSA5-antisense sigA Forsyth et al., 2002
AS-089 RN4220, pEPSA5-antisense rpsE Forsyth et al., 2002
NCTC 8325 MSSA, rsbU, tcaR, Mc® Novick et al., 1967
SA113 Derivative of NCTC 8325 lordanescu &
Surdeanu, 1976

SA113 AtarO SA113 AtarO::ermB, Em’ Weidenmaier et al.,

Staphylococcus simulans

ATCC 12559

Escherichia coli
1-112768
MB5746

DH5a

DC10B

LOBSTR

BL21 (DE3)

C43 (DE3)

Bacillus subtilis
w168

W168 pAC6-Pyhes
W168 pAC6-Pypua
W168 pAC6-P,ygs
W168 pAC6-Pyors

Enterococcus faecalis
BM4223 plP819

Micrococcus luteus
DSM 1790

MG1655, tolC::Tn10, Tn"
Non-expression strain
Non-expression strain
Expression strain
Expression strain
Expression strain

Wildtype, trpC2
Cm’
Cm’
Cm’
Cm’

VRE, Van'

2004

Kloos & Schleifer,
1975

Keio collection
Kodali et al., 2005
New England Biolabs
Monk et al., 2012
Andersen et al., 2013
New England Biolabs
Miroux & Walker,
1996

Kunst et al., 1997

Harms et al., 2018
Harms et al., 2018
Harmsetal., 2018
Harms et al., 2018

Leclercq et al., 1989

Wieser et al., 2002




2.1.9 Growth media

Culture medium

Ingredients

Tryptic soy broth (TSB, Merck)
Tryptic soy broth agar (TSA, Merck)
Luria Bertani (LB) broth

Luria Bertani (LB) agar
Mueller-Hinton broth (MHB, Thermo
Fisher)

Mueller-Hinton agar (MHA, Thermo

Fisher)

SOC outgrowth (New England Biolabs)

2x YT

17 g/l peptone from casein, 3 g/I peptone from
soymeal, 2.5 g/I D(+)-glucose monohydrate, 5 g/I NaCl,
2.5 g/| K2HPO,

17 g/l peptone from casein, 3 g/I peptone from
soymeal, 2.5 g/l D(+)-glucose monohydrate, 5 g/I NaCl,
2.5 g/I K3HPQq4, 15 g/l agar

10 g/l tryptone, 10 g/I NaCl, 5 g/l yeast extract

10 g/l tryptone, 10 g/l NaCl, 5 g/l yeast extract, 15 g/I
agar

0.3 g/l dehydrated infusion from beef, 0.0175 g/l
casein hydrolysate, 0.0015 g/l starch, pH 7.3 £+ 0.1

0.3 g/l dehydrated infusion from beef, 0.0175 g/l
casein hydrolysate, 0.0015 g/I starch, 15 g/I agar,
pH 7.3 £0.1

2% (w/v) vegetable peptone, 0.5% (w/v) yeast extract,
10 mM NaCl, 2.5 mM KCI, 10 mM MgCl;, 10 mM
MgS04, 20 mM glucose

16 g/l tryptone, 10 g/l yeast extract, 5 g/| NaCl

2.1.10 Plasmids and oligonucleotides

Plasmid Properties Reference/ Source
pET28a-IcpA Overproduction of His-LcpA Dr. Anna Miiller?!
pET28a-IcpB Overproduction of His-LcpB Dr. Anna Miiller?
pET28a-IcpC Overproduction of His-LcpC Dr. Anna Miiller?
PET21b-IcpAi7s.984  Overproduction of LcpAshort-His Dr. Anna Miiller?
PET21b-IcpBgs-1218  Overproduction of LcpBshort-His Dr. Anna Miiller?
PET21b-IcpCos-94s Overproduction of LcpCshort-His Dr. Anna Miiller?
pPET28b-sgtA Overproduction of SgtA-His This work
pET28b-sgtB Overproduction of SgtB-His This work

pET2430-cma
pCQ11-gfp-IcpA
pCQ11-gfp-IcpB
pCQ11-gfp-lcpC
pCQ11-gfp-pbp2
pPCQ11-pbp4-yfp
pVI1002-wbpl
pPET21b-pbp4
pCQl1l-ery-IcpA
pPET21b-pbp2

Overproduction of His-Colicin M

Microscopic localization study of GFP-LcpA
Microscopic localization study of GFP-LcpB
Microscopic localization study of GFP-LcpC
Microscopic localization study of GFP-PBP2
Microscopic localization study of PBP4-YFP
Overproduction of WbpL-His

Overproduction of PBP4-His
Complementation of S. aureus Newman AlcpA
Overproduction of PBP2-His

Barreteau et al., 2010
Dr. Anna Mller?!

This work

Dr. Anna Mller?!

This work

Jan-Samuel Puls?!
Project work (2016)

Dr. Kevin Ludwig!?

This work

Christian Kérner (2006)?*

! Institute for Pharmaceutical Microbiology, University of Bonn, Germany



Primer

Sequence (5'-3)

Used to generate

pET28b-sgtB-FW
pET28b-sgtB-RV
sgtB-FW

sgtB-RV

CTC GAG CAC CACCACCAC

GCT GCT GCC CAT GGT ATATCT C

ACC ATG GGC AGC AGC ATG AAA AGA AGC GAT
AGGTACTCAAACT

GTG GTG GTG CTC GAG ACG ATT TAATTG TGA CAT
AGCCTGTTG ATATT

pET28b-sgtB

pPET28b-sgtA-FW
pET28b-sgtA-RV
SgtA-FW

sgtA-RV

GCA CTC GAG CACCAC

GGT ATATCT CCT TCT TAA AGT TAA ACA AAA
AGA AGG AGA TAT ACC ATG ACG AAT CAA GAC
AAC AAT CA

GTG GTG CTCGAG TGCACG CTTTTT TCG ATT TAA
CAAATG

pPET28b-sgtA

open-pCQ11-gfp-FW
open-pCQ11-gfp-RV
lcpB-FW

IcpB-RV

GGC GCG CCT ATT CTA AAT

GCTAGCTGCTTT GTATAGTTC

TAC AAA GCA GCT AGC ATG AAT AAATTT TTA AAA
TACTTTTTGATCCTTCTAG

TAG AAT AGG CGC GCC TTA ATT TAC AAC ACCATT
TTG GTT ATT TGA AG

pCQ11-gfp-IcpB

open-pCQ11-gfp-FW
open-pCQ11-gfp-RV
pbp2-FW

pbp2-RV

GGC GCG CCT ATT CTA AAT

GCTAGCTGC TTT GTATAGTTC

TAC AAA GCA GCT AGC ATG ACG GAA AAC AAA
GGATCT

TAG AAT AGG CGC GCC TTA GTT GAA TAT ACCTGT
TAATCCACCG

pCQ1l1-gfp-pbp2

open-pCQ11-FW
open-pCQ11-RV
IcpA-FW

IcpA-RV

CGC GCCTATTCT AAATGCA

CGATAT CAAGCT TAATTIGTTATCCG

TTA AGCTTG ATATCG ATG GAT AAA GAA ACT AAT
GAC AAC

TTT AGA ATA GGC GCG TTA ATC TTC ATC TAA AAA
GTCTT

pCQl1l-ery-IcpA




2.2 Microbial methods

2.2.1 Sterilization procedure of media, equipment and bacterial cultures

Glassware was sterilized in a dry heat-sterilizer (Universal oven UF260, Memmert, Schwabach,
Germany) at 200 °C for 4 h. Plasticware, including pipette tips, culture media, and solutions, were
autoclaved at 121 °C for 20 min (SHP Laboclav 135-MSLV, SHP Steriltechnik, Haldensleben,
Germany, or, alternatively for culture media, MediaClave 10, Integra Biosciences, Zizers,
Switzerland). Acrodisc Syringe Filters (pore size 0.2 um, Pall Corporation, Port Washington, USA)
were used to sterilize heat-labile solutions, such as antibiotic stocks. For decontamination,
bacterial cultures and labware were autoclaved at 134 °C for 20 min (SHP Laboclav 135-MSLV,

SHP Steriltechnik).

2.2.2 Bacterial storage and growth

S. aureus strains were cultivated in tryptic soy broth (TSB) or on tryptic soy agar (TSA) or Mueller
Hinton (MH) agar plates, depending on the experiment, at 37 °C. E. coli strains were grown in
Luria Bertani (LB) liquid medium or on LB agar plates at 37 °C. Alternatively, SOC outgrowth liquid
medium (New England Biolabs) was used for freshly transformed E. coli strains and 2x YT liquid
medium for certain protein overproductions. B. subtilis strains were cultivated in MH broth or on
MH agar plates at 30 °C. To promote growth, liquid cultures were incubated with orbital shaking
at 120 rpm. Strains carrying a resistance cassette were cultivated in the presence of the
appropriate selection antibiotic. Plates were incubated overnight and stored up to four weeks at
4 °C. For long-term storage, overnight cultures were mixed with sterile glycerol to a final

concentration of 10% (v/v) and stored at -70 °C.

2.2.3 Optical density measurement of cell populations

Bacterial growth was monitored by determining the optical density at 600 nm (ODgoo)
spectrophotometrically (Novaspec lll+ spectrophotometer, Biochrom, Cambridge, UK). Sterilized

medium was used as blank.



2.2.4 Preparation of chemo-competent E. coli

500 ml LB medium was inoculated with 1% (v/v) overnight culture and cells were grown to an
ODeoo of 0.5 at 37 °C with gentle shaking. Cells were harvested via centrifugation (4,415 x g,
15 min, 4 °C) and resuspended in 10 ml sterilized ice-cold 0.1 M CaCl; solution prior to incubation
for 30 min onice. Subsequently, cells were pelleted and resuspended in 500 pl sterilized ice-cold
0.1 M CaCl; with supplemented glycerol (15% v/v). After a 60 min incubation period in ice, the
suspension was aliquoted (50 pl) and immediately used for transformation or stored long-term

at-70 °C.

2.2.5 Preparation of electro-competent S. aureus

Electro-competent S. aureus cells were prepared as described by Monk et al. (2012) with minor
modifications. Briefly, 100 ml TSB medium was inoculated with 1% (v/v) of an overnight culture.
Cells were grown to an ODeoo 0f 0.5 at 37 °C with gentle shaking and incubated for another 30 min.
The culture was placed in an ice bath for 10 min. All further steps were conducted at 4 °C on ice.
Cells were pelleted at 4,000 x g for 10 min and resuspended in 100 ml sterilized ice-cold water.
After repeating this step, cells were resuspended in 1/10, 1/25, and 1/200 the initial culture
volume of sterile ice-cold 10% (v/v) glycerol. Aliquots of 50 ul were either used immediately for

electroporation or frozen at -70 °C.

2.2.6 Isolation of plasmid DNA from E. coli

Plasmid DNA was purified from E. coli cells using the Monarch Plasmid Miniprep Kit (New England

Biolas, Ipswich, UK) as per the manufacturer’s instructions.

2.2.7 lIsolation of genomic DNA from S. aureus

Genomic DNA was purified from S. aureus cells using the NucleoSpin Microbial DNA Mini Kit

(Macherey-Nagel, Diiren, Germany) as per the manufacturer’s instructions.



2.2.8 Transformation of chemo-competent E. coli cells

An aliguot of chemo-competent E. coli cells (20-50 ul) was thawed on ice for about 5 min, before
200 pg of purified plasmid DNA or 5 pl ligation mix was added. After 15 min incubation on ice,
cells were heat shocked at 42 °C for 90 s and, subsequently, placed back on ice for 2 min. 1 ml
SOC outgrowth medium (New England Biolabs) was added to freshly transformed cells prior to
incubation for 1 h at 37 °C with gentle shaking. The cells were spun down by centrifugation at
12,300 x g for 2 min. The supernatant medium was decanted and the cells were resuspended in
the remaining liquid, which was plated on LB agar plates containing the respective selection

antibiotic. Plates were incubated at 37 °C overnight.

2.2.9 Transformation of electro-competent S. aureus

The electroporation of electro-competent S. aureus cells was performed as described previously
by Monk et al. (2012) with minor modifications. An aliquot of 50 ul competent cells was thawed
on ice for 5 min and further allowed to reach room temperature. Cells were spun down by
centrifugation at 12,300 x g for 1 min and resuspended in the same volume of buffer A (10% (v/v)
glycerol, 500 mM sucrose, filter sterilized) to which 5 pug plasmid DNA purified from E. coli strain
DC10B was added. The mixture was transferred into an electroporation cuvette (1 mm, Bio-
Budget Technologies, Krefeld, Germany) and pulsed at 1.8 kV for 2.5 ms. 1 ml TSB medium with
500 mM sucrose (filter sterilized) was added prior to incubating at 37 °C for 1 h with gentle
shaking. The suspension was centrifuged at 12,300 x g for 2 min and the supernatant medium
was decanted. Electroporated cells were resuspended in the remaining liquid and plated on TSA

containing the appropriate selection antibiotic. Plates were incubated at 37 °C overnight.

2.2.10 Minimalinhibitory concentration (MIC)

The minimal inhibitory concentration is defined as the lowest concentration of an antibiotic that
inhibits visible growth (EUCAST, 1998). MICs were performed in sterile, transparent 96-well

polystyrene microplate with U-bottom (Greiner Bio One, ref. 650161, Frickenhausen, Germany).



The test compound was serially diluted in Mueller-Hinton broth (MHB) in a final volume of 50 pl.
To prepare the inoculum, the test strains were grown in MHB until ODego 0.5 - 1.0 and the cell
concentration was adjusted to approximately 1 x 108 cells/ml. 50 ul of this cell suspension was
added to 50 ul of the respective antibiotic serial dilution to obtain a final concentration of
0.5 x 10° cells/ml according to the Clinical and Laboratory Standards Institute (CLSI) guidelines
(CLSI, 2019). Appropriate controls (growth control of test strain, sterile controls for medium and
antibiotic) were included with every batch of MIC determination. Microplates were incubated at

37 °Cfor 20 h without agitation.

2.2.11 Synergy checkerboard assay

To evaluate the antibacterial effect of two combined antibiotics, two-dimensional microdilution
checkerboard assays were performed. In this assay, the concentration of each drug is tested alone
and in combination against the microorganism of interest. Agent A was serially diluted in MHB
starting 4-fold higher concentrated than the desired highest concentration. Each column of a
transparent 96-well polystyrene microplate with U-bottom (Greiner Bio One, ref. 650161) was
filled with 25 pl of a different dilution of agent A. In parallel, agent B was equally diluted and 25 pl
of each dilution were transferred, in each row, into the wells already containing agent A. Both
times, the last column (agent A) or row (agent B) was skipped and instead filled with 25 ul MHB
to determine the MIC of the single agent. The test strain was grown in MHB to an ODgog 0f 0.5 - 1.0
and the cell concentration was adjusted to approximately 1 x 10° cells/ml. 50 pl of cell suspension
was transferred into each well. Microplates were covered with a non-breathable plastic film and
incubated for 20 h at 37 °C. To assess if the antibiotics act synergistically when combined, the

fractional inhibitory concentration (FIC) index value was determined using the following equation:

A B

+
MIC, = MICg

= FIC4 + FICg = FIC index value Hall et al., (1983)

Where A and B denote the MIC of both compounds in combination and MICA and MICg are the
individually determined MIC of each agent. Synergy is defined by an FIC index value less than 0.5,
additive or indifference between 0.5 and 4 and antagonisms with a value greater than 4

(Figure 10) (Lorian, 2005).
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Figure 10: Schematic of checkerboard assay. Compound A is serially diluted along the abscissa while compound B is
diluted sequentially along the ordinate. Column 12 and row H each contain the serial dilutions of one compound
alone to determine the MIC values. Well H12 represents the medium control. White circles denote “no growth”,
whereas yellow circles represent “growth”. A synergistic effect of both compounds (FIC < 0.5) is depicted by black
stripes.

2.2.12 Spot dilutions of S. aureus strains

S.aureus MSSA1112 wildtype and Alcp deletion mutant strains were grown in 20 ml TSB at 37 °C
with shaking until ODggo of 1.0. Each culture was serially diluted (10x) and plated on TSA
supplemented with different concentrations of moenomycin. Plates were incubated at 37 °C
overnight and documented with a Scan 1200 automatic colony counter and the associated Scan

1200 V8.6.12.0 v3.4 software (Interscience, Saint Nom la Breteche, France).



2.2.13 Killing kinetics

To study the effect of moenomycin on S. aureus MSSA1112 wildtype over time, time-kill kinetic
assays were performed. Cells were grown in 10 ml MH at 37 °C with gentle shaking until an ODggo
of 0.5 and diluted 1:100 in the same medium. 0.125 pg/ml moenomycin (1x MIC) (1 mg/ml stock
solution moenomycin in DMSQ) or the equivalent amount of DMSO was added to the 1:100
diluted stock culture and the cells were continued to grow at 37 °C. Serial dilutions (10x) of the
bacterial cultures were prepared at 0, 1, 2, 3, 4, and 24 h after antibiotic addition and 50 ul of
each dilution was plated on half an MHA plate. Plates were incubated at 37 °C overnight and
colony-forming units (CFU) per milliliter were determined. Only plates containing 20 to

300 colonies were considered.

2.2.14 B-galactosidase reporter assays

B-galactosidase reporter assays were performed as previously described (Harms et al., 2018) to
examine the interference of the test compound with major biosynthesis pathways in
B. subtilis 168 and to identify its mode of action. The bioreporter strains harbor the hybrid
plasmids pAC6-Pyor8, PAC6-Pyugs, PAC6-Pyre; or pAC6-Pypua, in which the lacZ gene encoding for a
B-galactosidase is fused to the respective promoter that is induced if the test compound affects
the particular biosynthesis pathway (DNA (Pyor8), RNA (Pyygs), protein (Pyrer), or cell wall (Pypua)).
Upon expression of the reporter gene, the inhibition zone in disc diffusion assays in surrounded
by a blue circle resulting from the hydrolysis of the X-gal (5-bromo-4-chloro-3-indolyl-
D-galactoside) substrate.

The B. subtilis reporter strains were grown to an ODgyo of 0.5 in MHB containing 5 ug/ml
chloramphenicol at 30 °C with shaking at 120 rpm. 40 ml of MHA was heated to 55 °C and
supplemented with 5 pg/ml chloramphenicol and 150 pg/ml (cell wall reporter), 250 pug/ml (DNA
reporter), and 500 pug/ml (RNA and protein reporter) X-gal, respectively. The agar was inoculated
with the respective reporter strain according to the following formula:

40 ml [agar] x 107
ODggo X 2 X 10°

= x ml [of preparatory culture] (Harms et al., 2018)



The mixture was then poured into sterile, non-treated, clear Nunc OmniTray single-well plates
(ref. 140156, Thermo Fisher, Waltham, USA). Following solidification, 6 pug test compound was
spotted on the agar plate and allowed to dry before overnight incubation at 30 °C. Antibiotics
already known to induce or not induce the respective promoters were used as positive controls
(0.3 pg ciprofloxacin for Pyos, 6 pg rifampin for Pygs, 3 ug clindamycin for Pyre, and 6 g

vancomycin for P,pua) or negative controls (3 ug clindamycin for Pyors, Pyvgs, and Pypua, 6 ug

vancomycin for Pyne), respectively.

2.2.15 Susceptibility profile of S. aureus antisense recombinant strains

Antisense RNA was used to investigate the impact of an antibiotic on a biosynthesis pathway in
S. aureus. Here, the expression of the respective genes involved in the targeted process was
down-regulated by the transcription of an antisense RNA that hybridizes specifically to its cognate
mRNA and inhibits its translation into protein (Figure 11). If, after treatment, the strain becomes

more susceptible, one can assume that the compound most likely targets the affected pathway

(Forsyth et al., 2002, Donald et al., 2009).
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Figure 11: Schematic representation of how down-regulation of the target gene expression by antisense RNA can
affect the bacterial cell susceptibility towards an inhibitor (modified from Singh et al., 2007). Upon induction of
antisense RNA transcription, the production of the targeted protein is reduced and the target-depleted cells become
increasingly susceptible to the inhibitor in case it is directed against the specific pathway.



The procedure to obtain a susceptibility profile of recombinant S. aureus antisense strains was
performed as previously described (Chiriac et al., 2015). Overnight cultures of S. aureus RN4220
antisense strains harboring a xylose-inducible plasmid that encodes for the antisense RNA were
grown in LB medium supplemented with 5 pg/ml chloramphenicol at 37 °C with shaking. Cultures
were freshly grown until an ODggo of 0.6 - 0.8 and subsequently diluted to an ODggo of 0.005. After
separating into four flasks, xylose was added 1-fold, 0.5-fold, and 0.25-fold the MIC (the MIC for
xylose was determined as described above, see section 2.2.10). No xylose was added to the
control flask. After 210 min of incubation, the cultures were again diluted to an ODgpo of 0.005 in
medium containing twice the xylose concentration and 75 pl of this solution was transferred into
each well of a medium-binding, white 96-well polystyrene chimney well microplate (Greiner Bio
One, ref. 655075). The compound of interest was serially diluted in LB supplemented with 5 pg/ml
chloramphenicol and the same volume (75 ul) was added to the wells prior to incubating the plate
at 37 °C with shaking every 15 min at 1,440 rpm while the ODggo Wwas monitored in a Spark 10M
microplate reader with SparkControl V3.1 SP1 software (Tecan Group) for 20 h.

To ascertain the ICsp value, the percentage of growth inhibition induced by the compound in
relation to the untreated control without added xylose was plotted against the MIC and a linear
trend line was inserted. The susceptibility was finally determined by dividing the ICsy of the

untreated control by the ICso of the xylose-induced culture.

2.3 Molecular biological methods

2.3.1 DNA amplification via polymerase chain reaction (PCR)

Amplification of DNA fragments and vector DNA linearization was performed by polymerase chain
reaction (PCR) (Mullis et al., 1986) in a peqSTAR Thermocycler (VWR, Radnor, USA) using Phusion
High-Fidelity DNA polymerase (New England Biolabs) as per the manufacturer’s instructions.
Oligonucleotide primers were synthesized by Microsynth (Balgach, Switzerland) and are listed in
section 2.1.10. Deoxynucleotides (dNTPs) were purchased from New England Biolabs. Amplified
DNA was evaluated by agarose gel electrophoresis and subsequent UV visualization as described

in section 2.3.2.



2.3.2 Analysis of DNA fragments using agarose gel electrophoresis

To separate DNA fragments according to their size for visualization and purification, horizontal
agarose gel electrophoresis was conducted using a Mupid One Electrophoresis System (Nippon
Genetics, Dliren, Germany). In an electric field, DNA molecules move towards the positively
charged anode due to their negatively charged phosphate backbone. The agarose gel operates as
a molecular sieve that allows smaller fragments to pass faster and, therefore, ensures the
separation of DNA molecules by length (Sambrook & Russell, 2001). Samples were mixed with Gel
Loading Dye (6X, purple, New England Biolabs) prior to being loaded onto a 1% (w/v) agarose gel
that had been prepared in TAE buffer (40 mM Tris/HCI, 20 mM glacial acetic acid, 1 mM EDTA,
pH 8) and supplemented with 0.5 pg/ml GelRed Nucleic Acid Gel Stain (Biotium, Fremont, USA).
GeneRuler 1kb DNA Ladder (250-10000 bp, Thermo Fisher) or Quick-Load 1 kb DNA Ladder
(500-10000 bp, New England Biolabs) were used as length standards. The electrophoresis was
performed in TAE as running buffer at 100 V for approximately 45 min. DNA fragments were
visualized under ultraviolet (UV) light and documented using the Molecular Imager Gel Doc XR+

system with Image Lab V5.2 software (Bio-Rad Laboratories, Hercules, USA).

2.3.3  Purification of DNA fragments

DNA fragments were excised from the agarose gel with a scalpel and purified using Monarch DNA

Gel Extraction Kit (New England Biolabs) as per the manufacturer’s instructions.

2.3.4 Photometrical determination of DNA concentration and purity

The concentrations of genomic DNA, plasmid DNA, and DNA fragments, were determined
spectrophotometrically at 260 nm using a NanoPhotometer NP80 (Implen, Miinchen, Germany).
For assessment of purity and exclusion of contaminations, e.g., with protein, the ratios of the

absorbances at 260 and 280 nm (Az60/280) and at 260 and 230 nm (Azs0/230) Were ascertained.



2.3.5 In-fusion seamless cloning

Cloning of PCR fragments was performed using the In-Fusion HD Cloning Kit (Takara, Kyoto, Japan)
as per the manufacturer’s instructions. Briefly, PCR amplified inserts with 15 bp overlaps
complementary to the PCR-linearized vector were incubated in a 3:1 molar ratio with In-Fusion
enzyme for 15 min. Chemo-competent E. coli cells were transformed with the reaction mixture

(as described in 2.2.8) and plated on selective agar plates.

2.3.6 DNA sequencing

The creation of recombinant plasmid DNA without unintended mutations was confirmed by
Sanger sequencing (Sanger et al., 1977) provided by Microsynth (Balgach, Switzerland) or Eurofins

Genomics (Ebersberg, Germany).

2.4 Protein purification methods

2.4.1 Protein overproduction

2.4.1.1 LCP enzymes

E. coli C43 (DE3) containing the appropriate over-expression plasmid (see section 2.1.10) was
grown overnight in LB buffer under selective conditions for plasmid retention. 2 | of 2YT broth
with appropriate antibiotic was inoculated with 1% (v/v) of an overnight pre-culture and grown
at 30 °C with shaking to an ODgg of 0.6. Protein over-production was induced with 1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG) for 16 h at 20 °C. Cells were harvested by
centrifugation (10,000 x g, 12 min, 4 °C) and resuspended in 15 ml of buffer 1 (50 mM Tris/HCI,
300 mM NacCl, 30% (v/v) glycerol, pH 7.5). All the following steps were carried out on ice with ice-
cold buffers. 7 mg/l RNase A (bovine pancreas, Sigma Aldrich, St. Louis, USA), 35 mg/| DNase |
(bovine pancreas, PanReac AppliChem, Darmstadt, Germany), 0.7 g/I lysozyme (chicken egg

white, Carl Roth, Karlsruhe, Germany), and 1 tablet of EDTA-free Pierce protease inhibitor tablets



(Thermo Fisher) were added to the resuspended cells prior to disruption of cells with an SFX 250
digital sonifier (0.5-inch horn, Branson, Brookfield, USA) with 6 x 2.5 min cycles of pulsed
ultrasonics (20 s on time, 30 s off time, with increasing amplitude from 10% to 60%). Lysate was
centrifuged (20,000 x g, 20 min, 4 °C), the supernatant discarded and the pellet resuspended in
10 ml buffer 1 followed by another centrifugation step (4,415 x g, 20 min, 4 °C). Proteins were
solubilized by resuspending the pellet in 10 ml of buffer 2 (50 mM Tris/HCI, 300 mM NacCl,
30% (v/v) glycerol, 29 mM DDM, pH 7.5) and subsequent incubation with gentle agitation for
45 min. Cell debris were removed by centrifugation (20,000 x g, 20 min, 4 °C) and the supernatant
was then added to 500 pl of pre-equilibrated Ni-NTA agarose bead resin (Macherey-Nagel). After
stirring for 1.5 h, the suspension was poured into a 5 ml polypropylene column (Thermo Fisher).
Beads were washed with 5 ml of buffer W1 (50 mM Tris/HCI, 300 mM NaCl, 20 mM imidazole,
30% (v/v) glycerol, pH 7.5) and 5 ml of buffer W2 (50 mM Tris/HCI, 300 mM NaCl, 40 mM
imidazole, 30% (v/v) glycerol, pH 7.5) prior to elution with 5 x 500 pl elution buffer (50 mM
Tris/HCI, 300 mM NaCl, 300 mM imidazole, 30% glycerol, pH 7.5). Glycerol was added to a final
concentration of 40% (v/v) and samples were stored at -20 °C until further use.

For interaction studies, the proteins were further purified by size-exclusion chromatography (SEC,
as described in section 2.4.2). Fractions containing the respective enzyme were concentrated
using Vivaspin Turbo 15 centrifugal concentrators (10 kDa MWCO, Sartorius, Gottingen,
Germany) according to the manufacturer’s instructions and the protein purity was assessed by
SDS-PAGE (as described in section 2.5.1). Additionally, the protein concentration was determined

(as detailed in section 2.5.2) and the samples were stored at -20 °C.

2.4.1.2 LCP short variants

The protein overproduction and purification procedure of the LCP short variants were performed
as detailed in section 2.4.1.1 with minor changes. After cell lysis by sonication, cell debris were
centrifuged (20,000 x g, 20 min, 4 °C) and the clear supernatant was added to equilibrated Ni-NTA
agarose bead resin. Elution fractions were additionally purified using size-exclusion
chromatography as described in section 2.4.2 on a Superdex Increase 75 10/300 column (Cytiva,

Marlborough, USA) pre-equilibrated with buffer 3 (50 mM Tris/HCI, 300 mM NaCl, 10% (v/v)



glycerol, pH 7.5). Protein purity was assessed by SDS-PAGE (section 2.5.1). Appropriate fractions
were pooled, concentrated using Vivaspin Turbo 15 centrifugal concentrators (10 kDa MWCO,
Sartorius), and further Vivaspin 500 centrifugal concentrators (10 kDa MWCO, Sartorius) as per
the manufacturer’s instructions. The protein concentration was determined (as detailed in
section 2.5.2) and the samples were stored at -20 °C.

To prepare LcpAshort-His for X-ray crystallography, the protein solution was dialyzed overnight
against 2 | of buffer 4 (50 mM Tris/HCI, 300 mM NacCl, pH 7.5) in Slide-A-Lyzer mini dialysis units
(7 kbDa MWCO, Thermo Fisher). The sample was mixed with moenomycin A in a 1:1 molar ratio
and sent to our collaborators Philipp Hendricks, Gregor Hageliken, and Matthias Geyer at the

Institute of Structural Biology of the University of Bonn to obtain protein crystals.

2.4.1.3 PBP2 and PBP4

For overexpression of PBPs, 2 | of LB media supplemented with 100 pg/ml ampicillin was
inoculated with a 1:100 diluted overnight culture of E. coli C43 (DE3) strain containing either the
plasmid pET21b-pbp2 or pET21b-pbp4 and grown at 37 °C with shaking until an ODggo of 0.6.
Protein over-production was induced with 1 mM IPTG for 4 h. Cells were pelleted by
centrifugation (10,000 x g, 12 min, 4 °C), washed in 20 ml of buffer 1 (50 mM Tris/HCI, 500 mM
NaCl, pH 7.5), and resuspended in 20 ml buffer 2 (50 mM Tris/HCI, 500 mM NaCl, 1% (v/v)
Triton X-100, 10 mM imidazole, pH 7.5) with 10 mg/l RNase A (bovine pancreas, Sigma Aldrich),
50 mg/I DNase | (bovine pancreas, PanReac AppliChem), 1 mg/I lysozyme (chicken egg white, Carl
Roth), 1 tablet of EDTA-free Pierce protease inhibitor tablets (Thermo Fisher), and 0.5% (v/v)
N-lauroylsarcosine. After incubating for 60 min on ice, cells were disrupted by sonication using an
SFX550 digital sonifier (0.5-inch horn, Branson) with 6 x 2.5 min cycles of pulsed ultrasonics (20 s
on time, 30 s off time, with increasing amplitude from 10% to 60%) and centrifuged at 20,000 x g
for 30 min at 4 °C. The supernatant was added to 500 pl pre-washed Ni-NTA agarose bead resin
(Macherey-Nagel) and the slurry was tumbled for 2 h at 4 °C prior to transferring into a 5 ml
polypropylene column (Thermo Fisher). Beads were washed with 7.5 ml of buffer 2, 7.5 ml of
buffer 3 (50 mM Tris/HCI, 500 mM NacCl, 1% (v/v) Triton X-100, 20 mM imidazole, pH 7.5), and
protein was finally eluted with 6 x 500 pl of elution buffer (50 mM Tris/HCI, 500 mM NaCl, 1% (v/v)



Triton X-100, 200 mM imidazole, pH 7.5). Elution fractions were stored at -20 °C in a final
concentration of 30% (v/v) glycerol.

For interaction studies, the proteins were further purified by size-exclusion chromatography (as
described in section 2.4.2). Fractions containing the respective enzyme were concentrated using
Vivaspin Turbo 15 centrifugal concentrators (10 kDa MWCO, Sartorius) according to the
manufacturer’s instructions and the protein purity was assessed by SDS-PAGE (as described in
section 2.5.1). Additionally, the protein concentration was determined (as detailed in section

2.5.2) and the samples were stored at -20 °C.

2.4.1.4 SgtA and SgtB

2 | LB broth supplemented with 50 pg/ml kanamycin was inoculated with a 1:100 diluted
overnight pre-culture of E. coli LOBSTR harboring either pET28b-sgtA or pET28a-sgtB and grown
at 37 °C with shaking until an ODggo of 0.6 at which point protein over-production was induced
with 1 mM IPTG for 16 h at 37 °C. Cells were harvested by centrifugation (10,000 x g, 12 min,
4 °C), washed (4,415 x g, 20 min, 4 °C) in 10 ml of buffer 1 (50 mM Tris/HCI, 500 mM NaCl, pH 7.5)
and resuspended in 10 ml of buffer 2 (50 mM Tris/HCI, 500 mM NaCl, 1% (v/v) Triton X-100,
10 mM imidazole, pH 7.5) with 0.5% (v/v) N-lauroylsarcosine, 1 pl Benzonase nuclease (Sigma
Aldrich), and 1 tablet of EDTA-free Pierce protease inhibitor tablets (Thermo Fisher). After
incubation for 1 h at 4 °C with tumbling, cells were disrupted by sonication using an SFX550 digital
sonifier (0.5-inch horn, Branson) with 6 x 2.5 min cycles of pulsed ultrasonics (20 s on time, 30 s
off time, with increasing amplitude from 10% to 60%). Cell lysate was cleared by centrifugation
(20,000 x g, 30 min, 4 °C) and added to 500 pl of pre-washed Ni-NTA agarose bead resin
(Macherey-Nagel) prior to incubating for 2 h at 4 °C with gentle stirring. The resin slurry was then
packed into a disposable 5 ml polypropylene column (Thermo Fisher) and the flow-through
fractions were collected. Beads were washed with 5 ml of buffer 2 and 5 ml of buffer 3 (50 mM
Tris/HCI, 500 mM NaCl, 1% (v/v) Triton X-100, 20 mM imidazole, pH 7.5) before eluting the
protein with 6 x 500 ul elution buffer (50 mM Tris/HCI, 500 mM NaCl, 1% (v/v) Triton X-100,
200 mM imidazole, pH 7.5). Fractions were stored at -20 °C in a final concentration of 30% (v/v)

glycerol.



For interaction studies, the proteins were further purified by size-exclusion chromatography (as
described in section 2.4.2). Fractions containing the respective enzyme were concentrated using
Vivaspin Turbo 15 centrifugal concentrators (10 kDa MWCO, Sartorius) according to the
manufacturer’s instructions and the protein purity was assessed by SDS-PAGE (as described in
section 2.5.1). Additionally, the protein concentration was determined (as detailed in section

2.5.2) and the samples were stored at -20 °C.

2.4.1.5 Colicin M

This protocol was adapted from a previously published method (Barreteau et al., 2010). E. coli
C43 (DE3) strain harboring the recombinant plasmid pET2430-cma was grown overnightin LB with
50 pg/ml kanamycin to select for protein retention. This E. coli strain is naturally resistant to
colicin M because of its functional FhuA protein deficiency (Barreteau et al., 2010). The overnight
pre-culture was diluted 1:100 into 2 | 2YT broth and grown at 37 °C with shaking to an ODeoo of
0.8. Protein over-production was induced with 1 mM IPTG for 3 h at 37 °C prior to harvesting by
centrifugation (10,000 x g, 12 min, 4 °C). All subsequent steps were performed on ice with ice-
cold buffers. Cells were washed with 40 ml of buffer 1 (20 mM Tris/HCI, 200 mM NaCl, 10 mM
B-mercaptoethanol, 10% (v/v) glycerol, pH 7.4) and resuspended in 6 ml of buffer A prior to
disruption of cells with an SFX550 digital sonifier (0.5-inch horn, Branson) with 6 x 2.5 min cycles
of pulsed ultrasonics (20 s on time, 30 s off time, with increasing amplitude from 10% to 60%).
Cell lysate was ultracentrifuged (150,000 x g, 1 h, 4 °C) and the supernatant added to 500 pl of
pre-equilibrated Ni-NTA agarose bead resin (Macherey-Nagel). The suspension was incubated for
1 h with gentle stirring before pouring into a 5 ml polypropylene column (Thermo Fisher). Beads
were washed with 10 ml buffer W (20 mM Tris/HCI, 200 mM NacCl, 10 mM B-mercaptoethanol,
10% (v/v) glycerol, 20 mM imidazole, pH 7.4) and protein was eluted with 5 x 500 pl elution buffer
(20 mM Tris/HCI, 200 mM NaCl, 10 mM B-mercaptoethanol, 10% (v/v) glycerol, 200 mM
imidazole, pH 7.4). Elution fractions were supplemented with 30% (v/v) glycerol and the samples
were stored at -20 °C.

For interaction studies, the protein was further purified by size-exclusion chromatography (as

described in section 2.4.2). Fractions containing the respective enzyme were concentrated using



Vivaspin Turbo 15 centrifugal concentrators (10 kDa MWCO, Sartorius) according to the
manufacturer’s instructions and the protein purity was assessed by SDS-PAGE (as described in
section 2.5.1). Additionally, the protein concentration was determined (as detailed in

section 2.5.2) and the samples were stored at -20 °C.

2.4.1.6 Whpl

E. coli C43 (DE3) strain was transformed with plasmid pVIIO02-wbpL expressing the initial
glycosyltransferase of A-band lipopolysaccharide biosynthesis in Pseudomonas aeruginosa,
Whbpl, with a C-terminal Hisg-tag (Rocchetta et al., 1998). Cells were grown in 2 | 2YT broth
supplemented with 100 pg/ml ampicillin at 37 °C with shaking to an ODggo of 0.6 and expression
was induced by the addition of 1 mM IPTG at 25°C overnight. Cells were collected by
centrifugation (10,000 x g, 12 min, 4 °C), resuspended in 10 ml buffer 1 (25 mM Tris/HCI, 150 mM
NaCl, 2 mM B-mercaptoethanol, 10% (v/v) glycerol, pH 7.5) with 10 mg/l RNase A (bovine
pancreas, Sigma Aldrich), 5 mg/l DNase | (bovine pancreas, PanReac AppliChem), and 1 g/I
lysozyme (chicken egg white, Carl Roth), and incubated for 30 min on ice. Disruption of cells was
achieved by sonication using an SFX550 digital sonifier (0.5-inch horn, Branson) with 6 x 2.5 min
cycles of pulsed ultrasonics (20 s on time, 30 s off time, with increasing amplitude from 10% to
60%). Lysate was centrifuged (20,000 x g, 30 min, 4 °C) and the pellet was resuspended in 10 ml
buffer 2 (25 mM Tris/HCI, 150 mM NaCl, 2 mM B-mercaptoethanol, 10% (v/v) glycerol, 49 mM
DDM, pH 7.5) supplemented with 5 mg/l DNase | and 1 g/l lysozyme. After tumbling for 2 h at
4 °C, the lysate was centrifuged at 20,000 x g for 30 min at 4 °C to pellet the insoluble material.
The supernatant was added to 500 pl of pre-equilibrated Ni-NTA agarose bead resin (Macherey-
Nagel) and incubated for 2 h at 4 °C with gentle agitation. Subsequently, the suspension was
poured into a 5 ml polypropylene column (Thermo Fisher). After collecting the flowthrough, the
resin was washed consecutively with 10 ml of buffer 1 and 10 ml of buffer W (25 mM Tris/HCI,
150 mM NaCl, 2 mM B-mercaptoethanol, 10% (v/v) glycerol, 3.9 mM DDM, pH 7.5) before eluting
the protein with 3 x 500 pl of each elution buffer 1 to 3 (25 mM Tris/HCI, 150 mM NacCl, 2 mM
B-mercaptoethanol, 10% (v/v) glycerol, 3.9 mM DDM, 100-300 mM imidazole, pH 7.5). Elution

fractions were supplemented with 30% (v/v) glycerol and the protein purity was assessed by



SDS-PAGE (as described in section 2.5.1). Additionally, the protein concentration was determined

(as detailed in section 2.5.2) and the samples were stored at -20 °C.

2.4.2 Size-exclusion chromatography (SEC)

Size-exclusion chromatography (SEC) was performed using an AKTA Prime+ system with a
Superdex Increase 75 10/300 column (Cytiva). UV absorbance chromatograms were collected
with Unicorn V5.11 software (Cytiva). All buffers were filtered (0.2 um pore size, Filtropur BT 50,
Sarstedt, Niimbrecht, Germany) and degassed before use. Prior to loading the protein, column
was equilibrated with at least 1.2 column volume running buffer (50 mM Tris/HCI, 300 mM Nacl,
10% (v/v) glycerol, pH 7.5). Chromatography was performed at a flow rate of 0.5 ml/min and
fractions of 1 ml were collected. To assess protein purity and content, fractions were analyzed by
SDS-PAGE (see section 2.5.1). Purest fractions were combined and concentrated using Vivaspin

Turbo 15 centrifugal concentrator (10 kDa MWCO, Sartorius) as per manufacturer’s instructions.

2.5 Protein analysis methods

2.5.1 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

To analyze protein samples for content and purity, samples were subjected to discontinuous
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Using this technique, the
proteins’ intrinsic charge is masked by treatment with sodium dodecyl sulfate (SDS) or lithium
dodecyl sulfate (LDS) and B-mercaptoethanol is used to reduce disulfide bonds. The resulting
unfolded and negatively charged proteins are separated in an electric field according to their
masses by passing a porous acrylamide gel (Laemmli, 1970).

If not stated otherwise, 9.75 ul protein solution was mixed with 4x NUPAGE LDS sample buffer
(Thermo Fisher) and 50 mM dithiothreitol (DTT) prior to incubating at 37 °C for 1 h with gentle
shaking. Samples were loaded onto a pre-cast NUPAGE 4 -12% Bis-Tris acrylamide gel mounted in
a mini-gel tank (Thermo Fisher) and run at 120 V for 1-2 h. As molecular weight marker, 6 pul

PageRuler Plus prestained protein ladder (Thermo Fisher) with a range of 10 to 250 kDa was



applied. Tris-MOPS-SDS (Genscript, Piscataway, USA) was used as running buffer. Gels were
repeatedly washed with distilled water and subsequently stained overnight with PageBlue protein
stain (Thermo Fisher). For destaining, gels were incubated in distilled water until the background
was clear. The Molecular Imager Gel Doc XR+ imaging system with the Image Lab V5.2 software

(Bio-Rad Laboratories) was used to document the gels by scanning.

2.5.2 Determination of protein concentration in solution

Protein concentrations were determined colorimetrically using the protein assay dye reagent
concentrate (Bio-Rad Laboratories) as per the manufacturer’s instructions. Under acidic
conditions, the absorbance maximum of coomassie brilliant blue G-250 dye shifts from 465 to
595 nm when binding to basic or aromatic amino acid residues. Therefore, the rise in absorbance

at 595 nm is proportional to the protein amount in the test sample (Bradford, 1976).
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Figure 12: Example standard curve for BSA. The absorbance at 595 nm is plotted against the concentration of BSA.

In short, bovine serum albumin (BSA) solutions with a linear range of 0 ug/ml to 400 pug/ml were
prepared as protein standard. 10 ul of each standard and sample solution was transferred in
duplicates into a transparent 96-well polystyrene microplate with flat bottom (Greiner Bio One,
ref. 655161). 200 ul of diluted dye reagent (1 part dye reagent concentrate mixed with 4 parts
distilled water) was added into each well and the mixture was allowed to incubate for 5 min at

room temperature. The absorbance at 595 nm was subsequently measured using a Spark 10M



microplate reader with SparkControl V3.1 SP1 software (Tecan Group). A standard curve was
plotted using the known BSA concentrations and the sample protein amount was calculated
(Figure 12). If the absorbance of protein samples exceeded that of the highest standard solution,

samples were diluted accordingly and the measurement was repeated.

2.6 Protein biochemical methods

2.6.1 Purification of UDP-D-MurNAc-pentapeptide

Staphylococcus simulans 22 cells (ATCC 12559) were grown in 2x 2 | MH at 37 °C with shaking to
an ODgoo of 0.6. At this point, the bacterial culture was supplemented with 130 pg/ml
chloramphenicol to suppress the cellular stress response, that would indirectly inhibit the
accumulation of UDP-D-MurNAc-pentapeptide, and further incubated at 37 °C for 15 min.
10 pg/ml vancomycin was added to the culture, which was incubated for another 60 min. Cells
were harvested via centrifugation (12,230 x g, 20 min, 4 °C) and resuspended in 20 ml of distilled
water. The resulting suspension was drop-wise added to 60 ml of boiling distilled water and boiled
for a further 15 min. The lysate was then cooled to room temperature and centrifuged at
20,440 x g for 30 min at 4 °C. The supernatant was frozen at -70 °C and lyophilized (Alpha 1-2
LDplus, Martin Christ Gefriertrocknungsanlagen, Osterode am Harz, Germany). The crudely
purified UDP-D-MurNAc-pentapeptide was stored long-term at -20 °C. To use for the in vitro

synthesis of lipid I, the lyophilizate was dissolved in 4 ml of distilled water.

2.6.2 Purification of Micrococcus luteus DSM 1790 membranes

2x 2 | TSB was inoculated with Micrococcus luteus DSM 1790 and incubated overnight at 30 °C
with shaking. Cells were harvested by centrifugation (12,230 x g, 15 min, 4 °C) and resuspended
in 80 ml of 50 mM Tris/HCI, 10 mM MgCl,, pH 7.5 supplemented with 100 pg/ml DNase | (bovine
pancreas, PanReac AppliChem) and 1 mg/ml lysozyme (chicken egg white, Carl Roth) prior to

incubating on ice for 1 h with gentle shaking. Cell suspension was heated to 35 °C with agitation



and immediately cooled down on ice. The volume was increased to 700 ml with ice-cold
Tris/HCI-MgCl; (pH 7.5) buffer and cell debris were pelleted by centrifugation (12,230 x g, 15 min,
4 °C). Membranes were then washed with 30 ml Tris/HCI MgCl, (pH 7.5) buffer, centrifuged
(20,440 x g, 30 min, 4 °C), and resuspended in 8 ml of Tris/HCI MgCl, (pH 7.5) buffer. Purified

membranes were stored long-term at -20 °C.

2.6.3 Invitro synthesis of lipid Il

The approach described in Schneider et al. (2004) was adopted with changes. To find optimal
reaction conditions, crudely purified UDP-D-MurNAc-pentapeptide and M. luteus membranes
(extractions are described in sections 2.6.1 and 2.6.2, respectively) were titrated against each
other. 10 nmol of the substrate Css-P was resuspended in 10 pl chloroform and dried in vacuo.
The reaction mix (100 ul) comprised of 100 mM Tris/HCl, 0.6% (v/v) Triton X-100, 1 mM
UDP-D-GIcNAc, 7.6 mM MgCl,, pH 7.5, and various concentrations of UDP-D-MurNAc-
pentapeptide and M. luteus membranes was incubated for 3 h at 30 °C with gentle shaking. Lipids
were extracted by addition of n-butanol/pyridine acetate (2:1, v/v) pH 4.2 and separated by TLC
(see section 2.6.6). For the synthesis of lipid Il in preparative scale, reaction volume was upscaled
to 10 ml. Centrifugation steps were performed for 10 min at 8,232 x g at 4 °C. Subsequent to lipid
extraction, the organic phase was desalted thrice with an equal volume of distilled water pH 4.2
and separated by High-performance liquid chromatography (HPLC). Analysis was performed on a
HiTrap DEAE Sepharose FF column (Cytiva) using a Gilson HPLC system operating Trilution LC V2.1
software (Gilson, Madison, USA). Separation of lipid |l was achieved with a linear 175 min-gradient
from 0 to 300 mM ammonium bicarbonate in 50% (v/v) methanol, 33% (v/v) chloroform with a
flow rate of 5 ml/min. Lipid Il containing fractions were combined and solvents were removed by
evaporation using a Rotavapor R-100 rotary evaporator (Bichi, Flawil, Switzerland). Samples were
frozen to -70 °C and lyophilized (Alpha 1-2 LDplus, Martin Christ Gefriertrocknungsanlagen).
Before use, 1.5 ml of 1:1 (v/v) chloroform:methanol was added and the obtained solution was
centrifuged at 12,300 x g for 2 min to pellet precipitated salt. Lipid Il concentration was quantified

by phosphate determination (see section 2.6.7).



2.6.4 Invitro synthesis of [1*C]-lipid Illwra

For preparation of radioactive lipid lllwra, 5 nmol of Css-P was resuspended in 10 pl of chloroform
and dried in vacuo. Reaction buffer composed of 50 mM Tris/HCI, 2.5 mM n-lauroylsarcosine,
2.5 mM MgCl;, 100 mM NaCl, 2 mM UDP-D-GIcNAc, and 0.33 mM UDP-['*C]-D-GlcNAc (specific
activity 300 mCi/mmol, Hartmann Analytic, Braunschweig, Germany), pH 7.5 was added and
briefly vortex mixed. To initiate the reaction, 38 ug of WbplL-His was applied reaching a total
reaction volume of 50 ul. Samples were incubated at 30 °C overnight prior to lipid extraction and
separation by TLC (see section 2.6.6). Negative control had protein added after addition of
extraction solvent. Radiolabeled lipid Illwra was visualized by iodine stain and scraped off the TLC
plate. 1 ml of methanol was added to the powdery silica gel and the suspension was vortex mixed
overnight. After centrifugation for 2 min at 21,100 x g, the supernatant containing the extracted

lipid was transferred into a new tube and dried.

2.6.5 Invitro LcpA assay

An assay to determine the in vitro hydrolysis activity of His-LcpA in a total volume of 50 ul was
performed as followed. 2 nmol of lipid Il and 18 pug of DOPG (1,2-dioleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol)) were resuspended in 10 pl of chloroform and dried in vacuo. Reaction buffer
(50 mM MES, 10 mM MgCl,, 0.6% (v/v) DMSO, pH 5.5) was added and briefly vortex mixed. If
stated, 100 UM moenomycin was added (Cayman Chemical, Ann Arbor, USA). The reaction was
initiated by addition of 3 pg of His-LcpA and samples were incubated at 30 °C for 3 h with gentle
shaking. To stop the reaction, lipids were extracted and separated by TLC (see section 2.6.6). In
the negative controls, the protein was inactivated by the extraction solvent and added after the
incubation period to the reactions.

To test the in vitro hydrolysis activity of His-LcpA with [**C]-lipid lllwTa, the lipid amount of one
synthesis reaction as described in section 2.6.4 was used as substrate. The assay was performed

in detail as mentioned for lipid Il.



2.6.6 Thin layer chromatography (TLC)

To facilitate the separation and analysis of individual components of a mixture, thin layer
chromatography (TLC) was used. Samples are applied on an inert carrier sheet coated with a thin
layer of adsorbent material that serves as the stationary phase. When placed in a closed TLC
chamber, an organic solvent ascends the plate driven by capillary forces (mobile phase). The
migration of the analytes depends thereby on their specific affinity for stationary and mobile
phase (Harry et al., 1989).

Lipids were extracted in an equal volume of n-butanol/pyridine acetate (2:1, v/v) pH 4.2. Samples
were then vortex mixed for 1 min and centrifuged for 3 min at 12,300 x g until phase separation
became visible. The upper lipid-containing organic phase was spotted on a TLC Silica gel 60 Fs4
plate (Merck, Darmstadt, Germany) in 10 pl-steps with intermediate cold blow-drying. The TLC
plate was transferred into a glass TLC separation chamber using a mixture of HPLC-grade
chloroform/methanol/water/ammonium hydroxide (88:48:10:1, v/v) as mobile phase (Rick et al.,
1998). As soon as the solvent front almost reached the end of the plate, the TLC plate was heat-
dried with a blower to remove any residual mobile phase elutant and dipped in cerium molybdate
stain (Hanessian's stain; 2.5% (w/v) phosphomolybdic acid and 1% (w/v) cerium(lV) sulfate in
6% (w/v) sulfuric acid). Upon heating at 130 °C, lipids and other molecules became visible as blue
bands. lonizing radiation of TLCs containing radioactive samples was captured by a phosphor
storage screen that was further scanned with a Storm 820 phosphor imager using Storm Scanner
control V5.03 software (Cytiva). Signal intensities were calculated using ImagelJ V1.53k software

(National Institutes of Health, Bethesda, USA).

2.6.7 Phosphate determination

This method was adapted from Rouser et al. (1970). An inorganic phosphate standard with a
linear range of 0 to 60 nmol/ul was prepared from a 1 mM KH,PO, stock solution. Test samples
and standard were assayed in duplicates. Samples were resuspended in phosphate-free glass vials
filled with 100 pl of distilled water and dried for 25 min at 140 °C in a heating block. 0.3 ml of

70% (v/v) perchloric acid was added, glass vials were covered with glass marbles, and samples



were hydrolyzed for 90 min at 180 °C. After cooling down the samples to room temperature, 1 ml
of distilled water, 0.4 ml of 1.25% (w/v) ammonium heptamolybdate, and 0.4 ml of 5% (w/v)
ascorbic acid were added. Samples were briefly vortex mixed and incubated for 5 min at 100 °C
while the glass vials were again covered by marbles. Phosphate ions form a blue colored complex
with molybdate under acidic conditions, thus the degree of coloration is proportional to the
amount of phosphate present in the sample. The absorbance at 797 nm was measured using a
Novaspec lIbsl+ spectrophotometer (Biochrom). To create a standard curve, the absorbance
determined at 797 nm was plotted against the standard concentration of inorganic phosphate

(Figure 13).

1.0
S
c
N~
(2]
~
)
©
Q
2 y = 0.013x + 0.0033
3 R? = 0.9994
[
o
(7]
Q2
<
0.0 T T T 1
0 20 40 60 80

Phosphate (nmol)

Figure 13: Example phosphate standard curve. The absorbance measured at 797 nm is plotted against the amount
of phosphate.

2.6.8 Invitro transcription

0.5 pg of ®X174 replicative form (RF) DNA (Promega, Fitchburg, USA) was added to 1x reaction
buffer (40 mM Tris/HCI, 150 mM KCI, 10 mM MgCl;, 1 mM DTT, 0.01% (v/v) Triton X-100, 0.5 mM
of each NTP, pH 7.5) containing 0.5 units Escherichia coli RNA polymerase holoenzyme (New
England Biolabs) and, except where otherwise stated, the respective antibiotic in a total volume
of 25 pl. The DNA was transcribed at 37 °C for 2 h. After the addition of 25 ul 2x RNA loading dye
(Thermo Fisher), the reaction was incubated at 70 °C for 10 min and immediately cooled down on

ice for another 3 min. The samples were loaded onto a 1% (w/v) agarose gel supplemented with



1x GelRed (Biotium) and run for 45 min at 100 V. The gel was imaged using the Molecular Imager

Gel Doc XR+ imaging system with Image Lab V5.2 software (Bio-Rad Laboratories).

2.6.9 Zymographic analysis

Zymography is an electrophoretic technique to visualize the hydrolytic activity of enzymes that
were priorly separated according to their molecular weight (Vandooren et al., 2013). In this work,
proteinous cell lysate containing hydrolytic enzymes is used to degrade gel-embedded PG.

50 ml MH was inoculated with S. aureus NCTC8325 and grown overnight at 37 °C with shaking.
Cells were harvested by centrifugation (4,816 x g, 10 min, 4 °C) and washed thrice with an equal
volume of distilled water. The pellet was resuspended in 5 ml of distilled water and autoclaved.

Stacking and resolving gels were poured as described in Table 1.

Table 1: SDS-PAGE gel recipe for 1 gel

Component Stacking gel (4%) Resolving gel (10%)
Acrylamide/Bisacrylamide (40%; 29:1) 400 pl 2.5ml
Resolving Buffer (3 M Tris/HCI, pH 8.5) - 1.67 ml
Stacking Buffer (1 M Tris/HCI, 0.8% (w/v) SDS) 480 pl -

SDS (20%, w/v) - 70 pl

S. aureus NCTC 8325 autoclaved cells - 1.5 ml
ddH,0 3 ml 4.12 ml

APS (40%, w/v) 6.72 pl 6.8 ul
TEMED 3.2 ul 6.7 ul

S.aureus MSSA1112 wildtype and /cp deletion mutant strains were grown in 100 ml TSB at 37 °C
with shaking until ODeoo of 1.2. Cells were centrifuged (4,816 x g, 10 min, 4 °C) and washed with
an equal volume of distilled water. Pellet was resuspended in 400 pl of ice-cold 50 mM Tris/HClI,
3 M LiCl, and 0.1% (v/v) Triton X-100 and incubated on ice for 30 min. Samples were centrifuged
(21,100 x g, 5 min, 4 °C) and the supernatant was immediately used. 5 ul of the supernatant was

combined with 4x NUPAGE LDS sample buffer (Thermo Fisher) and loaded on gel. As molecular



weight marker, 6 pl PageRuler Plus prestained protein ladder (Thermo Fisher) with a range of
10 to 250 kDa was applied and electrophoresis was conducted at 80 V for 1-2 hin a running buffer
comprised of 25 mM Tris/HCI, 192 mM glycine, and 0.1% (w/v) SDS. Gels were washed twice in
distilled water first for 5 min and then for 1 h followed by overnight incubation at 37 °C in
zymogram buffer (50 mM Tris/HCI, 100 mM NacCl, 0.1% (v/v) Triton X-100, pH 7.5) with gentle
shaking. The gel was rinsed in distilled water, stained with 0.1% (w/v) methylene blue and
0.01% (w/v) potassium hydroxide for 5 min, and destained with gentle agitation in distilled water
until signal bands were cleared prior to documentation using the Molecular Imager Gel Doc XR+

imaging system with Image Lab V5.2 software (Bio-Rad Laboratories).

2.6.10 MOE-BDP binding assay

Approximately 5 pg of protein was incubated in 50 mM MES, 10 mM MgCl,, 0.6% (v/v) DMSO,
pH 5.5 with 2.5 mM moenomycin (20 mg/ml stock solution in DMSO) or the same amount of
DMSO in a volume of 15 pl at 30 °C for 30 min with gentle shaking at 200 rpm. MOE-BDP
(synthesized by the Menche Lab, University of Bonn, according to Hsieh et al., 2021) was added
to a final concentration of 57.6 uM to the reaction mixtures, which were incubated for another
30 min. Samples were supplemented with 5 pl of 4x NUPAGE LDS sample buffer (Thermo Fisher)
and 0.1 pl B-mercaptoethanol prior to boiling at 95 °C for 10 min. After cooling down to room
temperature, 15 pl of the mixture was resolved by SDS-PAGE (see section 2.5.1). The gel was
scanned with an Amersham Typhoon Biomolecular Imager (Cytiva) using a Cy2 525BP20 filter.

Images were analyzed using the associated ImageQuant TL V8.2.0.0. software.

2.6.11 Bocillin binding assay

Tovisualize S. aureus PBPs in membrane preparations, the method described by Zhao et al. (1999)
was adopted with changes. S. aureus MSSA1112 wildtype and the AlcpABC triple mutant were
grown in 50 ml TSB at 37 °C with shaking until an ODgoo of 0.6. The cells were harvested by
centrifugation (4,816 x g, 10 min, 4 °C) and resuspended in 1 ml of buffer A (100 mM Tris/HCI,

150 mM NaCl, pH 7.5). In a parallel approach, the wildtype strain was supplemented with either



5x MIC moenomycin (20 mg/ml stock in DMSO) or the equal amount of DMSO and incubated for
a further 30 min at 37 °C prior to adjusting the ODggo again to 0.6 and cell harvesting. 0.4 mg/ml
lysozyme, 2 pg/ml RNase A, 2 pug/ml DNase, and 0.05 mg/ml lysostaphin were added to the
resuspended pellet and the suspension was incubated for 1 h at 37 °C with agitation. Cells were
disrupted by bead beating at maximum speed (Bead Ruptor 12, Omni International, Kennesaw,
USA) 12 times for 30 sec with intermittent cooling on ice for 1 min. Glass beads were removed by
centrifugation at 12,000 x g for 10 min and the supernatant was subjected to ultracentrifugation
at 150,000 x g for 40 min at 4 °C. The pellet was resuspended in 200 ul of buffer B (100 mM
Tris/HCI, 150 mM NaCl, 20 mM MgCl,, pH 7.5) and 5 pl of the membrane preparation was
incubated for 30 min at 35 °C with 7.5 uM Bocillin FL (Thermo Fisher) in a total volume of 15 pl.
The negative control was preincubated with 20 mg/ml ampicillin for 30 min at 35 °C prior to the
addition of the fluorescently labeled B-lactam. 5 pl of 4x NUPAGE LDS sample buffer (Thermo
Fisher) and 0.15 ul B-mercaptoethanol were added to the samples before heat inactivation at
95 °C for 5 min and subsequent resolving by SDS-PAGE as described in section 2.5.1. The gel was
scanned with an Amersham Typhoon Biomolecular Imager (Cytiva) using a Cy2 525BP20 filter.

Images were analyzed using the associated ImageQuant TL V8.2.0.0. software.

2.6.12 Fluorescence anisotropy

Fluorescence anisotropy (FA) is a technique used to determine the rotational mobility of a
fluorophore that is exposed to polarized light. Due to the Brownian motion, the position of the
fluorophore changes constantly in solution and the faster the motion, the more depolarized light
is emitted. If the fluorophore is bound to a larger molecule, the tumbling becomes slower and the
amount of emission is decreased. Hence, FA can be used to study the interaction of fluorophore-
coupled molecules with proteins or other ligands (Lakowicz, 2010).

The method was adapted from Boes et al. (2020). Reactions were performed in duplicates in a
non-binding, black 384-well plate (Greiner Bio One, ref. 781900) in an Infinite 200 PRO microplate
reader with i-control V3.9.1.0 software (Tecan Group) equipped with polarization filters with
excitation and emission wavelengths of 485 and 535 nm, respectively. Serial dilutions of the

proteins (His-LCP enzymes, PBP2-His, SgtA-His, SgtB-His, and negative control His-Colicin M) were



prepared in a reaction mix (30 pl) comprised of 50 mM MES, 10 mM MgCl,, 0.5% (v/v) DMSO,
pH 5.5. MOE-BDP was added to a final concentration of 0.33 uM. For competition assays, fixed
concentrations of proteins (0.5 uM, approximately 50-80% of FA saturation) and MOE-BDP
(0.33 uM) were added to serial dilutions of moenomycin or lipid Il prepared in the respective
protein reaction buffer (30 pl final volume). Reaction mixtures were incubated for 20 min at room
temperature with gentle shaking prior to measuring FA at 20 °C. FA in millianisotropy units (mA)
was plotted against the protein concentration in uM for evaluation and normalized. Kp values
were determined by nonlinear curve fitting using GraphPad Prism V9.5.1.733 software (GraphPad

Software, La Jolla, USA).

2.6.13 Fluorescence microscopy

S. aureus Newman wildtype, Icp deletion mutant strains and AlcpA plcpA complemented strain
(50 pg/ml erythromycin for plasmid retention), as well as S. aureus SA113 and the respective tarO
deletion mutant, were grown in 20 ml of TSB at 37 °C with shaking to an ODgoo of 1.2. The cells
were diluted to ODgoo of 0.7 and 400 ul was then labeled with either 4.93 uM MOE-BDP, 0.32 uM
rhodamine B labeled ramoplanin (Sigma Aldrich), 7.5 uM Bocillin FL (Thermo Fisher) ora 1:1 (w/w)
mixture of vancomycin and fluorescein-labeled vancomycin at a final concentration of 1 pg/ml
and incubated for a further 10 min at 37 °C together with a non-treated control sample. Cells
were pelleted at 12,300 x g for 2 min and washed thrice in 400 ul of PBS prior to resuspension in
20 pl. Samples were applied on microscope slides coated with 1% (w/v) agarose and examined by
fluorescence microscopy using an Axio Observer Z1 microscope equipped withan HXP 120 Clamp,
Axio Cam MRm camera, aPlan-APOCHROMAT 100x/1.46 oil immersion objective and filter set 38
(Carl Zeiss, Oberkochen, Germany). Image acquisition, processing, and analysis were performed
with ZEN blue V3.6.095.03000 software (Carl Zeiss) and ImageJ V1.53k software. To determine
the fluorescent ratio (FR), the fluorescence intensity at the septum was divided by the average
fluorescence intensity at the cell poles after deduction of the average background fluorescence
(Figure 14) (Atilano et al., 2010). Each 50 cells of three independent experiments were used for

calculations.



To investigate the localization of green fluorescent protein (GFP)-labeled LCP enzymes or PBP2
and yellow fluorescent protein (YFP)-labeled PBP4 in S. aureus RN4220, cells harboring the
plasmid pCQ11-gfp-IcpA, pCQl1-gfp-lcpB, pCQl1l-gfp-IcpC, pCQLl1l-gfp-pbp2, and pCQll-pbp4-
yfp, respectively, were grown in 20 ml of TSB supplemented with 50 pg/ml erythromycin and
100 uM IPTG to an ODego of 1.2. After diluting to an ODggp of 0.7, a 400 ul suspension was treated
with 10x MIC of either moenomycin, vancomycin, teixobactin, ramoplanin or ampicillin (Table 8)
and incubated with a non-treated control for a further 10 min at 37 °C. Cells were harvested and
washed twice in 400 ul of PBS before resuspension in 20 pl. Fluorescence microscopy was
performed as described above.

To visualize the cellular localization of MOE-BDP in S. aureus MSSA1112 wildtype and the AlcpA
mutant, cells were grown in 20 ml of TSB at 37 °C with shaking to an ODego of 1.2. After diluting
to an ODggo of 0.7, 400 ul of the cell suspension was labeled with 4.93 uM MOE-BDP and incubated
further for 10 min. Cells were pelleted, washed thrice in 400 pl PBS, and finally resuspended in
20 pl of the same buffer. Samples were transferred on a microscopy slide coated with 1% (w/v)
agarose for microscopy using an Axio Observer Z1 microscope (equipped with X-Cite Xylis LED
Lamp, Teledyne Photometrics Prime BSI express camera, aPlan-APOCHROMAT 100x/1.46 oil
immersion objective, filter set 38) and associated ZEN blue V3.6.095.03000 software (Carl Zeiss).
Analysis using convolved average projections (CAPs) was conducted by Jan-Samuel Puls from the

Institute of Pharmaceutical Microbiology at the University of Bonn (Puls et al., 2023).
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Figure 14: Determination of the fluorescent ratio (FR). After subtracting the average background fluorescence, the
fluorescence at the septum (S) was quantified and divided by the average fluorescence measured at the lateral
membrane (L). An FR value higher than 2 implies the accumulation of the labeled protein/antibiotic at the cell division
septum.



2.7 Peptidoglycan and cytoplasmic membrane analysis methods

2.7.1 Isolation of cell wall from S. aureus

The protocol for the isolation of S. pneumoniae cell wall (Bui et al., 2012) was modified by the
Vollmer group (Newcastle University, UK) to isolate cell wall from S. aureus (Sutton et al., 2022).
Overnight pre-cultures of S. aureus MSSA1112 wildtype or AlcpABC were diluted 1:100 into2 x 2 |
TSB and grown at 37 °C with shaking to an ODego of 1.2. The cultures were immediately cooled
down onice for 15 min. For a different experiment, an overnight pre-culture of S. aureus Newman
was diluted 1:100 into 2 x 2 | TSB and grown at 37 °C with shaking to an ODeoo of 1.2. Moenomycin
(20 mg/ml solution in DMSO) was added to one flask to reach a final concentration of
0.3125 pg/ml (5x MIC). In parallel, the same amount of DMSO was added to the second flask.
After another 30 min incubation, the cultures were immediately cooled down on ice for 15 min.
For all experiments, the cells were pelleted by centrifugation at 6,800 x g for 20 min and
resuspended in 80 ml of ice-cold 50 mM Tris/HCl pH 7.0. The suspension was added drop-wise to
240 ml of boiling 5% (w/v) SDS solution while stirring on a magnetic stir plate. After additional
15 min, the samples were cooled down to room temperature and stored at -20 °C.

The lysates were reheated at 80 °C for 30 min and centrifuged at room temperature for 30 min at
12,000 x g, until the supernatant was clear. The pellet was washed twice in 20 ml 1 M NaCl and
then several times in 20 ml H,0 to get rid of SDS. The successful removal of SDS was confirmed
by the Hayashi test as described in section 2.7.2. Finally, the pellet was resuspended in 6 ml H,O
and transferred into a 2 ml-screwcap-tube filled to 1/3 with glass beads. Cells were disrupted by
bead beating at maximum speed (Bead Ruptor 12, Omni International, Kennesaw, USA) 12 times
for 30 sec with intermittent cooling on ice for 1 min. Glass beads were removed and washed with
10 ml H,0. The sample was centrifuged for 5 min at 2,000 x g and the pellet was washed with
30 ml H,0. Each supernatant was combined and centrifuged at room temperature for 30 min at
25,000 x g. Afterwards, the pellet was resuspended in 10 ml 100 mM Tris/HCIl, 20 mM MgSOQ,,
pH 7.5. 10 pug/ml DNase | (bovine pancreas, PanReac AppliChem) and 50 pg/ml RNase A (bovine
pancreas, Sigma Aldrich) were added and the reaction proceeded for 2 h while stirring at 37 °C.

10 mM CaCl; and 100 pg/ml trypsin (porcine pancreas) were added for another 18 h at 37 °C. The



SDS concentration was adjusted to final 1% (w/v) and the total volume was increased to 20 ml
with distilled water. After incubation at 80 °C for 15 min, the samples were centrifuged for 30 min
at 25,000 x g at 25 °C. The pellet was resuspended in 10 ml 8 M LiCl, incubated at 37 °C for 15 min,
and centrifuged again. Then the pellet was washed in 10 ml 100 mM EDTA pH 7.0 and centrifuged
as described above after another incubation at 37 °C for 15 min. Following two washing steps
with 20-30 ml distilled water, the pellets were resuspended in 1 ml distilled water, frozen at -70 °C
in a glass vial, and finally lyophilized (Alpha 1-2 LDplus, Martin Christ Gefriertrocknungsanlagen).

Samples were stored long-term at -20 °C.

2.7.2 Sodium dodecyl sulphate test by Hyashi

Samples were tested for the presence of SDS by using the Hayashi test as previously described
(Hayashi, 1975). 25 pl of 0.7 M sodium phosphate, 1 pl of 0.5% (w/v) methylene blue, and 150 pl
of chloroform were mixed with a sample volume of 50 ul by vortexing. SDS forms a water-
insoluble complex with methylene blue, which is extracted by chloroform. If the organic phase

shows no discoloration, the tested sample is free of SDS.

2.7.3 lIsolation, digestion and analysis of peptidoglycan from S. aureus

To obtain murein from the purified cell wall, anionic glycopolymers were removed by
HF-treatment performed by Dr. Daniela Vollmer (Newcastle University, UK) (Bui et al., 2012). For
that purpose, the total amount of isolated cell wall of each sample was separated in 5 mg
portions, which were then each dissolved in 2.7 ml ice-cold HF and stirred closed with parafilm at
4 °Cfor 48 h. After centrifugation at 4 °C for 45 min at 200,000 x g, the supernatant was discarded
and the pellet was washed twice with ice-cold H,0, once with ice-cold 100 mM Tris/HCl pH 7.0,
and finally twice with H,O. The pellet was resuspended in 500 pl of ice-cold H,O containing
0.05% (v/v) NaNsand stored at 4 °C.

To obtain muropeptides from the purified PG for analysis, 180 ul of the well mixed preparation

was stirred with 20 mM NaPQ4, 0.00025% (v/v) NaNs, and 10 pg mutanolysin, pH 4.8 at 37 °C



overnight. The reaction was refreshed with another 10 ug mutanolysin and incubated at the same
conditions for another 24 h. The digestion was boiled at 100 °C for 10 min and centrifuged after
cooling down to room temperature at 13,000 x g for 15 min. The supernatant was stored long-
time at -20 °C.

The further procedures including HPLC analysis and evaluation were performed by Dr. Jacob Biboy
(Newcastle University, UK) according to de Jonge et al. (1992). 50-100 pl of distilled water along
with 0.5 M sodium borate pH 9.0 in a ratio of 1:1 (v/v) and a spatula tip of solid sodium
borohydride were added to the samples. After incubating for 30 min at room temperature with
centrifugation at 2,000 x g and ventilation, the pH was adjusted between pH 3.5and 4.5 by adding
20% (v/v) phosphoric acid. Samples were used directly for HPLC or stored long-term at -20 °C.
The muropeptides were separated by RP-HPLC using a Prontosil (Bischoff, Leonberg, Germany)
column (3 um, particle size, 250 x 4.6 mm, 120 A pore size) and a linear gradient from 0% to
30% (v/v) methanol in 10 mM NaOH pH 6.0 supplemented with 0.00025% (v/v) NaNs at a flow
rate of 0.5 ml/min. 30 pl of each sample was mixed with 190 pl of buffer A (10 mM NaOH,
0.00025% (v/v) NaNs, pH 6.0) and 200 pl was subjected to HPLC analysis (Figure 15). Profiles were

quantified with Laura software (LabLogic Systems, Koblenz, Germany).
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Figure 15: Example muropeptide profile of S. aureus. The absorbance at 205 nm is plotted against the time.
Muropeptides were separated on a Prontosil column (3 pm, particle size, 250 x 4.6 mm, 120 A pore size). The
numbers indicate commonly found peaks (de Jonge et al., 1992) representing monomers (peak 1) and oligomers
(dimers peak Il, trimers peak I, tetramers peak IV, pentamers peak V).



2.7.4 Quantification of peptidoglycan

If not stated otherwise, the quantification of PG was performed by determining the
N-acetylglucosamine (GIcNAc) concentration according to Arenas et al. (2022). Test samples and
standard were assayed in duplicates. Briefly, PG was dissolved in water and a sample of 80 ul was
mixed with an equal amount of working solution (15% (w/v) CuSO4 diluted 1:25 in 0.236 mM
Na,COs, 88.58 mM potassium sodium tartrate tetrahydrate, 0.238 mM NaHCOs3;, and 1.41 M
Na,S04) prior to boiling at 95 °C for 20 min. In parallel, a sugar standard comprising GlcNAc
solutions with a linear range of 0 mM to 12.5 mM was processed. After cooling down to room
temperature, 320 pl of 1:4 diluted Folin-Ciocalteu phenol reagent (Merck) in 0.5 N HCl was added
and vortex mixed. Subsequently, 320 ul of water was added to the samples and the absorbance
at 660 nm was measured using a Spark 10M microplate reader with SparkControl V3.1 SP1
software (Tecan Group). To create a standard curve, the absorbance determined at 660 nm was
plotted against the concentration of GlcNAc (Figure 16). Since purified PG contains both GlcNAc
and N-acetylmuramic acid (MurNAc) and this method cannot differentiate between the type of

reducing sugar, the calculated sample concentration must be divided by 2.
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Figure 16: Example standard curve for N-acetylglucosamine (GIcNAc). The absorbance at 660 nm is plotted against
the concentration of GlcNAc.



2.7.5 Extraction of wall teichoic acids

This protocol was adapted from a previously published method (Sobhanifar et al., 2015) with
minor changes. S. aureus Newman cells were grown in 50 ml TSB at 37 °C with shaking until an
ODeoo of 1.2. Bacterial cultures were supplemented with either 5x MIC moenomycin (20 mg/ml
stock in DMSQ) or the equal amount of DMSO and incubated for a further 30 min at 37 °C. Purified
WTAs were desalted using Zeba Spin desalting columns (0.5 ml, 7 kDa MWCO, Thermo Fisher),
frozen to -70 °C, and lyophilized (Alpha 1-2 LDplus, Martin Christ Gefriertrocknungsanlagen) for
long-term storage at -20 °C. Samples were dissolved in 100 pl water and quantification was

performed by phosphate determination (see section 2.6.7).

2.7.6 Purification and HPLC analysis of membrane lipids

The previously described protocols for extraction of membrane lipids from E. coli (Kato et al.,
1999, Barreteau et al., 2009) were adapted with modifications. S. aureus Newman wildtype and
the AlcpA knockout mutant were grown in 50 ml TSB at 37 °C with shaking to an ODggo of 1.2 prior
to the addition of 5x MIC moenomycin (20 mg/ml stock in DMSO) or the equal amount of DMSO
and further incubation for 30 min. Cells were harvested by centrifugation (12,300 x g, 5 min, 4°C)
and washed in ice-cold 0.9% (w/v) NaCl solution. Pellet was resuspended in 500 pl methanol and
250 ul 60% (w/v) potassium hydroxide prior to boiling for 1 h at 65 °C. Samples were then cooled
on ice for 5 min and mixed with 200 pl glacial acetic acid, 300 ul phosphate-buffered saline (PBS,
pH 7.4), and 700 pl chloroform. After thorough vortex mixing and centrifugation at 12,300 x g for
3 min, the organic layer was collected and washed with an equal volume of distilled water. The
chloroform layer was transferred into new tube and dried in vacuo. Membrane lipids were
resuspended in 100 pl of buffer A (3:1:1 (v/v) water/ methanol/ isopropanol supplemented with
10 mM phosphoric acid) and 80 pl was separated on a reversed-phase column (MultoHigh-Bio-
300-C4 5 uM, 125 x 4 mm, CS-Chromatographie, Langerwehe, Germany) using an Agilent 1260
Infinity 1l LC system operating OpenlLab CDS V2.6 software (Agilent Technologies, Santa Clara,
USA). HPLC was performed with a column temperature of 30 °C at a flow rate of 0.5 ml/min using

an isocratic elution with buffer A for 3 min, followed by a linear 32-min gradient from 100%



buffer A to 100% buffer B (0.5:1:1 (v/v) water/ methanol/ isopropanol supplemented with 10 mM
phosphoric acid) and an isocratic elution with 100% buffer B for 5 min. Within 2 min, the
concentration of buffer A was linearly increased to 100% and run for a further 8 min. Membrane

lipids were monitored at 205 nm (Figure 17) (Sidders et al., 2023).
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Figure 17: Example HPLC chromatogram of S. aureus membrane lipids. The absorbance at 205 nm is plotted against
the time. Membrane lipids were separated on a MultoHigh-Bio-300-C4 column (5 uM, 125 x 4 mm).



3. Results

Chapter 1: S. aureus LCP enzymes are targeted by moenomycin

The LCP enzyme family has been demonstrated to attach WTAs to PG in S. aureus (Chan et al.,
2013, Schaefer et al., 2017). Although these anionic glycopolymers are not essential for cell
survival, the depletion of WTAs was shown to sensitize MRSA strains to B-lactams (Wang et al.,
2013) and thus providing options for combinatorial treatment of MRSA infections. While
evaluating the role of LCP enzymes for capsule biosynthesis by Rausch et al. (2019), our group
discovered an inhibitory effect of the phosphoglycolipid antibiotic moenomycin on the hydrolytic
activity of S. aureus LcpA. This observation required to reinvestigate the mode of action of

moenomycin and its possible off-target effect on LCP enzymes.

3.1.1 Moenomycin inhibits the hydrolytic activity of LcpA

To be able to attach anionic glycopolymers to PG, LCP proteins must cleave the ultimate lipid-
linked WTA precursor at the outer leaflet of the cytoplasmic membrane. Since WTAs and CPs are
coupled via a phosphodiester bond to the Cs hydroxyl of the PG MurNAc residue (Kojima et al.,
1985, Kawai et al., 2011, Rausch et al., 2019), it is reasonable to assume that LCP enzymes catalyze
the hydrolysis of the phosphodiester bond (Figure 18A) to release the carrier lipid Css-P, an
essential and limited molecule in PG and cell surface glycopolymer biosynthetic pathways (Manat
etal., 2014).

To investigate the catalytic properties of full-length S. aureus LcpA, the purified enzyme was
assayed in vitro with the first lipid-linked WTA precursor, lipid lllwta, which had been enzymatically
synthesized and radioactively labeled using [**C]-GIcNAc as substrate (Figure 18A). After the
extraction with BuOH/PyrAc, the reaction products were separated by TLC and analyzed by
autoradiography. If LcpA hydrolyzes [*C]-lipid Illwta, the hydrophilic, radioactively labeled
cleavage product phospho-[*C]-GIcNAc should be retained in the aqueous phase that is not
applied on the TLC. Thus, the catalytic activity of LcpA can be calculated from the reduction in
signal intensity. Indeed, LcpA was shown to hydrolyze [*4C]-lipid lllwta and this reaction could be

inhibited by addition of the antibiotic moenomycin (Figure 18B & C).
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Figure 18: The LcpA-catalyzed hydrolysis of [*C]-lipid lllwra in vitro is inhibited by moenomycin. (A) Possible cleavage
site of LcpA within enzymatically synthesized [**C]-lipid Illwma. (B) Hexahistidine-tagged LcpA was assayed with
[*4C]-lipid lllwra in the presence or absence of moenomycin. After extraction with BuOH/PyrAc, the samples were
separated by TLC and imaged by autoradiography. Hydrolysis was displayed by reduction of the [**C]-lipid Illwma
substrate band. In the negative control indicated by brackets, the enzyme was inactivated by organic solvents and
added after the incubation period. The addition of moenomycin (MOE) inhibited the in vitro hydrolysis of
[*4C]-lipid lllwma by LcpA. (C) The intensity of the [*C]-lipid lllwm signals on TLC was calculated using Image) V1.53k
software. Values are presented as the mean + SD (error bars) of three independent experiments. **P <0.01 (unpaired
t-test, GraphPad Prism V9.5.1.733).

Another enzymatic property of LcpA was discovered while assaying the attachment of WTA
precursors to lipid Il. With the ultimate PG precursor, the corresponding signal was weaker on TLC
and a new band at the level of Css-P was seen (Figure 19B). This result indicated that LcpA was
also able to hydrolyze lipid Il in vitro (Figure 19A). When LcpA was assayed with lipid Il in the

presence of moenomycin, the intensity of the lipid ll-corresponding band was not diminished,



indicating that the hydrolysis of the PG precursor was inhibited by the antibiotic (Figure 19B & C).
In contrast to LcpA, purified LcpB and LcpC did not hydrolyze lipid 1l in vitro (Figure 20). Of note,
the hydrolytic activity of LcpA prevented the reconstitution of a direct WTA attachment reaction

in vitro involving lipid Illwta as a donor substrate and lipid Il as an acceptor substrate.
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Figure 19: S. aureus LcpA hydrolyzes lipid 1l in vitro and is inhibited by moenomycin. (A) Possible cleavage site of
LcpA within lipid 1. (B) Purified lipid Il was incubated with hexahistidine-tagged LcpA and, if stated, moenomycin.
Following extraction with BuOH/PyrAc, samples were separated by TLC and developed using Hanessian's stain.
Hydrolysis was displayed by reduction of the lipid Il substrate band. In the negative control indicated by brackets, the
enzyme was inactivated by organic solvents and added after the incubation period. The addition of moenomycin
(MOE) inhibited the in vitro hydrolysis of lipid Il by LcpA. (C) The intensity of the lipid Il signals on TLC was calculated
using Imagel) V1.53k software. Values are presented as the mean + SD (error bars) of three independent experiments.
**P < 0.01 (unpaired t-test, GraphPad Prism V9.5.1.733).
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Figure 20: LcpA is the only lipid ll-hydrolyzing LCP enzyme in S. aureus. Purified lipid Il was incubated with
hexahistidine-tagged LCP enzymes from S. aureus. Following extraction with BUOH/PyrAc, samples were separated
by TLC and developed using Hanessian's stain. Hydrolysis was displayed by reduction of the lipid Il substrate band. In
the negative controls indicated by brackets, the enzyme was inactivated by organic solvents and added after the
incubation period. TLC is representative for three independent experiments.

As the uncontrolled hydrolysis of lipid Il would be fatal for the bacterial cell, the observed
hydrolysis likely represents an in vitro artefact. To investigate this, the cellular lipid Il content of
S. aureus Newman wildtype and the corresponding AlcpA mutant was compared. To this end, the
membrane lipids were isolated and separated by HPLC (Figure 21). The analysis of the lipid Il peak
area (retention time of 29.5 min as identified with a lipid Il standard, data not shown) revealed
that the AlcpA single mutant synthesized de facto less of the PG precursor (0.1378 nmol per 30 ml
culture at ODggo 1.2) (Figure 22) than the wildtype strain (0.1627 nmol), suggesting that the
property of LcpA to hydrolyze lipid Il does not occur in vivo or is prevented by other mechanisms
within the cell. Noticeably, the membrane lipid profile of the AlcpA mutant differed from the
parental strain by smaller peaks with a retention time of 8.5 min (peak 1) and 11.5 min (peak 2),
respectively (Figure 21). With moenomycin, these peaks distinctly accumulate in addition to a
third peak with 17 min retention time (peak 3). However, the identity of the corresponding lipids

is not known and a topic for future research.
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1 1.96+0.17 1.99+0.11 1.84+0.12 2.01+0.54
2 0.74+0.01 0.75+0.08 0.48+0.04 1.12+0.08
3 1.14+0.19 1.03+0.13 1.26+0.40 1.63+0.10
Lipid Il 0.33+0.05 0.34+0.05 0.27+0.02 0.28+0.01

Figure 21: HPLC separation of membrane lipids from S. aureus Newman wildtype and the AlcpA mutant. (A) Cells
were grown until ODggo of 1.2 and treated with DMSO/5x MIC moenomycin (MOE) before lipid purification. HPLC
analysis was performed on a MultoHigh-Bio-300-C4 column (5 uM, 125 x 4 mm) using a linear 32-min gradient from
100% buffer A (3:1:1 (v/v) water/methanol/isopropanol supplemented with 10 mM phosphoric acid) to 100% buffer
B (0.5:1:1 (v/v) water/methanol/isopropanol supplemented with 10 mM phosphoric acid) at 30 °C and a flow rate of
0.5 ml/min. The peak corresponding to lipid Il with a retention time of 29.5 min is indicated. The numbers 1 to 3
highlight noticeable peaks whose corresponding lipid structure is not known. (B) Percentage of total peak areas of
noticeable peaks as highlighted in the chromatograms. Values are presented as the mean + SD of three independent
experiments.
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Figure 22: Amount of the PG precursor lipid Il as determined by HPLC for S. aureus Newman wildtype and the AlcpA
mutant per 30 ml cell culture at ODgo 1.2. Although not significant (ns, P > 0.05, unpaired t-test, GraphPad Prism
V9.5.1.733), the wildtype showed a higher amount of lipid Il than found in the AlcpA single mutant for the untreated
as well as the moenomycin-treated samples. Values are presented as the mean + SD (error bars) of three independent
experiments.

3.1.2 Lcpsingle and double mutants are less susceptible to moenomycin

To investigate the impact of LCP proteins on the growth of S. aureus MSSA1112 and Newman in
the presence of moenomycin, the MICs against the wildtype and corresponding Icp-deleted strains
were determined and compared to other cell wall targeting antibiotics (Table 2). Moenomycin
showed potent antimicrobial activities with MICs ranging from 0.0625 to 0.25 pg/ml among the
tested strains. In line with the hypothesis that LCP enzymes may represent off-targets, the
differences between the mutants and their respective parental strain were only moderate. In
comparison, the susceptibilities of S. aureus SA113 AtarO, which is like the MSSA1112 AlcpABC
triple mutant devoid of WTAs but affected earlier in the WTA biosynthesis pathway, and SA113
AatlA, a mutant not expressing the major autolysin Atl of S. aureus (Oshida et al., 1995), were
almost unaffected. The latter was considered in this context since WTA-depleted S. aureus cells
are more prone to detergent-induced autolysis (Zoll et al., 2012), suggesting a possible connection

between Atl and the activity of LCP proteins.



Table 2: MIC values of S. aureus MSSA1112, Newman, and SA113 strains for moenomycin and other cell wall
targeting antibiotics. n.d.: not determined. The table shows representative data of three or more independent
experiments.

Strain MIC (ug/mi)
Moenomycin  Vancomycin  Teixobactin Ramoplanin  Ampicillin  Cefoxitin  Oxacillin  Tunicamycin Targocil

MSSA1112 wildtype 0.125 4 1 2 4 4 1 128 2
MSSA1112 AlepA 0.25 4 1 2 4 2 1 128 2
MSSA1112 AlepB 0.125 4 1 2 4 2 1 128 2
MSSA1112 AlepC 0.125 4 1 2 4 4 1 64 2
MSSA1112 AlecpABC 0.0625 4 1 1 1 2 1 16 >16
MSSA1112 AlcpAB 0.25 4 0.5 1 4 2 1 128 2
MSSA1112 AlepAC 0.25 4 1 2 4 4 1 128 2
MSSA1112 AlepBC 0.25 2 1 1 4 4 1 128 2
Newman wildtype 0.0625 2 1 2 0.5 2 0.25 n.d. n.d.
Newman AlcpA 0.125 2 1 1 1 2 0.25 n.d. n.d.
Newman AlcpB 0.125 2 1 1 1 4 0.125 n.d. n.d.
Newman AlepC 0.25 2 1 1 1 4 0.125 n.d. n.d.
Newman AlepBC 0.25 2 1 1 1 2 0.125 n.d. n.d.
SA113 wildtype 0.125 2 1 2 0.25 2 0.25 32 2
SA113 AtarO 0.0625 2 1 1 0.5 4 0.25 32 >16
SA113 AatlA 0.125 2 1 0.5 05 1 0.25 16 2

The antibiotic susceptibility profiles for a panel of cell wall-targeting antibiotics were determined
to reveal further resistance tendencies in LCP-deficient and related strains. As seen for
moenomycin, there were no significant differences in the MICs of the tested compounds among
the strains. An exception represents the MSSA1112 AlcpABC triple mutant, which was more
sensitive to ampicillin (1 pg/ml) than the wildtype (4 pug/ml) but resistant to targocil (MIC >16
ug/ml), an antibiotic targeting the WTA biogenesis by inhibiting the flippase TarGH (Campbell et
al., 2012). A similar MIC for targocil was obtained against S. aureus SA113 AtarO. Furthermore,
the triple mutant was more susceptible to tunicamycin compared to the parental strain (16 pg/ml
and 128 pug/ml, respectively). In S. aureus, the fatty acyl nucleoside antibiotic inhibits TarO, the
initial glycosyltransferase of the WTA biosynthesis pathway, and, at higher concentrations,
additionally the phospho-N-acetylmuramoyl-pentapeptide-transferase of PG biosynthesis, MraY¥
(Campbell et al., 2011).

Next, the growth of strains in the presence of moenomycin was followed (Figure 23). The S. aureus
Newman [cp single mutant strains were significantly less susceptible to increasing concentrations
of moenomycin compared to the wildtype strain, indicating that LCP enzymes may indeed present

off-targets for moenomycin.
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Figure 23: The effect of moenomycin on the growth of S. aureus Newman Icp mutant strains. Cells were cultured in

MH medium with indicated moenomycin concentrations while the growth was monitored using the optical density
at 600 nm. Growth curves are representative of three or more independent experiments.
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Figure 24: Spot dilution assays comparing the susceptibilities of MSSA1112 wildtype and /cp mutant strains to
moenomycin. Strains were grown to an ODggp of 1.0 were serially diluted and spotted on TSA containing 15.625 ng/ml
moenomycin. Numbers indicate the dilution factor. Representative result of three independent experiments.



A spot dilution assay was performed with S. aureus MSSA1112 and the respective Icp deletion
mutants (Figure 24) to exclude that the decreased susceptibility of /cp single mutants to
moenomycin, as indicated in the growth curves of S. aureus Newman (Figure 23), is strain-specific.
The wildtype strain grew slightly weaker compared to the single /cp mutant strains and the triple
mutant showed a reduced growth. Remarkably, also the colony phenotype differed substantially
from the other strains. While the pigmentation of the wildtype and single mutants was golden on
TSA, the colonies of the AlcpABC triple mutant were white as also seen in the absence of
moenomycin (data not shown). Moreover, the colonies of the LCP-deficient strain had a

significantly reduced diameter.

3.1.3 Moenomycin-induced killing is time-delayed in S. aureus cells

Next, the moenomycin-induced killing of S. aureus MSSA1112 wildtype was followed over time to
examine the bactericidal effect (Figure 25). When exposed to moenomycin, the strain showed an
initial increase in the viable counts within the first 2 h, indicating that the antibiotic did not cause
an immediate loss in viability, but the viable counts declined in the following hours. The exposure
to moenomycin also reduced the colony size (data not shown). Overall, this experiment revealed

a surprising delay in the bactericidal effect of moenomycin on the S. aureus strain MSSA1112.
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Figure 25: Moenomycin shows a delayed bactericidal effect against S. aureus MSSA1112. Cells were grown in MH
medium until exponential phase (ODgo 0.5) and exposed to 1x MIC of moenomycin (MOE) or the equal amount of
DMSO used. At different time points, cells were serially diluted and plated on MHA plates. Time-dependent killing
was assessed by determining the colony forming units (CFU) per milliliter. Values are presented as the mean + SD
(error bars) of two independent experiments.



3.1.4 LCP enzymes directly interact with moenomycin

To further investigate the interaction of moenomycin with LCP proteins and to understand the
mechanism of enzyme inhibition, different techniques were used to conduct affinity
measurements. For that purpose, a moenomycin version carrying the commonly used fluorophore
boron-dipyrromethene (BODIPY) on the A-ring was synthesized by the Menche Lab (University of
Bonn) (Hsieh et al., 2001). Since crystal structures of S. aureus PBP2 in complex with moenomycin
revealed that the A-ring does not directly interact with the glycosyltransferase domain of PBP2
(Lovering et al., 2007, Yuan et al., 2008), the fluorophore was not expected to affect binding to
the cellular target. However, the specific interaction site of moenomycin in LCP enzymes is not
known yet. Efforts to obtain high-resolution crystal structures of the complex are ongoing at the
time this thesis is written.

In a binding assay, BODIPY-labeled moenomycin (MOE-BDP) was incubated with purified LCP
enzymes and PG glycosyltransferases prior to the separation by SDS-PAGE and detection by
fluorimaging (Figure 26). As a negative control, the proteins were preincubated with unlabeled
moenomycin before the application of the labeled compound. For all purified LCP proteins from
S. aureus, including variants lacking the transmembrane domain, a signal located right above the
respective protein band was observed (Figure 26B). Since MOE-BDP is a molecule of
approximately 2287 Da and the additional band was not detected in negative control samples, it
can be assumed that LCP proteins and the fluorescently labeled antibiotic formed a stable
complex. In line with the results of previous publications demonstrating the binding of
moenomycin to PG glycosyltransferases (Lovering et al., 2007, Yuan et al., 2008, Heaslet et al.,
2009), S. aureus PBP2 and the monofunctional glycosyltransferases SgtA and SgtB were used as
control samples, for which a signal was also detectable (Figure 26A) (see supplementary Figure 58
for activity test of SgtA and SgtB). In the case of PBP2, the intensity was considerably weaker and
appeared slightly below the respective protein band. This result was confirmed in independent
experiments. For SgtA, a second signal became visible right above the band of the proposed dimer
structure. In contrast, no signal was present in a negative control with S. aureus PBP4 that does
not possess a glycosyltransferase domain, suggesting that the assay reliably reports the specific

binding of moenomycin to glycosyltransferases.



Moenomycin
Moenomycin-BODIPY

Coomassie

35

Coomassie +Cy2 25

B LcpA LcpAsion LepB  LepBsnon  LepC LepCanon
MW -+ - 4+ - + - 4 - + - +  Moenomycin
(kDa) o+ o+ + 4+ 4+ + + 4+ + 4+ 4 Moenomycin-BODIPY
70{ww

Coomassie

Coomassie + Cy2 25

Figure 26: LCP enzymes interact with MOE-BDP in a direct binding assay regardless of their transmembrane domain.
Hexahistidine-tagged LCP proteins were purified and incubated in the presence of moenomycin-BODIPY (MOE-BDP)
prior to separation by SDS-PAGE. If indicated, samples were pre-incubated with moenomycin before addition of
MOE-BDP to occupy the possible binding site. Gels were scanned using a Cy2 filter and stained with coomassie G-250-
based PageBlue protein staining solution (Thermo Fisher). LcpAshort, LCPBshort, and LcpCehort: hexahistidine-tagged LCP
proteins without transmembrane domain. Arrows indicate the respective protein band. Representative results of
three independent experiments.



To confirm the results obtained in the binding assay and to further characterize the interaction
between LCP proteins and moenomycin, fluorescence anisotropy (FA) measurements were
conducted. Prior to the binding studies, the ideal probe concentration and protein conditions
were determined (see supplementary Figure 59 for protein purity). MOE-BDP served as the
fluorescent probe and was used in a fixed concentration of 0.33 puM. The results are shown in
Figure 27 with the FA signal plotted against the respective protein concentration. S. aureus PBP2
and the monofunctional glycosyltransferases SgtA and SgtB showed a high affinity for MOE-BDP,
because the FA signal reached saturation at low protein concentrations. The Kp values were
calculated to be lower than 0.1 uM (Table 3). For LcpA, LcpB, and LcpC, binding of the fluorescent
probe could be detected with weaker affinities. The Kp values were 0.30 * 0.06 uM,
0.63+£0.08 uM, and 0.57 £ 0.15 uM, respectively. No effect on the fluorescent probe could be
detected for the negative control colicin M.

To verify the specific binding of fluorescently labeled moenomycin, the probe was challenged by
increasing concentrations of unlabeled moenomycin. For these experiments, a fixed protein
concentration of 0.5 uM correlating with approximately 50-80% of the FA saturation and 0.33 uM
of MOE-BDP were used. The FA signal declined with all three LCP enzymes, PBP2, SgtA, and SgtB,
indicating that unlabeled moenomycin replaces the fluorescent probe in the binding site of the
respective proteins (Figure 28A). In an additional competition assay, LcpA and fluorescently
labeled moenomycin were mixed with the PG precursor lipid Il. In the experiments described
above (see section 3.1.1), LcpA was shown to hydrolyze lipid Il in vitro. The FA signal decreased
with increasing concentrations of lipid Il, suggesting that moenomycin and lipid Il occupy the same

binding site within LcpA (Figure 28B).
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Figure 27: FA measurements on S. aureus LCP proteins and PG glycosyltransferases using MOE-BDP. The FA (in mA
units) is plotted against the protein concentration. Experiments were performed in triplicates and error bars indicate
the mean + SD. The results suggest a direct binding of MOE-BDP (0.33 uM) to LCP enzymes and glycosyltransferases,
while no binding was detectable for colicin M.
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Figure 28: Competitive binding assay of S. aureus LCP proteins and PG glycosyltransferases. The FA (in mA units) is
plotted against the concentration of unlabeled compound. 0.5 uM protein (approximately 50-80% of FA saturation)
was incubated with 0.33 uM MOE-BDP and increasing concentrations of unlabeled compound. Experiments were
performed in triplicates and error bars depict the mean + SD. Moenomycin and lipid || competitively displaced the
MOE-BDP probe from LCP enzymes and PG glycosyltransferases.



Table 3: Binding affinities of S. aureus LCP enzymes and PG glycosyltransferases for MOE-BDP determined in FA
assays. The Kp value is the dissociation constant representing the equilibrium between the enzyme-MOE-BDP
complex and the separated constituents. The Kp values are presented as the mean % SD of three independent
experiments performed in duplicates.

Protein (&O‘E::S;)
LcpA 0.30+0.06 uM
LcpB 0.63+0.08 uM
LepC 0.57+0.15uM
PBP2 0.10+0.02 uM
SgtA 0.08 +0.04 uMm
SgtB 0.08 +0.03 uM

3.1.5 The combination of moenomycin and other cell wall-active antibiotics shows synergistic
antibacterial activity against MSSA1112 wildtype but not the LCP-deficient strain

To further understand the functional properties of LCP enzymes, checkerboard assays of
moenomycin in combination with antibiotics targeting the PG or WTA biosynthesis were
conducted with S. aureus MSSA1112 wildtype (Figure 29), the respective AlcpABC triple mutant
(Figure 30), and the SA113 AtarO strain (Figure 31). In all cases, the glycopeptide vancomycin did
not shift the MIC for moenomycin, which was differing from the result obtained for the MRSA
strain USA300 (supplementary Figure 60 and Table 9). The FIC values were 0.563,0.531, and 0.75,
respectively (Table 4). However, the combination with the B-lactams oxacillin or cefoxitin
increased the susceptibility of the MSSA1112 wildtype (FIC values 0.375 and 0.188, respectively)
and the TarO-deprived SA113 strain (0.313 and 0.375) to moenomycin but not of the AlcpABC
triple mutant. For the latter strain, the FIC indexes of 0.75 for both compounds were distinctly
higher than the critical value of 0.5. Moreover, the antibiotics tunicamycin and targocil, which are
known to affect the WTA biogenesis, sensitized MSSA1112 wildtype to the phosphoglycolipid (FIC
values 0.266 and 0.281), whereas the susceptibility remained unaffected for the AlcpABC triple
mutant (FIC values both 0.5) and the AtarO null strain (0.531 and 1.0, respectively). The finding,

that the combination of moenomycin and B-lactams are not synergistic in the WTA-depleted



AlcpABC triple mutant but in the wildtype and the tarO-deprived strain, supports the hypothesis

that moenomycin affects the attachment activity of LCP enzymes.

Table 4: Checkerboard assay results of moenomycin in combination with cell wall-active antibiotics against
S. aureus MSSA1112 wildtype and AlcpABC, as well as SA113 AtarO. A fractional inhibitory concentration (FIC)
of <0.5 indicates synergism while a value of 0.5-4 suggests an unremarkable additive effect or no increase in inhibitory
activity when the two compounds are combined (Lorian, 2005). In the MSSA1112 wildtype strain, moenomycin acted
synergistically in combination with all antibiotics tested except vancomycin, whereas the MIC of moenomycin against
the LCP-deficient strain was not altered by any of the tested compounds. In the SA113 AtarO null mutant, the
combination of the B-lactams oxacillin or cefoxitin with moenomycin revealed a synergistic effect, while the antibiotics
vancomycin, tunicamycin, and targocil did not alter the MIC of moenomycin. Representative results of three
independent experiments.

MSSA1112 wildtype MSSA1112 AlcpABC SA113 AtarO
Antibiotic Class
FIC Interaction FIC Interaction FIC Interaction
Oxacillin B-lactam 0.375 synergistic 0.75 indifferent 0.313 synergistic
Cefoxitin B-lactam 0.188 synergistic 0.75 indifferent 0.375 synergistic
Vancomycin glycopeptide 0.563 indifferent 0.531 indifferent 0.75 indifferent
Tunicamycin fatty acyl nucleoside 0.266 synergistic 0.5 indifferent 0.531 indifferent

Targocil other 0.281 synergistic 0.5 indifferent 1.0 indifferent
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Figure 29: MSSA1112 wildtype checkerboard assay examining the antibiotic activity of moenomycin in the presence
of different cell wall-active antibiotics. The combination of moenomycin with oxacillin, cefoxitin, tunicamycin, and
targocil had a synergistic effect on S. aureus MSSA1112 wildtype, while vancomycin did not alter the MIC for the
phosphoglycolipid antibiotic. Representative results of three independent experiments.
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Figure 30: MSSA1112 AlcpABC checkerboard assay examining the antibiotic activity of moenomycin in the presence
of different cell wall-active antibiotics. The combination of moenomycin and selected antibiotics showed no
synergistic activity against S. aureus MSSA1112 AlcpABC. Representative results of three independent experiments.
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Figure 31: SA1113 AtarO checkerboard assay examining the antibiotic activity of moenomycin in the presence of
different cell wall-active antibiotics. The combination of moenomycin with oxacillin and cefoxitin had a synergistic
effect on S. aureus SA113 AtarO, while vancomycin, tunicamycin, and targocil did not alter the MIC for the
phosphoglycolipid antibiotic. Representative results of three independent experiments.



3.1.6 PG cross-linking is increased in cells lacking LCP enzymes

In S. aureus cells lacking the initial glycosyltransferase of WTA biosynthesis, TarO, the percentage
of cross-linked peptides in PG is reduced as seen for the ApbpD mutant that does not produce
PBP4 (Atilano et al., 2010). Binding assays harnessing the fluorescent agent Bocillin FL, a penicillin
derivate that was shown to covalently bind to all PBPs of S. aureus (Jousselin et al., 2016), have
revealed that the AtarO strain possesses comparable amounts of PBP4. However, PBP4 loses its
septal localization in the AtarO background and has been found to be dispersed within the cell
membrane. Since no direct interaction between PBP4 and TarO was detected, it has been
suggested that the recruitment of PBP4 to the septum is driven by the presence of immature
WTASs (Atilano et al., 2010). To investigate if the deletion of IcpABC has a comparable effect on PG
cross-linking, muropeptides of S. aureus MSSA1112 and the respective AlcpABC triple mutant
were analyzed by HPLC (Figure 32A). The muropeptide profiles revealed that the percentage of
cross-linked peptides in the mutant strain (58.49% of total peak area) was higher compared to the
parental strain MSSA1112 (48.44%) (Figure 32B). In accordance, the AlcpABC mutant contained
more detectable PBP4 than the wildtype as determined by Bocillin FL-binding (Figure 33A),
indicating enhanced transpeptidation since PBP4 is responsible for the high cross-linkage in the
S.aureus PG (teski & Tomasz, 2005, Memmi et al., 2008). By contrast, the levels of PBP1, PBP2,
and PBP3 were similar in both strains (Figure 33A).

Next, the effect of moenomycin on PG cross-linkage was tested. If moenomycin inhibits LCP
enzymes in vivo, one may also expect an effect on protein-protein interactions with other cell
envelope-embedded enzymes, such as PG transpeptidases. Indeed, when S. aureus Newman
wildtype cells were exposed to the 5x MIC of moenomycin, the percentage of peptides in cross-
links was higher (59.52% of total peak area) than in the DMSO-treated control (53.59%)
(Figure 34). The Bocillin FL-binding was enhanced for all PBPs in the moenomycin-treated sample
(Figure 33). Notably, when comparing the entirety of membrane proteins produced by the
AlcpABC triple mutant and the wildtype strain exposed to moenomycin, a similar protein of about

40 kDa seemed to be overproduced in both samples (Figure 33B).
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Figure 32: RP-HPLC profiles of mutanolysin-digested peptidoglycan of S. aureus MSSA1112 and the respective
AlcpABC triple mutant. (A) Muropeptides were reduced and separated on a Prontosil column (de Jonge et al., 1992).
(I-V) Muropeptides from monomers to pentamers. (B) Table summarizes the types of muropeptides as calculated
from the total peak area in the respective chromatogram. Values are presented as the mean * SD of two independent
experiments. The AlcpABC triple mutant possessed more highly cross-linked muropeptides than the parental strain
MSSA1112.



Figure 33: Bocillin FL-labeled PBPs of S. aureus MSSA1112 wildtype and the AlcpABC triple mutant separated by
SDS-PAGE. (A) Scan of the acrylamide gel with a Cy2 525BP20 filter. The mutant produced more PBP4 than the
wildtype. The same effect was observed after moenomycin (MOE) treatment of the wildtype, that also resulted in a
higher production of PBP1-3. The negative control was wildtype membranes blocked by preincubation with ampicillin.
(B) Coomassie-stained gel of the membrane preparations. The production of similar length proteins at approximately
40 kDa (indicated by arrow) appeared to be stimulated by both the deletion of IcpABC and the treatment with

moenomycin. Representative results of three independent experiments.
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Figure 34: RP-HPLC profiles of mutanolysin-digested peptidoglycan of S. aureus Newman pretreated with DMSO or
moenomycin. (A) Muropeptides were reduced and separated on a Prontosil column (de Jonge et al., 1992). (I-V)
Muropeptides from monomers to pentamers. (B) Table summarizes the types of muropeptides as calculated from the
total peak area in the respective chromatogram. Values are presented as the mean + SD of two independent
experiments. Peptidoglycan cross-linkage was enhanced in moenomycin-treated cells compared to the DMSO control.



Localization studies on plasmid-encoded YFP-labeled PBP4 revealed the predominant recruitment
of the protein to the division site in the presence of moenomycin (Figure 35). To quantify the
dispersion of the fluorophore-attached protein at the septum, the septal versus lateral membrane
fluorescence was determined. A ratio exceeding the value 2 implied the concentration of the
protein at the division site rather than the dispersion throughout the cell envelope (Atilano et al.,
2010). After the exposure to moenomycin, the FR value of 2.08 + 0.04 was significantly enhanced
compared to the non-treated control (1.77 + 0.04). This further supports the hypothesis that the
inhibition of LCPs by moenomycin triggers the accumulation of WTA precursors at the septum,

which in turn attracts more PBP4 to the division site.

RN4220 pCQ11-pbp4-yfp

Fluorescent Ratio (FR)

T T
Control Moenomycin

Figure 35: PBP4 is recruited to the division septum in the presence of moenomycin. Cells were grown in TSB medium
supplemented with 100 uM IPTG and 50 pg/ml erythromycin until the late exponential phase and then exposed to
the 10x MIC of moenomycin for 10 min at 37 °C. 50 cells of three independent experiments were quantified. An FR
greater than 2 shows the preferred binding of the fluorescent conjugate to the cell septum while values equal or less
than 2 indicate the dissemination throughout the cell surface. Points represent the mean of each individual
experiment. The line shows the combined mean of three independent experiments + SD. ****P < 0.0001 (unpaired
t-test, GraphPad Prism V9.5.1.733). In the non-treated control, PBP4-YFP is dispersed throughout the cell membrane.
After antibiotic treatment, the fluorescently labeled PBP localized preferentially to the division septum.



3.1.7 Moenomycin treatment reduces the PG and WTA content

To investigate the effect of moenomycin on WTA ligation in vivo, the cell walls of antibiotic-treated
and untreated S. aureus Newman cells were purified and the weight was determined. Covalently
coupled anionic glycopolymers were removed by exposure to hydrofluoric acid and the purified
PG was quantified by weight measurement and, in addition, by the abundance of the sugar

component GlcNAc (Figure 36A).
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Figure 36: Quantification of cell envelope components of DMSO- and moenomycin-treated S. aureus Newman cells.
(A) Cells were grown until an ODggo of 1.2 and, if stated, exposed to the 5x MIC for moenomycin (MOE) for 30 min.
Following purification, the weight of isolated cell wall was determined before and after HF treatment to remove
anionic glycopolymers. Aliquots from the same samples were used to quantify the amount of PG by measuring the
GIcNAc content. Cells treated with moenomycin showed a reduced amount of PG. (B) The WTA content was
determined via phosphate determination. Moenomycin-treated cells possessed less WTAs compared to the control
cells, which were exposed to DMSO. Values are presented as the mean * SD (error bars) of two independent
experiments. *P <0.05, **P <0.01 (unpaired t-test, GraphPad Prism V9.5.1.733).



Next, the WTAs of antibiotic-treated and untreated cells were purified and quantified by
phosphate determination (Figure 36B). When moenomycin was added, the cells produced
22.83 +4.34% less WTAs compared to the control. Besides the proposed inhibition of LCP proteins
by moenomycin, the phosphoglycolipid is known to inhibit the PG glycosyltransferase PBP2
(Lovering et al., 2007). Consistent with this inhibition, the total amount of synthesized PG in
antibiotic-treated cells was diminished by 61.94 + 19.74%. Therefore, the reduction of the WTA
content could be an indirect consequence of PG biosynthesis inhibition, as a lower PG amount
offers less attachment sites for WTAs. Remarkably, the pellet of S. aureus cells which were priorly
exposed to moenomycin exhibited a reduced cohesiveness that was also observed for WTA-

deprived AlcpABC and AtarO mutants (data not shown).

3.1.8 LcpA-deprived mutants bind significantly less MOE-BDP in vitro

To verify LCPs as a target structure for moenomycin in vivo, S. aureus Newman and the respective
Icp deletion strains were grown in TSB medium until the late exponential phase prior to the
addition of 4.93 uM MOE-BDP for 10 min. This concentration was below the MIC value for the
fluorescent agent (supplementary Table 7) to avoid major cellular changes in response to the
antibiotic. In all strains tested, except for the AlcpA single mutant, the FR was distinctly less than
the threshold, indicating that MOE-BDP binds to cellular targets that are distributed all over the
cell surface (Figure 37A). For the SA113 AtarO strain, the FR was significantly lower than
determined for the parental strain, referring to an accumulation of the probe apart from the
division site. The FR could not be calculated for the AlcpA single mutant due to poor binding of
the fluorescently labeled moenomycin, which could not be improved by increasing the MOE-BDP
concentration (data not shown). In the complemented strain, S. aureus Newman AlcpA harboring
the IPTG-inducible plasmid pCQ1l1-ery-IcpA, a fluorescence signal in the cell envelope became

detectable pointing towards LcpA as a target structure for the fluorescent probe (Figure 37B).
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Figure 37: Localization of MOE-BDP in LCP-deprived S. aureus Newman and control strains. (A) Cells were grown in
TSB medium until the late exponential phase and exposed to 4.93 uM MOE-BDP for 10 min at 37 °C. Per strain, each
50 cells of three independent experiments were examined. An FR greater than 2 shows the preferred binding of the
fluorescent conjugate to the cell septum while values equal or less than 2 indicate the dissemination throughout the
cell surface. Points represent the mean of each individual experiment. The line shows the combined mean of three
independent experiments + SD. **P < 0.01 (unpaired t-test, GraphPad Prism V9.5.1.733). In the strains tested, MOE-
BDP did not accumulate at the septum and was equally dispersed over the cell surface with exception of S. aureus
Newman (NM) AlcpA. For this strain, binding was reduced to the point that the FR could not be visually determined.
The FR of the AtarO null mutant was significantly decreased with regard to the control strain SA113, indicating that
MOE-BDP binds preferentially to the lateral cell wall than the septal site. (B) When complemented with plasmid-
encoded IcpA, MOE-BDP bound perceptibly to the septum and cell surface. For these experiments, cells were grown
in TSB medium supplemented with 100 uM IPTG and 50 pug/ml erythromycin. Scale bar: 2 um.



To further investigate the binding of MOE-BDP to IcpA-depleted cells, the fluorescence intensities
of MOE-BDP-treated S. aureus MSSA1112 wildtype and the AlcpA single mutant were determined
(Figure 38, data analysis was performed by Jan-Samuel Puls, Pharmaceutical Microbiology,
University of Bonn). For MSSA1112 AlcpA, binding of MOE-BDP was detectable, but the
fluorescence intensity was significantly reduced by 17% compared to the parental strain. This
result highlights LcpA as a potential off-target protein for MOE-BDP. Currently ongoing research
addresses the question if the complementation of the mutant can reverse this effect and if the
occurrence of this effect in the MSSA1112 background is limited to the AlcpA mutant. Notably, the
literature offers no information about the gene expression levels of PG glycosyltransferases and
LCP proteins in S. aureus that would allow to assess the relation between the fluorescent probe
binding and the amount of produced protein. Due to the severe morphological defects, it was not
possible to calculate the fluorescence intensity for bound MOE-BDP in the AlcpABC triple mutant

(data not shown).
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Figure 38: The MSSA1112 AlcpA single mutant shows decreased binding of MOE-BDP. Quantification of MOE-BDP
fluorescence intensities of individual cells in RFU (relative fluorescent units). Per strain, each 300 cells of three
independent experiments were examined. Points represent the mean of each individual experiment, the line shows
the combined mean of three independent experiments + SD. *P < 0.05 (unpaired t-test, GraphPad Prism V9.5.1.733).
Data analysis was performed by Jan-Samuel Puls (Pharmaceutical Microbiology, University of Bonn). LcpA-depleted
S. aureus MSSA1112 bound significantly less of the fluorescent moenomycin conjugate with respect to the wildtype
strain.
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Figure 39: Localization of PBPs in LCP-deprived S. aureus Newman and control strains. Cells were labeled with the
fluorescent penicillin derivate Bocillin FL which is supposed to bind to the transpeptidase domain of PBPs. Cells were
grown in TSB medium until the late exponential phase and exposed to 7.5 uM of the agent for 10 min at 37 °C. Per
strain, each 50 cells of three independent experiments were quantified. An FR greater than 2 shows the preferred
binding of the fluorescent conjugate to the cell septum while values equal or less than 2 indicate the dissemination
throughout the cell surface. Points represent the mean of each individual experiment. The line shows the combined
mean of three independent experiments + SD. ns P > 0.05, *P < 0.05 (unpaired t-test, GraphPad Prism V9.5.1.733).
S. aureus SA113 exhibited an increased binding to the septum versus cell wall, whereas the fluorescent reagent was

significantly more dispersed over the cell envelope in the WTA-deficient strain SA113 AtarO. Bocillin FL was distributed
over the cell membrane in S. aureus Newman (NM) and the respective Icp-deleted strains. Scale bar: 2 pum.

To further study the interplay between LCP enzymes and PBPs in vivo, the LCP-depleted S. aureus
Newman and control strains were grown until the late exponential phase in TSB medium and
exposed to 7.5 uM Bocillin FL for 10 min. The FR ratios in S. aureus Newman strains were less than
the threshold of 2, indicating that there was no accumulation of PBPs at the division septum
(Figure 39). Moreover, the average value for the SA113 wildtype strain was 2.55 + 0.25, whereas
a value of 2.075 + 0.08 was obtained for the AtarO mutant, showing that the PBPs were evenly

distributed over the cell membrane when WTAs were absent.
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Figure 40: Localization of rhodamine B-labeled ramoplanin in LCP-deprived S. aureus Newman and control strains.
Ramoplanin is supposed to sequester the pyrophosphate residue of lipid-linked PG, WTA, and capsule precursors.
Cells were grown in TSB medium until the late exponential phase and exposed to 0.32 uM fluorescently labeled
ramoplanin for 10 min at 37 °C. Per strain, each 50 cells of three independent experiments were quantified. An FR
greater than 2 shows the preferred binding of the fluorescent conjugate to the cell septum while values equal or less
than 2 indicate the dissemination throughout the cell surface. Points represent the mean of each individual
experiment. The line shows the combined mean of three independent experiments + SD. ns P > 0.05 (unpaired t-test,
GraphPad Prism V9.5.1.733). Rhodamine B-labeled ramoplanin was equally distributed over the cell surface and the
septum in all strains tested. NM: S. aureus Newman. Scale bar: 2 um.

To visualize the location of the PG biosynthesis intermediate lipid Il and the carrier lipid Css-PP, the
wildtype and Icp mutants were treated with 0.32 uM rhodamine B-coupled ramoplanin.
Ramoplanin interacts with the pyrophosphate residue of lipid Il and Css-PP inhibiting PG
transglycosylation and possibly Css-PP dephosphorylation (Fang et al., 2006, unpublished results).
The average FR for all strains tested did not exceed the threshold, indicating that lipid Il did not
accumulate at the division site in these strains (Figure 40), although an intensified PG biosynthesis

is expected at the cell septum (Pinho et al., 2013).
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Figure 41: Localization of FITC-labeled vancomycin in LCP-deprived S. aureus Newman and control strains.
Vancomycin-FITC is supposed to bind to the b-Ala-b-Ala residues of PG and its lipid-linked precursors. Cells were grown
in TSB medium until the late exponential phase and treated with a 1:1 (w/w) mixture of vancomycin and fluorescein-
labeled vancomycin at a final concentration of 1 pg/ml for 10 min at 37 °C. Per strain, each 50 cells of three
independent experiments were quantified. An FR greater than 2 shows the preferred binding of the fluorescent
conjugate to the cell septum while values equal or less than 2 indicate the dissemination throughout the cell surface.
Points represent the mean of each individual experiment. The line shows the combined mean of three independent
experiments * SD. *P < 0.05 (unpaired t-test, GraphPad Prism V9.5.1.733). In S. aureus Newman (NM) and the
respective Icp deletion mutants, vancomycin-FITC was dispersed throughout the cell wall. In contrast to the AtarO
mutant, the fluorescent conjugate seemed to be recruited away from the division septum in the control strain SA113
according to the significantly decreased FR value. Scale bar: 2 um.

For tracking PG and its precursor lipid Il, the cells were exposed to a 1:1 (w/w) mixture of
vancomycin and fluorescein-labeled vancomycin at a final concentration of 1 pg/ml for 10 min.
Vancomycin binds to D-Ala-D-Ala residues (Barna & Williams, 1984) and was evenly distributed
across the cell surface in the tested strains with an average FR less than or equal to 2, whereby
the fluorescent probe rather located to the lateral cell wall in the parental strain SA113 compared

to the AtarO mutant (Figure 41).



3.1.9 Moenomycin stimulates the recruitment of LcpA to the cell division site

The localization of LCP proteins and the bifunctional PBP2 in the presence of different cell wall-
targeting antibiotics was visualized by N-terminal GFP-tagging. In the S. aureus RN4220 parental
background, the plasmid-encoded gfp-gene fusions were expressed under the control of an IPTG-
inducible promoter. The cells were grown in TSB medium containing 100 uM IPTG until an ODeoo
of 1.2 prior to the addition of 5x the MIC of the respective antibiotic for 10 min (supplementary
Table 8). The peptide antibiotic teixobactin was used in addition to the antimicrobials that were
already applied as fluorescently labeled agents in the preceded section. Teixobactin targets the
pyrophosphate residue in the glycosyltransferase product Css-PP, the PG intermediates lipid | and

lipid I, and the WTA precursor lipid lllwta (Ling et al., 2015).
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Figure 42: Localization of GFP-labeled LcpA in S. aureus RN4220 depending on the exposition to different cell wall-
active antibiotics. Cells were grown in TSB medium supplemented with 100 uM IPTG and 50 pg/ml erythromycin until
the late exponential phase and then exposed to the 10x MIC of the respective antibiotic for 10 min at 37 °C. Per
antibiotic, each 50 cells of three independent experiments were quantified. An FR greater than 2 shows the preferred
binding of the fluorescent conjugate to the cell septum while values equal or less than 2 indicate the dissemination
throughout the cell surface. Points represent the mean of each individual experiment. The line shows the combined
mean of three independent experiments + SD. ***P < 0.001 (unpaired t-test, GraphPad Prism V9.5.1.733). GFP-LcpA
was widely dispersed in the cell wall of the control strain as with vancomycin, teixobactin, ampicillin, and ramoplanin.
When treated with moenomycin, GFP-LcpA localized predominantly to the division septum. Scale bar: 2 um.




The GFP-LcpA fusion protein was recruited to the division site with moenomycin and neither in
the control nor with any other tested antibiotic a similar effect was observed (Figure 42). The FR
value with moenomycin (2.265 + 0.06) was significantly enhanced compared to the non-treated

control (1.84 +0.06).
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Figure 43: Localization of GFP-labeled LcpB in S. aureus RN4220 depending on the exposition to different cell wall-
active antibiotics. Cells were grown in TSB medium supplemented with 100 uM IPTG and 50 pg/ml erythromycin until
the late exponential phase and then exposed to the 10x MIC of the respective antibiotic for 10 min at 37 °C. Per
antibiotic, each 50 cells of three independent experiments were quantified. An FR greater than 2 shows the preferred
binding of the fluorescent conjugate to the cell septum while values equal or less than 2 indicate the dissemination
throughout the cell surface. Points represent the mean of each individual experiment. The line shows the combined
mean of three independent experiments + SD. ns P > 0.05 (unpaired t-test, GraphPad Prism V9.5.1.733). GFP-LcpB
was distributed over the cell surface of the untreated control as with moenomycin, vancomycin, teixobactin, and
ramoplanin. When exposed to the B-lactam ampicillin, GFP-LcpB apparently localized to the division septum.
However, the FR was not significantly increased with regard to the control sample. Scale bar: 2 um.

For GFP-LcpB, the average FR value after the exposure to ampicillin was above the threshold
(2.18 £ 0.18), but the t-test result showed no significant difference to the FR index of the control
(2.02 £ 0.13) (Figure 43). In the presence of the other cell wall-targeting antibiotics used, the GFP

fusion protein did not localize to the division septum.
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Figure 44: Localization of GFP-labeled LcpC in S. aureus RN4220 depending on the exposition to different cell wall-
active antibiotics. Cells were grown in TSB medium supplemented with 100 uM IPTG and 50 pg/ml erythromycin until
the late exponential phase and then exposed to the 10x MIC of the respective antibiotic for 10 min at 37 °C. Per
antibiotic, each 50 cells of three independent experiments were quantified. An FR greater than 2 shows the preferred
binding of the fluorescent conjugate to the cell septum while values equal or less than 2 indicate the dissemination
throughout the cell surface. Points represent the mean of each individual experiment. The line shows the combined
mean of three independent experiments + SD. GFP-LcpC was equally dispersed on the cell surface regardless of the
added antibiotic. The FR was considerably lower than 2 in every approach indicating that GFP-LcpC preferentially
localized to the lateral cell wall and not the division site. Scale bar: 2 um.

GFP-LcpC was also dispersed throughout the cell membrane regardless of the antibiotic used
(Figure 44). The average FR values were distinctly lower than the threshold. For the untreated
control, an FR of 1.59 + 0.08 was determined.

To visualize the localization of S. aureus PBP2 jn vivo, Pinho & Errington (2004) inserted the gfp
gene upstream of the chromosomal pbp2 locus in S. aureus RN4220 under the control of the
P« promoter. They observed the recruitment of GFP-PBP2 to the division septum which was
triggered by the accessibility to its substrate, lipid Il. In this thesis, gfp-pbp2 was encoded on a
plasmid under the control of an IPTG-inducible promoter. The FR value of the untreated control

strain was 1.94 £ 0.21, indicating that under these conditions, GFP-PBP2 was not preferentially



localized to the septum but widely dispersed over the cell surface (Figure 45). With moenomycin,
the average FR value was increased (2.14 + 0.33) but not significantly enhanced when compared
to the control. In the presence of either vancomycin, teixobactin or ampicillin, the fusion protein
was almost evenly distributed between the septum and the lateral cell wall with an FR value close
to the threshold. For ramoplanin, the FR was lower (1.81 + 0.08), revealing that GFP-PBP2 was

predominantly orientated to the lateral cell wall.
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Figure 45: Localization of GFP-labeled PBP2 in S. aureus RN4220 depending on the exposition to different cell wall-
active antibiotics. Cells were grown in TSB medium supplemented with 100 uM IPTG and 50 pg/ml erythromycin until
the late exponential phase and then exposed to the 10x MIC of the respective antibiotic for 10 min at 37 °C. Per
antibiotic, each 50 cells of three independent experiments were quantified. An FR greater than 2 shows the preferred
binding of the fluorescent conjugate to the cell septum while values equal or less than 2 indicate the dissemination
throughout the cell surface. Points represent the mean of each individual experiment. The line shows the combined
mean of three independent experiments + SD. ns P > 0.05 (unpaired t-test, GraphPad Prism V9.5.1.733). GFP-PBP2
was equally distributed to the cell surface in the untreated control as with vancomycin, teixobactin, ampicillin, and
ramoplanin. The FR of moenomycin-treated cells was slightly higher than 2 indicating a preferential localization to the
division septum. However, this increment was not significant with regard to the control sample. Scale bar: 2 pm.



3.1.10 Deletion of LCP enzymes affects the autolytic activity

To investigate the interplay between LCP proteins and the major autolysin Atl, the PG hydrolase
activities of S. aureus MSSA1112 wildtype and related Icp-deletion strains were examined. In the
absence of WTAs, S. aureus cells were shown to become more susceptible to autolysis (Oshida et
al., 1995, Heilmann et al., 1997), suggesting a possible connection between the autolysin Atl and
WTA-attaching LCP enzymes. The SA113 AtarO mutant, which is devoid of WTAs like the AlcpABC
triple mutant, was previously shown to possess an increased autolytic activity possibly due to
enhanced binding levels of the amidase domain alone and in combination with a portion of the
propeptide (approx. 65 kDa) (Schlag et al., 2010).

The zymogram revealed distinct differences in the lytic band profiles of S. aureus MSSA1112 and
the related Icp-depleted strains. For the wildtype strain, bands representing the full-length Pro-
Atl (P1), the Pro-AM fragment (P3), and the single amidase domain (AM) were detectable
(Figure 46A). The P3 and AM forms were clearly reduced in the Alcp single and triple mutants,
whereby the latter was barely visible in the AlcpB, AlcpC, and AlcpABC mutants. Only in the
AlcpABC triple mutant, the full-length P1 form was less active than in the other strains. The lysis
patterns of the AlcpA and AlcpB mutants included a band representing the combined AM and GM
domains without the propeptide (P2). The signal was weaker in AlcpB and not detectable for any
other strain. As expected, the isolated GM domain could not be identified in the zymogram,
because the protein is only marginally active with S. aureus cell wall as substrate (Heilmann et al.,
1997). Notably, the AM fragment adjunct to only a portion of the propeptide as described by
Schlag et al. (2010) was not observed for the strains tested.

Taken together, it could be demonstrated by zymography that the production and/or binding of
Atl to the cell wall of S. aureus MSSA1112 and consequently the hydrolysis of the PG substrate is
affected in the absence of LCP enzymes. Future experiments are needed to determine the

expression levels of at/ in wildtype and Icp-depleted strains, e.g., by real-time PCR.



A Wildtype AlcpA  AlecpB  AlcpC  AlcpABC
250 kDa—» [ — g% i o
“« [ = oemeas |
130 kDa—»
100 kDa—» «~— P3 [ [
70 kDa—*
<— Amidase [
B
Atl
% Amidase % Glucosaminidase
S | I ] —
peptide '
Propeptide  Amidase (cat) R1 R2 R3 Glucosaminidase (cat)

Repeat domains

Figure 46: Zymogram of S. aureus MSSA1112 and respective LCP-deprived mutant strains. (A) Extracts of late-
exponential grown cells were subjected to SDS-PAGE using a 4-10% Bis-Tris acrylamide gel containing autoclaved
S. aureus NCTC8325 cells as cell wall substrate. The gel was incubated overnight at 37 °C prior to staining with
methylene blue. Hydrolyzed cell wall became visible as clear bands that can be attributed to the autolysin Atl as
followed: P1 (signal peptide, propeptide, amidase, and glucosaminidase), P2 (amidase and glucosaminidase), P3
(signal peptide, propeptide, and amidase), and the single amidase. Icp deletion mutant strains showed an altered
autolysin profile with reduced levels of Atl cleavage products P3 and amidase compared to the wildtype strain.
Representative result of three independent experiments. (B) Structural arrangement of the autolysin Atl in S. aureus.
Posttranslational processing sites are indicated by arrows. cat: catalytic domain.
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Chapter 2: Corallorazine A targets the DNA-dependent RNA polymerase

Corallorazines constitute a novel group of natural products with a biosynthetic gene cluster that
has been shown to be widely distributed amongst diverse bacterial genera (Dreckmann et al.,
manuscript in preparation). Using agar diffusion assays against various bacteria and fungi, Schmitz
et al. (2014) could not detect any antimicrobial effects. In this part, we re-evaluated the

antibacterial activity of corallorazine A and identified the antibiotic target pathway.

3.2.1 Corallorazine A shows antibacterial activity

Corallorazine A displayed a moderate activity (4-32 pg/ml) against Gram-positive bacteria,

including methicillin-sensitive (MSSA) and -resistant (MRSA) staphylococci (Table 5).

Table 5: MIC values of corallorazine A against selected Gram-positive and Gram-negative bacteria. Data are
representative of three or more independent experiments.

Strain MIC [ug/ml]
Staphylococcus qureus SG511 (MSSA) 16
Staphylococcus aureus RN4220 (MSSA) 32
Staphylococcus aureus HG003 (MSSA) 32
Staphylococcus aureus Mu50 (VISA, rifampin®) 8
Staphylococcus aureus COL (MRSA) 4-8
Enterococcus faecalis BM4223 (VRE) 16
Bacillus subtilis 168 128
Escherichia coli1-112768 > 64
Escherichia coli MB5746 16

The vancomycin-intermediate S. aureus strain Mu50, which is resistant to rifampin, was
susceptible to the lipodipeptide (MIC 8 ug/ml), whereas the growth of rod-shaped B. subtilis was
only marginally affected by corallorazine A (MIC 128 pg/ml). The endpoint MIC of E. coli 1-112768
(> 64 pg/ml) could not be exactly determined due to compound shortness. However, if the outer

membrane permeability was increased as in E. coli MB5746, the strain was significantly more



susceptible to corallorazine A, pointing towards the outer membrane of Gram-negative bacteria

as a physical barrier for the antibiotic.

3.2.2 Corallorazine A inhibits the transcription

To elucidate the mode of action of corallorazine A, selected B. subtilis B-galactosidase gene
expression bioreporters were exposed to the compound (Figure 47). These strains contained
plasmid-encoded promoters of major biosynthesis pathways, including DNA (Pyors), RNA (Pyvgs),
protein (Pynel), and cell wall (Pypua), that are fused to a lacZ operon. 6 pg of corallorazine Ainduced
the Pygs promoter as indicated by the blue circle around the inhibition zone due to the
B-galactosidase-mediated hydrolysis of the X-gal substrate present in the agar plate. The
Pyoua-lacZ reporter strain also showed a weak blue halo around the inhibition zone, indicating cell

wall biosynthesis as an alternative target pathway.
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Figure 47: Corallorazine A interferes with the bacterial RNA biosynthesis pathway. The selected bioreporter strains
harbored plasmid-encoded biosynthesis-specific promoter-lacZ fusions (DNA (Pyors), RNA (Pyygs), protein (Pyse/) or cell
wall (Pypua)). If the respective promotor is induced, lacZ is expressed and the gene product hydrolyzes agar-contained
X-gal as displayed by a blue circle around the inhibition zone. Antibiotics with known target vancomycin,
ciprofloxacin, rifampin, and clindamycin were used as positive controls, vancomycin (for protein bioreporter) and
clindamycin (for DNA, RNA, and cell wall reporter) served as negative controls. Representative result of two
independent experiments.

Cell wall




To confirm RNA biosynthesis as the targeted pathway, S. aureus RN4220 antisense strains of
essential genes involved in bacterial transcription and translation were analyzed for an increased
susceptibility to corallorazine A (Table 6). The tested strains, which were engineered by Donald
et al.(2009), harbor plasmids carrying antisense RNA fragments that are directed against selected
genes under control of a conditional, xylose-inducible promoter. Upon induction, the gene
expression of a targeted protein is down-regulated and the target-depleted cells become
susceptible to a compound in case it inhibits the specific pathway. The B-lactam ampicillin served
as a negative control. Corallorazine A showed a strong effect on the RNA polymerase B-subunit
(rpoC) and the 30S ribosomal protein S5 (rpsE) antisense clones, whereas the susceptibility of the
RNA polymerase sigma factor (sigA) and the translation initiation factor IF-1 (infA) antisense

clones remained unaffected.

Table 6: Selected clones with reduced expression of genes involved in transcription and translation exhibit an
increased susceptibility to corallorazine A. Antisense mechanisms were used to down-regulate the expression of
target genes. The B-lactam antibiotic ampicillin served as negative control. Data are representative of two
independent experiments.

Gene Function Fold increase in susceptibility

Corallorazine A Ampicillin

Transcription

rpoC RNA polymerase B’ subunit 1.96 1.12
sigA RNA polymerase o factor 1.04 0.84
Translation

rpsE 30S ribosomal protein S5 1.85 1.28
infA translation initiation factor IF-1 0.99 0.84

To verify bacterial transcription as the antibiotic target pathway, the effect of corallorazine A on
the DNA-dependent RNA polymerase (RNAP) from E. coli was studied in vitro. ®X174 RF DNA
served as template and the transcribed RNAs were visualized by gel electrophoresis (Figure 48).
RNA molecules of different length appeared as a smear (positive control, lane 1) while the

untranscribed DNA template was visible as distinct bands (control without RNAP, lane 2). The



ansamycin rifampin, which is known to bind the RNAP B-subunit and thereby sterically blocks the
elongation of the RNA transcript (Campbell et al., 2001), was used as a positive control. Following
the reduction of the smear with increasing amounts of corallorazine A, the inhibition of RNAP
activity correlated with the used compound quantity, confirming previous results that
corallorazine A targets the bacterial transcription and more precisely the bacterial RNAP.
However, rifampin is much more potent than corallorazine A as RNAP inhibitor, because complete
inhibition of transcription was achieved through addition of 0.03 nmol of rifampin (equivalent to
25 ng) while 40 nmol of corallorazine A (equivalent to 10 pg) were needed to obtain the same

effect.
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Figure 48: Corallorazine A inhibits the E. coli DNA-dependent RNA polymerase (RNAP)-catalyzed in vitro
transcription. /n vitro transcribed RNAs were mixed with GelRed (Biotium, Fremont, USA) and visualized by 1% (w/v)
agarose gel electrophoresis in 1x TAE buffer at 100 V. ®X174 RF DNA was used as transcription template.
Corallorazine A interfered quantitatively with the polymerase activity, pointing towards the RNA polymerase as a
target structure. The ansamycin antibiotic rifampin was used as an inhibition control. The buffer control contained
the same amount of DMSO as used in the 10 nmol corallorazine A sample. Representative result of three independent
experiments.



4. Discussion

Chapter 1: Moenomycin offers more than the inhibition of PG glycosyltransferases

The Gram-positive bacterium S. aureus is a commensal of the human nasal mucosa but has the
potential to elicit life-threatening infections in immunocompromised patients. Once a newly
discovered, promising antibiotic is approved, the organism may develop resistance mechanisms
and spread these to other species within healthcare facilities and the community (Foster et al.,
2017, Guo et al., 2020, Mlynarczyk-Bonikowska et al., 2022). Valuable reserve antibiotic agents
listed by the WHO AWaRe classification (WHO Access, Watch, Reserve classification of antibiotics
for evaluation and monitoring of use, 2021) have been proven to become increasingly ineffective
(Tsiodras et al., 2001, van Hal et al., 2011, Chen et al., 2015, Yousefi et al., 2017). In order to
reverse this unsettling trend, we must continuously develop new anti-infectives and optimize
existing ones, besides improving the global hygiene standards and avoiding antibiotic mis- and
overuse. We also need more understanding of the cellular antibiotic mechanisms to identify new
targets in the bacterial metabolism and outsmart threatening resistance strategies.

The encapsulation and the decoration of the PG scaffold with WTAs are powerful tools that
S. aureus uses to protect itself against host immune defense mechanisms and a broad range of
antibiotics (Rajagopal & Walker, 2017). Since LCP proteins have been shown to catalyze the
attachment of these anionic glycopolymers to PG (Chan et al., 2013 & 2014, Gale et al., 2017,
Schaefer et al., 2017, Rausch et al., 2019), they constitute a promising target for the development

of antibacterial agents or drug combinations.

4.1.1 Elucidation of the LCP enzyme acceptor substrate

LCP enzymes are magnesium-dependent phosphosugar transferases catalyzing the attachment of
anionic glycopolymers to most commonly the Cs hydroxyl of MurNAc moieties of the PG mesh via
a phosphodiester linkage (Kawai et al., 2011, Chan et al., 2013 & 2014, Gale et al., 2017, Schaefer
et al., 2017, Larson & Yother, 2017). However, the precise identity of the acceptor substrate

remains elusive, because different publications come to divergent conclusions. The ultimate PG



precursor lipid Il, nascent (uncross-linked), and mature (cross-linked) PG are being discussed as
potential substrates (Kawai et al., 2011, Gale et al., 2017, Schaefer et al., 2017, Rausch et al.,
2019).

Rausch et al. (2019) demonstrated the in vitro hydrolysis of the first three lipid-linked capsule
precursors by S. aureus LcpC and the subsequent transfer of the phosphosugar unit onto lipid Il.
Even so, LCP enzymes have been suggested to possess overlapping substrate specificities as the
transfer of WTA precursors to nascent PG was shown to be catalyzed by LcpA, LcpB, and LcpC in
vitro (Schaefer et al., 2017). Moreover, only the abrogation of all three enzymes prevented the
attachment of WTAs and CPs to the acceptor substrate and the overexpression of each Icp gene
in trans could restore the WTA and CP levels to some extent (Chan et al., 2013 & 2014). While
LcpCis supposed to be the major ligase in CP attachment, LcpA was shown to be the primary WTA
transferase (Chan et al., 2013 & 2014, Schaefer et al., 2017).

Crystallization studies (Li et al., 2020) and 3D structure predictions of LcpA in complex with a WTA
donor substrate (this work) unveiled a giant hydrophobic pocket in its center, which opens towards
the extracellular space (Figure 49). A similar conformation has been found for the homologous
LCP proteins in B. subtilis, TagT, TagU, and TagV (Kawai et al., 2011, Li et al., 2020). Artificial
intelligence-based ligand-binding site predictions of LcpA place the undecaprenyl residue of the
precursor lipid lllwra inside the pocket and the pyrophosphate and sugar units at the exit
(Figure 49B, left and middle) (this work). The actual attachment reaction to the PG scaffold is
thought to take place in the groove at the opening of the pocket, which is encompassed by the
four flexible loop regions A, B, C, and D (Figure 49A & B) (Kawai et al., 2011, Eberhardt et al., 2012,
Schaefer et al., 2018, Li et al., 2020). Here, the pyrophosphate residue is stabilized by positively
charged arginine residues within the active site, which are highly conserved among LCP homologs
(Kawai et al., 2011, Siegel et al., 2019, Pan et al., 2021) and assumed to be aligned by a magnesium
ion located adjacent to the proposed PG binding site surrounded by the loops A, C, and D
(Figure 498, right) (Li et al., 2020). This binding conformation was confirmed by crystallographic
studies conducted by Li et al. (2020) featuring C40-PP—GIcNAc captured in the elongated cavity.
The crystal structures of homologous TagT from B. subtilis and Cps2A from S. pneumoniae also
revealed polyprenol(pyro)phosphate ligands bound in a similar orientation to their substrate

binding site (Kawai et al., 2011, Eberhardt et al., 2012, Schaefer et al., 2018, Li et al., 2020).
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Figure 49: Structural prediction for full-length LcpA and the binding of lipid Il to truncated LcpA from S. aureus.
(A) Predicted structure of LcpA provided by Alphafold (identifier AF-Q99Q02-F1, date accessed July 02, 2023, Jumper
etal., 2021). The active site is surrounded by four loops (A to D) as depicted on the right. For orientation, the different
secondary structures are displayed in diverse colors. (B) Crystal structure of truncated LcpA (PDB identifier 6UEX, Lu
et al., 2020) in complex with the bound WTA precursor lipid Illwa. The lipid is depicted in sticks with heteroatoms
colored by type (carbon, green; hydrogen, white; nitrogen, blue; oxygen, red; phosphorous, orange). The ligand
binding predictions were compiled by Jan-Martin Daniel (Institute for Pharmaceutical Microbiology, University of
Bonn) with UCSF Chimera V1.17.1 software (Pettersen et al., 2008). Side view and top view of the lipid-binding pocket
of short-length LcpA harboring lipid lllwa (left and middle). The lipid carrier is buried in the hydrophobic pocket, while
the pyrophosphate residue is located in the entrance, the putative active site. The top view on LcpA without the
bound substrate (right) highlights the central cavity (the putative WTA substrate binding site, orange) and the putative
PG binding site (white) as suggested by Li et al. (2020).



For the crystallization experiments, the truncated LCP enzymes were heterologously
overproduced in E. coli. Cell lysis was performed by homogenization or sonication that could have
contributed to the accessibility of the possibly membrane-embedded polyprenol-lipids to the
LCPs. Yet, it is unclear how the lipid-bound substrates are relocated in vivo from the outer
cytoplasmic leaflet into the cavity of membrane-bound LCP enzymes given the circumstance that
there is no membrane-directed opening in the proteins as indicated by the crystal structures
(Kawai et al., 2011, Eberhardt et al., 2012, Schaefer et al., 2018, Li et al., 2020). The catalytic
domain of other integral lipid ll-interacting membrane proteins, including S. aureus PBP2 and SgtB,
is located near the substrate site to facilitate the immediate processing of the donor (Figure 50)
(Lovering et al., 2007, Huang et al., 2012). It is important to note that the LCP crystal structures
were not accomplished in the natural lipid environment of the proteins and the transmembrane
domains were missing. Both factors could have influenced the observed LCP protein conformation

(Guo, 2020).
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Figure 50: Crystal structures of truncated PBP2 and LcpA from S. aureus with moenomycin. For orientation, the
different secondary structures are displayed in diverse colors. The antibiotic is depicted in sticks with elements colored
by type (carbon, green; hydrogen, white; nitrogen, blue; oxygen, red; phosphorous, orange). (Left) Ribbon structure
of truncated PBP2 bound to moenomycin with missing Cys-isoprenoid residue (PDB identifier 20LV, Lovering et al.,
2007). The PG glycosyltransferase domain is suggested to be partially immersed into the cytoplasmic membrane
bilayer to reach its substrate. Here, shortened moenomycin occupies the donor substrate site. (Right) Ribbon
structure of truncated LcpA (PDB identifier 6UEX, Lu et al., 2020) in combination with full-length moenomycin as
proposed by ligand binding predictions compiled by Jan-Martin Daniel (Institute for Pharmaceutical Microbiology,
University of Bonn) with UCSF Chimera V1.17.1 software (Pettersen et al., 2008). The antibiotic is thought to access
the protein via the active site groove which opens to the extracellular space.



If the results of the crystal structure analysis and 3D structure predictions reflect the actual protein
conformation found in vivo, the lipid-linked WTA and CP donor substrates would have to be
translocated out of the cytoplasmic membrane and in the hydrophobic pocket of LcpA.
Afterwards, the byproduct Css-P would have to be inserted back into the membrane to be
available for the next cycle of PG, WTA, or CP biosynthesis. Indeed, lipid-transfer proteins
catalyzing the extraction and non-vesicular trafficking of membrane-embedded lipids have been
found in prokaryotes (Lev, 2010, Wong et al., 2019). A common example is the lipopolysaccharide
transport pathway in E.coli with the enzyme cascade LptABCDEFG transferring
lipopolysaccharides from the inner to the outer membrane (Sperandeo et al., 2017). In S. aureus,
the regulator protein CapAl, which is part of the tyrosine kinase complex CapAlB1l and
coordinates capsular biosynthesis by protein phosphorylation (Rausch et al., 2019), has been
suggested to actively assist the LCP reaction by passing WTA or capsule precursors to the
phosphodiesterases and returning Css-P into the membrane (Li et al., 2020). CapAl has been
demonstrated to interact with both lipid lllwra and lipid lcap, catalyzing the hydrolysis of the
phosphodiester bond. Its presence in the LcpC-catalyzed CP attachment reaction resulted,
moreover, in an increased product yield (Rausch et al., 2019). If the activity of CapAl is essential
at the intersection between the cytoplasmic membrane and the active site of LCPs, other Gram-
positive bacteria would also possess structurally related proteins. Indeed, potential homologs of
CapA1l can be found in S. pneumoniae (CpsC, 30.00% protein sequence identity) and B. subtilis
(TkmA, 37.61%), among others (supplementary Figure 61). TkmA has been demonstrated to be
involved in biofilm formation (Gao et al.,, 2015), but a direct connection to glycopolymer
precursors could not be found in the literature. LCP enzymes have been shown to associate with
the MreB cytoskeleton in the rod-shaped B. subtilis (Kawai et al., 2011). Therefore, alternative
candidates for the assistance of the phosphodiesterases may also be connected to the filamental
structure. In the spherical S. aureus, the cytoskeleton is restricted to the ring-like FtsZ scaffold
guiding multiprotein complexes at the division site (Margolin, 2009).

If the obtained crystal structures of LCP enzymes (Kawai et al., 2011, Eberhardt et al., 2012,
Schaefer et al., 2018, Li et al., 2020) are inaccurate due to, e.g., distorted charge conditions caused
by the abrogation of the transmembrane domain or the non-native environment during

crystallization (Guo, 2020), a conceivable alternative conformation includes a membrane-directed



opening of the hydrophobic pocket as seen in PBP2 and SgtB (Lovering et al., 2007, Huang et al.,
2012) to reach the lipid-bound donor substrate directly.

While Rausch et al. (2019) was in preparation, our group discovered that LcpA does not only
hydrolyze the first WTA precursor lipid lllwra but also the PG precursor lipid Il in vitro (Figures 18
& 19), a capability not shared by LcpB or LcpC (Figure 20). If the hydrolysis of lipid Il is also
catalyzed by LcpA in vivo, this circumstance would most likely exclude the PG precursor as WTA
and CP acceptor, because LcpA would hydrolyze its own substrate. The HPLC separation of
membrane lipids from S. aureus Newman wildtype and the AlcpA single mutant did not reveal a
significant difference regarding the level of lipid Il (Figures 21 & 22), suggesting that the hydrolysis
of lipid Il by LcpA does not occur in vivo.

Using the acceptor substrate lipid I, the attachment of anionic glycopolymers by LCP enzymes
could occur prior to the polymerization of glycan chains. In contrast to LcpA, LcpC has not been
shown to hydrolyze lipid Il in vitro but to transfer the phosphosugar units of the first three lipid-
linked capsule precursors to lipidIll and the adducts could be polymerized by the
glycosyltransferase PBP2 (Rausch et al., 2019). In contrast, regarding the ligation of WTAs, the use
of lipid Il as acceptor could be aggravated by the negative charge of the WTA chain consisting of
repeating ribitol phosphate units since the modification of WTAs with D-alanine residues has been
shown to occur after the glycopolymers were attached to the PG scaffold (Neuhaus & Baddiley,
2003). The overall negative charge of undecorated WTAs could impair the polymerization of the
adduct by PBP2, e.g., by repelling the putative catalytic residues E114 and E171 (Lovering et al.,
2007). The LCP-catalyzed transfer of WTAs and CPs could also occur after the polymerization of
glycan strands to nascent or mature PG. Schaefer et al. (2017) could reconstitute the ligation of
WTA precursors to nascent PG by LcpA, LcpB, and LcpC in vitro but not to lipid Il. However, the
work group used WTA and PG precursors synthesized from a short-chain carrier lipid and LCP
enzymes without a transmembrane domain. Moreover, the importance of nascent PG in vivo is
still under debate. Gale et al. (2017) demonstrated the redundancy of the B. subtilis LCP homologs
TagT, TagU, and TagV catalyzing the attachment of WTA precursors to mature peptidoglycan in
vitro. They were not successful in using lipid Il as an acceptor substrate while, similar to Schaefer

et al. (2017), assaying truncated LCP proteins.



Altogether the acceptor substrate specificity of LCP enzymes remains elusive. Schaefer et al.
(2017) proposed that the acceptor substrate located in the putative PG binding site requires the
positioning of the MurNAc residue between adjacent GlcNAc residues. This assumption
contradicts the observation made by Rausch et al. (2019) that the disaccharide unit of lipid Il is
sufficient for the transfer of CP precursors. Considering lipid Il as an acceptor substrate, the
negative charge of the pyrophosphate residues of lipid Il and the donor substrate could repel each
other. Individual differences in the structures of LCP enzymes, such as the positioning of positively
charged arginine residues in or close to the acceptor binding site, could equalize the electrical
charge and facilitate the acceptance of lipid |l as acceptor substrate.

To conclude, future studies are required in order to establish the capability of LCP enzymes to

discriminate against PG, WTA, and CP intermediates in vitro and in vivo.

4.1.2 Theinterruption of the WTA biosynthesis pathway at various stages affects the cell wall
homeostasis differently

Depending on the biosynthetic stage, the inhibition of the WTA pathway in S. aureus triggers
different cellular consequences. While deletions in the later steps of the WTA production are
lethal, the early-acting tarO and tarA are conditionally essential genes. The accumulation of lipid-
linked WTA precursors limiting the available carrier lipid for the essential PG biosynthesis is
thought to cause cell death (Sewell & Brown, 2014).

The absence of WTA precursors in S. aureus through the deletion of tarO, which encodes for the
initial WTA glycosyltransferase (Soldo et al., 2002a), severely affects the PG biosynthesis
machinery (Figure 51). As a consequence, the percentage of peptides in cross-links is decreased
although similar PBP4 levels as in the parental strain are present. In the absence of WTAs, PBP4
delocalizes and equally disperses over the cell surface (Atilano et al., 2010). It has been argued
that septally localized WTA precursors are needed for a proper localization of PBP4 to the division
site, because no direct protein-protein interaction between PBP4 and TarO could be demonstrated
and TarO is recruited earlier to the septum than PBP4 (Atilano et al., 2010). More recent evidence
(Lu et al., 2023), confirmed by microscopy studies conducted in this work, has revealed that the

bifunctional PBP2 also delocalizes in the AtarO background. With both, MOE-BDP and Bocillin FL,



the FR values of the SA113 AtarO mutant were significantly decreased compared to those of the
parental strain (Figures 37 & 39). As PBP2 loses its normal function when delocalized (Pinho &
Errington, 2005) and more Vancomycin-FITC bound to the D-Ala-D-Ala residues of PG stem
peptides at the cell septum in the absence of TarO (Figure 41), the ultimate PG precursor lipid Il
may not have accumulated at the division site.

The hydrolysis of PG is also impaired with the abrogation of WTAs. As demonstrated by Schlag et
al. (2010), the amidase domain of the autolysin Atl loses its septal localization in the AtarO
background and ties in higher amounts to the bacterial cell envelope, rendering the cells more
susceptible to detergent-induced autolysis. Similar to PBP4, the authors have suggested WTA
precursors as mediators and mature, PG-attached WTAs as a repellent for the recruitment of Atl-
derived autolysins to the division site. In contrast, LTAs seem to function as receptor molecules

directing the autolysin to the emerging cell septum (Zoll et al., 2012).
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Figure 51: Model for the cellular localization of membrane proteins in S. aureus wildtype in comparison to the
AlcpABC and AtarO null mutants. With the deprivation of LCP enzymes, S. aureus cannot attach anionic
glycopolymers to the PG scaffold and intermediates of the WTA biosynthetic pathway accumulate predominantly at
the cell septum. As the production of PBP4 is enhanced, the percentage of peptides in cross-links is increased. At the
same time, the binding of catalytic Atl domains to the cell wall is reduced. In the absence of TarO, the biosynthesis of
WTAs is initially prevented. Premature WTAs, which are suspected to attract PBP2, PBP4, and autolysins to the division
site (Atilano et al., 2010, Schlag et al., 2010, Lu et al., 2023), are missing and the respective enzyme delocalize into
the peripheral membrane leading to a decreased PG cross-linking.



Although LCP enzymes catalyze the ultimate step of the WTA biosynthesis, the deletion of the
corresponding genes in S. aureus is not lethal but associated with severe morphological defects
similar to those seen for the AtarO null mutant. However, while the TarO-depleted strain is barely
impaired in growth, the MSSA1112 AlcpABC triple mutant showed a reduced viability (Chan et al.,
2014). Presumably, the biosynthesis of WTAs continues in the AlcpABC triple mutant leading to
the accumulation of dead-end intermediates that eventually reduces the cellular pool of Css-P.
This assumption is further supported by the observation that the AlcpABC triple mutant is highly
sensitive to the polypeptide antibiotic bacitracin, which inhibits the dephosphorylation of Css-PP
(Dengler et al., 2012). Due to the release of WTAs and CPs to the medium of LCP-deprived cells,
CapAl has been suggested to ensure the viability of this strain by hydrolyzing the final precursors
as part of a rescue mechanism (Chan et al., 2013 & 2014, Rausch et al., 2019). Of note, the
mentioned literature offers no information about potential background mutations in the AlcpABC
triple mutant. In contrast to S. aureus, the disruption of all LCP-encoding genes in B. subtilis is
lethal (Kawai et al., 2011). Similar observations were made, among others, for Corynebacterium
glutamicum, Lactococcus lactis, and Streptococcus mutans, in which at least one functional /Icp
homolog is essential for bacterial growth or survival (Bitoun et al., 2013, Baumgart et al., 2016,
Sadovskaya et al., 2017).

The late-stage interruption of the WTA biosynthesis pathway in S. aureus by the abrogation of LCP
enzymes affects the cell wall homeostasis differently than the disruption of the early-acting gene
tarO. In contrast, the AlcpABC triple mutant possessed a considerable higher amount
(approx. 10%) of highly cross-linked PG than the parental strain (Figure 32) and an increased
production of PBP4 (Figure 33), which is mainly responsible for an enhanced cross-linking (teski
& Tomasz, 2005, Memmi et al., 2008). A highly cross-linked PG may provide additional structural
rigidity to the bacterial cell wall, especially if the PG mesh is not stabilized by the attachment of
anionic glycopolymers and the cellular potential to form a thick PG layer is compromised. The
latter hypothesis is based on the assumption that the formation of WTA precursors continues in
LCP-depleted cells limiting the availability of the carrier lipid Css-P to PG biosynthesis. The AlcpABC
triple mutant showed a fourfold increased sensitivity (MIC 16 pug/ml) to tunicamycin compared to
the parental strain (MIC 128 pg/ml) (Table 2). Due to the likely reduced PG biosynthesis, the

mutant strain seemed to be more affected by the inhibitor targeting the PG translocase Mra.



Future studies need to focus on the distribution of PBPs in the Alcp null background and address
the question if PBP4 is attracted to the division site by the accumulation of premature WTAs.
Zymogram analysis of LCP-deficient mutants performed in this work (Figure 46) revealed that
either the activity of Atl-derived autolysins is reduced or lower amounts are associated with the
cell wall. The latter would contradict the hypothesis of Schlag et al. (2010) that more processed
Atl enzymes bind to the cell wall in the absence of mature WTAs. S. aureus Aatl null mutants are
highly affected in the formation of daughter cells and tend to form cell aggregates (Biswas et al.,
2006). However, a reduced amount of active Atl in the AlcpABC triple mutant did not seem to
contribute to the highly retarded cell growth of this strain since the hydrolytic profiles of the
MSSA1112 Alcp single mutants were comparable and their growth was not affected compared to
the parental strain (data not shown).

Although provoking different cellular responses, the disruption of at least one LCP enzyme or TarO
in S. aureus has been demonstrated to induce the cell wall stress stimulon (CWSS), a combination
of dozens of genes regulated by the VraSR two-component system in response to cell envelope
perturbations caused by cell wall targeting antibiotics. Triggering this sensor system improves the
cellular tolerance against antibacterial substances that jeopardize the integrity of the cell wall
(Belcheva & Golemi-Kotra, 2008, Dengler et al., 2012, Lu et al., 2023). Strikingly, the precise
identity of the VraSR regulon activator remains elusive, even if Lu et al. (2023) provided evidence
that the accumulation of either lipid-linked PG or WTA precursors can induce the CWSS in
S. aureus. This finding is consistent with the stimulation of the system in the absence of either
TarO and the increased availability of carrier lipid for PG biosynthesis or, in case WTA biosynthesis

continues in LCP-deficient cells, LCP enzymes (Dengler et al., 2012, Lu et al., 2023).

4.1.3 How moenomycin interacts with LCP enzymes in S. aureus

Moenomycin is a phosphoglycolipid antibiotic that is known to interfere with the activity of PG
glycosyltransferases by binding to the donor substrate site. Thereby, the antibiotic prevents the
translocation of the growing glycan polymer to membrane-bound lipid Il and blocks the
biosynthesis of new carbohydrate chains to maintain and expand the PG scaffold (Lovering et al.,

2007 & 2008, Yuan et al., 2008, Fuse et al., 2010). The molecular structure of moenomycin



resembles, to a certain degree, that of lipid-linked PG precursors: a 25-carbon isoprenoid chain is
tethered, via an ether bond, to the C; hydroxyl group of 3-phosphoglyceric acid that is further
connected, by a phosphodiester linkage, to a tetrasaccharide core with various substitutions. The
lipid chain is essential for the intercalation of the natural product into the cytoplasmic membrane,
ensuring its antibacterial activity (Ostash & Walker, 2010). As expected, while binding to S. aureus
PBP2, the orientation of moenomycin is similar to that of the glycan chain substrate: the
positioning of the two sugars adjacent to the 3-phosphoglyceric acid residue overlaps with the
location of the disaccharide unit of lipid Il close to the putative catalytic residue E114, while the
pyrophosphate is surrounded by positively charged moieties (Lovering et al., 2007). Moenomycin-
resistant mutants of S. aureus have been found to possess a point mutation (either Y196D or
P234Q) in the active site of PBP2, which, however, is not located in the vicinity of the presumed
pharmacophore of the antibiotic consisting of the pyrophosphate with the adjoining disaccharide
(Rebets et al., 2014).

In this work, moenomycin was shown to inhibit the hydrolysis of both the WTA precursor
lipid lllwta and the PG intermediate lipid Il by LcpA (Figures 18 & 19). This finding presents the first
evidence of an additional cellular target for moenomycin in S. aureus apart from PBP2 and the
monofunctional glycosyltransferases SgtA and SgtB. To further investigate the nature of the
protein-inhibitor interaction, different techniques were used to conduct affinity measurements
including FA and SDS-PAGE. All three LCP proteins from S. aureus were shown to interact with the
antibiotic directly and specifically (Figures 26 to 28). However, as reflected by the moderately
differential MIC results of moenomycin against various LCP-depleted strains (Table 2), the LCP
enzyme family has to be considered an off-target of the antibiotic, because the bactericidal effect
seems to be mainly caused by the inhibition of essential PG glycosyltransferases.

Moenomycin is a potent inhibitor whose activity depends on the Cis-isoprenoid chain, because
the lipid tail must be inserted into the membrane to occupy efficiently the donor site of PG
glycosyltransferases and inhibit the polymerization of glycan chains (Ostash et al., 2022). In
contrast to this suggested binding conformation in PG glycosyltransferases, ligand-binding site
predictions place the isoprene unit of the antibiotic in the hydrophobic pocket of LcpA and the
pharmacophore in the active site region (Figure 52). This positioning is similar to the proposed

binding orientation of lipid Illwa in the donor binding site of LcpA (Figure 49). Since little is known



about the nature of the acceptor binding site in LCPs, this location cannot be excluded as
moenomycin binding site. At the time this thesis is written, endeavors to acquire high-resolution

crystal structures of the LcpA-moenomycin complex are in progress.

Figure 52: Structural prediction for the binding of moenomycin to truncated LcpA from S. aureus. The antibiotic is
depicted in sticks with heteroatoms colored by type (carbon, green; hydrogen, white; nitrogen, blue; oxygen, red;
phosphorous, orange). The ligand binding predictions were compiled by Jan-Martin Daniel (Institute for
Pharmaceutical Microbiology, University of Bonn) with UCSF Chimera V1.17.1 software (Pettersen et al., 2008). To
facilitate the calculations, the modeling was performed with a moenomycin A derivative missing the A ring, which is
in vivo tenfold less active than the potent parent molecule (Ostash & Walker, 2010). Side view (left) and top view
(right) of the lipid-binding pocket of short-length LcpA (PDB identifier 6UEX, Lu et al., 2020). The phosphoglycolipid is
supposed to penetrate the hydrophobic cavity of LcpA with its isoprene unit and occupy the active site, which is
surrounded by four flexible loops, with its pyrophosphate and sugar units preventing the catalytic activity of the
enzyme.

In binding studies, the FA decreased when the LcpA-MOE-BDP complex was challenged by
increasing concentrations of lipid I, indicating that MOE-BDP and the PG precursor target the
same binding site within the LcpA protein (Figure 28B). This result also confirms that the
interaction between LCP enzymes and MOE-BDP is based on non-covalent interactions, an
observation that can also be deduced from the nature of the active site residues, that is
unfavorable for the covalent binding of a pyrophosphate-containing substrate due to a missing
nucleophile (Li et al., 2020).

By incubating the purified enzymes with the fluorescently labeled antibiotic and subsequent
separation by SDS-PAGE, it was demonstrated that the proteins form a complex with MOE-BDP

(Figure 26). Full-length as well as short variants of LcpA, LcpB, and LcpC were able to interact with



the fluorescent agent, indicating that the presence of the transmembrane domain is not relevant
for binding. Cheng et al. (2008) demonstrated that the truncated versions of PBPs, however,
possess lower binding affinities for the antibiotic. Therefore, the significance of the
transmembrane domain needs to be examined in future studies. FA assays further showed that,
as judged from the dissociation constant Kp, the affinity of the bifunctional PBP2 and the
monofunctional glycosyltransferases SgtA and SgtB for MOE-BDP were substantially higher than
that of LCPs (Table 3). Using fluorescein-labeled moenomycin, Cheng et al. (2008) determined a
Kp value of 0.03 + 0.03 uM for PBP2 in a FA-based assay, which is in good agreement with the
results obtained in this work (Kp value of 0.10 + 0.02 uM). The literature offers no Kp values for
SgtA and SgtB, but in vitro PG glycosyltransferase inhibition assays have revealed an ICso of 6 nM
for soluble SgtB with moenomycin A, confirming that the antibiotic is effective in a nanomolar
range (Gampe et al., 2013). While other workgroups were not successful in the reconstitution of
the glycosyltransferase activity of SgtA in vitro (Rebets et al., 2014), the protein was active in
assays performed in this work despite the rather poor protein purity after size-exclusion

chromatography (supplementary Figures 58 & 59).

4.1.4 Unraveling the effect of moenomycin on S. aureus cells

Of the three LCP enzymes produced by S. aureus, LcpA stands out in various respects. The Kp value
determined by FA measurements for LcpA was half the one for LcpB and LcpC (Table 3). Moreover,
in microscopy studies, the binding of MOE-BDP to LcpA-deprived S. aureus MSSA1112 cells was
significantly decreased compared to the parental strain (Figure 37). A different localization
behavior was further observed for GFP-labeled LcpA, which, in contrast to LcpB and LcpC, was
recruited to the cell division site in the presence of moenomycin (Figures 42 to 44). Other
antibiotics targeting the cell wall in S. aureus, including vancomycin, teixobactin, ampicillin, and
ramoplanin, did not alter the localization of LcpA. The microscopy studies in this work were
performed using the MSSA strain RN4220 due to its efficient transformability with foreign DNA
(Waldron & Lindsay, 2006, Veiga & Pinho, 2009). Since this strain does not produce a
polysaccharide capsule, the potential of anionic glycopolymer attachment catalyzed by LCP

enzymes is restricted to the PG-linkage of WTAs. Although displaying semi-redundant functions,



LcpA is likely the major WTA transferase in S. aureus (Schaefer et al., 2017, Chan et al., 2013 &
2014). If the cells are exposed to moenomycin, the antibiotic may initially reach and inhibit the
LCP enzymes located in the cell periphery. As part of a stress response, newly synthesized LcpA
could accumulate at the division site in order to maintain WTA biosynthesis, which is suggested to
occur mainly at the cell septum (Figure 53) (Bhavsar et al., 2005, Formstone et al., 2008, Atilano
etal., 2010). In this work, the localization of fluorescently labeled proteins was investigated after
a 10 min treatment period. It is possible that GFP-LcpB and GFP-LcpC are recruited to the division
site at a later time. These LCP enzymes may play a secondary role under the given conditions,
since the examined strain did not produce a polysaccharide capsule (Kreiswirth et al., 1983, Wann

etal., 1999).
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Figure 53: Model for the cellular localization of membrane proteins in S. aureus before and after exposure to
moenomycin. The phosphoglycolipid supposedly inhibits, in addition to the transglycosylation of lipid Il by PBP2 and
monoglycosyltransferases, the attachment of WTAs by binding to LCP enzymes. WTA intermediates accumulate at the
division site and mediate the recruitment of PBP2, PBP4 and LcpA to the septum, resulting in an increased degree of
PG cross-linkage.



In addition to GFP-LcpA, also PBP4-YFP was recruited to the septum after the cells were treated
with moenomycin, while for GFP-labeled PBP2, the FR value was not significantly higher than the
threshold of 2 (Figures 35 & 45). Nevertheless, this result may, very carefully interpreted, indicate
a positive trend towards septal recruitment. Given that gfp-pbp2 was under the control of an IPTG-
inducible promoter in this work, the overproduced fusion protein was most likely additionally
integrated into the peripheral membrane distorting the basal FR value of the untreated control.
In contrast, Pinho & Errington (2005) claimed that if the gfp gene is fused to chromosomal pbp2
and expressed under the control of the Py, promoter, the fusion product GFP-PBP2 would
predominantly localize to the septum and the localization could be influenced by the disposability
of the PBP2 substrate lipid Il. However, this result was not based on the calculation of the
respective FR values and no statistical analysis was performed. Recently, our group could confirm
the septal localization of GFP-PBP2 in the strain generated by Pinho & Errington (2005) through
the analysis of convolved average projections (Puls et al., 2023). The divergent observations
regarding the septal recruitment of GFP-PBP2 in the absence of antibiotics could result from the
usage of different expression promoters or analysis methods and demands further experimental
investigations.

With moenomycin inhibiting the activity of LcpA at the division site, premature WTAs supposedly
accumulate and direct additional PBP4 and most likely PBP2 to the septum. While PBP4 is also
active at the peripheral cell wall to maintain the aging PG scaffold, PBP2 has to localize to the
division site to fulfill its essential PG glycosyltransferase activity (Gautam et al., 2015, Pinho &
Errington, 2005). However, in the presence of moenomycin, PBP2 can only act as a transpeptidase
(Ostash & Walker, 2010). In accordance with the results obtained by microscopy, the percentage
of cross-linked peptides in S. aureus Newman wildtype PG was enhanced by approximately 6%
after the administration of moenomycin (Figure 34). Moreover, the overall production of PBPs was
stimulated compared to the untreated control (Figure 33A), which may be associated with the
initiated cell wall stress response. By induction kinetics of the vraX promoter, it has been
demonstrated that the natural product antibiotic gradually triggers the CWSS to a peak response
after 60 min (Dengler et al., 2011). Unpublished data obtained by Jan-Samuel Puls (Institute for
Pharmaceutical Microbiology, University of Bonn) show that the incorporation of the fluorescent

D-amino acid probe HADA (7-hydroxycoumarincarbonylamino-D-alanine) by PBP4 at the cell



septum proceeds for at least 30 min after the exposure of the cells to moenomycin, while
vancomycin and fosfomycin have already completely inhibited PG biosynthesis by then. After
90 min, the activity of PBP4 comes to a standstill and the cells predominantly remain in the
assembly state with a thoroughly formed septum (data not shown, manuscript in preparation).
Concordantly, a killing assay performed in this work revealed that the bactericidal effect of the
antibioticis initiated in a time-delayed manner (Figure 25). Approximately 2 h after the application
of the phosphoglycolipid, the viable cell counts declined in the MSSA1112 wildtype strain. A
similar observation has been made both for S. aureus ATCC 29213 and S. epidermidis ATCC 12228
(Baizman et al., 2000). By measuring the incorporation of ['C]-lysine into the PG of E. faecalis,
Baizman et al. (2000) could not detect an inhibition of the in vivo PG biosynthesis within 60 min
after the exposure of the cells to moenomycin. The deferred action of the antibiotic is possibly
caused by its molecular structure. To inhibit PG glycosyltransferases, the isoprenoid chain of
moenomycin has to be integrated into the cytoplasmic membrane (Ostash et al., 2022). In
contrast, considering the active site conformation of LCP enzymes facing the extracellular space
and the expected binding orientation of the phosphoglycolipid within the hydrophobic pocket of
the phosphodiesterases, the antibiotic likely inhibits laterally localized LCP enzymes instantly upon
cell exposure. However, to reach the target enzymes that are located in the forming cell septum,
moenomycin has either to overcome the cytoplasmic membrane or to find its way to the divisome
by moving passively with the constricting cell envelope, which is expected to be a time-consuming
process. Membranal structures constitute a solid physical barrier for the phosphoglycolipid as
reflected by the MICs against Gram-negative bacteria, that are 100 to 1000-fold higher than the
working concentrations against Gram-positive bacteria (Ostash & Walker, 2010). In this context, it
has to be considered that the outer face of the outer membrane in Gram-negative bacteria is
decorated with lipopolysaccharides that are cross-bridged by the interaction with divalent cations
and form an effective permeability barrier for hydrophobic antibiotics (Savage, 2001, Nikaido,
2003). Nonetheless, moenomycin aggregates into micelles in aqueous solutions and easily
integrates into lipid bilayers (Lantzsch et al., 1998, Anikin et al., 1999). Due to its hydrophobicity,
it seems unlikely that the isoprenoid chain of the antibiotic is extracted from the cytoplasmic
membrane once it is integrated and then reintegrated into the septum. In accordance, MOE-BDP

was found to localize mainly in the lateral cell wall of S. aureus Newman wildtype (Figure 37).



Besides the interruption of the PG biosynthesis pathway leading to the predominantly found cell
cycle arrest in the assembly state, moenomycin could also impair the PG hydrolysis. S. aureus
strains have been shown to be less susceptible to autolysis if exposed to subinhibitory
concentrations of moenomycin (Antignac et al., 2007). In line with the hypothesis that the
antibiotic inhibits LCP enzymes in vivo, LCP-deficient strains were demonstrated to have less active
Atl-derived enzymes bound to the cell wall (Figure 46).

To mediate the cellular division into two identical daughter cells, a myriad of enzymes involved in
both PG biosynthesis and hydrolysis allies to form the highly coordinated divisome complex. As
the main representative, FtsZ forms a septal ring marking the future division site, that serves as a
scaffold for early- and late-stage divisomal proteins including PBPs (Attaibi & den Blaauwen, 2022).
The WTA biosynthesis apparatus is expected to be engaged in this well-orchestrated multiprotein
factory, but the direct spatial connection linking the enzymes of the PG and WTA machineries has
long remained elusive. Protein elutions of heterologously expressed S. aureus LcpA, LcpB, and
LcpC, that had not been further purified by gelfiltration, always contained, in contrast to an empty
vector control, a contaminating carboxypeptidase from E. coli (data not shown), indicating that
the phosphodiesterases most probably interact with certain PBP motives. Moreover, recent
evidence highlights GpsB as a coordinator of cell division by regulating FtsZ polymerization and
directly interacting with FtsZ (Eswara et al., 2018, Sacco et al., 2022, preprint, Sutton et al., 2023,
preprint), EzrA (Steele et al., 2011), PBP4, TarO, and TarG (Sacco et al., 2022 preprint, Hammond
et al., 2022). GpsB is highly conserved in Gram-positive bacteria and essential in S. aureus as well
as S. pneumoniae but dispensable in B. subtilis (Santiago et al., 2015, Halbedel & Lewis, 2019,
Hammond et al., 2019). By forming an unusual dimer, the soluble protein associates with the inner
face of the cytoplasmic membrane (Sacco et al., 2022, preprint).

Moenomycin was demonstrated to inhibit the hydrolysis of lipid Illwra in vitro (Figure 18).
However, to provide evidence that the phosphoglycolipid affects the WTA biosynthesis in vivo is
challenging. 30 min after the addition of the antibiotic, S. aureus Newman cells were shown to
possess significantly less WTAs, but, at the same time, the PG content was reduced by a similar
percentage, which likely limits possible attachment sites for anionic glycopolymers (Figure 36).

In MRSA strains, the equipment of the cell wall with WTAs has been proven to be essential for

B-lactam resistance (Hartman & Tomasz, 1984, Matsuhashi et al., 1986, Brown et al., 2012, Farha



et al., 2013). Accordingly, the exposure to low levels of tunicamycin renders otherwise resistant
strains susceptible to oxacillin (Campbell et al., 2011). Indeed, both MRSA strains USA300 and COL
were shown to become sensitive to the B-lactam in the presence of moenomycin (supplementary
Figure 60). However, this was not particularly surprising given the fact that an active PBP2
glycosyltransferase domain is required for the expression of B-lactam resistance in S. aureus
(Pinho et al., 2001). The combination of moenomycin and B-lactams was further tested against
MSSA strains and found to act synergistically in MSSA1112 wildtype and the SA113 AtarO null
mutant (Figures 29 & 31). In contrast, no synergism could be detected in the LCP-deficient
MSSA1112 strain referring to LCP enzymes as a complementary target for the phosphoglycolipid
in the parental and the TarO-deprived strain (Figure 30). Considering that the latter presumably
still produces LCP enzymes that do not fulfill an active function since the biosynthesis of WTAs is
abrogated, it cannot be excluded that the synergism is based on other cellular processes in this
strain.

Taken together, the antibiotic effectiveness of moenomycin is not solely based on the inhibition
of essential PG glycosyltransferases but on the additional interaction with LCP enzymes in Gram-

positive bacteria, rendering the phosphoglycolipid a powerful template for antibiotic drug design.



Chapter 2: Corallorazine A extends the small portfolio of RNAP inhibitors

The emerging antibiotic resistance crisis causes an exponential increase in hospitalizations,
medical costs, and mortality worldwide (WHO, 2021). Simultaneously, pharmaceutical companies
withdraw from the search for novel anti-infectives, because they are discouraged by high-risk
investments and low long-term profit opportunities (Dutescu & Hillier, 2021). It is estimated that
by 2050, about ten million people could die annually of hard-to-treat infections caused by
antibiotic resistant pathogens (O’Neill, 2014). If no urgently required actions are taken, the world
is expected to be reset to a pre-antibiotic era. To counter this appalling development, it is
essential to understand how bacterial resistance mechanisms work and to find possibilities to
overcome them. Interestingly, the sources of new compounds against resistant bacteria are often
other microorganisms (Schaberle et al., 2014a, Quinn et al., 2020).

In consequence of the high bacterial density in their geobiotic habitat and their preferentially
stationary lifestyle in slime sheets, myxobacteria produce numerous bioactive substances to
maintain their ecological niche against opponents and are, therefore, a rich source of promising
antimicrobial compounds (Reichenbach et al., 2001). C. coralloides B035 is an organism that has
already acquired prominence for producing the bacterial DNA-dependent RNA polymerase
(RNAP) inhibitor corallopyronin A that is of major interest in fighting human filarial infections
(Irschik et al., 1985, Krome et al., 2022). Another secondary metabolite synthesized by this
bacterium, corallorazine A, constitutes a new group of natural products and could contribute to

fill the gap of effective compounds fighting resistant pathogens.

4.2.1 Corallorazines form a new group of natural product antibiotics

Corallorazine A was found to be the final product of the corallorazine biosynthesis pathway while
corallorazine B and C are supposed to be intermediates. The compound owns an unusual
structure consisting of the two amino acid residues dehydroalanine and glycine that are
connected by a semiaminal bond to form a piperazine ring, which is, in turn, linked to an
uncommon aliphatic acyl chain by an amide bond (Figure 8) (Schmitz et al., 2014). Corallorazine A
shares structural similarities with a biosynthetic byproduct of phenylahistin, a diketopiperazine

metabolite produced by the ascomycete Aspergillus ustus and inhibitor of tubulin polymerization



in eukaryotic cells (Figure 54). However, the dipeptide backbone of the byproduct is composed of
a L-phenylalanine and an isoprenylated dehydrohistidine moiety and, in contrast to
corallorazines, not connected to an acyl chain (Kanoh et al., 1997 & 1999, Schmitz et al., 2014). A
closer related structure was found in the secondary metabolite cyrmenin A, a fungicide that is
produced by the myxobacteria Cystobacter armeniaca and Archangium gephyra and known to
interrupt mitochondrial respiration by interfering with the cytochrome bci complex (Leibold et
al., 2004). Its dipeptide core contains also dehydroalanine, but, unlike corallorazine A, the second
amino acid residue is an O-methylated dihydroserine. Another resembling feature is the linkage
of the lipophilic chain via an amide bond that contains a (2E,42)-dodecadienoic acid residue in
cyrmenin A but a (2E,42)-iso-octa-2,4-dienoic acid residue in corallorazines (Leibold et al., 2004,

Schmitz et al., 2014).
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Figure 54: Structures of (A) phenylahistin, (B) its biosynthesis byproduct, and (C) cyrmenin A, which possess
structural resemblance to corallorazine A.



Corallorazine A showed moderate antibiotic activity against Gram-positive bacteria, especially the
MRSA strain COL (Table 5). S. aureus belongs to the so-called ESKAPE pathogens, an acronym for
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp., a group of bacterial species with increased
multi-drug resistance (Tommasi et al., 2015). Commonly used antibiotics become progressively
ineffective to treat infections caused by these pathogens and corallorazine A could be a potential
candidate to treat MRSA infections.

In Gram-negative bacteria, the outer membrane constitutes a mechanical barrier for the
penetration of hydrophobic compounds, such as corallorazine A. The core region of the outer
membrane lipopolysaccharides presents a protective shield against lipophilic compounds,
providing intrinsic resistance (Delcour, 2008). Indeed, as shown by MIC determinations, the E. coli
strain MB5746 with an increased outer membrane permeability was more susceptible to
corallorazine A than the strain [-122768 with an intact membrane. Therefore, the simultaneous
administration of membrane permeabilizing substances (e.g., polymyxin B, Tris/EDTA) could
enhance the antibiotic effect of corallorazine A on Gram-negative bacteria (Vaara, 1992, Delcour,
2008). Another approach to improve the activity could be the shortening of the acyl chain.
However, other hydrophobic antibiotics, e.g., moenomycins, are impaired in their biological
activity if the length of their lipid chain is reduced (Adachi et al., 2006). In addition, moenomycins
have a poor bioavailability and a hemolytic activity that is potentially ascribed to the lipid tail
(Figure 7) (Adachi et al., 2006, Pfaller et al., 2006, Ostash & Walker, 2010). Effects that may also
be assigned to corallorazine A in further studies.

In order to produce corallorazine A on a large scale, Dreckmann et al. (manuscript in preparation)

have already successfully reconstituted the biosynthesis pathway in vitro.

4.2.2. Corallorazine A in comparison with other RNAP inhibitors

In this work, corallorazine A was shown to inhibit the in vitro activity of the E. coli DNA-dependent
RNA polymerase (RNAP). This protein enables the highly coordinated process of transcription, the
initial step of gene expression. The shape of the bacterial RNAP resembles a crab claw with the

protruding large subunits B and B’ forming a central cleft that contains the active site including a



catalytic magnesium-ion (Figures 55 & 57). Two identical smaller a-subunits form the distal base,
whereby each a-subunit collaborates with another B-subunit via the N-terminal domain (aNTD).
In addition, the a-subunits possess a C-terminal domain (aCTD) for the interaction with upstream
promoter DNA and proteogenic regulatory factors (Ebright et al., 2000). The RNAP core enzyme
is completed by the smallest subunit w that binds to B’ as a chaperone and is responsible for RNAP
assembly and stabilization (Mathew & Chatterji, 2006). To initiate bacterial transcription, the core
enzyme associates with the factor sigma (o) that allows specific promoter recognition to form the
RNAP holoenzyme (Gruber & Gross, 2003). In the base region close to the active site, the switch
region encompassing five sections regulates the movement of the B’-clamp. It governs the
opening of the claw-like RNAP structure to grant the incoming DNA strand access to the active-
center cleft and coordinates the closing of the “pincer” to keep the DNA in place for unwinding

(Srivastava et al., 2011, Artsimovitch et al., 2012, Chakraborty et al., 2012).

active centre cleft " active centre cleft

switch region

RNAP core enzyme RNAP holo enzyme

Figure 55: Structure of the bacterial RNAP. The RNAP of prokaryotes is composed of different subunits forming a
clamp-like shape. Subunits B’ and B build a pincer with w as a stabilizing chaperone for B’ while two identical
a-subunits provide the base. The o-factor completes the RNAP holoenzyme and enables specific promoter
recognition. The switch region (circle) controls the movement of the B’-clamp (figure adapted from Mazumder &
Kapanidis, 2019).



The RNAP represents an attractive target for antimicrobials and particularly broad-spectrum
antibiotics, because of its essentiality and highly conserved structure in bacteria. Although
homolog, the eukaryotic RNAP has diverged from the bacterial RNAP, allowing a selective therapy
approach with a minor risk for cytotoxicity (Ma et al., 2016). To this day, only two groups of RNAP
inhibitors are approved for therapeutic treatment, namely the members and derivatives of the

rifamycins, including rifampin, and fidaxomicin (lipiarmycin) (Figure 56) (Kirsch et al., 2022).
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Figure 56: Structures of the RNAP inhibitors (A) rifampin and (B) fidaxomicin, which are approved for medical use,
and the drug candidate (C) corallopyronin A.



The ansamycin rifampin is the most prominent representative of RNAP inhibitors. Discovered in
1965 as a secondary metabolite of Amycolatopsis mediterranei, rifampin binds to the B-subunit
of the RNAP in proximity to the active site and interferes with the RNA elongation after the second
or third nucleotide of the growing RNA transcript (Figure 57) (Campbell et al., 2001). In
conjunction with other anti-infectives, the antibiotic is used to treat, e.g., active and latent
tuberculosis infections, anthrax, leprosy, and streptococcal and staphylococcal infections (Sensi,
1983, Centers for Disease Control and Prevention, 2001, American Academy of Pediatrics, 2006).
Nevertheless, since the therapeutic treatment of particularly mycobacterial infections requires
several months, the infection strain is prone to develop resistance to rifampin that predominantly
includes mutations in the B-subunit-encoding rpoB gene (American Academy of Pediatrics, 2006,

Goldstein, 2014).

Corallopyronin A
Fidaxomicin

Figure 57: Inhibitor target sites of the bacterial RNAP. The RNAP-inhibitors corallopyronin A and fidaxomicin bind
each to a different position within the switch region of the B’-subunit, whereas the binding site of rifampin is located
in the B-subunit. The catalytic magnesium ion is marked in purple (adapted from Srivastava et al., 2011).

MIC determinations conducted in this work (Table 5) revealed that the vancomycin-intermediate
S. aureus Mu50 strain, which is resistant to rifampin, was, indeed, susceptible to corallorazine A.
This result points to a different target structure than the rifampin-binding site. Moreover, if the
expression of rpoC, which encodes for the B’-subunit, was reduced, the test strain became more
susceptible to corallorazine A, suggesting the switch region as a possible target site. A similar
effect in the susceptibility to corallorazine A was observed for the downregulation of the

30S ribosomal subunit 5S-encoding gene rpsE, although no interference with the protein



biosynthesis pathway could be demonstrated using B. subtilis B-galactosidase reporter assays
(Figure 47). However, the accuracy of antisense-induced strain sensitivity profiling is restricted,
because different biosynthetic pathways and proteins may influence each other (Donald et al.,
2009, Chiriac et al., 2015).

In direct comparison, rifampin possessed a superior antibacterial activity compared to
corallorazine A in in vitro transcription studies including E. coli RNAP (Figure 48). Approximately
the 1300-fold molar amount of corallorazine A was needed to reach the same level of
transcriptional inhibition as shown by rifampin. In line with this observation, the S. aureus strain
SG511 was found to be distinctly less susceptible to corallorazine A than to rifampin with MIC
values of 32 ug/ml (Table 5) and 0.004 pg/ml (Dietrich et al., 2021), respectively.

Another approved RNAP inhibitor is the macrocyclic fidaxomicin, which is produced by the
actinomycetes Dactylosporangium aurantiacum and Actinoplanes deccanensisis and mainly
active against Gram-positive bacteria. The narrow-spectrum antibiotic is used to treat
Clostridioides difficile-associated diarrhea and inhibits the early transcription by binding to the
B’ switch-2 region (Figure 57) (Parenti et al., 1975, Swanson et al., 1991, Hardesty & Juang, 2011,
Goldstein et al., 2012, Artsimovitch et al., 2012, Venugopal & Johnson, 2012, Sears et al., 2013,
Lee & Borukhov, 2016). The drug candidate corallopyronin A, which is currently undergoing
preclinical trials, also binds to the P’-switch-2 region preventing clamp motion (Figure 57).
However, the exact target site differs and no cross-resistance to fidaxomicin was detectable
(Srivastava et al., 2011, Lee & Borukhov, 2016). For fidaxomicin as well as for corallopyronin A, no
cross-resistance with rifampin has been reported due to their different target sites within the
RNAP (Goldstein et al., 2014, Krome et al., 2022).

As already mentioned, corallopyronin A and corallorazine A are produced by the same
myxobacterium, C. coralloides, and have been suggested to target the same structure in prey
organisms (Irschik et al., 1985, this work). If the bacterium is challenged for its ecological niche
and the competitor develops resistance to corallopyronin A, it would be energetically
disadvantageous to produce a second compound that has already proven to be ineffective.
However, these overlapping target sites are not mutually exclusive. Depending on, e.g.,
environmental conditions such as temperature, humidity, and resource availability as well as the

nature of the target organism, the biosynthesis of one compound could be favorable. Similar to



corallorazine A, corallopyronin A has been demonstrated to possess a relatively low binding
affinity to E. coli RNAP with regard to rifampin. The a-pyrone antibiotic revealed a 50% inhibitory
concentration of 0.73 £ 0.2 uM, while rifampin displayed an average ICso of 11.5+1.1 nM
(Mariner et al., 2011). Nevertheless, corallopyronin A is highly effective against endobacterial
Wolbachia and a promising candidate for the treatment of human filarial infections (Krome et al.,
2022).

Considering that test systems from different bacterial strains (S. aureus antisense strains
(Table 6), B. subtilis B-galactosidase reporter (Figure 47), purified E. coli RNAP (Figure 48)), which
differ in their susceptibility to corallorazine A (Table 5), were used to reveal the antibiotic target
site of corallorazine A, additional experimental methods are required to examine a possible
inhibition of the bacterial ribosome. Even though the antibacterial potency of corallorazine A
seemed to be less compared to rifampin, derivates of the lipodipeptide with advanced features

could render this compound a promising drug candidate.
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5. Appendix
5.1 Supplementary figures and tables

Figure 58: In vitro activity test of purified full-length SgtA and SgtB. Purified lipid Il was incubated with hexahistidine-
tagged SgtA and SgtB from S. aureus. Following extraction with BuOH/PyrAc, samples were separated by TLC and
developed using Hanessian's stain. In the negative control, the enzyme was added simultaneously with the organic
solvents after the incubation period. Hydrolysis was displayed by reduction of the lipid Il substrate band. E2: Elution
fraction 2, E3: Elution fraction 3. Representative results of three independent experiments.
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Figure 59: SDS-PAGE of purified proteins used for FA experiments. Final protein purity after gel filtration assessed by
PageBlue stained 4 -12% Bis-Tris acrylamide SDS-PAGE. Approximately 5 ug was applied on gel. Despite gel filtration,
the eluate of the monoglycosyltransferase SgtA exhibited many contaminating proteins. A Bocillin assay revealed no
contamination by PBPs in the protein solutions of LcpA, LepB, and LepC (data not shown). Arrows indicate the
respective protein band. Representative results of three independent purifications.



Table 7: MIC values of S. aureus Newman for fluorescently labeled cell wall targeting antibiotics. The table shows
representative data of three or more independent experiments.

. MIC (ug/ml)
Strain
MOE-BDP Bocillin FL Vancomycin-FITC Rhodamine B-Ramoplanin
Newman wildtype 2 0.5 4 4

Table 8: MIC values of S. aureus RN4220 strains producing GFP-tagged LCP and PBP enzymes for moenomycin and
other cell wall targeting antibiotics. The table shows representative data of three or more independent
experiments.

MIC (pg/ml)
Strain . ] ] ] ] L
Moenomycin  Vancomycin  Teixobactin  Ramoplanin  Ampicillin

RN4220 pCQ11-gfp-lcpA 0.25 4 2 1 0.125
RN4220 pCQ1l1-gfp-lcpB 0.125 2 2 1 0.0625
RN4220 pCQl1l-gfp-icpC 0.125 2 2 1 0.0625
RN4220pCQll-gfp-pbp2 0.25 4 2 1 0.125
RN4220 pCQll-yfp-pbp4d 0.125

Table 9: Checkerboard assay results of moenomycin in combination with antibiotics of other classes against the
MRSA strains USA300 and COL. A fractional inhibitory concentration (FIC) of <0.5 indicates synergism while a value
of 0.5-4 suggests an unremarkable additive effect or no increase in inhibitory activity when the two compounds are
combined (Lorian, 2005). With moenomycin, both strains were sensitized to the B-lactam oxacillin. Chloramphenicol
displayed antagonistic activity in combination with the phosphoglycolipid, while ciprofloxacin did not affect the MIC
of moenomycin against USA300. Synergy was observed for moenomycin and the glycopeptide vancomycin. The table
shows representative data of three independent experiments.

USA300 coL
Antibiotic Class
FIC Interaction FIC Interaction
Oxacillin B-lactam 0.125 synergistic 0.25 synergistic
Chloramphenicol  other 4.016 antagonistic
Ciprofloxacin fluoroquinolone 1.001 indifferent

Vancomycin glycopeptide 0.375 synergistic
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Figure 60: The effect of moenomycin in combination with different class antibiotics against methicillin-resistant
S. aureus (MRSA) strains. (A) Both S. aureus COL and USA300 became susceptible to the B-lactam antibiotic oxacillin
in the presence of moenomycin. (B) The MRSA strain USA300 was further tested with other classes of antibiotics.
Chloramphenicol increased the inhibitory effect of moenomycin, while ciprofloxacin had no effect. For the

combination with vancomycin, a synergistic effect was observed. Representative results of three independent
experiments.
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Figure 61: Amino acid sequence analysis of S. aureus N315 CapA1l. Sequence alignment of S. aureus N315 CapAl
(Uniprot accession AOAOH3JSH5) with B. subtilis 168 TkmA (AOA6M3ZHD8) and S. pneumoniae D39 CpsC (Q9ZI17).
Conserved residues among all three sequences are highlighted in red. Similarities are framed by blue boxes. The
sequence identity scores against CapAl from S. aureus N315 were 37.61% (B. subtilis 168 TkmA) and 30.00%
(S. pneumoniae D39 CpsC), respectively. Figure was generated using the ESPript 3 server (Robert et al., 2014).
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