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1  Summary

Antibiotic resistance poses a serious threat to human health, demanding for the discovery and
development of antibiotics with resistance-breaking properties. New antibiotics should be sought
with the focus on novel chemistry and mechanisms of actions. Furthermore, a profound understanding
of the antibiotic target, in the biological context as well as on a cellular level, the target-antibiotic
interaction, and the cellular consequences of antibiotic treatment is necessary.

This work is divided in two major parts. The first part encloses the complete in vitro reconstitution
of capsule assembly in Staphylococcus aureus as well as the identification and characterization of
regulatory circuits which coordinate capsule assembly and peptidoglycan synthesis, elucidated by
the combined efforts of three first authors. Furthermore, LcpC a member of the LytR-CpsA-Psr
(LCP) protein family was demonstrated to catalyze the previously elusive attachment of capsular
polysaccharides to the cell wall and the peptidoglycan precursor lipid II was identified as the
acceptor substrate. The detailed characterization of the LcpC catalyzed reaction further provided
the foundation to screen for inhibitors The second part of this work describes the discovery and
elucidation of the mechanism of action of the lantibiotic cacaoidin.

In the following the publications included in this thesis will be briefly summarized:

Subject of the first publication was the Coordination of capsule assembly and cell wall
biosynthesis in Staphylococcus aureus (Chapter 4.1). In Gram-positive bacteria the bacterial
cell wall peptidoglycan is functionalized with glycopolymers, such as wall teichoic acid (WTA) and
capsular polysaccharide (CP), and this highly complex assembly plays crucial roles in cell division,
maintenance of cell shape and structural integrity, host-cell interaction and immune evasion, and
antibiotic drug activity and resistance. Importantly, building up a vital cell wall requires a precise
synchronization of various multi-enzyme machineries. This chapter describes the reconstitution
of the entire capsule biosynthesis pathway and the elucidation of mechanisms that couple and
control the major biosynthetic machineries, leading to a new model of cell wall assembly regulation.
Importantly, in vitro reconstitution of capsule biosynthesis enabled the purification of lipid-linked
synthesis intermediates allowing for the investigation of the previously elusive attachment reaction
that transfer CP building blocks to a so far unidentified cell wall acceptor substrate. The work
provided the first biochemical proof that the transfer of the capsular phospho-sugar moiety to the
peptidoglycan network is catalyzed by LepC, a member of the LytR-CpsA-Psr (LCP) protein family
and show that the membrane-bound peptidoglycan precursor lipid II is the likely acceptor substrate.
Strikingly, the work further revealed that CP transfer was significantly enhanced in the presence of
CapAl, the membrane-anchored component of the CapAB kinase complex, indicating cooperative
function of these enzymes. Further, the CapAl activator was shown to exhibit a yet unknown and
unexpected activity by which it catalyzes the cleavage of lipid-linked CP precursors. Thus, CapAl
has a novel dual function in signaling and processing of capsular polysaccharide precursor.

The second publication Cacaoidin, first member of the new lanthidin RiPP family
(Chapter 4.2) describes the identification, isolation and structural elucidation of the natural
product antibiotic cacaoidin (CAQO), produced by a Streptomyces cacaoi CA-170360 strain. Cacaoidin
was initially classified as a new family, designated lanthidins of ribosomally synthesized and post-
translationally modified peptides (RiPPs) due to its unique structural features. The term lanthidin
was defined as a hybrid of lanthipeptides (lanthionine rings) and linaridins (because of the presence in
cacaoidin of a N N-dimethyl amino terminals). Further outstanding structural features of cacaoidin
comprise the high number of D-amino acids and an unusual glycosylated tyrosine-residue. The
antimicrobial activity of cacaoidin is limited to gram positive bacteria, including methicillin-resistant
S. aureus and Clostridium difficile. Cacaoidin was shown to interfere with cell wall biosynthesis and
to interact with the peptidoglycan precursor lipid II.



In the third publication Dual targeting of the lanthidin antibiotic Cacaoidin (Chap-
ter 4.3) a more comprehensive analysis of the mode of action of cacaoidin was conducted. The
findings on the mode of action portrayed in Chapter 4.2 revealed that cacaoidin binds to the cell
wall precursor lipid II, as demonstrated for numerous representatives of lanthipeptide family. In
depth mechanism of action analysis revealed that cacaoidin exhibits a dual mode of action. Besides
targeting lipid II, cacaoidin interfered with cell wall transglycosylases. The unique structural features
of cacaoidin could guide the synthesis of hybrid antibiotics with improved and resistance-breaking

properties as a result of multi-targeting.



2 Introduction

The clinical use of antibiotics represents a major breakthrough of the 20th century and increased the
average human life expectancy by 23 years (Hutchings, Truman, & Wilkinson, 2019). In addition
to treating infectious diseases, antibiotics revolutionized medical practices, such as chemotherapy,
implantation of prosthetic devices, and organ transplantations. These achievements are severely
threatened by the rapid rise of antibiotic resistance. According to a groundbreaking report released
in December 2014, antibiotic resistance is considered to be a major threat to global health, as it
has the potential to cause 10 million deaths per year by 2050 (O’neill, 2014). In 2017, the world
health organization (WHO) published a list that highlights antibiotic-resistant priority pathogens
(see Tab. 1) for which novel antibiotics are urgently needed, as therapeutic options became limited.

Table 1: WHO priority pathogens list for research and development of new antibiotics. Priority
groups were divided based on the urgency of need for new antibacterials. Released in februrary 2017.
ESBL, extended spectrum S-lactamase.

Multidrug-resistant and extensively-resistant Mycobacterium tuberculosis
Priority 1: CRITICAL

Acinetobacter baumannii, carbapenem-resistant

Pseudomonas aeruginosa, carbapenem-resistant
Enterobacteriaceae, carbapenem-resistant, ESBL-producing
Priority 2: HIGH

Enterococcus faecium, vancomycin-resistant

Staphylococcus aureus, methicillin-resistant, vancomycin-intermediate and resistant
Helicobacter pylori, clarithromycin-resistant

Campylobacter spp., fluoroquinolone-resistant

Salmonellae, fluoroquinolone-resistant

Neisseria gonorrhoeae, cephalosporin-resistant, fluoroquinolone-resistant

Priority 3: MEDIUM

Streptococcus pneumoniae, penicillin-non-susceptible

Haemophilus influenzae, ampicillin-resistant

Shigella spp., fluoroquinolone-resistant

The opportunistic high priority pathogen Staphylococcus aureus is the major cause of wound
infections and has the potential to cause invasive infections, e.g., pneumonia, endocarditis, and
sepsis (Klevens et al., 2007). Soon after the clinically use of methicillin in 1961, methicillin resistant
S. aureus (MRSA) strains were isolated (Jevons, 1961). Since then, methicillin resistance emerged
rapidly and despite extensive measures (hand and environmental hygiene etc.), death rates are
still high. An estimate of 10,600 deaths in the U.S. and 6,810 deaths in Europe were attributed
to infections caused by MRSA in 2017 and 2015 respectively according to the Centers for Disease
Control and Prevention (CDC) and the European Centre for Disease Prevention and Control (ECDC,
Cassini et al. (2019)). MRSA has the outstanding ability to disseminate in different epidemiological
settings including hospitals, community and animals (Rossolini, Arena, Pecile, & Pollini, 2014).
Even though some drugs retain activity against MRSA (e.g., vancomycin, teicoplanin, linezolid)
resistances to last resort antibiotics emerge (Mendes, Deshpande, & Jones, 2014) resulting in limited
treatment options.

The antibiotic crisis the world faces today describes the race for the effective treatment of bacterial
infections and the emergence of resistance. The underlying reasons for the crisis are diverse and
include the overuse and misuse of antibiotics, as well as the lack of new drug development, since they



are generally regarded as non-lucrative investments for pharmaceutical companies (Ventola, 2015a,
2015b). Strategies to overcome the antibiotic resistance crisis comprise I) prevention of infections
and transmission of resistant bacteria by e.g. hygiene, disinfection, and vaccine development, II)
monitoring of resistant pathogens by e.g. healthcare surveillance networks, III) antibiotic stewardship
programs aimed at the improvement of antibiotic use by e.g. optimized prescribing practices, IV)
elimination of diagnostic uncertainty by the implementation of faster and more accurate diagnostic
tools, and V) development of new antimicrobial agents. Some of these issues can only be addressed
if a profound understanding of the pathogens is provided, foremost factors of pathogenicity, host
interaction, and potential antibiotic target structures.

However, the highly dynamic bacterial evolution and transfer of resistance conferring genes
can promote the rapid emergence of antimicrobial resistance even towards novel therapeutics, by
e.g. adaptation of the antibiotic target structure. To prevent this, the identification of additional
target structures which are i) essential for virulence e.g. capsular polysaccharides, ii) accessible by
therapeutics, and at best iii) specific for virulent strains or species, is needed, since the synergistic
targeting of multiple structures is regarded to reduce resistance development. The cell envelope
synthesis machinery proofed to be a particularly effective target structure for antibiotic therapy and
a profound understanding of the underlying cellular mechanisms and potential antibiotic targets is
of utmost importance.

2.1 Cell envelope architecture of Staphylococcus aureus

The bacterial cell wall is a highly conserved structure, which is essential for the survival and growth
of most bacteria (Dérr, Moynihan, & Mayer, 2019). In S. aureus the cell wall primarily consists of a
thick densely packed peptidoglycan mesh decorated with teichoic and teichuronic acid polymers, as
well as surface proteins and encloses the cytoplasmic membrane (Figure 1; reviewed by Geoghegan
and Foster (2015); Swoboda, Campbell, Meredith, and Walker (2009); Weidenmaier and Lee (2015)).
Particularly in strains causing invasive diseases an additional polysaccharides capsule is present,
which is anchored to the peptidoglycan mesh (Verdier et al., 2007) and represents the outermost layer
of the staphylococcal cell envelope. The cell envelope separates the interior towards the surrounding
milieu, while enabling the transport of substances as well as signal transduction from the exterior.

Figure 1: Schematic overview of the S. aureus cell envelope. The cytoplasmic membrane is surrounded
by a thick layer of peptidoglycan. In some strains a polysaccharide capsule is covalently linked to
peptidoglycan. Liptoteichoic acid (LTA) and wall teichoic acid (WTA) glycopolymers are attached
to the membrane and peptidoglycan respectivly and spann through the PGN layer.



In addition to providing shape and stability, the cell wall represents a dynamic structure
facilitating growth and proliferation. The major cell wall component, peptidoglycan, accounts for
90% of the cell dry weight in gram-positive bacteria (Malanovic & Lohner, 2016), and its main
function is to preserve cell integrity and to withstand turgor pressure. It consists of alternating
UDP-N-acetylglucosamine (UDP-GlcNAc) and UDP-N-acetylmuramic acid-pentapeptide (UDP-
MurNAc-pp)-disaccharide units which are further crosslinked via peptide moieties to generate a rigid
network (for review see Lovering, Safadi, and Strynadka (2012)). Surface proteins and wall teichoic
acids (WTA) are covalently linked to peptidoglycan, while lipoteichoic acids are anchored within the
membrane (Figure 1). In S. aureus, WTAs are the most abundant glycopolymers attached to PGN
and are of great importance for cell physiology and pathogenicity (reviewed by Weidenmaier and
Peschel (2008)). They are composed of 30-50 ribitol phosphate (Rbo-P) repeating units linked by a
phosphodiester bond, which is tethered to PGN via a

D-ManNAc-D-GleNAc-(glycerol phosphate [Gro-P])2_3 murein linkage unit (Yokoyama, Miyashita,
Araki, & Ito, 1986). Capsular polysaccharides of S. aureus appear to be covalently attached to the
peptidoglycan, however the nature of the bond remains debated. The biosynthesis of peptidoglycan
and WTA is well characterized, whereas the underlying biochemistry of capsule formation in S. aureus
is not completely understood yet.

2.2 Function and relevance of capsule polysaccharides

The production of extracellular capsular polysaccharides is a common feature of pathogens which
cause invasive diseases (O’Riordan & Lee, 2004; Robbins, Schneerson, Egan, Vann, & Liu, 1980).
Bacterial capsules can provide protection against desiccation and can be important for adhesion, and
biofilm formation. Importantly, the bacterial capsule contributes to virulence and plays a role for
the survival within the host, e.g., protection from phagocytic clearance, complement-mediated lysis
by shielding the bacterial surface and surface associated proteins from opsonization and prevents
recognition by phagocytes (Kuipers et al., 2016; Thakker, Park, Carey, & Lee, 1998). Interestingly,
capsule shedding has been observed for some S. aureus isolates and was accounted to interference with
anti-capsular antibody binding elicited by the host to opsonize the pathogen (Liu, Park, Thompson,
Li, & Lee, 2016).

Although older literature suggests as many as eleven staphylococcal capsule serotypes only four,
namely serotypes 1, 2, 5, and 8, have been chemically defined, and evidence supporting the existence
of others is tenuous at best! (Cocchiaro et al., 2006). In fact, the majority of S. aureus clinical isolates
are encapsulated (~87-92%) and serotypes 5 and 8 are predominant accounting for ~42-50% and
~42-45%, respectively (Roghmann et al., 2005; Verdier et al., 2007). Capsule serotyping is usually
achieved using respective capsular polysaccharide type specific antibodies and strains not reacting
to antibodies of serotypes 1, 2, 5 or 8 are referred to as nontypeable. Interestingly, many studies
showed that the majority of nontypeable isolates, if not all, still possess genes to direct synthesis of
capsule serotypes 5 or 8 (Cocchiaro et al., 2006; Mohamed et al., 2019; Verdier et al., 2007) and
produced a transcript of the respective capsule locus. The lack of capsule expression was attributed
to mutations or deletions affecting essential capsule genes or genes and regions with regulatory
function (Cocchiaro et al., 2006; Lattar et al., 2009). Type 5 and 8 capsular polysaccharides
(CP5 and CPS8) share very similar structures (Figure 2). Both contain trisaccharide repeating
units of N-acetyl-D-mannosaminuronic acid (D-ManNAcA), N-acetyl-L-fucosamin (L-FucNAc) and
N-acetyl-D-fucosamin (D-FucNAc), that only differ in two of the three glycosidic-linkages between
the sugar residues and sites of O-acetylation. Structures of the repeat units of the type 5 and
8 polysaccharides are (—4)-8-D-ManNAcA-(1—4)-a-L-FucNAc(30Ac)-(1—3)-8-D-FucNAc-(1—),
and (—3)--D-ManNAcA (40Ac)-(1—3)-a-L-FucNAc-(1—3)-a-D-FucNAc-(1—),,, respectively (Jones,
2005). Capsule production strongly responds to environmental conditions, e.g., COzg, iron-limitation,

'Neither the antisera nor the prototype strains, which were used to define the strains of serotype 6, 7, 9, 10 and 11
are available.
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Figure 2: The prevalent S. aureus capsular serotypes CP5 and CP8 show a similar composition. Both
polysaccharides are comprised of the trisaccharide subunits D-ManNAcA, L-FucNAc and D-FucNAc
and only differ in their glycosidic linkages and the site of O-acetylation (highlighted green).

nutrients, pH, and anaerobiosis, reviewed by O’Riordan and Lee (2004). An intriguing example is
that acapsular S. aureus adapted to infected bone regained the ability to produce a capsule when
transferred to bloodstream (Suligoy et al., 2020). These observations are pointing out that capsule
expression can be switched on or off according to the given niche in a host or other environments.

2.3 Organization of the capsule locus and capsule biosynthesis

Genes responsible for capsule production in S. aureus CP5 and CP8 are organized in one gene cluster
localized on the chromosome and comprise 16 genes (ORFs), which are named cap5(8)A through
cap5(8)P (Figure 3). The cap5 and cap8 loci are allelic and their type-specific genes are located at
the central region of the loci, comprising cap5(8)H, cap5(8)I, cap5(8)J and cap5(8)K (Sau, Bhasin,
et al., 1997; Wann, Dassy, Fournier, & Foster, 1999). The operon is mainly transcribed as a single
17 kb transcript under the control of promoter (P.qp), located upstream of cap5(8)A (Herbert et al.,
2001; Ouyang, Sau, & Lee, 1999). Data base homology searches allowed prediction of individual
enzymatic functions (O’Riordan & Lee, 2004), of which some have already been verified.

The following remarks on capsule synthesis and involved cap gene products refer to S. aureus CP5.
While gene products of cap5A-C' are designated to have a regulatory function on capsule biosynthesis,
cap5D-P gene products are attributed to enable synthesis, polymerization and translocation of
capsule polysaccharides. The biosynthesis of all three soluble capsular precursors starts with the
universal substrate uridine diphosphate N-acetyl-D-glucosamine (UDP-D-GlcNAc) in the cytoplasm
and involves three reaction cascades generating the activated sugar building blocks UDP-D-FucNAc,
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Figure 3: Comparison of S. aureus capsule biosynthesis gene clusters cap5 and cap8. Gene desig-
nations and the orientation of transcription are indicated by arrows. The two clusters are allelic
and capsule (CP) type-specific genes are flanked by genes conserved between both loci encoding for
capsule biosynthesis directing enzymes.

UDP-L-FucNAc and UDP-D-ManNAcA (Figure 4). The membrane-bound Cap5D initiates synthesis
of the first soluble capsule precursor by 4, 6-dehydration of UDP-D-GlcNAc generating UDP-2-
acetamido-2,6-dideoxy-a-D-zylo-4-hexulose (UDP-zylo-sugar) (W. Li et al., 2014). Subsequent
reduction of the intermediate by the membrane-associated Cap5N yields UDP-D-FucNAc (Ulm,
2016), which was shown to be a substrate of the initial glycosyltransferase Cap5M (Rausch, 2017).
Membrane-anchored Cap5M catalyzes the transfer of D-FucNAc to the universal lipid carrier
undecaprenyl-phosphate (Cs5P), generating lipid Icqp. Synthesis of the second soluble precursor
UDP-L-FucNAc involves a three step reaction catalyzed by Cap5E, Cap5F and Cap5G. The 4, 6-
dehydratase and 5-epimerase activity of CapbE converts UDP-D-GlcNAc and leads to the formation
of two products appearing sequentially. Dehydration of UDP-D-GIcNAc generates the intermediate
UDP-zylo-sugar (aforementioned D-FucNAc precursor), this reaction is followed by C-5 inversion
catalyzed by the 5-epimerase activity and generates UDP-2-acetamido-2,6-dideoxy-3-L-arabino-4-
hexulose (UDP-arabino-sugar, L-FucNAc precursor) (Kneidinger et al., 2002; W. Li et al., 2014,
Miyafusa, Caaveiro, Tanaka, & Tsumoto, 2013). The UDP-zylo-sugar intermediate is regarded
as a byproduct only detectable in absence of the downstream processing enzyme Cap5F. CapbF
reduces the UDP-arabino-sugar at C-4 generating UDP-2-acetamido-2,6-dideoxy-L-talose and a
2-epimerization step catalyzed by Cap5G yields UDP-L-FucNAc (Kneidinger et al., 2002). L-FucNAc
is subsequently added to lipid I.qp by the glycosyltransferase Cap5L generating lipid II.,, (Rausch,
2017). The third and final soluble capsule intermediate UDP-D-ManNAcA is generated by the
cooperative activity of CapbP and Cap50O. Cap5P 2-epimerase activity catalyzes the conversion
of UDP-D-GIcNAc to N-acetyl-D-mannosamine (UDP-D-ManNAc) (Kiser, Bhasin, Deng, & Lee,
1999) and the Cap50 dehydrogenase oxidizes the Cap5P-product to UDP-D-ManNAcA (Portolés,
Kiser, Bhasin, Chan, & Lee, 2001). Subsequently, Cap5l is assumed to transfer the D-ManNAcA-
moiety to lipid Il.p, generating the final lipid-bound capsule precursor lipid IIl.q,. Serotype-specific
O-acetylation of CP5 is catalyzed by the O-acetyltransferase CapbH at position C3 of L-FucNAc
(Bhasin et al., 1998; Jones, 2005). After completion of the trisaccharide repeating unit (RU), the
precursor is flipped across the membrane by the putative Wzx-like flippase Cap5K, where it is
polymerized into the full-length capsule polymer by addition of new RUs to the reducing end of the
glycopolymer in a reaction catalyzed by the putative Wzy-like polymerase CapbJ (Sau, Bhasin, et
al., 1997). Final glycopolymer attachment to PGN is catalyzed by members of the LytR-CpsA-Psr
enzyme family (Chan, Kim, Schneewind, & Missiakas, 2014; Rausch, 2017) summarized in chapters
2.5 and 2.6.
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Figure 4: Schematic overview of the proposed pathway for S. aureus serotype 5 biosynthesis (adapted
from O’Riordan and Lee (2004)). The universal soluble precursor uridine diphosphate N-acetyl-
D-glucosamine (UDP-D-GlcNAc) is substrate for three distinct reaction cascades generating the
nucleotide-coupled sugars N-acetyl-D-fucosamin (D-FucNAc), N-acetyl-L-fucosamin (L-FucNAc) and
N-acetyl-D-mannosaminuronic acid (D-ManNAcA) in the cytoplasm. Saccharide-units are further
assembled onto the membrane-anchored lipid-carrier undecaprenyl-phosphate, yielding the ultimate
CP5 trisaccharide building block lipid III.q,.

11 out of 16 genes have been shown to be essential for capsule production (Sau, Sun, & Lee,
1997). Genes cap5A-C, cap5H, and cap5P appear non-essential. The cap5A-C gene products are
attributed to be post-transcriptional regulators of CP5 synthesis (Lee & Lee, 2014; Rausch, 2017),
cap5H mutants produce O-deacetylated CP5 (Bhasin et al., 1998), and insertional inactivation of
cap5P can be compensated by presence of a second UDP-GlcNAc-2-epimerase, which is usually
attributed to WTA synthesis and encoded by mnad (Kiser et al., 1999).

The fact that CapkE, just like CapD is able to catalyze the formation of the UDP-zylo-sugar
intermediate (UDP-D-FucNAc precursor) might represent a key determinant for the proposed ability
of some USA300 strains to produce a capsule (Mohamed et al., 2019) under infectious conditions.
Lack of capsule production in USA300 strains was, among other mutations, attributed to cap5D
frameshift mutations resulting in non-functional Cap5D. Mohamed et al. (2019) proposed that
USA300 strains in which the cap5D gene contains a premature stop codon, the UDP-D-FucNAc
precursor UDP-2-acetoamino-2,6-dideoxy-a-D-xylo-4-hexulose is derived as byproduct of the reverse
epimerase reaction catalyzed by CapE. In this scenario the membrane-spanning domains of the
truncated Cap5D (devoid of enzyme activity) could still act as a docking station for the capsule
synthesis machinery (Mohamed et al., 2019).

2.4 Regulation of capsule biosynthesis

Studies with encapsulated and non-encapsulated strains reveal that depending on the infection model
used, capsule production can either enhance or attenuate virulence. Encapsulation is dominantly
found in patients with acute systemic infections, whereas a heterogeneous proportion of S. aureus



not expressing a capsule are found in hosts with chronic infections. A putative advantage of non-
encapsulated strains is the exposure of surface molecules, that confer adherence to host cells, which
is essential to invade cells (avoiding immune clearance) and for colonization (reviewed by Tuchscherr,
Loffler, Buzzola, and Sordelli (2010)). Besides the high sensitivity to environmental changes, capsule
production was also found to be strictly growth phase-dependent, with capsule expression only
detected in post-exponential growing S. aureus cells. Furthermore, coexistence of capsule-positive and
-negative bacteria was observed within the same population both in in vitro and in vivo (e.g., isolates
from human nasal carriers), indicating that expression of capsular polysaccharides is heterogeneous
and not necessarily dependent on the clonal complex or the capsule serotype (George et al., 2015).
This raises the question which regulator is responsible for the particular earlyOff/lateHeterogen
expression pattern.

Capsule heterogeneity could provide better adaptability of a population as a whole (Keinhorster
et al., 2019). In order to achieve this degree of adaptability capsule expression must be tightly
coordinated in time and space. Regulation of capsule expression was shown to be controlled at multiple
levels. Experimental data suggests that regulation predominantly occurs at the transcriptional level,
since P.q, controlled activities correlated with capsule synthesis (George et al., 2015). Keinhorster
et al. (2019) demonstrated that capsule production is upregulated by alternative sigma factor B?
(0B), through direct promoter activation. The upstream region of P, was attributed to be of
repressive function. Many regulators which bind to that region have been reported, including
transcriptional factors and two component systems, which directly or indirectly repress expression of
cap, by reducing oB-dependent promoter activity. When transcription is rendered constitutive and
the upstream region of Py, is deleted, capsule production still remains growth-phase dependent.
This observation was not reflected on the transcriptional level, since capA transcript levels® were
very high throughout all growth phases (early exponential, exponential, and late exponential), while
the majority of the bacterial population still remained capsule negative in the early exponential
growth phase (Keinhorster et al., 2019). Therefore, capsule synthesis is not solely dependent on
the regulation of cap expression but is also controlled by additional post-transcriptional regulatory
circuits.

Several studies indeed demonstrated that capsule biosynthesis is also controlled on a post-
translational level by reversible protein phosphorylation of CapM, CapE, and CapO (positively
affecting protein activity) by the CapAB kinase complex (Gruszczyk et al., 2011; Rausch, 2017; Soulat,
Grangeasse, Vaganay, Cozzone, & Duclos, 2007). The complex is composed of the transmembrane
activator protein CapA, which induces autophosphorylation of the cytosolic bacterial (BY-) tyrosine
kinase CapB. The kinase and its protein targets are in turn dephosphorylated by the histidinol
phosphatase class phosphatase CapC (Rausch, 2017), which in the overall picture represents a
regulative cycle for capsule polysaccharide biosynthesis (Figure 5). S. aureus harbors two paralogs
of CapA, CapB and CapC and the encoding gene triplets are located at different positions on the
bacterial chromosome. One is located at the 5’-end of the cap operon encoding capAl, capBI1,
and capC1, and the second highly similar triplet encoding capA2, capB2, and capC2 is located
elsewhere on the chromosome, adjacent to the icaR gene, a direct repressor of the intracellular
adhesin (ica) operon (icaADBC'). Enzymes encoded by the ica operon catalyze the synthesis of the
adhesin poly-N-acetylglucosamine (PNAG) (Cerca, Brooks, & Jefferson, 2008; Sadykov et al., 2010;
Schwartbeck et al., 2016)). Interestingly, the extracellular polysaccharides PNAG and CP5 were
both shown to inhibit CapA2-mediated activation of CapB2, whereas CapAl-mediated activation

2In bacteria, alternative o factors act as transcription factors involved in promoter recognition and RNA polymerase
recruitment. The S. aureus alternative oB is involved in the general stress response and has been shown to control
the expression of multiple genes, including virulence determinants and global regulators playing an important role
during infection (Schulthess et al., 2011; Supa-amornkul et al., 2019).

3Transcript levels of capA are indicative for cap expression since the cap operon is mainly transcribed as a single
17 kb transcript and capA is the first gene within the operon.
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Figure 5: Schematic overview of the post-translational regulative circuit of capsule biosynthesis
in S. aureus. The transmembrane activator CapA induces autophosphorylation of the cytosolic
tyrosine kinase CapB, while CapB and its phosphorylation targets are in turn dephosphorylated by
the histidinol phosphatase class phosphatase CapC.

of CapB2 remained unaffected (Rausch, 2017). These results suggest, that despite high sequence
and structural similarity (Gruszezyk et al., 2013) the CapA1/B1 and CapA2/B2 complexes possess
different physiological roles.

Another post-transcriptional regulator of capsule synthesis is the eukaryotic-like serine/threonine
kinase (ESTK) PknB, also referred to as Stk. The general mechanism by which ESTKs and
associated phosphatases mediate cell signaling is sensing and transduction of extracellular stimuli
by the reversible phosphorylation of serine and threonine residues. PknB of S. aureus was found
to reduce CapM and CapB activity by direct reversible phosphorylation and might therefore have
a negative impact on capsule production (Rausch, 2017). Furthermore, PknB and its cognate
phosphatase Stp play an important role for the coordination of cell wall synthesis, autolysis and cell
division (Beltramini, Mukhopadhyay, & Pancholi, 2009; Donat et al., 2009; Hardt et al., 2017; Jarick
et al., 2018; Tamber, Schwartzman, & Cheung, 2010). The finding that PknB specifically interacts
with lipid II, via its extracellular PASTA (penicillin-binding protein and Ser/Thr kinase associated)
domains, indicates that PknB likely senses and responds to lipid II pool levels, by the activation
of its cytoplasmic N-terminal kinase domain and further triggers intracellular signaling cascades.
Thus, PknB and its cognate phosphatase, might function as coordinators to regulate cell envelope
biogenesis processes in response to the synthesis status of the essential cell wall precursor lipid II
(Hardt et al., 2017).

Keinhorster et al. (2019) suggested that the transcriptional regulators are mainly responsible for
heterogeneous capsule production pattern, while post-transcriptional regulation guarantees a link
between capsule synthesis and the metabolic status of a cell. Since capsule, peptidoglycan and WTA
synthesis pathways share a common pool of precursors (Figure 6), namely UDP-D-GlcNAc and the
lipid carrier Cs5P, which are only present in limited amounts in the cell, their consumption within
the different biosynthetic pathways needs to be tightly controlled. In S. aureus PGN and WTA are
predominantly synthesized during early and exponential growth phase, while capsule polysaccharides
are mainly generated at the late exponential growth phase. Therefore, it is of utmost importance,
that the consumption of shared precursors is prioritized in accordance to the metabolic state of the
cell and the channeling of precursors into alternate metabolic pathways is tightly spatio-temporally
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controlled. Especially the membrane-associated steps of the synthesis of capsule lipid intermediates
are critical, since only the initial reaction catalyzed by CapM, where the undecaprenyl (Cs5P)-lipid
carrier is coupled to the first sugar building block, is reversible. Uncontrolled consumption at that
stage could cause adverse effects on cell viability. The fact that the activity of the priming capsule
synthesis glycosyltransferase CapM is a (phosphorylation) target of PknB and the CapAB complex
highlights the importance of CapM as an enzymatic checkpoint.
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Figure 6: Overview of WTA (yellow background), PGN (green background) and capsule (orange
background) biosyntheses in S. aureus which share a common precursor pool of UDP-D-GIcNAc and
Cs5P (highlighted in yellow with pink outlines).

2.5 Anchoring of glycopolymers in the staphylococcal cell wall

Although there is substantial information on syntheses of cell wall glycopolymers (GPs) like wall
teichoic acids and capsule polymers, the critical steps involved in their attachment to the cell surface
remained elusive until recently. Mutational, structural, and biochemical investigations revealed
that the LytR-CpsA-Psr (LCP) family of proteins commonly catalyze anchoring of different GPs to
the PGN-backbone. Initially LCPs were suspected to be cell envelope-associated transcriptional
attenuators. This assumption was also the origin of the "LCP" acronym, which derived from the first
described representatives LytR (lytic repressor, now TagU) of Bacillus subtilis (Lazarevic, Margot,
Soldo, & Karamata, 1992), CpsA (capsular polysaccharide expression regulator) of Streptococcus
agalactiae (Cieslewicz, Kasper, Wang, & Wessels, 2000), and Psr (PBP5 synthesis repressor) of
Enterococcus hirae (Ligozzi, Pittaluga, & Fontana, 1993). The characteristic feature of LCP family
members is the unique LCP-domain. LCP homologous were discovered in eight bacterial phyla in-
cluding Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Deinococcus-Thermus, Firmicutes,
Spirochaetes, and Thermotogae (Hiibscher, Liithy, Berger-Béchi, & Meier, 2008). Although gram
negative representatives are among these phyla, LCP enzymes are mostly absent in the majority of
gram negative organisms. In contrast, they are present in all gram positive organisms, except for the
cell wall-deficient Mollicutes and one strain of the Clostridiales (Hiibscher et al., 2008). Until now,
experimental evidence of LCP function was only provided for the phyla Actinobacteria, Firmicutes,
and Cyanobacteria (Stefanovié, Hager, & Schéffer, 2021). Deletion of lcp genes often correlates with
pleiotropic phenotypes characterized by the release of cell wall GPs into the culture supernatant,
aberrant septum formation, increased susceptibility to S-lactams and increased autolysis (Chan,
Frankel, Dengler, Schneewind, & Missiakas, 2013; Chan et al., 2014; Hiibscher et al., 2009; Johnsborg
& Héavarstein, 2009; Over et al., 2011). The majority of reported phenotypes were attributed to be
indirect consequences of severe cell wall alterations. In particular, the observed altered virulence and
antibiotic susceptibility of human pathogens resulting from the absence of LCPs attracted a particular
interest in this enzyme family as potential drug targets. The immense diversity of LCP-encoding
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bacteria with regard to their morphology, ultrastructure, motility, metabolic characteristics, and
habitat preferences is also reflected on the sequence level, except for the highly similar LCP domain
(Hiibscher et al., 2008).

Most organisms carry multiple versions of LCP encoding genes often located in close proximity
to clusters encoding for genes involved in the biosynthesis of secondary polymer biosynthesis (Chan
et al., 2014). Bacillus subtilis for example, harbors three LCP encoding genes tagT, tagU and tagV
(yvhJ, lytR, ywtF, respectively) that are located within a 50 kb region on the chromosome, directly
adjacent to genes coding for teichuronic acid and minor teichoic acid biosynthetic enzymes and
within six open reading frames of the WTA biosynthesis gene cluster (Kawai et al., 2011). In case of
Streptococcus agalactiae and Streptococcus pneumoniae enzymes for capsule biosynthesis are encoded
in one operon starting with the conserved gene cpsA or c¢ps2A, respectively, encoding a member of
the LCP protein family. In S. pneumoniae additional lcp genes psr and lytR are located away from
known cell wall biosynthesis related clusters. S. aureus, encodes for three LCP genes designated
lepA (msrR, SA1195), lepB (SA0908) and lepC' (SA2103), of which none, is part of any biosynthetic
cluster. Of interest, the S. aureus transcriptional activator LytR (SA0251; response regulator of TCS
LytSR) shows no sequence similarity to LCP proteins and is therefore not part of the LCP family.

Deletion of individual S. aureus lcp genes had only minor effects on cell physiology and growth,
while a variant lacking all three lcp genes (Alcp) is barely viable, indicating gene products have
semi-redundant functions. However, enzymes cannot fully complement each other arguing against
the complete redundancy of the gene products . In a Alcp mutant WTA and capsule polysaccharides
are no longer attached to the cell wall but released into the culture supernatant, indicating that WTA
and capsule attachment requires at least one LCP enzyme. Investigations of single and double lcp
knock-out mutants revealed a certain substrate preference and a certain physiological link to one and
the other biosynthetic pathway, respectively. Mutants with a deletion of lepA or lepB for instance
display significantly stronger reduction in WTA anchoring than a variant lacking lepC' (Chan et al.,
2013). These results indicate that LepA and LepB are more relevant for WTA attachment than
LepC. On the other hand, a mutant lacking lepC' was reported to release capsular polysaccharides in
the supernatant, while the deletion of lcpA, lcpB or a combination of both did not display impaired
CP5 anchoring, suggesting LepC predominantly catalyzes the attachment of capsular polysaccharides
(Figure 7).

The viability of a complete lcp gene knockout mutant has only been reported for S. aureus
so far and the lethal effect observed in other organisms might be attributed to the build up of
toxic intermediates and/or the sequestration of the essential carrier lipid undecaprenyl phosphate
(Css5P highlighted in yellow), which is usually released during LCP action (Figure 7). The fact
that the S. aureus Alcp mutant is viable indicates the presence of an additional rescue mechanism
which prevents either the accumulation of toxic intermediates and/or the sequestration of CssP.
In case of B. subtilis, a triple knockout of all LCP genes (tagT'UV') is lethal unless bacilli lack
the tagO gene* encoding for the glycosyltransferase catalyzing the first membrane-committed step
in WTA synthesis (Kawai et al., 2011). In a tagO deleted strain the WTA polymer synthesis is
disrupted and the mutant strain is subsequently devoid of WTAs (D'Elia et al., 2006). The absence
of an intact WTA synthesis machinery might circumvent accumulation of toxic WTA-intermediates
in a tagTUV gene deletion background. To investigate the phenotype of a tagTUV deletion, a
mutant with inducible depletion of tagV in a AtagTU background was created. Interestingly, the
AtagTU(V) mutant neither released anionic polymers in the supernatant, nor did it attach WTA in

“In B. subitilis early steps of WTA synthesis, catalyzed by the tagO and tagA gene products, are dispensable
for cell viability, while the late steps are essential. However, late WTA genes were found to be only conditionally
essential, since respective gene knockouts are viable in either a tagO or tagA deletion background, indicating the
importance of the reversibility of the TagO reaction. This is referred to as the essential gene paradox and also observed
for the respective S. aureus gene homologous. Two hypotheses were given to explain this intriguing finding, I) the
accumulation of toxic intermediates in late-stage WTA mutants and/or II) the sequestration of the lipid carrier Cs5P
causing depletion of peptidoglycan synthesis (D'Elia, Millar, Beveridge, & Brown, 2006; D’Elia, Pereira, & Brown,
2009).
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the cell wall (Kawai et al., 2011). The reason for the lethality of AtagTUV might be the dead end
accumulation of anionic polymers bound to undecaprenyl phosphate and subsequent depletion of
the essential carrier lipid (Cs5P), essential for multiple cell wall envelope bisosyntheses, as outlined
for S. aureus (Chapter 2.4, Figure 7). For S. aureus Alcp accumulation of undecaprenyl-linked
intermediates was not observed (Chan et al., 2013), instead cell wall polymers are released into the
culture supernatant. The release of glycopolymers might be facilitated by CapA1l, which was shown
to exhibit phosphodiesterase activity towards lipid-bound capsule (Figure 7) and WTA precursors
and might represent the putative rescue mechanism (for a complete model see chapter 4.1; Rausch
(2017)). B. subtilis lacks a corresponding protein homolog with this specific hydrolase activity
(cleaving undecaprenyl(CssP)-coupled GP precursor), and therefore cannot recycle WTA synthesis
intermediates to subsequently return Css5P to the membrane for continuous peptidoglycan synthesis.
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Figure 7: Proposed model for the glycopolymer attachment in S. aureus. WTA attachment is
primarily catalyzed by LepA and LepB, while anchoring of capsular polysaccharides to PGN is
majorly facilitated by LepC. UDP-GleNAc and Cs5P (highlighted in yellow) represent essential
precursors shared among PGN, WTA and capsule biosynthesis. The recycling and subsequent
translocation of CssP is necessary for continuous synthesis cycles. The phosphodiesterase activity of
CapAl (on the right) might represent a rescue mechanism against toxic dead end accumulation of
Cs5P-bound cell wall polymers on the periplasmic side of the bacterial membrane.

In S. pneumoniae mutational analysis suggested that Cps2A is responsible for the covalent
attachment of capsular polysaccharides to the pneumococcal cell wall of capsular type 2 strain
D39, and LytR (at least), and perhaps Psr are proposed to function in absence of Cps2A. However,
biochemical proof is lacking so far. In contrast to S. aureus, individual deletion of S. pneumoniae
LCP paralogs cps2A and psr did not trigger the release of capsular polysaccharides into the culture
supernatant and mutants retained the capsule attached to the cell surface, whereby the overall
capsule amount was reduced (the remaining capsule attached to the cell surface was significantly
lower in the Acps2A4 mutant, compared to the psr deleted strain). Based on the observations that
lipid linked precursors did not accumulate in several S. pneumoniae lcp mutants and that the final
polymer is only present in reduced amounts, it was suggested that cytoplasmic polymer synthesis,
transport and attachment are coupled, and biosynthesis might be blocked by feedback regulation.
Interestingly, a S. pneumoniae lytR deletion variant is only viable in an acapsular strain background
and the deletion causes reduced growth and abnormal cell morphology. Presumably, the presence
of a fully functional capsule assembly pathway induces growth problems and prevents isolation
of viable mutants. On the other hand, in a ¢ps2AlytR suppressor mutant substantial amounts of
capsule material were released (Eberhardt et al., 2012). In this mutant the feedback regulation
appears to be lost, since an excess of capsule material is produced, that cannot be retained in the
cell wall and is subsequently released into the culture supernatant. It appears that the function and
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regulation of LCPs within different biosynthetic pathways strongly diverges in various organisms. It
should be further noted that, in contrast to S. aureus, capsule and peptidoglycan synthesis proceed
side-by-side during early to mid-exponential growth phase (Carvalho et al., 2018; Hardy, Caimano,
& Yother, 2000) in S. pneumoniae and regulatory circuits might therefore act on different levels.
Besides WTAs and capsular polysaccharides, other types of glycopolymers are found to be attached
to PGN, like arabinogalactan, pyruvylated, and rhamnose-containing GPs. These structures are
highly diverse and often species- or even strain-specific. For most of these polymers transfer to the
PGN backbone catalyzed by LCPs could already be demonstrated, while for some there is so far only
strong indication for their involvement (reviewed by Stefanovié¢ et al. (2021)). Since deletion of lcp
alleles demonstrated biological importance, LCPs were investigated more closely for their biological
activity and uncertainties regarding the nature of their substrates and products were addressed.

The LCP enzymes of S. aureus display overlapping functions in catalyzing the attachment of
WTASs to the cell envelope. They form a phosphodiester bond between the Cg-hydroxyl group of
MurNAc in PGN and the ManNAc-(1—4)-GlcNAc disaccharide unit of the WTA polymer® (Figure 8;
Chan et al. (2013); Schaefer, Matano, Qiao, Kahne, and Walker (2017)).
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Figure 8: Close-up of WTA coupled to PGN via a phosphodiester bond to the Cg-hydroxyl group
of intermittent MurNAc units of the PGN backbone. The ManNAc-(1—4)-GlcNAc disaccharide
moiety of WTAs represent the PGN linkage unit of the glycopolymer, also referred to as the murein
linkage unit, and is located at the reducing end of the polymer. The non-reducing end of the murein
linkage is tethered to two glycerol phosphate (GroP) units and up to 40 ribitol phosphate (RboP)
units represented by an R in the chemical structure, while n indicates the number of PGN repeats.
The figure was created with BioRender.com.

While mass spectrometry data verifies the presence of a phosphodiester bond between WTA and
PGN, the final proof for the identity of the linkage between staphylococcal capsular polysaccharides
and PGN has not yet been defined. In general, capsules of gram-positive bacteria were found to be
either covalently linked to the cell wall or to the cytoplasmic membrane (Bender, Cartee, & Yother,
2003; Larson & Yother, 2017; Sgrensen, Henrichsen, Chen, & Szu, 1990), but the exact nature
of the cell wall linkage has only been characterized for a few organisms including S. pneumoniae

®The ManNAc-(1—4)-GlcNAc disaccharide unit is often referred to as the conventional murein linkage, because
not only S. aureus WTA were found to be attached to PGN via this unit, but also various other cell wall GPs of
different organisms, such as the pyruvylated GPs of Bacillus anthracis, the rhamnose-containing GPs of Lactococcus
lactis, as well as WTAs of B. subtilis, and Lactobacillus plantarum (Stefanovié et al., 2021).
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capsular serotype 2 (CP2) (Larson & Yother, 2017) and partially for S. agalactiae type III capsular
polysaccharides (Deng, Kasper, Krick, & Wessels, 2000). While S. pneumoniae CP2 is directly (no
phosphodiester bond) glycosidically linked via its reducing end glucose to the GleNAc (presumably
GlcNAc-Cg) residues of PGN; the linkage of S. agalactiae capsular polysaccharides is mediated by
an oligosaccharide linker and a phosphodiester bond to GleNAc of PGN (Figure 9). Out of 12 tested
S. pneumoniae strains with different capsular polysaccharide serotypes, all but one S. pneumoniae
serotype 3 strain produce a capsule, which is covalently attached to PGN (Sgrensen et al., 1990).
Interestingly, the serotype 3 strain also does not contain a Ilcp gene in their capsule gene cluster.
However, in case of S. aureus, there is biochemical data strongly indicating the nature of the bond is
phosphodiester linked to the Cg-MurNAc residue of PGN (Figure 9).
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Figure 9: Overview of selected cell wall GPs and their (proposed) linkage to PGN. In contrast to
the displayed S. aureus and S. agalactiae GPs which are linked via a phosphodiester bond, the CP2
of S. pneumoniae is directly glycosidically linked to PGN. Another notable difference is that the
displayed GPs of S. agalactiae and S. pneumoniae are linked to the Cg-hydroxyl group of GlcNAc of
PGN, while the S. aureus WTA and CP5 polymers are bound to the Cg-hydroxyl group of MurNAc
of PGN. OS indicates the oligosaccharide linker in S. agalactiae of unknown structure. Glc, glucose;
GlcN, glucosamine; NeuAc, N-acetylneuraminic acid; Gal, galactose; Rha, rhamnose. The figure was
created with BioRender.com.

It was shown that capsular polysaccharides of S. aurecus Newman are released from the cell wall
by mild acid treatment. This kind of treatment is known to release phosphodiester and O-acetyl
bonds, which are known to be acid labile (Bera, Herbert, Jakob, Vollmer, & Gétz, 2004; de Jonge,
Chang, Gage, & Tomasz, 1992; Kojima, Araki, & Ito, 1985). Furthermore, capsular polysaccharides
are released when murein sacculi are incubated with an endopeptidase (cleave the pentaglycine
cross-bridge) or amidase (cut the amide bond that links wall peptide to MurNAc) but not with
an glucosaminidase (cleave GlcNAc-(81-4)-MurNAc linkage). Since endopeptidases and amidases
eliminate PGN crosslinking they would only cause release of capsular polysaccharides from murein
sacculi if CP5 were attached to MurNAc- or GlcNAc-residues (Chan et al., 2014). The experimental
data strongly indicate that the staphylococcal capsule is covalently attached to the glycan strands of
PGN. In addition, a further experiment suggested that capsular polysaccharides occupy the same
Cg-hydroxyl group of MurNAc or proximal sites on PGN like the WTA polymer, since increased
amounts of capsule were incorporated when WTA synthesis was inhibited (Chan et al., 2014).
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It should be pointed out that capsular polysaccharides of S. aureus do not contain the murein
linkage present in WTAs, that is comprised of a S-D-ManNAc-(1—4)-a-D-GIcNAc(1—) disaccharide
(Figure 8), but are linked to PGN via 8-D-FucNAc-(1—) (Figure 7).

There have been only a few attempts to characterize substrate selection and specificity of LCPs
since putative substrates are not commercially available and their synthesis is tedious. In principal,
the reaction requires a sugar(-phosphate) donor substrate, which is a lipid-phosphate-linked glycan
precursor and PGN as an acceptor substrate, although the maturation status of PGN (lipid II,
nascent PGN® or cross-linked PGN) is still a matter of debate. Partly contradictory in vitro evidence
has been published on the nature of the acceptor substrate (Gale, Li, Sun, Strynadka, & Brown,
2017; Rausch, 2017; Schaefer et al., 2017; Schaefer, Owens, Kahne, & Walker, 2018). With regard
to the donor substrate, S. aureus LecpA was shown to require WTA lipid substrates containing at
least the disaccharide-murein linkage unit (lipid IV4/ LII4"W74) to catalyze the transfer, while
an additional glycerol phosphate (GroP) moiety at C4 position of ManNAc (representing a more
mature version of WTA; lipid IVg/ LIIg"74) had no influence on enzyme activity (Schaefer et
al., 2017). Ligation products were only observed for PGN tetrasaccharide, hexasaccharide and
octasaccharide (lipid II-[MurNAc(-stem peptide)-GlcNAc|y; N= 1, 2, or 3, respectively) but not for
lipid II. Of note, the lipid II substrate used during this study contained either a tetraprenyl (C20) or
heptaprenyl (C35) lipid moiety instead of the native undecaprenyl (C55) chain. LepB and LepC were
also shown to transfer phosphate-linked WTA disaccharides (ManNAc-GlcNAc-P) to nascent PGN
oligosaccharides. Gale et al. (2017) proposed B. subtilis LCPs TagTUV catalyze the attachment of
WTA to mature PGN (insoluble, crosslinked). Whether WTA attachment occurs before or after
glycan strands are further processed by PBPs was addressed in a more recent study. Within this
work it was possible to demonstrate that both of the tested LCPs, namely S. aureus LcpB and
B. subtilis TagT were only able to process uncrosslinked PGN oligomers (lipid II-[MurNAc(-stem
peptide)-GlcNAc|y; N= 1-5). The authors could further demonstrate that the stem peptide of the
PGN acceptor substrate is not required for WTA ligation reactions, while the Cao-N-acetyl groups
(NHAc) play crucial roles in substrate recognition (Figure 8; Schaefer et al. (2018)). Since lipid
IT itself was proposed not to serve as a suitable acceptor substrate for transfer (Schaefer et al.,
2017), the findings imply that nascent (uncrosslinked) PGN is first made and then modified with
WTA before cross-linking. The authors further reasoned that neither lipid II nor nascent PGN
tetrasaccharide (lipid II-[MurNAc(-stem peptide)-GlcNAc]s), pose physiologically relevant substrates,
since the presence of large glycopolymers attached to the MurNAc Cg-hydroxyl groups of the lipid 1T
or nascent PGN tetrasaccharide, would prevent binding to the active site of PGN glycosyltransferases.
Only if at least a PGN hexasaccharide (lipid II-[MurNAc(-stem peptide)-GlcNAc]g) is formed there
will be a MurNAc Cg-hydroxyl group exposed from the long active site cleft (Schaefer et al., 2017).
Interestingly, while Walker and coworkers ruled out lipid II as a suitable substrate for LCP catalyzed
reactions, it was demonstrated to serve as an acceptor substrate for LcpC in an in vitro attachment
reaction where the capsule saccharide D-FucNAc(-phosphate) was transferred and the respective
ligation product could be further processed by the PGN glycosyltransferase PBP2(see chapter 4.1 for
a model and further elaboration of the attachment reaction; Rausch (2017); Rausch et al. (2019)).

In addition to or as part of their function as phosphotransferases, LCPs have also been described
to have a hydrolase activity towards pyrophosphate lipids. Of the S. aureus LCPs, LcpA was
demonstrated to possess the highest pyrophosphatase activity towards C1o-PP, with ~14% cleavage,
whereas LepB and LepC were found to only cleave 2-3% (F. K. K. Li et al., 2020). Surprisingly,
no products of enzymatic hydrolysis (phosphate lipid) of the WTA disaccharide precursor were
detected when LcpA was incubated in absence of the PGN acceptor (Schaefer et al., 2017). The
catalytic release of P; from pyrophosphate lipids has also been reported for Cps2A and TagT,
(Baumgart, Schubert, Bramkamp, & Frunzke, 2016; Eberhardt et al., 2012; Grzegorzewicz et al.,

®Lipid-coupled uncrosslinked PGN oligomers of defined length (lipid II-[MurNAc(-stem peptide)-GleNAc]y; N= 1-7).
The physiological relevance of nascent PGN is subject of debate.
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2016; Kawai et al., 2011; Siegel et al., 2019). Both enzymes were also found co-crystallized with
(pyro)phosphorylated polyprenyl lipids strongly bound to their LCP domain (Eberhardt et al., 2012;
Kawai et al., 2011). The identity of the lipid-ligand was found to be dependent on the expression
strain used for protein purification.

2.6 LytR-CpsA-Psr enzymes from a structural perspective

Structural in silico analyses were performed to shed light on the different functions of LCP enzymes.
According to secondary structure predictions, all representatives of the LCP family contain an
intracellular N-terminus, one consensus transmembrane region (except for CpsA which is predicted
to have three), an optional accessory domain, the core catalytic extracellular LCP domain, and in
some cases a C-terminal domain of unknown function (Figure 10; Hiibscher et al. (2008); Stefanovié
et al. (2021)).
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Figure 10: Overview on domain organization of S. aureus strain N315 LepABC enzymes (adapted
from F. K. K. Li et al. (2020)). The characteristic organization of the secondary structure of LCPs
are displayed containing a single transmembrane domain (green) and extracellular catalytic LCP
domain (purple).
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Crystallographic analysis yielded a structure of S. aureus LepA with endogenously captured
C40-PP-GlcNAc at the substrate binding site (Figure 11A1; F. K. K. Li et al. (2020)). Cyo-
PP-GlcNAc is a lipid substrate in the synthesis of O7-specific lipopolysaccharide of the FE. coli
strain used for overexpression of LepA, but also highly resembles the staphylococcal lipid bound
WTA-monosaccharide precursor (lipid IIIyyr4, Cs5P-GlcNAc). To enable crystallization of LepA a
truncated construct lacking the single N-terminal transmembrane anchor was used (residues 80-327,
ATM). The structure was solved by molecular replacement to 1.9 A and encompasses the extracellular
catalytic region corresponding to the LCP domain. The LCP domain comprises a six-stranded 5-sheet
in the center of multiple a-helices and three double-stranded [-sheets (Figure 11A1). This or a very
similar fold could commonly be observed in LCP enzymes crystallized so far, especially within the
Firmicutes representatives B. subtilis and S. pneumoniae (Figure 11B-E). The central six-stranded
[B-sheet and helices 3-7 of LepA form a large hydrophobic lipid-binding pocket with a narrow opening
and a wide base. The lipid tail surrounding residues display low sequence conservation with other
LCP family members but are largely hydrophobic. The electropositive entrance of the binding pocket
(blue, Figure 11A2) is formed by invariant arginine residues (alignment displayed in Figure 12),
which form the active site for binding of the pyrophosphate group of the lipid-bound donor substrate
(Figure 11A3). The active site is surrounded by four regions (Figure 11A), which were designated as
region A (blue, residues 92-100), region B (red, residues 188-201), region C (purple, residues 217-224),
and region D (turquoise, residues 296-312). Structural comparison by molecular replacement of the
conserved active site residues of LepA revealed the highest similarity to B. subtilis TagT bound
to a hexaprenyl-disaccharide WTA precursor (C3gPP-GlcNAc-ManNAc; Figure 11B; F. K. K. Li
et al. (2020)). Comparison of regions A-D of S. aureus LepA with B. subtilis LCPs show some
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Figure 11: Comparison of different LCP protein crystals reveals a recurring fold of the LCP domain,
composed of a six-stranded S-sheet sandwiched between multiple a-helices and double-stranded
B-sheets. Ribbon structures of S. aureus LepA bound to Cyo-PP-GIcNAc, the active site surrounding
regions are designated A, B, C and D (A1), B. subtilis TagT bound to C3p-PP-GlcNAc-ManNAc
and Mg?* (B), B. subtillis TagU SeMet (selenomethionine-substituted; (C)), B. subtilis TagV (D),
and S. pneumoniae Cps2A bound to Cy4o-PP and Mg?*, in which the accessory domain is displayed
in lightblue (E), are displayed. §-strands are illustrated in green, ligands are highlighted in yellow,
heteroatoms are colored by type (oxygen, red; phosphorus, orange; nitrogen, blue) and structural
features are labeled as follows, H, helix; B, g-strand; NH, nonconserved helix; Mg, magnesium.
S. aureus LepA is further displayed from top view of the active site of S. aureus LepA in complex
with Cyo-PP-GlcNAc, where the protein surface is colored according to the electrostatic potential
(A2; blue positive and red negative potential). A3 shows a close up of the interactions between the
conserved LepA residues and the pyrophosphate moiety of the bound Cyo-PP-GlcNAc (A3; Figure
modified after F. K. K. Li et al. (2020)).

structural variability, occurring especially in Region B. Where LepA has a large loop, TagT has an
a-helix and TagU and TagV a double-stranded [S-sheet. The structures are similar in regions A
and C, which encompass flexible loops and in region D that adopts a two-stranded (-sheet. The
latter is often enriched with aromatic residues (Figure 12), which are presumably relevant for PGN
binding. In the majority of the LCP crystals the loop of region C is held away from the active site
by a resident acidic acid residue that forms a salt bridge with a nearby basic residue’. Schaefer et al.
(2018) proposed that the placement of region C is induced by the presence of a second sugar within
the donor substrate binding site. However, this is contradictory to the finding that loop C of apo
(ligand-free) TagT has higher similarity to TagT in complex with the WTA disaccharide substrate
than the monosaccharide bound structure® (F. K. K. Li et al., 2020).

"reported for S. aureus LepA, B. subtilis TagTUV, A. oris LepA, and S. pnewmonice Cps2A
SRMSD of 0.4 A instead of 2.7 A for 7 Ca-atoms
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The binding site of the lipid-bound ligand, which represents the putative donor substrate binding
site for LepAs ligase activity is defined in the following. The guanidinyl groups of active site arginines
form salt bridges with the pyrophosphate moiety of the polyprenyl. Whereas, residues R-99 and
R-216 are in contact with the a-phosphate group, while R-122, R-218, and R-227 interact with
the S-phosphate group (Figure 11A3). Earlier mutagenesis studies confirmed the importance of
these conserved arginines for growth and activity in various species (Baumgart et al., 2016; Kawai
et al., 2011; Schaefer et al., 2018). Orientation of the saccharide headgroup was shown to rely on
hydrophobic and van der Waals contacts rather than polar interactions with the enzyme. Thereby,
the N-acetyl group of GIcNAc interacts with residues N-194, 1-195, R-216, F-217, R-218, and H-219,
which are part of the regions B or C (Figure 12). Comparison of TagT protein crystals complexed with
either monosaccharide (C39PP-GlcNAc) or disaccharide (C3oPP-GleNAc-ManNAc) WTA precursor
demonstrated significant structural differences concerning the orientation of saccharide moieties
and pyrophosphate unit of the precursors (Schaefer et al., 2018). It was suggested the latter might
influence coordination of a Mg?*t cation, which was only present in the active site of the structure
complexed with the disaccharide precursor. The second saccharide is presumed to position the
pyrophosphate group of the substrate in a conformation that enables binding of a divalent cation
(Schaefer et al., 2018). This hypothesis is based on the observation that TagT and other LCPs
are metal-ion dependent transferases (Eberhardt et al., 2012; Kawai et al., 2011; Schaefer et al.,
2018) and on the assumption that S. aureus LepA requires donor substrates, which contain at least
a disaccharide to catalyze transfer (Schaefer et al., 2017)). Interestingly, TagT and Cps2A were
reported to possess divalent cation-dependent pyrophosphatase activity towards pyrophosphorylated
polyprenyl lipids substrates devoid of any saccharide moieties and Mg?*-, as well as Mn?*-ions
were found within the substrate binding sites of Cps2A protein crystals complexed with merely
C40-PP (Eberhardt et al., 2012; Kawai et al., 2011). No metal ion has been observed within the
LcpA structure but there is the possibility that it might have been displaced during crystallization.
Coordination of Mg?T in LepA is proposed to be facilitated by residues D91 and/or D101, since
mutations of the corresponding residues D70A of LcpB, and D82A of TagT, or D8TA of TagT
respectively, resulted in no or significantly reduced ligase activity in vitro.

Since LCPs are commonly found complexed with pyrophosphorylated lipids the interactions
between protein residues and the lipid, as well as the pyrophosphoryl part seem sufficient for binding.
This observation might explain their (semi)redundant roles in attachment of different anionic polymer
precursors.

The putative PGN binding groove of is outlined by regions A, C, and D (Eberhardt et al., 2012;
Kawai et al., 2011; Schaefer et al., 2018). Region A of LepA exhibits low sequence conservation
except for the invariant arginine residue R-99 (Figure 12), which is expected to shift when a divalent
cation is bound (Schaefer et al., 2018) and proposed to be involved in PGN binding. As mentioned
above, region D commonly adopts a double-stranded (-sheet fold often enriched with aromatic
residues, which could aid binding of PGN through carbohydrate-aromatic interactions. Additionally,
conserved residues D-123, K-135 and N-137 of LepA could play a potential role in PGN binding, since
they are found within the putative binding groove and equivalent residues have been demonstrated
to be essential for activity of TagT. Data-driven biomolecular docking studies led to the identification
of three potential PGN saccharide binding subsites in proximity to the conserved residues R-99,
K-135, N-137, and D-224. But the variability in interactions with the glycan among these three
saccharide-bound structures prevented accurate assignment of PGN binding (F. K. K. Li et al., 2020).
Comparison with LepA of A. oris provides further clues concerning the putative PGN binding site,
since this LCP was demonstrated to use proteins as acceptor substrates for glycosylation (Siegel
et al., 2019) instead of PGN or the respective lipid II intermediate. Among differences in region
B and C, the double-stranded [-sheet that forms region D in conventional LCPs is replaced by a
loop that is shifted away from the active site, thereby closing off one end of the putative acceptor
site while enlarging the opposite end, which is presumed to enable accommodation of the protein
substrate. These variations highlight the importance of the anti-parallel S-strands of region D for
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Figure 12: Sequence alignment of S. aureus (LcpA-C) and B. subtilis (TagT-V) LCP enzymes.
Conserved residues are displayed in white on red background, and conservative substitutions are red
on white background. The secondary structure of LcpA is depicted above the amino acid sequences.
Structural features are labeled as follows, 3, S-strands; H, a-helices; NH, nonconserved helix. Active
site surrounding regions of LepA are highlighted below the alignment A (blue), B (red), C' (pink),
and D (green).

PGN binding in conventional LCPs. Whether WTA attachment occurs before or after glycan strand
polymerization was also addressed from a structural perspective. Protein crystals of TagT in complex
with WTA precursor indicate that the PGN substrate binds in a long and narrow groove, which is
adjacent to WTA binding pocket (Schaefer et al., 2018). The basis for acceptor substrate selectivity
(nascent or mature PGN) appears to be steric exclusion of cross-linked PGN from the narrow binding
groove.

Presumably, the reaction catalyzed by LCPs is similar to other biological phosphoryl-transfer
reactions, where the nucleophile aligns with the electrophilic phosphorous (8-phosphorous of Cgs5PP-
WTA) and the leaving group (a-phosphorous of C55PP-WTA) for an in line attack (Figure 13;
Lassila, Zalatan, and Herschlag (2011); Schaefer et al. (2018)). The Cg-hydroxyl group of MurNAc
(PGN-intermediate) is assumed to act as the nucleophile and sits adjacent to the S-phosphorous

21



group of the donor lipid substrate in the PGN binding groove. The arginine residues R-122/R-218" of
LepA could function as a general base. Both candidates are adjacent to the aspartic acid carboxylate
groups of D-123 and D-224, which might play a role in the activation of the general base!?. R-216
was proposed to act as the general acid with proton exchange of its guanidinium side chain. Catalysis
is initiated when transient deprotonated form of R-122 abstracts a proton from the Cg-hydroxyl
group of MurNAc (PGN intermediate). The magnesium ion and invariant arginine residues might
be involved in stabilizing the transition state, besides coordination of the pyrophosphate moiety for
catalysis. Upon collapse of the transition state a covalent bond between the PGN intermediate and
saccharides of the WTA intermediate is formed, and the a-phosphate leaving groups abstracts a
proton from the guanidinium of R-216.
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Figure 13: Proposed mechanism of WTA ligation to a peptidoglycan (PGN) intermediate catalyzed
by S. aureus LepA (Al; adapted to F. K. K. Li et al. (2020)) and schematic of the reaction at the
membrane interface (A2), followed by PGN polymerization catalyzed by PBP2 (B). The active site
residues R122 and R216 of LcpA are highlighted in orange. The WTA precursor (highlighted in
purple) represents the glycopolymer donor substrate for the transfer reaction, while the displayed
acceptor substrate is a lipid-bound PGN intermediate (highlighted in green; such as lipid II or
nascent PGN). The S-phosphorous of the Cs5-PP-WTA donor substrate and the Cg-hydroxyl group
of the MurNAc unit of the PGN-intermediate acceptor substrate are highlighted in pink.

9Both of the equivalent TagT residues (R-118 and R-219) were essential for enzyme activity (Schaefer et al., 2018).

100f the two LepA general base and activating residue candidate pairs the arginine residue R-122 has a higher
likelihood to act as the general base, since the adjacent carboxylate of D-123 is both conserved and essential, while
R-218 can only interact with the carboxylate group of D-224, which is a nonessential for activity. Of note, enzyme
activity was only assessed for the equivalent TagT D-123 and D-224 mutants (Schaefer et al., 2018). However, D-224
represents an invariant residue among LCPs which was attributed to play a role in PGN binding and although the
mutation of D-224 did not abolish the TagT activity it was still strongly reduced.
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A glycerol molecule (pink) and a cluster of water molecules were found within the structure of
LepA, highlighting the presence of an accessible hydrophilic pocket buried below the active site and
close to the lipid-binding pocket (Figure 14). This hydrophilic pocket contains the highly conserved
residues S-119, R-122, D-224, R-227, and Q-231 (Figure 12) and F. K. K. Li et al. (2020) suggested,
this site represents an attractive target for the design of inhibitors.

N194

1195

R216

Figure 14: Putative target structure for the design of LCP inhibitors. The highly conserved residues
S-119, R-122, D-224, R-227, and Q-231 surround a glycerol molecule (pink) outline a hydrophilic
pocket located below the active site and next to the lipid binding pocket of LcpA. The figure was
adapted to F. K. K. Li et al. (2020). A selection of LepA residues are illustrated in green including
their ribbon structures and respective atoms/bonds are depicted as sticks, the Cyo-PP-GlcNAc
ligand is highlighted in yellow and depicted as sticks, heteroatoms are colored by type (oxygen, red;
phosphorus, orange; nitrogen, blue; sulfur, yellow)

In order to complete cell wall assembly, pathways for PGN, WTA and capsule biosynthesis must
converge and the generated GPs are subsequently attached to the cell wall by the ligase activity
of LCP enzymes. Since an intact cell wall is a prerequisite for cell viability and virulence, LCP
enzymes are attractive new drug and/or anti-virulence targets. Defects in capsule production were
reported to make cells easier recognized by the immune system, and absence or reduced levels of
WTA on the cell surface are associated with higher autolysis rates, reduced biofilm production and
increased antibiotic susceptibility. Further, inhibitors may induce synergistic activities and restore
antibiotic activities towards resistant strains. Another advantage of LCP enzymes, as a drug target,
is that they are easily accessible on the outside of the cell, limiting challenges to pass the cytoplasmic
membrane.

2.7 The cell wall as an antibiotic target

Inhibitors of cell wall biosynthesis proved to be among the most successful antibiotics in therapeutic
use (e.g. [-lactams; reviewed by Miiller, Klockner, and Schneider (2017)). The biosynthetic
machineries synthesizing cell wall components like peptidoglycan, wall teichoic acids, and capsular
polysaccharides constitute attractive targets for new antibiotics, since these pathways are absent in
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humans. Cell wall synthesis starts in the cytoplasm and extends over the cytoplasmic membrane to
the extracytoplasmic space. Various inhibitors have been identified for all of these stages (Figure 15).
While some of these antibiotics exert their activity by the formation of complexes with PGN
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Figure 15: Overview of PGN synthesis in S. aureus including the target sites of various antibiotics
(red boxes). Antibiotics block key enzymatic cell wall biosynthesis reactions by formation of a
complexes with non-protein PGN intermediates or via direct enzyme inhibition.

intermediates (e.g., vancomycin and teixobactin), others explicitly target the enzymes (e.g., (-
lactams and moenomycin) that catalyze cell wall biosynthesis key reactions. Targeting of the final
PGN precursor lipid II seems to be particularly effective and nature itself invented at least five
different classes of antibiotics (e.g., (lipo)glycopeptides, lantibiotics, teixobactin, defensins, and
lipo(depsi)peptides) to target this ultimate cell wall precursor. The benefits of lipid II targeting
include that (i) it is structurally conserved in bacteria, (ii) it is essential, (iii) it is only present
in limited amounts, and (iv) it is readily accessible on the outside of the cytoplasmic membrane.
Importantly, modifications of non-protein targets, like lipid II, are not easily achieved by mutations
and inhibitors thus generally appear less prone to resistance development. Nevertheless, several
resistance mechanisms attributed to the modification of the lipid II molecule, such as glycopeptide
antibiotic resistance, have been reported. These modifications are largely restricted to variations of
the stem peptide (Figure 16), such as the incorporation of alternative amino acids i.e., by replacement
of the terminal D-Ala residue by D-Lac or D-Ser; orange. The amino acid exchange, initially described
for vancomycin resistant enterococci (VRE; Arthur, Reynolds, and Courvalin (1996)), represents the
most prominent and clinically relevant lipid II modification conferring resistance towards several
glycopeptide antibiotics. The resistance mechanism is based on the decreased binding affinity of
glycopeptides to the modified lipid II target. Important reservoirs of genes conferring glycopeptide
resistance include determinants that confer self-resistance in glycopeptide antibiotic producing
organisms. These genes are believed to be horizontally transferred to clinical pathogenic bacteria,
rather than being orchestrated de novo upon continued treatment (Unsleber, Wohlleben, & Stegmann,
2019; Yushchuk, Binda, & Marinelli, 2020). The high degree of vancomycin resistance observed
in VRSA is conferred by the acquisition of the vanA operon often located in the plasmid-borne
transposon Tn 1546, which can transfer from VRE to S. aureus. Although the prevalence of VRSA
might be underestimated (Moravvej et al., 2013), the limited amount of VRSA isolates suggests that
the vanA-mediated vancomycin resistance has not evolved or quickly spread, presumably because of
the high fitness cost of the altered PGN synthesis pathway (Foucault, Courvalin, & Grillot-Courvalin,
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2009). The first VRSA cases were reported two decades after vancomycin was clinically used, while
vancomycin-intermediate S. aureus (VISA) or its precursor heterogeneous VISA (hVISA)!! emerged
earlier and are more frequently isolated. The ’intermediate’ resistance phenotype is conferred by
reduced autolysis, a thickened cell wall with drastically reduced cross-linking and, in accordance, a
high amount of free D-Ala-D-Ala residues, leading to an accumulation of vancomycin within the cell
wall preventing the access to membrane-bound lipid II, referred to as "clogging". This phenotype is
stabilized by a combination of multiple background mutations, the most prevalent occur in genes
encoding for the TC regulatory systems VraRS and WalRK (Shoji et al., 2011). While, the vraRS
mutations results in the activation and subsequent upregulation of cell wall synthesis (Katayama,
Murakami-Kuroda, Cui, & Hiramatsu, 2009), mutations in walRK contribute to downregulation of
the WalRK system, associated with reduced expression of PBP4 and autolysins thereby decreasing
PGN crosslinking and autolysis respectively (Hu, Peng, & Rao, 2016; Shoji et al., 2011). In contrast
to VRSA, where resistance is acquired by horizontal gene transfer, VISA are generated by stepwise
adaption to the antibiotic, through the accumulation of mutations and, although VISA share a
major phenotype (thickened cell wall and altered autolysis), the genetic mechanisms underlying the
phenotype are diverse.

Interestingly, resistance mechanisms attributed to modifications of the undecaprenyl-phosphate
unit or the pyrophosphate-sugar linkage of lipid II have not been reported so far. Accordingly, it
appears that the highly conserved core structure cannot be easily altered. Consequentially, the
probability of resistance development appears to correlate with the interaction/binding sites on lipid
IT (pyrophosphate moiety versus stem peptide) and the physico-chemical properties of the antibiotic.
The lipid II-binding antibiotics nisin and plectasin for instance are both positively charged peptide
antibiotics interacting with the pyrophosphate-sugar unit of lipid II. While the stem peptide of lipid
IT is not required for high-affinity interaction (Miiller et al., 2017) with nisin, the lipid II-plectasin
interaction comprises the D-Glu residue at position two of the lipid II stem peptide (blue; Figure 16).
The amidation of the a-carboxyl group of D-Glu results in a less negatively charged PGN. In line
with this, increased efficacy of plectasin was observed against cells depleted for the MurT/GatD
enzyme complex, that catalyzes the formation of D-GIn in position two of the stem peptide (Miinch
et al., 2012). The overall reduction of the cell surface charge is a common resistance mechanism
against defensins and other cationic antimicrobial peptides (CAMPs), such as nisin and vancomyecin.
Resistance to CAMPs not primarily depending on modification of the specific lipid II interaction
site often develops gradually and involve the reversible reduction of the overall cell wall surface
charge, such as the lysinylation of phosphatidylglycerol and the D-alanylation of teichoic acids, and
lead to a reduced accumulation of the positively charged antibiotics in the cell wall mesh. These
modifications commonly confer moderate levels of resistance and are relatively non-specific, because
they generally repel CAMPs from reaching the membrane surface through electrostatic repulsion
(Staubitz, Neumann, Schneider, Wiedemann, & Peschel, 2004). However, since the negative surface
charge is vital, most of the charge modulation systems are only activated in presence of CAMPs
to limit the degree of these substitutions (Miinch & Sahl, 2015), while the amidation D-Glu of
the lipid II stem peptide (blue; Figure 16), represents a more constitutive modification. Since
antimicrobial peptides are central players in the innate immune defense against pathogenic bacteria,
it is not surprising that pathogens developed several other strategies to overcome CAMP activity,
such as alterations in the membrane composition, CAMP sequestration and inactivation, including
proteolytic degradation of CAMPs and transporter-based detoxification (Assoni et al., 2020).

Antibiotics binding to or interfering with lipid II can trigger multifaceted secondary cellular
consequences and often possess activities that go beyond passive blocking of one target (reviewed
by Miiller et al. (2017)). Lipid II is discussed to play a central scaffold in the coordination of

Hyancomycin-susceptible S. aureus with a subset of resistant colonies. VISA are generated by spontaneous
mutations from hVISA, that increase vancomycin resistance to a MIC of 4 mgml™" or higher (Hiramatsu et al., 2014).
Of note, a retrospective study demonstrated the occurrence of hVISA even before clinical introduction of vancomycin
(Yamakawa et al., 2012).
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Figure 16: Schematic of the ultimate peptidoglycan precursor lipid II (undecaprenyl-pyrophosphate-
GlcNAc-MurNAc-pentapeptide). The L-lysine (purple) at position three of the peptide stem is
characteristic for most gram positive bacteria, while gram negatives often contain diaminopimelic acid
instead. Species-specific modifications are highlighted with circles. GlcNAc, N-acetylmuramic acid;
MurNAc, N-acetylmuramic acid; Ac, acetyl. Figure was modified according to Bouhss, Trunkfield,
Bugg, and Mengin-Lecreulx (2008) and Miiller et al. (2017).

the complex membrane-associated network of protein-protein interactions of the PGN biosynthesis
machinery, by spatio-temporal orchestration of cell growth and division (Grein, Schneider, & Sahl,
2019). This hypothesis is supported by the fact that sequestration of lipid II can cause disintegration
of membrane-bound multi-enzyme machineries, misplaced septum formation, and defects in cell
division (Miiller et al., 2017)). Furthermore, lipid II was demonstrated to act as a signal molecule
for the kinase PknB, which is involved in coordination of PGN cross-wall formation, autolysis, and
cell division pointing towards the involvement of lipid II or cellular levels of lipid II in bacterial
signal transduction pathways (Hardt et al., 2017; Miiller et al., 2017). Another example where the
activity of a lipid II-targeting antibiotic goes beyond mere blocking of the incorporation of lipid II is
the antibiotic teixobactin, which simultaneously binds to multiple undecaprenyl-coupled precursors
that represent the building blocks for the syntheses of various surface polymers such as PGN, WTA,
CPS, and arabinogalactan (Ling et al., 2015; Miiller et al., 2017). The synergistic inhibition of PGN
and WTA synthesis by teixobactin in S.aureus was demonstrated to result in cell wall damage,
delocalization of autolysins and subsequent cell lysis (Homma et al., 2016). The multi-targeting of
teixobactin might be causative for the apparent absence of resistance development. There are also
several examples of compounds which combine sequestration of the building block with membrane
damage. The well-characterized antibiotic nisin, for instance, uses lipid II as a docking molecule,
producing a major impact on membrane integrity, ultimately resulting in pore formation and cell
lysis (Grein et al., 2019; Oman et al., 2011; Wiedemann et al., 2006). In summary, the binding of or
the interference with lipid II causes complex cellular downstream effects and triggers irreversible
physical damage to cells, such as the delocalization of spatially-organized enzymes and other cell
wall components and divisome machineries (Grein et al., 2019). These properties make lipid II an
exceptional antibiotic target structure.
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While the pace of antibiotic discovery has slowed down, the overall use of antibiotics and respective
resistance mechanisms rises. It is estimated that the global death rate caused by antimicrobial
resistance is 700 000 patients each year and predictions state an increase to 10 million every year by
2050, if no counter measurements are taken (O’neill, 2014). The discovery of novel antibiotics with
unique chemistry and unprecedented mode of action and resistance-breaking properties is, therefore,
of increasing interest and represents an inevitable measure to counteract the predicted scenario.

2.8 Natural product antibiotics

The mainstay of our current antibiotic arsenal is represented by (I) microbial natural products, (II)
their derivatives, and (III) compounds of synthetic origin inspired by natural products (Wright,
2017). Although, natural products are produced in every domain of life, drugs originating from
microbial species proved to be particularly potent in the anti-infective area, while we just begin
to understand the function of plant and mammalian host derived antibiotics, such as phytoalexins
and defensins respectively (Gonzalez-Lamothe et al., 2009; D. Xu & Lu, 2020). Natural product
antibiotics represent secondary metabolites of the producing organism and are generally regarded as
non-essential but to possess extrinsic functions, such as increasing the competitiveness of organisms
within its environment. The therapeutic success of microbial natural product antibiotics is attributed
to the fact that they are often produced precisely for the purpose of interfering with the growth of
others microorganisms, thereby providing an advantage for the producing organism. Evolution has
shaped these molecules for optimized interaction with their cellular targets, providing the necessary
structural and physicochemical properties for biological activity e.g. penetration of bacterial cells
(Wright, 2017).

In comparison with conventional synthetic molecules, which follow the lipinski rule of five!?,
natural products are usually larger molecules, enriched with characteristic properties, which improve
active target engagement, such as a high amount of chiral centers and sp3-carbon atoms'3, fewer
aromatic rings, larger macrocyclic aliphatic rings, a lower nitrogen and halogen, but an increased
oxygen content (Atanasov, Zotchev, Dirsch, & Supuran, 2021; Wright, 2018). All of these features
contribute to a more complex 3D structure and greater molecular rigidity. Consequentially, natural
products can engage biological targets more productively than more planar and less stereochemically
complex molecules dominant in the synthetic compound libraries (Atanasov et al., 2021; Rodrigues,
Reker, Schneider, & Schneider, 2016; Wright, 2018). The high structural diversity goes along with a
broad bioactivity spectrum, such as antiviral, antifungal, and antibacterial (Arnison et al., 2013;
Essig et al., 2014; Férir et al., 2013; Ortega & van der Donk, 2016), which further favors sourcing
of natural products with novel chemical matter as therapeutics or leads for drug design. Greatly
enhanced knowledge and techniques concerning mining, extraction, production, characterization
and manipulation of natural products could fill the antibiotic discovery gap of the 215 century,
corresponding to a lull of 30 years and bring new drug candidates to the clinic (Wright, 2017). Lewis
and Epstein’s laboratory have pioneered efforts, such as the iChip, to enable growth of previously
unculturable bacteria to facilitate the isolation of antibiotic ’dark matter’ (Nichols et al., 2010) and
the discovery of teixobactin successfully demonstrated that such efforts can yield unique chemistry
(Ling et al., 2015; Wright, 2017). This approach represents a kind of reboot of the bioactivity guided
Waksman antibiotic discovery platform, which majorly contributed to the antibiotic scaffolds in
clinical use today. The Waksman platform basically comprises of a screening platform where soil-
derived streptomycetes are grown on various media followed by analysis of extracted metabolites for

12The rule of five is a set of in silico guidelines applied to drug discovery to prioritize compounds with increased
pharmacokinetics for oral absorption. According to this rules 90% of oral compounds that have achieved phase II
clinical status pass three of the four following parameters i) MW< 500 Da, ii) calculated LogP < 5 and > 0, iii)
hydrogen bond acceptors < 10, and iv) hydrogen bond donors < 5 (Doak, Over, Giordanetto, & Kihlberg, 2014;
Lipinski, Lombardo, Dominy, & Feeney, 2001).

3The combination of one s and three p orbitals forms four identical hybrid sp® atomic orbitals, the resulting
tetravalent carbon atom forms single covalent bonds
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antibiotic activity against susceptible test microorganisms (Lewis, 2013; Schatz, Bugle, & Waksman,
1944). In the end this kind of approach was overmined, since only 1% of the isolated organisms can
grow under laboratory conditions, subsequently leading to the frequent rediscovery of already known
compounds and no discovery of novel chemistry. Therefore, the iChip enables the exploration of rare
genera of soil-bourne organisms and surpasses the drawback of limitations in laboratory cultivation
techniques, by enhancing the growth recovery to 50% (Ling et al., 2015).

Another approach to complement the activity- and chemistry-guided identification of new
compounds is the mining of genomic data for the presence of biosynthetic pathways enabling
organisms to produce secondary metabolites (Blin et al., 2019; Ziemert, Alanjary, & Weber, 2016).
Two essential findings guiding the identification of biosynthetic genes in producing organisms are
I) that the genes are clustered within the genomes of bacteria and filamentous fungi and II) that
many natural products are based on polyketide or peptide cores and, although they display a huge
diversity (structure- and activity-wise), their biosynthetic machineries involve enzymes encoded by
large genes with highly conserved modules (Ziemert et al., 2016). Accordingly, genome-mining based
drug discovery tools often rely on the conserved genetic markers located within the biosynthetic
gene clusters (BGCs) which encode the respective core biosynthetic enzymes. Classes of natural
products that use the aforementioned conserved machineries include polyketides (biosynthesized by
a polyketide synthase; PKS), non-ribosomal peptides (NRPs), ribosomally synthesized and post-
translationally modified peptides (RiPPs), aminoglycosides, and many more (Ziemert et al., 2016).
Nearly all complex modified peptides identified so far belong to the RiPP and NRP class (Imani
& Freeman, 2018), which are synthesized by two distinct biosynthetic routes. While the first class
incorporates amino acids via the ribosome, with further modifications occurring after the initiation
of translation, the latter requires large multimodular enzyme complexes for the incorporation of
non-proteinogenic amino acids. Especially in direct comparison to the other natural product classes,
the RiPP group is very heterogeneous and is further subdivided into over 40 families (likely expanding
further), lacking overarching biosynthetic and structural commonalities between the groups (Arnison
et al., 2013).

2.9 Ribosomally synthesized and post-translationally modified peptides

Historically, RiPPs were subdivided based on their biological activities (e.g. bacteriocins; Klaen-
hammer (1993)) or producers (e.g. microcins produced by gram negatives; Arnison et al. (2013);
Duquesne, Destoumieux-Garzon, Peduzzi, and Rebuffat (2007)). In 2013, a comprehensive review by
Arnison et al. (2013) presented the first uniform nomenclature for RiPPs taking common features
of their biosynthetic pathways and specific modifications into consideration, and subdividing the
class in over 20 distinct compound families, irrespective of their biological functions. Since then,
new sequencing techniques and bioinformatic tools, developed specifically for this compound class,
enabled the discovery of additional 17 entirely new RiPP members, recently summarized in a review
by Montalban-Lopez et al. (2021). Of interest, the suggested nomenclature is not suited to describe
all post-translationally modified natural metabolites, because final products can be devoid of peptide
bonds, as in the case of pyrroloquinoline (PQQ), which is generated in a process overall similar to
other RiPPs but with a final product that is no longer a peptide (Arnison et al., 2013).

Most of these compounds have in common that they are synthesized as a longer precursor
peptide, containing an N-terminal leader peptide that usually guides the secretion and is excised
from the C-terminal core peptide, which finally becomes the mature RiPP after undergoing extensive
post-translationally modifications. A size limit of 10 kDa was defined to exclude post-translationally
modified proteins (Arnison et al., 2013). Common RiPP modifications represent the presence of
unusual non-proteinogenic amino acids, such as dehydroalanine (Dha) and dehydrobutyrine (Dhb),
modifications of the N- and C-termini to reduce the susceptibility to degradation by exoproteases, as
well as macrocyclization, which increases the metabolic stability and decreases the conformational
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flexibility (Arnison et al., 2013). RiPPs usually contain several co- and post-translational modifica-
tions but are classified according to their primary post-translational modifications (PTMs), such as
the eponymous (methyl)lanthionine residues of the lanthipeptide family.

Lanthipeptides represent the most prominent and extensively studied RiPP class. The most
popular and best characterized representative of that family is nisin, which was already introduced
in Chapter 2.7 as a PGN synthesis inhibiting antibiotic that combines binding of lipid II and pore
formation. The growth inhibitory effect of nisin was already described in 1928 (Rogers, 1928) and it
has been used as a food preservative since 1969 (Cotter, Hill, & Ross, 2005). Lanthipeptides with
antibiotic activity are generally termed lantibiotics, their efficacy is often restricted to gram positives,
and their mechanism of action is often attributed to their ability to interact with the ultimate PGN
precursor lipid II. Interestingly, lantibiotics were the first lipid II-binding compounds ever studied
in combination with purified full length lipid II, in the course of the mode of action studies on
the lantibiotic mersacidin (Brotz, Bierbaum, Leopold, Reynolds, & Sahl, 1998; Grein et al., 2019).
Lantibiotics are further grouped into two major categories according to their structural features
(globular or flexible) and based on their mode of action as nisin-like (group A) or mersacidin-like
(group B) lantibiotics. Nisin and related peptides display an elongated and flexible structure, are
positively-charged, and act through the formation of membrane pores/membrane damage. On the
other hand, the globular mersacidin (see Figure 17) and related lantibiotics are either negatively
charged or carry no net charge they block PGN synthesis through interaction with lipid II and cause
only marginal effects on membrane integrity (Miiller et al., 2017). In the case of two-component
lantibiotics, where two peptides assemble to a functional antibiotic, one is usually mersacidin-like,
whereas the other one is often rather long and flexible (Miiller et al., 2017).

The lanthipeptide class-defining S-thioether crosslinked bis amino acids lanthionine (Lan) and
3-methyl-lanthionine (MeLan) are introduced by initial dehydratation of Ser and Thr residues to
the corresponding dehydro amino acids Dha and Dhb. Subsequent addition of Cys thiols to these
dehydrated amino acids result in Lan- and MeLan-based intramolecular thioether rings (Bierbaum
& Sahl, 2009; Miiller et al., 2017), which were reported to play a pivotal role in lipid II binding (e.g.,
for nisin and mersacidin). Interestingly, this particular PTM can be introduced by multiple types of
enzymes and the lanthipeptides are grouped into class I-IV, according to the four different types
of dehydratases (including their mechanism of catalysis and protein organization) responsible for
lanthionine ring formation. The recently discovered lantibiotic cacaoidin (see Figure 17) represents
the founding member of class V lanthipeptides and the characterization of its biological activity
was subject of this work. The BGC cluster cao of cacaoidin (Chapter 4.2) showed no ORFs with
homology to one of the proteins involved in the lanthionine ring synthesis of the four different
lanthipeptide classes. Accordingly, the Lan bridge must be installed via an independent biosynthetic
pathway, which is at present not yet well understood. Therefore, cacaoidin represents the first-in-
class V lanthipeptide and shortly after its discovery the two additional family members pristinin
A3 (Kloosterman et al., 2020) and lexapeptide have been identified (see Figure 17; M. Xu et al.
(2020)). M. Xu et al. (2020) proposed that the lexapeptide lanthionine moiety is formed by the three
monofunctional proteins LxmK, LxmX, and LxmY constituting the class V-defining three-component
lanthionine synthetase. Cao7-9-14 show a certain degree of homology to LxmK-X-Y and could
function accordingly (Roman-Hurtado, Sanchez-Hidalgo, Martin, Ortiz-Lopez, & Genilloud, 2021).

The lanthionine residue of cacaoidin is dimethylated and positioned at the N-terminus generating
an N,N-dimethyl lanthionine (NMeyLan). While N-terminal methylation is commonly found among
proteins, it is rarely found in RiPPs. There have been no reports of N-terminal bis- N-methylation
for known lanthipeptides (class I-IV), but for the linaridin (see Figure 17) and linear azol(in)e-
containing peptide (LAP) RiPP families, that both lack lanthionines. The other class V lanthipeptides
lexapeptide and pristinin A3 share the N-terminal N,/N-dimethylation of cacaoidin. Another rare
PTM, thus far only present in thioamitides, linaridins, class V lanthipeptides, and also in several
other lanthipeptide classes is a 2-aminovinyl-(3-methyl-)cysteine (Avi(Me)Cys)-containing carboxyl-
terminal ring. This structure is the result of oxidative decarboxylation of the C-terminal cysteine.
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Linaridins, as the name already indicates, are linear dehydrated (arid is greek and means dry)
peptides and were initially classified as lanthipeptides due to the presence of Dhb and AviCys moieties.
However, because they lack lanthionine residues and the respective synthetase-like enzyme encoding
genes, and the alternative route predicted for installation of AviCys, a separate RiPP class was
established. The linaridins constitute a moderately sized RiPP class with only four representatives,
cypemycin (see Figure 17), grismycin, legonaridin, and salinipeptins (Ma & Zhang, 2020), and the
only characteristic PTM common to all is the dehydration of Thr to Dhb. Cacaoidin combines
structural elements of lanthipeptides and linaridins, but since the latter family is characterized by
Dhb residues as their class-defining PTM, a feature absent in cacaoidin, it was initially classified as
a new RiPP family referred as lanthidins (Montalban-Lopez et al., 2021). In contrast to cacaoidin,
both lexapeptide and pristinin A3 contain Dhb residues. Another rare PTM of cacaoidin is the
presence of D-amino acids (D-alanine and D-aminobutyric acid; Figure 17, highlighted in light
yellow), thus far only reported for a limited number of RiPPs. D-amino acids are introduced by
hydrogenation of Dha and Dhb, resulting in D-Ala and D-amino butyric acid residues, respectively.
Most D-amino acid containing RiPPs are members of the lanthipeptide family, comprising lactocin S

30



(Skaugen et al., 1994), lacticin 3147 (Ryan et al., 1999), carnolysin (Lohans, Li, & Vederas, 2014),
and bicereucin (Huo & van der Donk, 2016), whereas the salinipeptins are the only members of the
linaridin subfamily reported to contain D-amino acids (Shang, Winter, Kauffman, Yang, & Fenical,
2019). Compared to the lanthipeptide representatives, CAO contains a relatively high number of
D-amino acids (a total of seven, compared to one-four in the representatives), displaying a greater
similarity with salinipeptins, that contain nine D-amino acids. Lexapeptide contains one (Figure 17,
highlighted in light yellow), whereas pristinin A3 has no D-amino acids (Kloosterman et al., 2020;
M. Xu et al., 2020).
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3 Aim of the thesis

Cell wall biosynthesis represents a very efficient target pathway for antibiotic intervention. Enzymes
as well as intermediates of peptidoglycan synthesis are effective and validated antibiotic targets.
Particularly binding bactoprenyl-coupled cell envelope precursors, such as the ultimate peptidoglycan
building block lipid II has proven an attractive antibiotic strategy against Gram-positive pathogens.
Besides the individual reactions, building up a vital bacterial cell envelope requires the precise
synchronization of various multi-enzyme machineries of diverse cell envelope polymers, i.e. peptido-
glycan, teichoic acids and capsules, as well as the cell division apparatus, which need to be intimately
controlled in time and space. Understanding the dense cell wall biosynthesis interaction network
and the molecular roles of individual reactions within, will unravel novel points for antiinfective attack.

The aims of this thesis were:
e Reconstitution of staphylococcal capsule biosynthesis reactions
e Characterization of LCP enzymes and their role in cell wall assembly

e Detailed analysis of the mode of action of cacaoidin, the founding member of a new RiPP
subfamily
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4 Publications included in this thesis

4.1 Coordination of capsule assembly and cell wall biosynthesis in Staphylococ-
cus aureus

Capsular polysaccharides are commonly found attached to the peptidoglycan of most clinical
S. aureus isolates and contribute substantially to pathogenicity. Despite its relevance for disease the
biochemistry of capsule biosynthesis have yet not been characterized in detail, while the cytoplasmic
steps have been investigated, particularly the membrane associated steps as well as the critical step
of anchoring capsular polysaccharides to the cell envelope were unexplored and reconstituted in this
chapter. Although the structures of different S. aureus capsule serotypes have been determined
over three decades ago (Fournier, Vann, & Karakawa, 1984; Moreau et al., 1990), there has been no
biochemical evidence for the corresponding membrane-dedicated synthetic steps until now. Evidence
for the function of individual capsule gene products whose activities are located in the bacterial
cytoplasm, e.g. capFE, capF, capG, capH, capO, and capP, was demonstrated long ago (Bhasin et
al., 1998; Jones, 2005; Kiser et al., 1999; Kneidinger et al., 2002). New insights in the remaining
pathways were only given recently as a result of the cooperative work of various researchers and
published in two articles (W. Li et al., 2014), one of them presented in the following.

Accordingly, the first chapter of this thesis, describes the reconstitution of the entire capsule
biosynthesis pathway in S. aureus, regulatory circuits and the attachment, of capsule polysaccharides
to PGN. The study was published in Nature Communications in 2019 and comprises the work of
three first authors, Dr. M. Rausch, Dr. H. Ulm and myself, that equally contributed to the work.
This work was included partially in the the doctoral theses of Dr. M. Rausch (Rausch, 2017). Already
published content will be marked as such with asterisk-symbols (*), whereby two asterisks indicate
identical content and one asterisk indicates contents which only partially overlap. In the following
the work to which I have contributed significantly will be outlined: I) Optimization of capsular lipid I
and lipid II synthesis, with regard to the product yield and to overcome limitations for the detection
via mass analysis; II) reconstitution of capsular lipid III synthesis reaction, including the expression
and purification of Capl, CapO, and CapP; III) processing of all three capsular lipid precursors by
LepC; IV) the in vivo role of CapAl in a LCP-deficient S. aureus strain (Alcp mutant).
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ARTICLE

Coordination of capsule assembly and cell wall
biosynthesis in Staphylococcus aureus

Marvin Rausch® "2, Julia P. Deisingeru, Hannah Ulm!, Anna Miller® Wenijin Li3, Patrick Hardt',
Xiaogang Wang4, Xue Li* Marc Sylvester > Marianne Engeser 6 Waldemar Vollmer’, Christa E. Miiller® 3,
Hans Georg Sahl®, Jean Claire Lee* & Tanja Schneider'2

The Gram-positive cell wall consists of peptidoglycan functionalized with anionic glycopo-
lymers, such as wall teichoic acid and capsular polysaccharide (CP). How the different cell
wall polymers are assembled in a coordinated fashion is not fully understood. Here, we
reconstitute Staphylococcus aureus CP biosynthesis and elucidate its interplay with the cell
wall biosynthetic machinery. We show that the CapAB tyrosine kinase complex controls
multiple enzymatic checkpoints through reversible phosphorylation to modulate the con-
sumption of essential precursors that are also used in peptidoglycan biosynthesis. In addition,
the CapAT1 activator protein interacts with and cleaves lipid-linked CP precursors, releasing
the essential lipid carrier undecaprenyl-phosphate. We further provide biochemical evidence
that the subsequent attachment of CP is achieved by LcpC, a member of the LytR-CpsA-Psr
protein family, using the peptidoglycan precursor native lipid Il as acceptor substrate. The
Ser/Thr kinase PknB, which can sense cellular lipid Il levels, negatively controls CP synthesis.
Our work sheds light on the integration of CP biosynthesis into the multi-component
Gram-positive cell wall.
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The bacterial cell envelope is a complex multilayered
structure consisting of peptidoglycan (PG), which in
Gram-positive bacteria is densely decorated with glyco-
polymers such as wall teichoic acid (WTA) and capsular poly-
saccharide (CP). The coordinated synthesis and assembly of
these polymers is pivotal for maintenance of cell wall architecture
and function!. In contrast to the biosyntheses of PG and
WTA, for which the individual enzymatic reactions have
already been characterized in vitro®3, the biochemistry under-
lying capsule formation in Gram-positive bacteria is not well
understood. Even more so, it is largely unknown how the dif-
ferent cell wall synthesis pathways, which share building
blocks and membrane carriers, function in a coordinated and
integrated fashion.

In the case of Staphylococcus aureus, an important opportu-
nistic pathogen?, the expression of a polysaccharide capsule
contributes substantially to the ability to cause invasive disease®~’.
Serotype 5 and 8 capsular polysaccharide (CP5 and CP8) types
are dominant among clinical isolates®. S. aureus USA300, which
is prevalent in the United States, lacks a capsule due to several
conserved mutations within the cap5 locus®. However, the
majority of USA300-associated infections involved superficial
wounds or abscesses®, and USA300 isolates are not common
outside of North Americal®. Among predominant methicillin-
resistant S. aureus clones worldwide are the CP8 + lineages
ST1, ST30, ST59, ST80, and ST239 and the CP5 + lineages ST5
and ST22.

CP5 and CP8 share similar trisaccharide repeating units,
which are identical in monosaccharide composition and
sequence, only differing in the glycosidic linkages between the
sugars and the sites of O-acetylation!!.

The CP5 biosynthetic gene cluster comprises 16 genes (cap5A-
cap5P; Fig. 1a)!2 encoding for proteins involved in polymer
biosynthesis”1314, acetylation!®, transport, and the regulation of
CP production!®!”. Database homology searches with amino
acid sequences of cap5 operon gene products allowed for the
prediction of individual enzymatic functions and the proposal of
a pathway for capsule (CP) biosynthesis in S. aureus!s.

Within this pathway (Fig. 1b), synthesis of the soluble building
blocks occurs in the cytoplasm via three distinct reaction
cascades, through which the universal cell envelope substrate
UDP-p-N-acetylglucosamine (UDP-p-GlcNAc), is converted
into the three different nucleotide-coupled sugars UDP-N-acetyl-
p-fucosamine (UDP-p-FucNAc), UDP-N-acetyl-L-fucosamine
(UDP-1-FucNAc) and UDP-N-acetyl-p-mannosaminuronic acid
(UDP-p-ManNAcA). The synthesis of the first soluble precursor
UDP-p-FucNAc is allegedly catalyzed in a two-step process by
the enzymes CapD and CapN. Only recently, the integral mem-
brane protein CapD was shown to function as a 4,6-dehydratase,
which generates the intermediate UDP-2-acetamido-2,6-dideoxy-
p-xylo—4-hexulose!?, proposed to be further converted to UDP-
D-FucNAc by the action of the membrane-associated reductase
CapN, though experimental evidence is lacking so far. Subse-
quently, CapM is supposed to transfer the phosphosugar moiety
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of UDP-p-FucNAc to the membrane-anchored lipid carrier
undecaprenyl-phosphate (CssP), yielding lipid I.,p.

The second cytoplasmic reaction cascade generating the
soluble precursor UDP-L-FucNAc involves the enzymes CapE,
CapF and CapG, the enzymatic functions of which have already
been elucidated biochemically!3. The transferase CapL is assumed
to further attach L-FucNAc to lipid L, leading to the formation
of the second CP lipid intermediate, lipid II.,p.

The third nucleotide-activated monosaccharide required for
CP5 production, UDP-p-ManNAcA, is generated by the epi-
merase CapP and the dehydrogenase CapO”-!4. The transmem-
brane protein Capl has been proposed to transfer the ManNAcA
moiety to lipid Il thereby generating the final capsule pre-
cursor lipid IIl,,. The CssP-coupled trisaccharide is most likely
further modified by the putative acetyltransferase CapH!>, which
catalyzes the O-acetylation of L-FucNAc residues in position C3
in CP5 strains!!. The complete, modified precursor is then
translocated to the outer surface of the cell membrane, where
polymerization is assumed to take place. These processes are
proposed to be facilitated by the putative flippase CapK
and the polymerase Cap], respectively!®18, The attachment of
CP precursors to the MurNAc (N-acetylmuramic acid) moiety
of peptidoglycan is achieved by a yet unknown mechanism
possibly involving a member of the LCP (LytR-CpsA-Psr) family
of proteins?%21. This process likely releases the lipid carrier CssP,
which enters new synthesis cycles.

The fact that the undecaprenyl-phosphate carrier is found
in limited amounts within the cell?? and required for the bio-
syntheses of diverse cell envelope components, like CP, WTA and
PG>%18, makes a well-orchestrated spatial and temporal regula-
tion of these processes crucial for the viability of the cell. The
consequences arising from perturbation of this balanced biosyn-
thetic network have been well exemplified for WTA biosynthesis.
Interference with late WTA biosynthesis steps has been shown to
be lethal, although the polymer per se is not crucial for viability?3.
Similarly, late stage genes are conditionally essential since they are
dispensable for viability in an early gene (tarO or tarA) deletion
background, a phenomenon referred to as the “essential gene
paradox”24, Inhibition of late WTA biosynthesis steps causes
the accumulation of dead-end lipid-linked intermediates and
thus depletes the cellular pool of CssP to critical levels impeding
peptidoglycan biosynthesis, resulting in cell death?>,

In S. aureus, the regulation of CP biosynthesis is not only
achieved by differential gene expression2°-28, but has additionally
been linked to tyrosine phosphorylation!®17. Bacterial tyrosine
kinases (BY-kinases) are widespread in bacteria and have
multifaceted roles in bacterial exopolysaccharide production®’.
BY-kinases belong to the family of P-loop containing kinases3C,
whereby “P-loop” designates a characteristic amino acid sequence
resembling the Walker A nucleotide binding motif. BY-kinases
of Firmicutes are composed of two interacting polypeptides,
a transmembrane activator protein and a cytoplasmic BY-
kinase3!. The cytoplasmic kinase carries a C-terminal tyrosine
cluster that undergoes autophosphorylation in the presence of
ATP. Based on studies in S. aureus and Streptococcus pneumo-
niae, the cytoplasmic kinase protein alone is not sufficient for
phosphotransfer, but has to interact with the C-terminus of the
transmembrane adaptor to undergo autophosphorylation16-32:33,
Concomitantly, phosphate groups can be transferred to tyrosine
residues of target proteins, thus modulating their activity.
Two triplets of adjacent genes encoding for a transmembrane
adaptor, a cytoplasmic BY-kinase, and a cognate phosphotyrosine
phosphatase were identified in the genome of S. aureus ser-
otype 5: The capAl/capBl/capCl triplet (also referred to
cap5A/cap5B/cap5C) is located at the 5-end of the cap5 operon
(Fig. 1a), whereas the highly similar capA2/capB2/capC2 triplet

is found elsewhere on the bacterial chromosome!>16. So far,
the cellular roles of the distinct CapAB complexes are not fully
understood. Particularly, the nature of the stimulus that triggers
CapAB signaling and the exact mode of signal transduction are
still elusive.

In this study, we functionally reconstitute the entire CP bio-
synthetic reaction cascade generating the three membrane-
anchored CP precursors lipid Ic.p, lipid I, and lipid I,
allowing us to identify crucial enzymatic check points, which are
regulated by the tyrosine kinase CapA1B1 complex to control
the consumption of essential precursors. Reconstitution of the
membrane anchored CapAl adaptor protein further reveals a yet
elusive function. We show that CapAl is a dual-function kinase
activator/phosphodiesterase protein crucial for signaling and
processing of the CP polymer. CapAl interacts with lipid-bound
CP precursors to catalyze the cleavage of the pyrophosphate
linkage, releasing the essential lipid carrier CssP. Moreover, we
elucidate the principles of CP attachment to murein precursors in
Gram-positive bacteria. We show that the transfer of the capsular
phosphosugar moiety is conducted by a member of the LCP
protein family and identify the acceptor substrate. We provide
biochemical evidence that the attachment of the anionic pre-
cursor likely occurs on the level of the lipid-linked peptidoglycan
precursor lipid II, and is facilitated in the presence of CapAl,
indicating its cooperative functioning with LCP proteins.

Results

In vitro reconstitution of capsule biosynthesis. Homology
searches with CapD and CapN suggested that both proteins
are involved in the synthesis of the first soluble capsule precursor
UDP-p-FucNAc!8. More recently, CapD was characterized at
the molecular level, and the enzymatic product was shown
to be UDP-2-acetamido-2,6-dideoxy-p-xylo—4-hexulose!®. CapN
is proposed to further convert the CapD reaction product
to UDP-p-FucNAc by stereospecific reduction of the C-4 keto
group!8.

As confirmed by capillary electrophoresis (CE) and mass
spectrometry (MS), purified CapN (Supplementary Figure 1)
catalyzed the NADPH-dependent conversion of the intermediate
UDP-2-acetamido-2,6-dideoxy-p-xylo—4-hexulose to a sugar
nucleotide species having a molecular mass of m/z 590.4 for
the negatively charged molecule, consistent with the formation of
UDP-p-FucNAc (Supplementary Figure 2). The subsequent
transfer of the phosphosugar moiety of UDP-p-FucNAc to the
lipid anchor CssP is thought to be catalyzed by the polyprenyl-
phosphoglycosyltransferase CapM, to initiate the assembly of
the lipid-anchored trisaccharide repeating units!8. Incubation
of purified CapM protein with CssP and UDP-p-[14C]FucNAc
revealed the formation of a new radiolabeled lipid species, not
present in the negative control (Fig. 2a). In comparison to CssP
(Fig. 2a, lane 1; Rf =0.95), migration of the lipid product was
retarded (lane 3; Rf=0.87), consistent with the addition of a
sugar moiety. The product displayed the same R¢ value as
determined for the WTA lipid intermediate undecaprenyl-
pyrophosphoryl-p-GlcNAc (lipid III), which is structurally very
similar to the proposed first CP lipid intermediate34. The newly
formed purified lipid intermediate had a mass of m/z 1112.7058
for the negatively charged molecule (Fig. 2b), which is consistent
with the calculated neutral mass for undecaprenyl-pyropho-
sphoryl-p-FucNAc (lipid I,p) of 1113.7162. Moreover, the GT-B
type3> glycosyltransferase CapL. was able to use lipid I.., as
acceptor substrate and to catalyze the addition of the second f“C—
labeled sugar moiety L-FucNAc, yielding lipid II.,, (Fig. 2a,
lane 4; Rf=0.83). Mass spectrometry analysis of lipid Il.,
revealed a mass of m/z 1299.7896 [M-H]|~ matching the
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Fig. 2 Synthesis of CP lipid intermediates. Glycosyltransferases (GT) CapM, Capl and Capl catalyze the in vitro synthesis of CP lipid intermediate lipid Ic.p
(CssPP-p-FucNAQ), lipid llcap (CssPP-D-FucNAc-L-FucNAC) and lipid llcap (CssPP-D-FucNAc-L-FucNAc-p-ManNAcA), respectively. a Purified GTs were
incubated with the respective purified acceptor lipid substrate in the presence of radiolabeled UDP-activated sugars. After extraction with BuOH/PyrAc,
synthesis products were analyzed by TLC and phosphoimaging. Counterstain with iodide (lane 1) was used to visualize the migration behavior relative to
CssP. Nisin, known to bind to the pyrophosphate-sugar moiety of cell wall lipid intermediates was added posterior and formed complexes with all lipideap
intermediates that are not extracted from the reaction mixture. Heat-inactivated CapM was used as a negative control. b ESI-MS-analysis of lipid |.,, and
lipid llcap, The peaks at m/z 1112.70 and 1299.78 correspond to the negatively charged lipid |, and lipid .., molecules, respectively. € Structure of the
ultimate CP lipid intermediate lipid lll.,p. Sugar residues are colored: b-FucNAc (orange), L-FucNAc (red), -ManNAcA (purple)

calculated neutral mass of m/z 1300.801 for undecaprenyl-
pyrophosphoryl-p-FucNAc-1-FucNAc.

Conversion to the ultimate lipid-linked CP precursor lipid
Ill.,, was achieved by the attachment of a 14%C-p-ManNAcA
residue to lipid IL,,, catalyzed by the glycosyltransferase Capl
(Fig. 2a, lane 5; Rf=0.53). Mass spectrometric analysis of
lipid Il did not yield any signal, presumably due to reduced
ionization with addition of further sugar moieties. However, in
line with the altered migration behavior of the different CP
intermediates on TLC (Fig. 2a, lanes 3-5) resulting from the
consecutive sugar residue addition, the lantibiotic nisin formed
extraction-stable complexes with all CssP-containing CP pre-
cursors further validating their identity (Fig. 2a, lanes 6-8). Taken
together, these findings confirm the proposed functions of the
different glycosyltransferases (GT) and demonstrate that CapM
functions as priming GT, initiating the synthesis of membrane-
bound CP precursors by coupling the first sugar moiety to the
lipid carrier CssP.

CapM is homologous to a wide range of GTs from various
pathogens (Supplementary Figure 3a), which catalyze the transfer
of UDP-activated sugars to CssP3%37, Prediction of transmem-
brane topology (http://www.cbs.dtu.dk/servicessy TMHMM/) and
comparison with hydrophobicity plots (ProtScale38) of homo-
logous GTs predicts that CapM is anchored to the cytoplasmic
membrane by a 28-amino acid long a-helical transmembrane
domain that is linked to a large C-terminal catalytic domain
located in the cytoplasm (Supplementary Figure 3b). In contrast

to the in silico predicted single-pass transmembrane (TM)
helix geometry, structural analysis of the homologous PglC
of Campylobacter concisus suggests that the TM segment adopts
an unusual architecture3’. Structural modelling of CapM revealed
a similar architecture (Supplementary Figure 3c), in which the
TM segment is broken into two helices (A and B) with an
interhelix angle of 118° by a Ser-Pro motif (Supplementary
Figure 3c), suggesting a similar membrane embedment as
PglIC. Shared structural features further include a conserved Arg
residue (Arg3) positioned at the membrane interface as well as
a catalytic Asp-Glu dyad and a strictly conserved PRP motif
(residues 110-112 in CapM) in the cytoplasmic GT domain,
involved in Mgt and substrate binding, respectively3” (Supple-
mentary Figure 3). CapM activity in vitro depends on the
presence of MgCl,, and was completely lost in the presence of
EDTA (Supplementary Figure 4a), as reported for homologous
glycosyltransferases36-37-3%,

Interestingly, CapM was inhibited in the presence of
tunicamycin (Supplementary Figure 4a), a nucleoside antibiotic
shown to inhibit members of the UDP-HexNAc-1-phosphate
transferase family (ie., WecA, MraY or TarO) through
competitive binding to the DDxxD Mg?*t-binding site.
Tunicamycin had an ICsy of 129 uM for CapM, which is in the
range determined for PglC of C. jejuni (ICso = of 100 uM)#0. The
lower potency of tunicamycin for these monotopic GTs compared
to the polytopic WecA (ICsq of 11 nM), MraY (ICsq of ~22.5 uM)
or TarO (ICsy of~59 nM) may likely result from the distinct
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architectures and catalytic sites. Since we observed a major impact
of anionic phospholipids (dioleoylphosphatidylglycerol and
cardiolipin) on the enzymatic activity of CapM, we further
investigated the effect of different detergents. However, CapM
showed lower activity in the presence of detergents or DMSO
indicating that the enzyme preferred the native phospholipid
environment (Supplementary Figure 4b).

CapAB phosphorylation positively modulates CapM and CapE
activity. Full-length integral membrane proteins CapAl and
CapA2 and cytoplasmic kinases CapBl and CapB2 were over-
expressed as Hisg-tag fusion proteins, purified by Ni-NTA
chromatography (Supplementary Figure 1), and utilized to
reconstitute CapAB tyrosine kinase activity in vitro in the

presence of y-labeled [33P]ATP. CapB2 autophosphorylation was
effectively activated by full-length CapAl or CapA2 (Fig. 3a)
producing a single radiolabeled band with an apparent molecular
mass of 25.3kDa, corresponding to phosphorylated CapB2
(lanes 3 & 4). In contrast, the negative control in which a
CapA activator was absent (Fig. 3a, lane 1 and 2, Supplementary
Figure 5a) showed no autophosphorylation. In line with previous
findings!®, phosphorylation of the individual kinase protein
CapBl was neither observed with CapAl nor with CapA2
(Fig. 3a, lanes 5 & 6, Supplementary Figure 5a, lanes 6 & 7).
However, when CapBl was fused to its cognate activator
CapAl, the recombinant chimera CapAB full-length fusion pro-
tein (50.2kDa) efficiently autophosphorylated in the presence
of y-labeled [3*P]ATP, demonstrating functionality of CapBl1
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Fig. 3 Tyrosine phosphorylation positively controls CapM and CapE activity. a CapAB autokinase activity was assayed in the presence of [33P]JATP using
either native proteins or kinase activator CapAT and tyrosine kinase CapB1 fused into a single polypeptide (CapA1Bl;s). Phosphotransfer was analyzed by
SDS-PAGE and phosphoimaging. b CapM and CapkE are phosphorylated by the CapA1B1,s tyrosine kinase complex. Putative target proteins (3 ug) were
assayed for phosphotransfer in the presence and absence of CapA1Bl,.. CapAlBl;s, 50.2 kDa; CapB2, 25.3 kDa; CapE, 38.6 kDa; CapD, 69.1kDa; CapM,
21kDa; CapN, 33.7 kDa. ¢ Impact of CapA1B1 kinase activity on CapM glycosyltransferase activity. CapM was incubated in presence of either active
CapA1B1 (light grey) or heat-inactivated CapA1B1 (dark grey) with UDP-p-[4C]FucNAc and CssP. After extraction with BUOH/PyrAc, reactions were
analyzed by TLC and phosphoimaging. d Topology and CapAB phosphorylation site (arrow) of CapM. The protein is anchored in the membrane by
one reentrant transmembrane domain. The catalytic domain is located in the cytoplasm. Sequence alignment of homologous proteins containing the
conserved Tyr phosphorylation site (red) is boxed. (from top to bottom: S. aureus, Salmonella enterica, Campylobacter concisus, Streptococcus pneumoniae and
Bacteroides fragilis). e Impact of CapA1B1 kinase activity on CapE-mediated substrate conversion. CapE was incubated in presence of either active CapA1B1
(light grey) or heat-inactivated CapA1B1 (dark grey) with UDP-p-GlcNAc. Reactions were analyzed by CE. f Mapping of CapE phosphorylation sites. Tyr
phosphorylation sites are marked by arrows. Cofactor binding site, substrate-binding site and the mobile loop are marked blue, yellow and red, respectively.
The active site motif MxxxK (stars) and the cofactor binding motif TGxxGxxG (circles) are highlighted. A sequence alignment of the mobile latch (red) of
selected homologous proteins from different species is boxed (from top to bottom: S. aureus, Bacillus cereus, Streptococcus pneumoniae, Enterococcus faecium,
Pseudomonas aeruginosa). Experiments were performed in triplicate. The error bars represent the + standard deviation (SD) from three biological replicates.
Statistical significance was analyzed by an unpaired t test (***p <0.005)
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(Fig. 3a, lane 7). A full-length CapA2B2 fusion protein, which was
constructed for reasons of comparison, showed comparable
autokinase activity (lane 8). This finding contradicts recent sug-
gestions that CapB1 might be a pseudokinase devoid of catalytic
activity4l.

CapAl1Bl-mediated phosphotransfer on putative target pro-
teins involved in CP biosynthesis revealed tyrosine phosphoryla-
tion of the glycosyltransferase CapM (21kDa) and the
dehydratase CapE (38.6 kDa) (Fig. 3b, Supplementary Figure 5b).
In contrast, recombinant CapD, CapN, CapF, CapG or CapL
were not phosphorylated (Fig. 3b, Supplementary Figure 5c¢). The
opposing PHP class phosphatases CapCl and CapC2 were
able to antagonistically dephosphorylate CapB kinase and target
proteins (Supplementary Figure 5d).

Phosphorylation of CapM by the CapA1B1 fusion increased lipid
Iap synthesis 4-fold (Fig. 3c), showing that CapAB-mediated
signaling stimulates the priming step of CP biosynthesis in S. aureus
by enhancing the rate of CapM-catalyzed glycosyl transfer and thus
likely controlling the consumption of the shared carrier Cs5P.

In silico phosphorylation site prediction (NetPhos 3.1)%2
identified tyrosines 75 and 157 as putative phosphosites in CapM
(Fig. 3d). The highly conserved Tyr157 appears to be the primary
phosphorylation site in CapM, since tyrosine phosphorylation
and the concomitant stimulatory effect on the catalytic activity
was completely abolished in the CapM_Y157F mutant (Supple-
mentary Figure 6a,b). In contrast, changing Tyr75 to Phe had
only a minor effect on the protein’s ability to be catalytically
activated by CapAlBl-mediated phosphotransfer. Both mutant
proteins retained catalytic activity comparable to wild-type CapM
in the absence of CapA1B1 (Supplementary Figure 6b) showing
that Tyr157 represents the crucial regulatory CapAB phosphor-
ylation site on CapM.

The CapAlBl-mediated stimulation of CapM activity is
also reflected by enzyme kinetics, revealing a Km value
of 2,309 +311.8 uM for UDP-p-FucNAc and a V), value of
0.5559 + 0.02645 pmol min—! pg~! in the absence of CapA1B1
and a lowered K, value of 996.2 +136.2 uM and an increased
Vimax of 1.0688 +0.0358 pmol min~! pg~! in the presence of
CapAlB1 (Supplementary Figure 6c). Moreover, a CapM
phosphomimetic in which Tyr157 was exchanged to Glu
displayed a K, value of 1383 +£267.3uM and a V., value
of 0.8625 + 0.04708 pmol min~! pg—! in the absence of CapA1B1,
substantiating the stimulatory impact of CapM phosphorylation
on Tyrl57 (Supplementary Figure 6c).

In vitro kinase assays further identified CapE as a CapA1B1
target (Fig. 3e). Tryptic fragments of in vitro phosphorylated
CapE were analyzed by nanoscale liquid chromatography coupled
to tandem mass spectrometry (nanoLC-MS/MS), and Tyr76
of the CapE protein was found to be phosphorylated (Supple-
mentary Figure 7a). This residue is located in proximity to the
conserved TGxxGxxG motif required for cofactor binding and to
the MxxxK catalytic site*> (Fig. 3f). Three other phosphotyrosine
residues (Tyr290, Tyr293 and Tyr329), were mapped to a
C-terminal loop of CapE (Fig. 3f; Supplementary Figure 7a).
In CapE in vitro assays with active CapAB, the conversion of
UDP-p-GIcNAc was increased by 40%, demonstrating that
the CapE catalyzed reaction is positively modulated through
phosphorylation (Fig. 3e).

The role of the potential regulatory CapAB phosphorylation
sites was probed in a site-directed mutagenesis study. As
determined by CE quantification, replacing either Tyr76 of CapE
or the three C-terminal tyrosine residues Tyr290, Tyr293, and
Tyr329 with Phe diminished the activating effect of CapA1B1 on
CapE. The stimulatory effect of CapA1B1 on the conversion of
UDP-GIcNAc was completely abolished when all four tyrosine

residues were mutated to Phe, confirming their role as regulatory
phosphorylation sites on CapE (Supplementary Figure 7b).

CapAl is a dual-function phosphodiesterase/kinase activator
protein. When purified lipid I.,, was incubated in the presence of
CapAl, an additional lipid band was detected by TLC analysis
(Fig. 4a), which was not visible in the negative control with heat-
inactivated CapAl, indicating enzymatic conversion of the first
CP lipid precursor. Intriguingly, the reaction product displayed
an identical Ry value as the lipid carrier CssP. MALDI-TOF MS
analysis determined a mass of m/z 845.610 (negative mode;
[M-H] ") for the purified lipid product, confirming that CapAl
is able to catalyze the cleavage of the pyrophosphate linkage
within the lipid I, intermediate to release CssP (Fig. 4b). Of
note, CapAl was unable to cleave the peptidoglycan precursor
lipid Ipg, but was able to hydrolyze the WTA precursor lipid III
(Supplementary Figure 8). The facts that CapAl interacts with
lipid-linked CP precursors, and exhibits phosphodiesterase
activity towards lipid I,p, implies additional functions for this
protein in CP biosynthesis, polymerization and attachment pro-
cesses that go beyond being a mere “transmembrane activator”.
Importantly, no cleavage of lipid I, or lipid ITlyyr, was observed
with the CapAl paralogue CapA2 (Fig. 4a), revealing functional
differences between the two proteins.

CapAl is anchored to the cytoplasmic membrane via two
transmembrane domains flanking an outside loop comprising
130 amino acids (Fig. 4c), which likely represents a dual function
sensory/catalytic domain involved in recognition and processing
of membrane-bound CP precursors.

As evidenced in previous research, CapAl is crucial for
efficient capsule formation in S. aureus**. Corroborating these
studies, complementation with pCapAl in trans enhanced CP
production in the serotype 8 strain MW2 (Fig. 4d). Strain MW2
carries a frameshift mutation in capAl (cap5A) that results in
expression of a truncated version (171 aa) of the full-length gene
product (222 aa)*. In contrast, deletion of capA2 in S. aureus
Newman did not affect in vivo CP production (Fig. 4d). Similarly,
the deletion of cognate CapB kinases revealed, that capB1 but not
capB2 is required for CP production (Supplementary Figure 7c).
In spite of the functional redundancy and overlapping protein
target specificities of CapA1B1 and CapA2B2 observed in our
in vitro phosphorylation assays, the two kinase complexes clearly
have distinct roles in cell physiology.

In contrast to CapAl, CapA2 is not encoded within the cap5
operon, and does not exhibit phosphodiesterase activity towards
lipid I.,,, which led us to conclude that CapA2 has a distinct
function in the biosynthesis of the bacterial cell envelope. More
recently, the S. aureus exopolysaccharide poly-N-acetyl-p-(1,6)-
glucosamine (PNAG; also referred to as polysaccharide inter-
cellular adhesin) has been reported to bind to the CapA2 receptor
loop, suggesting that PNAG might represent a molecular signal
detected by CapA2. We therefore investigated the influence
of purified PNAG and CP5 on the autophosphorylation rate of
the CapAB complexes. As revealed by in vitro kinase assays,
CapA2-induced autophosphorylation of CapB2 was inhibited
in the presence of PNAG, as well as in the presence of CP5, in a
concentration-dependent manner (Supplementary Figure 9). In
contrast, CapAl-induced phosphorylation of CapB2 was not
diminished, indicating that the observed modulatory effect of
exopolysaccharide molecules is mediated via an interaction with
the transmembrane activator protein CapA2, and not via a direct
inhibitory interaction with the protein kinase CapB2. This finding
further substantiates differential roles for CapAl and CapA2 in
cell envelope biosynthesis.
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Fig. 4 CapA1 exhibits phosphodiesterase activity towards lipid-linked capsule precursors. a Purified lipid l..p (2 nmol) was incubated in the presence of
either CapAl or CapA2 (4 ug each). After extraction with BUOH/PyrAc, reactions were analyzed by TLC and PMA staining. b MS analysis of the CapA1l
cleavage product isolated via preparative TLC. MALDI-TOF MS spectra were obtained with a Biflex Ill instrument running in negative mode. The m/z of
845.61 corresponds to the singly charged CssP molecule, which has a measured mass of 845.68 and a calculated neutral mass of 846.67. ¢ CapAl is
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CapB1 kinase contains the Walker A, A" and B motifs (green); a tyrosine-rich region containing the phosphorylation sites is present at the C-terminus (red).
d ELISA-based quantification of CP production in S. aureus MW2 complemented in trans with pCapA1 (left) and S. aureus Newman wild type and a AcapA2
deletion mutant (right). Experiments were performed in triplicate. The error bars represent the mean + SEM from three biological replicates

LcpC catalyzes the ligation of CP to lipid II. Structural analysis
and phenotypic studies suggest that members of the LCP protein
family catalyze the transfer of undecaprenyl-linked intermediates
onto the C6-hydroxyl function of N-acetylmuramic acid in PG,
thereby promoting attachment of WTA and CP in Gram-positive
bacteria?¥’. S. aureus encodes three LCP enzymes with semi-
redundant functions?!. As deduced from knockout mutant stu-
dies, CP attachment is preferentially catalyzed by LcpC, though
LcpA and LepB may partially compensate for the loss of LepC?L.

To investigate the proposed role of LepC in vitro purified [14C]
lipid I, was incubated with purified LcpC protein and lipid Ilpg
as a potential acceptor substrate. In this setup, LcpC was able
to catalyze cleavage of the donor substrate lipid I,, and catalyze
attachment of the phosphoryl-sugar moiety to the ultimate PG
precursor lipid II (Fig. 5a), resulting in a reaction product
(LIlpg—14CCP) that migrates slower on TLC. Identical results
were obtained when [14C]-labeled lipid IIp and non-labeled lipid
I, were used as the reaction substrates (Fig. 5b), further
verifying the identity of the ligation product. Quantitative analysis
revealed that ~50% of the CP lipid precursor was attached to lipid
II (Fig. 5c¢). Strikingly, the LcpC-mediated transferase reaction
was significantly enhanced when CapAl was included in the
reaction mixture, indicating cooperative action of the transmem-
brane activator/phosphodiesterase protein and LcpC (Fig. 5¢).
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CapAl alone was unable to catalyze the attachment of the CP
precursor (Supplementary Figure 10a). Of note, LcpC was able to
catalyze hydrolytic cleavage of lipid I..p, but not of lipid IIpg, a
reaction that would likely be deleterious in vivo (Supplementary
Figure 10b, c).

Interestingly, PBP2 added posterior to the LcpC reaction
efficiently catalyzed the transglycosylation of lipid IIpg-CP
(Fig. 5a, b). The resulting polymerized PBP reaction product
is not extracted from the reaction mixture, thus lipid bands
vanish from the TLC. The antibiotic moenomycin, known to
inhibit the PBP2 catalyzed transglycosylation, fully blocked the
polymerization reaction (Fig. 5b). Importantly, LcpC was further
able to efficiently transfer the disaccharide of lipid Il,, and the
trisaccharide of the ultimate CP lipid intermediate lipid III.,, to
lipid IlIpg, as evidenced by the altered migration of the respective
ligation products (Rf = 0.26 and Rf = 0.22, respectively). Efficient
processing of ligation products by PBP2 shows that CP
attachment could occur in parallel to PG assembly (Fig. 5d).

Interestingly, antisense-RNA mediated depletion of CapAl in a
triple Alcp mutant was lethal, indicating that CapA1 hydrolysis of
CssP-coupled CP and WTA precursors contributes to rescue S.
aureus from the accumulation of toxic intermediates (Supple-
mentary Figure 10d) and further supports a functional link
between CapAl and LcpC.
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Capsule biosynthesis is negatively controlled by PknB. As evi-
denced in previous research, the eukaryotic serine/threonine
kinase (ESTK) PknB of S. aureus is involved in the regulation of
cell envelope biogenesis processes*8->0 and was more recently
shown to sense lipid IIpg°!. Testing CapM in an in vitro kinase
assay showed PknB-mediated phosphorylation of the priming GT
(Fig. 6a). Moreover, quantitative analysis of the in vitro CapM-
catalyzed reaction revealed an up to 30% decrease in lipid I,
synthesis when purified PknB kinase and ATP were included in
the reaction mixture, compared to a control reaction containing
heat-inactivated PknB, suggesting that ESTK signaling negatively
controls the activity of CapM (Fig. 6b). LC/MS-analysis revealed
PknB-mediated phosphotransfer onto Thr67, Thr128 and Thr134
of CapM (Supplementary Figure 11). Thr134 is highly conserved
among homologous bacterial glycosyltransferases, located in
proximity of the membrane interface and the amphipathic helices
D and I (Supplementary Figure 3c) and may thus be the most
promising candidate for a regulatory PknB-phosphorylation site
on CapM.

Intriguingly, the kinase protein CapBl was also identified as
potential phosphorylation target of PknB (Fig. 6¢), indicating the
possibility of kinase cross-talk. To further explore this finding, the
autophosphorylation activity of the CapAlBl complex was
assessed in the presence of PknB. The overall phosphorylation
intensity of CapA1B1 was decreased by 34% in the presence of
active PknB (Fig. 6d), compared to the heat-inactivated negative
control, showing that PknB-mediated serine/threonine phosphor-
ylation inhibits CapB1 autophosphorylation on tyrosine. Thr8
was identified as the specific phosphorylation site on CapB1 by

8

LC/MS analysis (Supplementary Figure 12a) and a CapAlBlg
phosphomimetic in which this Thr was exchanged to Glu resulted
in a significantly reduced CapB1 autophosphorylation (Supple-
mentary Figure 12b, c), suggesting that PknB-mediated phos-
phorylation interferes with the CapB1 activation by CapA141:52,
In contrast, an exchange of Thr8 to Ala did not affect CapA1B1g,q
autophosphorylation (Supplementary Figure 12b,c).

To determine whether the observed inhibitory effect of PknB
in vitro would translate into an in vivo effect, we compared
CP5 production in S. aureus Newman and in an isogenic pknB
deletion mutant. Consistent with the proposed role of PknB as
negative regulator of CP biosynthesis, the amount of cell-
associated CP5 was 5-fold higher in the pknB mutant compared
to the parental strain and complementation of the ApknB mutant
in trans restored CP production to wild-type level (Fig. 6e).

The in vitro and in vivo data reveal that PknB signaling serves
to reduce CapM GT activity, as well as CapA1B1 autokinase
activity, allowing for a shutdown of CP production likely ensuring
a sufficient supply of precursors for PG formation, and thus
maintenance of cell wall architecture and function.

Discussion

Biosynthesis of the S. aureus CP shows similarity to the syntheses
of PG and WTA, in that all pathways share a pool of essential
precursors, ie. the lipid carrier undecaprenyl-phosphate and
UDP-bp-GIcNAc!3, Since the availability of CssP within the
bacterial cell is limited?2, distribution and prioritization for the
alternate metabolic pathways need to be tightly controlled in
time and space to ensure bacterial viability.
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Fig. 6 CapM and CapB1 are protein targets of the ESTK PknB. a CapM is phosphorylated by PknB. Putative target proteins (3 ug) were incubated with PknB
in the presence of [33P]JATP and reactions were analyzed by SDS-PAGE and phosphoimaging. b Impact of PknB kinase activity on CapM GT activity. CapM
was incubated in presence of either active PknB (light grey) or heat-inactivated PknB (dark grey) with UDP-p-[#CIFucNAc and CssP. After extraction with
BuOH/PyrAc, reactions were analyzed by TLC and phosphoimaging. Experiments were performed in triplicate. The error bars represent the + SD from

three biological replicates. Statistical significance was analyzed by an unpaired t-test (**p <0.05). ¢ CapB1 is phosphorylated by PknB. Putative target

proteins (3 ug) were incubated with PknB in the presence of [33P]JATP, and reactions were analyzed by SDS-PAGE and phosphoimaging. d Quantification of
CapB autophosphorylation in the absence and presence of PknB. Experiments were performed in triplicate. The error bars represent the + SD from three
biological replicates. Statistical significance was analyzed by an unpaired t-test (***p < 0.005). e ELISA-based quantification of CP production in a ApknB
deletion strain, the corresponding parental strain S. aureus Newman (WT) and complementation of the ApknB mutant in trans. Experiments were performed
in triplicate. The error bars represent the + standard error of the mean (SEM) from three biological replicates. Statistical significance was analyzed by an

unpaired t-test (***p < 0.005)

Reversible protein phosphorylation appears an elegant
mechanism to ensure a coordinated and temporally controlled
flux of intimately shared cell envelope metabolites. Several bio-
synthetic enzymes involved in polysaccharide production have
been identified as endogenous substrates of bacterial tyrosine
kinases, for instance the UDP-glucose 6-dehydrogenases TuaA
and YwqF of Bacillus subtilis>*, the homologous E. coli UDP-
glucose dehydrogenase Ugd®> and the UDP-ManNAc dehy-
drogenase CapO!” involved in S. aureus CP biosynthesis.

The fact that CapO, involved in the third CP reaction cascade
(Fig. 1), is a regulatory target of the CapAB kinase complex!”, led
us to assume that additional checkpoints within the biosynthetic
pathway are also controlled by CapAB, which turned out to be
the case for CapE and CapM. Four tyrosine residues in the
dehydrogenase CapE were identified as the specific phosphor-
ylation sites, with Tyr76, Tyr290 and Tyr293 being widely con-
served among homologous proteins from different pathogens.
Interestingly, these residues are located in strategic functional

regions of CapE: next to the cofactor binding site, in close
proximity to the active site, and within a recently described
mobile loop (Fig. 3f). Crystal structure analysis identified this
mobile latch to connect two CapE protomers within the hex-
americ complex (trimer of dimers) and showed that the latch of
one dimerization partner is associated with the substrate-binding
domain of the contiguous CapE monomer, and vice versa, sug-
gesting that this mobile loop is involved in regulating the access of
the UDP-p-GIcNAc substrate to the active site®®. Since contacts
to Tyr290 and Tyr293 appear to be involved in the interaction,
phosphorylation might induce conformational changes that
facilitate access of UDP-p-GIcNAc to the active site, thereby
increasing CapE enzymatic activity.

For the monotopic GT CapM, we identified the conserved
tyrosine residue at position 157 as the CapAlBl regulatory
phosphorylation site which is in good agreement with the work
of Minic et al. (2007) and supports the hypothesis that phos-
phorylation of the equivalent site in the S. thermophilus

NATURE COMMUNICATIONS | (2019)10:1404 | https://doi.org/10.1038/s41467-019-09356-x | www.nature.com/naturecommunications 9

42

**



**

**

ARTICLE

phosphogalactosyl-transferase EpsE results in activation in vivo®’.
A recent structural analysis showed, that the equivalent tyrosine
residue in PglC is involved in a hydrogen-bonding network that
establishes intramolecular interactions between helices A, F and
G37 (Supplementary Figure 3c), suggesting that the phosphory-
lated amino acid side chain may affect relative strengths of
hydrogen bonds and critical interactions in CapM.

Current hypotheses suggest a multifaceted role for BY-kinases
in bacterial exopolysaccharide production. BY-kinase signalling
may not only regulate the catalytic activity of polysaccharide
biosynthetic enzymes, but also ensure the correct cellular locali-
zation of protein targets®. Moreover, it has been suggested that
BY-kinases may interact with the export and polymerization
machinery to control the level of CP production and/or CP chain
length>>°%. However, the exact mechanism through which this
control is exerted, as well as the molecular signal sensed, remains
enigmatic so far.

The phosphodiesterase activity of CapAl described here is in
good agreement with previous studies demonstrating the release
of CP and WTA into the culture supernatant in LCP deletion
mutants of different species®®-%3. An IcpC deletion mutant of S.
aureus accumulated CP in the culture supernatant, indicating that
LepC is the key LCP enzyme for attachment of CP to the pep-
tidoglycan in S. aureus®!.

This study provides biochemical proof that LcpC catalyzes the
attachment of CP to PG. Importantly, CP lipid precursor cleavage
and transfer of the phosphosugar moiety were found to be
enhanced in the presence of CapAl, suggesting that the trans-
membrane activator cooperates with LcpC by forming an inter-
action complex, thereby modulating the attachment of CP to the
cell wall precursor. In line with this interpretation, Toniolo et al.
(2015) reported that the extracellular domain of the CapAl
homolog CpsC of Streptococcus agalactiae may modulate LCP-
mediated CP attachment in response to the phosphorylation state
of the BY kinase CpsD%4.

The natural PG acceptor substrate of LcpC is elusive; possible
acceptor structures include the ultimate PG precursor lipid II, as
well as “nascent” and crosslinked PG. More recently, LcpA and
LcpB were shown to attach a shortened, soluble (CyoP) WTA
precursor to a preformed “nascent PG” oligomer in vitro®, but
not to a lipid IIpg mimetic lacking the natural undecaprenyl tail.
In contrast, the biochemical analyses presented here clearly
demonstrate that CP is efficiently attached to lipid IIpg by the
LcpC enzyme, and that PBPs are able to polymerize the resulting
reaction product. With regard to the membrane localization of
both, substrates and enzymes, and the interdependence and
intimate connection of the enzymatic machineries, lipid Ilpg
seems the most plausible acceptor.

CP lipid intermediates were further hydrolyzed by LcpC in the
absence of the acceptor substrate as predicted by structural
analysis of Cps2A of S. pneumoniae?®, which was not observed
for LepA and LcpB proteins®. In vitro, all three CP lipid inter-
mediates were efficiently processed by LcpC, although the prox-
imal full-length undecaprenyl-pyrophosphoryl-linked sugar
moiety appears sufficient for CP precursor recognition. Likewise,
the first CssP-linked sugar unit of the O-antigen repeat unit
contains the recognition information necessary for catalysis by
the O-antigen ligase Waal %0,

The biosyntheses of the cell envelope components PG, WTA
and CP have to be coordinated in time and space, since the
enzymatic machineries and their individual components are
functionally related to each other or intimately connected!>3.
The complex interplay between different cell envelope pathways
becomes evident upon inhibition of individual biosynthetic steps.
In analogy to the WTA biosynthesis in S. aureus, where late stage
biosynthetic genes have been shown to be conditionally essential

(“essential gene paradox”;%7), Yother and co-workers reported
that deletion of the late stage CP biosynthesis genes, responsible
for side chain assembly, polymerization or transport (cps2K,
cps2], and cps2H) in Streptococcus pneumoniae, is lethal®8, Since
the capsule is not required for cell viability per se, the damage to
the cell envelope is most likely due to an inhibitory effect on PG
biosynthesis, resulting from sequestration of CP lipid inter-
mediates probably reducing the undecaprenyl-phosphate level to
a critical point where PG synthesis is affected. Since we found
CapAl to hydrolyze CP lipid intermediates even in the absence of
LCP proteins and that depletion of CapAl in a S. aureus Alcp
triple mutant was lethal, we conclude that CapAl-mediated
cleavage of dead-end lipid-linked products might serve as a rescue
mechanism counteracting depletion of CssP to critical levels.

The ESTK PknB is another important player in the orches-
tration of cell wall polymer biosynthesis and has been implicated
in coordinating PG cross-wall formation, autolysis and cell divi-
sion in S. aureus*®->0. Our findings that PknB downregulates
CapM and with the BY-kinase CapA1B1 operating in an antag-
onal manner underpins the importance of CapM as crucial
enzymatic checkpoint. Moreover, in vitro kinase assays indicate
that PknB-mediated phosphotransfer onto CapBl modulates
the activity of the CapAlBl1 BY-kinase complex itself, thus
identifying another activity by which PknB may exert control on
CP biosynthesis. Cross-phosphorylation of ESTKs and BY-
kinases has also been reported in B. subtilis®®. The CapB homo-
log PtkA was identified as in vitro phosphorylation target of the
ESTK PrkC®. Moreover, PtkA autophosphorylation in vivo
was strongly enhanced in a AprkC strain, suggesting that PtkA
BY-kinase activity is negatively regulated by PrkC-mediated
phosphotransfer”?.

Corroborating the in vitro results, CP production was sub-
stantially elevated in a pknB deletion mutant of S. aureus. Besides
decreasing the activity of CP biosynthesis proteins by direct
phosphorylation, PknB kinase activity may serve to increase the
cellular concentration of UDP-MurNAc-pentapeptide and lipid
IIpg7Y, cell wall metabolites that were identified as inhibitors of
CapD enzymatic activity!®. Moreover, PknB signaling was
reported to influence the transcription of the cap5 gene cluster’?,
suggesting that this sensor kinase is part of a multilayered signal-
transduction network that coordinates CP formation in space
and time.

The finding that CP and PG production are inversely con-
trolled by PknB further substantiates a key role for PknB in the
coordinate regulation of Gram-positive cell surface glycopoly-
mers. In exponentially growing cells, PknB-mediated Ser/Thr
phosphorylation positively controls PG biosynthesis, while
exerting negative control on CP production (Fig. 7).

With respect to biosynthesis of the S. aureus CP, the CapA1B1
complex may be particularly important for short-term regulation.
More recently, Elsholz and co-workers showed that exopoly-
saccharide (EPS) production in Bacillus subtilis is subject to a
positive feedback loop that ties the synthesis of the polymer to its
own concentration®. Regulation of EPS synthesis is mediated by
the EpsAB tyrosine kinase complex, whereby direct recognition of
EPS by the extracellular domain of the membrane component
EpsA seems to result in stimulation of kinase activity*°.

The activator/phosphodiesterase CapAl directly and specifi-
cally interacts with lipid-bound CP precursors, and CapA1Bl
signaling stimulates the activity of CP biosynthetic enzymes,
triggering enhanced CP production in late-exponential and
stationary phase (Fig. 7).

S. aureus PknB specifically interacts with lipid Ilpg, likely
responding to cellular pool levels of the ultimate peptidoglycan
precursor®l. It is thus conceivable that in order to balance the
pool levels of the lipid IIpg acceptor and the CP donor substrate,
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Fig. 7 Model for the regulation of CP biosynthesis and the attachment to PG in S. aureus. The CapA1B1 tyrosine complex (blue) positively controls multiple
enzymatic checkpoints to orchestrate CP biosynthesis and precursor consumption during late exponential growth phase (white box). By catalyzing tyrosine
phosphorylation (blue "P") of biosynthetic enzymes CapE, CapO and CapM, CapA1B1 positively controls the synthesis of both soluble and lipid-linked CP
precursors. The membrane-anchored component CapA1l possesses a dual function; CapA1 recognizes lipid-bound CP building blocks and catalyzes the
cleavage of the pyrophosphate linkage, releasing the essential isoprenoid lipid carrier CssP. CP transfer is catalyzed by LcpC (red), which uses the ultimate
peptidoglycan (PG) precursor lipid llpg as an acceptor substrate. During exponential growth phase (grey shading), the insertion of new PG material (Lllpg)
into the cell wall network is increased; UDP-GIcNAc and CssP are preferably channeled into PG and WTA biosynthesis, while CP production is low. The
Ser/Thr kinase PknB (green) contributes to the control of cell wall biosynthesis and cell division. Control of CP formation during ongoing PG synthesis is
achieved by PknB via Ser/Thr phosphorylation (green "P”). PknB negatively controls the activity of the priming glycosyltransferase CapM to regulate the
initial CssP-consuming reaction within the CP biosynthetic pathway. Furthermore, PknB cross-talks with the CapAB complex, thus allowing control of

the CP biosynthetic machinery on multiple levels, in response to the status of PG biosynthesis. The model highlights central biosynthetic precursors as
important signal molecules situated at the interface of different pathways, integrated in feedback loops to control biosyntheses and the flux of shared

precursors

which are both built on the lipid carrier CssP, PknB and
CapAlBl antagonistically control biosyntheses to ensure vital
cycling of the essential CssP lipid carrier. In addition, CapAl
might contribute to the correct localization of the CP assembly
machinery, as proposed for S. agalactiae®, which has to integrate
precursor transport and CP polymerization. This interaction
protein network thus appears to contribute to the spatiotemporal
coordination of CP biosynthesis with PG synthesis (Fig. 7), ren-
dering proteins such as CapAl and LcpC, exposed at the cell
surface and devoid of eukaryotic homologs, potentially attractive
antibacterial or antivirulence targets.

Methods

Strains. S. aureus Newman NCTC8178 was maintained on blood or lysogeny
broth (LB; Oxoid) agar. Escherichia coli strains BL21 and C43 used for over-
expression of recombinant Hise-tag fusion proteins were maintained on LB-agar
plates containing 50 pg ml~! ampicillin or 25 pg ml~! kanamycin. CP5 production
was quantified from S. aureus cultivated on Columbia medium supplemented with
2% NaCl and 1.5% agar. The Newman ApknB mutant was kindly provided by Dr.
Knut Olsen (Wuerzburg, Germany), and RN4220 carrying pCapAl was provided
by Dr. Gabriele Bierbaum (Bonn, Germany)*4. S. aureus strain MW2 (NRS123)
and strains from the Nebraska transposon mutant library’? were obtained from the
Network on Antimicrobial Resistance in Staphylococcus aureus program, which
was supported by the National Institute of Allergy and Infectious Diseases of the
National Institutes of Health (contract HHSN272200700055C). The Nebraska
library is comprised of derivatives of the serotype 5 strain USA300 LAC (cured of

three plasmids) in which individual nonessential genes were disrupted by the
insertion of the mariner transposon (Tn) bursa aurealis and includes mutants

in capA2 (NE1286), capB2 (NE75), capAl (NE302a), and capBl (NE135).
Construction of cap deletion mutants is described in the Supplementary Methods.
The pknB and Tn mutants were maintained on tryptic soy agar (TSA) plates with
5 pug ml~! erythromycin, and pCapAl was maintained in S. aureus cultivated

on TSA with 10 pg ml~! chloramphenicol. S. aureus Newman AlcpABC mutants
were kindly provided by Dr. Olaf Schneewind (Chicago, USA)?! maintained on
LB-agar plates. S. aureus strains carrying the plasmid pEPSA5 or the antisense
plasmid pEPSA5-capAIAS were maintained on TSA-agar plates supplemented
with 34 pgml~! chloramphenicol.

Plasmid construction and site-directed mutagenesis. Oligonucleotide primers
were purchased from Eurofins MWG Operon (Germany). Primer pairs used for
amplification of genomic sequences encoding capAl, capA2, capBl, capB2,
capAl1BIfus, capA2B2fus, capAlas, capCl, capC2, capl, capL, capN, capM and lcpC
are listed in Supplementary Table 1. PCR reactions were carried out using Phusion
DNA polymerase (NEB) and genomic DNA of the serotype 5 strain S. aureus
Newman as template. PCR products were digested with type II restriction endo-
nucleases (NEB; Supplementary Table 1) and ligated (T4 DNA ligase, Roche) with
appropriately restricted expression vectors (Novagen). The PCR amplicon of the
gene capN was inserted into pET24a. The vector pET21b was utilized for cloning
of the capl and capL genes. The antisense fragment of capAl was inserted into
pEPSAS5. All other amplicons were introduced into pET28a. The resulting plasmids
(Supplementary Table 2) were confirmed by DNA sequencing (Sequiserve,
Germany). Plasmids pET24a-capD, pKBK50d, pET5F1.1, pKBK6a, pET28a-pglF
and pET52b-pknB used for overexpression of CapD-Hiss, CapE-Hiss, CapF-Hiss,
CapG-Hiss, PglF-Hiss and PknB-Hiss have been described previously!>1°. To
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enable expression of N-terminally Hiss-tagged CapA1B1 and CapA2B2 fusion
proteins, the constructs capAIBIfus and capA2B2fus were amplified using the
primer pairs capAI_F and capBI_R, and capA2_F and capB2_R, respectively. The
QuikChange Lightning Mutagenesis Kit (Stratagene) was used according to the
manufacturer’s instructions to remove the stop codon of capA by site-directed
mutagenesis (TTA > GCA); the respective mutagenesis primers (capA1BIfus_-
mut_F, capA1BIfus_mut_R) and capA2B2fus_mut_F and capA2B2fus_mut_R
(TAA > TAT) are given in Supplementary Table 1. Site-directed mutagenesis of
plasmid pET28a-capM was performed to introduce amino acid exchanges Tyr75
(TAT) > Phe (TTT) (primers: capM_mutY75_F, capM_mutY75_R) and Tyr157
(TAC) > Phe (TTC) (capM_mutY157_F, capM_mutY157_R) in CapM. Likewise,
plasmid pKBK50d was mutated to introduce amino acid exchanges Tyr76 (TAC) >
Phe (TTC) (capE_mutY76_F, capE_mutY76_R), Tyr290/293 (TAT) > Phe (TTT)
(capE_mutY290/293_F, capE_mutY290/293_R), and Tyr329 (TAT) > Phe (TTT)
(capE_mutY329_F, capE_mutY329_R) into CapE. Site-directed mutagenesis of
plasmid pET28a-capA1BI was performed to introduce amino acid exchanges Thr8
(ACA) > Glu (GAA) (primers: capA1BIfus_mutT8E_F, capA1BIfus_mutT8E_R)
and Thr8 (ACA) > Ala (GCA) (primers: capA1BIfus_mutT8A_F and capAlBI-
fus_mutT8A_R) into CapA1Bly,. In order to produce a CapB2_T8E mutant, site-
directed mutagenesis of plasmid pET28a-capB2 was performed using the primer
pair capB2_mutT8E_F and capB2_mutT8E_R to introduce an amino acid
exchange Thr8 (ACA) > Glu (GAA). PCR-mediated base pair exchange was con-
firmed by sequencing. The resulting plasmids, which were utilized for expression
and purification of CapM and CapE mutant proteins containing single or multiple
Tyr to Phe exchanges, are listed in Supplementary Table 2. pCapAl was transduced
from S. aureus RN4220 to strain MW2 with phage 11, with selection on medium
containing 10 pg ml~! chloramphenicol. S. aureus Newman AlcpABC was trans-
formed by electroporation’4 with pEPSA5-capAIAS purified from E. coli DC10B,
with selection on TSA containing 2.5% glucose and 34 pg ml~! chloramphenicol.
Expression of the appropriate antisense fragment was induced on TSA-agar plates
containing 500 mM xylose.

Overexpression and purification of recombinant proteins. E. coli strain BL21
(DE3) (Promega) was used as host for the recombinant expression of cytoplasmic
enzymes (CapB1-Hiss, CapB2-Hiss, CapCl-Hiss, CapC2-Hiss, CapE-Hiss, CapF-
Hiss, CapG-Hiss, CapO-Hise,CapP-Hiss and PglF-Hise) and E. coli strain C43
(DE3) (Promega) was used for the recombinant expression of integral membrane
or membrane associated proteins (CapAl-Hiss, CapA2-Hiss, CapAB-Hiss fusion
constructs, Capl-Hiss, CapL-Hiss, CapM-Hiss, CapD-Hiss, LcpC-Hisg and Strep-
tagged PknB. E. coli strain BL21 (DE3) cells were grown at 37 °C in lysogeny broth
(LB; Oxoid) and E. coli C43 (DE3) cells were grown at 30 °C in double-strength
yeast extract-tryptone broth (2YT, Difco) containing the appropriate selective
antibiotic (50 pg ml~! ampicillin or 25 ugml~! kanamycin). At an ODgq of 0.6,
IPTG was added at a final concentration of 0.5 mM to induce expression of the
recombinant protein. Expression times and temperatures were optimized for the
individual constructs to ensure high yields of the different fusion proteins. The
cultures for overexpression of CapAl, CapA2, CapAB fusion constructs, CapD,
Capl, CapL, CapN, LcpC and PknB were induced at 20 °C for 16 h. All other E. coli
BL21 (DE3) cultures and the E. coli C43 (DE3) cultures for the expression of CapM
were induced at 30 °C for 4 h. After induction, cells were harvested (15 min, 4 °C,
7000 x g) and resuspended in lysis buffer (50 mM Tris-HCI, 300 mM NaCl, pH
7.5), which was supplemented with 1% (v/v) Triton X-100 (Sigma-Aldrich) for
purification of CapAl, CapA2, CapAB fusion constructs and CapN or with 29 mM
n-dodecyl-B-p-maltoside (DDM, Glycon Biochemicals) for purification of CapD,
Capl, CapL, CapM and LcpC. Lysozyme (250 pg ml~—1), DNase (50 pg ml~!) and
RNase (10 ugml~!) (Sigma-Aldrich) were added to the suspension; cells were
incubated on ice for 30 min and sonicated. Cell debris was removed by cen-
trifugation (20 min, 4 °C, 21,000 x g).

The supernatant was incubated with Ni-NTA-agarose slurry (Qiagen,
Germany) for 2 h at 4 °C under gentle stirring. The mixture was then loaded onto a
column support. After washing with lysis buffer, weakly bound material was
removed with 10 and 20 mM imidazole. Recombinant proteins were eluted with
buffer containing 300 mM imidazole. Five 500-pl fractions were collected each and
stored in 30% (v/v) glycerol at —20 °C; preparations of CapE were dialyzed against
10 mM potassium phosphate buffer (KPi), pH 7.5 before storage. For PknB
purification the pellet was resuspended in lysis buffer containing 1% (v/v) Triton
X-100 and the suspension was incubated on ice for 1 h. Cell debris was spun down
(20 min, 4 °C, 34,000 x g) and the clear supernatant was loaded onto a Strep-tactin
agarose column (IBA, Germany). The column was washed twice with lysis buffer
and PknB was eluted with Strep-tactin elution buffer (IBA, Germany). Purity of
elution fractions was assessed by SDS-Page (NuPAGE; Invitrogen); protein
concentrations were measured using Bradford reagent (Bio-Rad, Germany).
Expression and purification of CapA1Blg,, CapE and CapM protein variants were
carried out as described for the wild-type proteins.

In vitro syntheses of soluble CP precursors. UDP-p-GIcNAc and cofactors

for enzyme assays were obtained from Sigma-Aldrich. Synthesis of the precursor
UDP-2-acetamido-2,6-dideoxy-p-xylo—4-hexulose for mass spectrometric analysis
was performed with a recombinant truncated version of the enzyme PglF from
C. jejuni, as previously described!®. The PglF reaction product was used as

substrate for reconstitution of CapN catalytic activity. For this purpose, PglF
reactions were carried out overnight and quenched by heating (5 min, 95 °C).
CapN catalyzed synthesis of UDP-p-FucNAc was carried out in a total volume
of 40 pl. CapN (12 pg) was incubated in the presence of ~3 mM UDP-2-acetamido-
2,6-dideoxy-p-xylo—4-hexulose, 1.875 mM NADPH, 8% (v/v) Triton X-100 and
10 mM KPi, pH 7.5, for 2h at 30 °C. Synthesis of larger quantities of soluble
capsule precursors for MALDI-TOF MS analysis was achieved by a 10-fold upscale
of the synthesis reaction.

Alternatively, synthesis of UDP-p-FucNAc was performed in an one-pot-
assay containing 4 pug CapD, 4 pug CapN, 2 mM UDP-p-GlcNAc, 2 mM NADPH
and 0.5mM NADP in 50 mM Tris-HCI, 10 mM MgCl,, pH 7.5, in a total volume
of 30 ul. UDP-L-FucNAc was synthesized by incubating CapE, CapF and CapG in
presence of 2mM UDP-p-GlcNAc, 2 mM NADPH and 0.5 mM NADP in 50 mM
Tris-HCI, 10 mM MgCl,, pH 7.5.

The third soluble precursor UDP-p-ManNAcA was synthesized by incubating
2 mM UDP-p-GlcNAc with CapO and CapP (4 ug each), 6 mM NAD™ and 0.5
mM dithiothreitol (DTT; Sigma-Aldrich) in 50 mM Tris-HCI, 10 mM MgCl,, pH
7.5. All enzymatic synthesis reactions were quenched by heating 5 min, 90 °C).

In vitro modulation of CapE catalytic activity by CapAB. The influence of
CapAB-mediated tyrosine phosphorylation on CapE catalytic activity was exam-
ined in vitro using purified recombinant proteins. Assays were performed in a
total volume of 100 ul containing 17 pg of CapE (or of a CapE protein variants) and
8.5 ug of purified CapAB kinase complex. The enzymes were incubated in the
presence of 3 mM UDP-p-GlcNAc and 1 mM ATP, in 10 mM KPi, 10 mM MgCl,,
pH 7.5 supplemented with 1 mM DTT, for 30 min at 30 °C. Reactions were
quenched by heating (5 min, 90 °C), then subjected to capillary electrophoresis
(CE) analysis!®. Control reactions were performed with heat-inactivated (10 min,
100 °C) CapAB protein.

MALDI-TOF mass spectrometric analysis. Soluble capsule precursors were
purified by RP18-HPLC!?, and cleaved CssP intermediates were purified by pre-
parative TLC. Lipid spots were visualized using iodine vapour and extracted off
the silica plates with methanol. Samples were spotted onto a ground steel MALDI-
TOF target plate and allowed to dry at room temperature. Subsequently, each
sample was overlaid with 1 ul of matrix (saturated solution of 6-Aza-2-thiothymine
in 50% (v/v) ethanol, 10 mM diammonium hydrogen citrate) and air dried at room
temperature again. Spectra were recorded either in the reflector negative mode
within a mass range from 300 to 3000 Da (soluble capsule precursors) or in the
linear negative mode within a mass range from 400 to 3000 Da (lipid inter-
mediates), at a laser frequency of 9 Hz on a Biflex III mass spectrometer (Bruker
Daltonics). Data analysis was performed using flexAnalysis software (Bruker
Daltonics).

In vitro kinase assays. In vitro BY-kinase assays were carried out in a total
volume of 10 pl containing either 0.5 ug of CapA and CapB, or 2 pg of a CapAB
protein fusion construct. For identification of protein substrates, 2 ug of a
recombinant target protein were added. The proteins were incubated in the
presence of 10 pCi y-labeled [33PJATP (~300 nM; Hartmann Analytic) in 50 mM
Tris-HCI, 10 mM MgCl,, pH 7.5 supplemented with 0.5 mM DTT, 0.5 mM EDTA
and 10 uM ATP. Assays with CapAB protein variants were carried out as described
for the wild-type proteins.

For identification of PknB protein substrates, purified PknB (0.5 ug) was
incubated in presence of 3 mM MnCl, in the reaction mixture described above.
Cross-phosphorylation of CapAB by PknB was assessed analogously.

After 30 min of incubation at 30 °C, reactions were stopped by addition of
4x LDS sample buffer (Invitrogen), and analyzed by SDS-PAGE (NuPAGE,
Invitrogen). Radioactive protein bands were visualized using a storage phosphor
screen in a Storm imaging system (GE Healthcare). A detailed description of
the identification of phosphorylation sites by nanoLC-MS/MS is given in
the Supplementary Methods.

In vitro phosphatase assays. CapC phosphatase activity was examined in vitro by
the addition of CapCl or CapC2 (2 pg each) with 2mM MnCl, to the CapAB

in vitro kinase assays (see above) and subsequent heat-inactivation. After incu-
bation for 1h at 30 °C, phosphatase reaction was stopped by the by addition of
4x LDS sample buffer (Invitrogen), and analyzed by SDS-PAGE (NuPAGE,
Invitrogen). Radioactive protein bands were visualized using a storage phosphor
screen in a Storm imaging system (GE Healthcare).

In vitro syntheses of lipid I..p, lipid llc.,, and lipid lll.,,. Lipid I, synthesis
was carried out in a total volume of 50 ul containing 5 nmol CssP (Larodan,
Sweden), 2mM UDP-p-GlcNAc, 10 mM NADPH, 0.5 mM NADP and 0.6% (v/v)
DMSO in 50 mM Tris-HCI, 10 mM MgCl,, pH 7.5. The reaction was initiated
by the addition of 4 ug of biosynthetic enzymes CapD, CapN and CapM, and
incubated for 16 h at 30 °C.

To assess the influence of different detergents and phospholipids on CapM
activity, newly synthesized UDP-p-FucNAc (described above) was incubated with
4 pg CapM, 5 nmol CssP in a reaction mixture containing 50 mM Tris-HCI, 10 mM
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MgCl,, pH 7.5 supplemented with an appropriate amount of triton X-100, 2. Bouhss, A, Trunkfield, A. E., Bugg, T. D. H. & Mengin-Lecreulx, D. The
n-dodecyl-B-p-maltoside (DDM), n-lauroyl sarcosine (LS), dimethylsulfoxide biosynthesis of peptidoglycan lipid-linked intermediates. FEMS Microbiol.
(DMSO), dioleoylphosphatidylglycerol (DOPG) or cardiolipin (CL). To investigate Rev. 32, 208-233 (2008).
the modulatory effect of CapAB on CapM activity 4 ug CapAB and 10 mM ATP 3. Xia, G., Kohler, T. & Peschel, A. The wall teichoic acid and lipoteichoic acid
were added to the CapM reaction mixture. To assess the influence of PknB on polymers of Staphylococcus aureus. Int. J. Med. Microbiol. 300, 148-154
CapM activity in vitro, 1 ug PknB was added to the CapM reaction mixture (2010).
supplemented with 2mM MnCl, and 10 mM ATP. 4. David, M. Z. & Daum, R. S. Community-Associated Methicillin-Resistant
The second precursor lipid IIc,, was synthesized in a total volume of 50 pl by Staphylococcus aureus: Epidemiology and Clinical Consequences of an
incubating the capsule biosynthesis proteins CapE, CapF, CapG and CapL (4 ug Emerging Epidemic. Clin. Microbiol. Rev. 23, 616-687 (2010).
each) in the presence of 2 nmol purified lipid I,, and 2 mM UDP-p-GlcNAc, 2 5. Thakker, M., Park, J.-S., Carey, V. & Lee, J. C. Staphylococcus aureus
mM NADPH, 0.5 mM NADP and 0.6% (v/v) DMSO in 50 mM Tris-HCl, 10 mM serotype 5 capsular polysaccharide is antiphagocytic and enhances bacterial
Mgch)_ pH 7.5. . . . . o . virulence in a murine bacteremia model. Infect. Immun. 66, 5183-5189
Lipid ITI,, was synthesized by incubating 2 nmol purified lipid II.,, with CapO, (1998).
C'ap'P and' Capl (4 ug 'each) and ,2 mM UDP’D’GIC‘NAC’ 6 mM NADY, 0.5mM 6. Nilsson, I. M,, Lee, J. C., Bremell, T., Rydén, C. & Tarkowski, A. The role
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Synthesized CP precursors were extracted from the reaction mixture with an equal septic arthritis. Infect. Immun. 65, 4216-4221 (1997)
volume of n-butanol/pyridine acetate, pH 4.2 (2:1, v/v) and analyzed by TLC on 7 Portolé - ; L ’
e . . . . ortolés, M., Kiser, K. B., Bhasin, N., Chan, K. H. N. & Lee, J. C.
silica plates (Merck) according to Rick (chloroform, methanol, water, ammonium Staphvlococeus aureus cap5o has udp-mannac dehydrogenase activity and
hydroxide, 88:48:10:1)7°. Nisin was added at a molar ratio of 2:1 with respect to the >taphyio 1 fu ur l; po0 0 uI b I 6}]9 9%7 923 2(1)‘8? a
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and unbound lipids were analyzed by TLC. For mass spectrometric analysis of lipid 8. oyle-Vavra, S. et al. USA300 and USAS00 onal fincages o staphy ococcus
intermediates see Supplementary Methods. aureus do not produce: a capsular polysaccharide due to conserved mutations
For synthesis of [14C]-labeled lipid-bound precursors, the assays were further n the cap5 locus. mBio6, _630258_14 (2015). . .
supplemented with 0.333 nmol UDP--[14C]GIcNAc (Hartmann Analytic, 9. Diekema, D. J. et al. C9nt1nued emergence of USA300 methl;lllmjremstant
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Supplementary Figure 1

SDS-PAGE analysis of purified recombinant Hise-tagged proteins. Protein marker:
PageRuler Plus Pre-Stained Protein Ladder (10-250 kDa); Fermentas. Calculated molecular
weights: LepC, 34.7 kDa; CapAl, 24.8 kDa; CapA2, 24.3 kDa; CapB1, 25.3 kDa; CapB2,
25.3 kDa; CapAlBlygs, 50.2 kDa; CapA2B2fs, 49.7 kDa; CapCl, 28.9 kDa; CapC2, 28.9
kDa; CapD, 69.1 kDa; CapN, 33.7 kDa; CapM, 21.0 kDa; CapE, 38.6 kDa; CapF, 42.2 kDa;
CapG, 42.9 kDa; CapL, 46.6 kDa; CapP, 44.3 kDa; CapO, 46.8 kDa; Capl, 42.6 kDa.
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Supplementary Figure 2

CapN enzymatic activity. (a) Capillary electrophoresis (CE) analysis of CapN in vitro
activity. Purified CapN and PglF were incubated simultaneously in a combined assay in the
presence of UDP-GIcNAc and NADPH. (A) PglF/CapN reaction. (B) control reaction
containing heat-inactivated CapN. 1, UDP-GIcNAc; 2, UDP-D-FucNAc (CapN product); 3,
UDP-2-acetamido-2,6-dideoxy-D-xylo-4-hexulose (PglF product); 4, NADP. (b) Mass
spectrometric analysis of CapN in vitro activity. HPLC-purified sugar nucleotides were
analyzed by negative-mode MALDI-TOF mass spectrometry. (A) Mass spectrum of a control
reaction containing heat-inactivated CapN. (B) UDP-GIcNAc converted with PglF and CapN.
Peaks at m/z 588.4 ([M—H]") correspond to the deprotonated molecular ion of UDP-2-
acetamido-2,6-dideoxy-D-xylo-4-hexulose (neutral mass 589.3). The peak at m/z 590.4
(IM—H]") corresponds to UDP-D-FucNAc (neutral mass 591.4) and peaks at m/z 606.5
(IM—H]") arise either from UDP-GlcNAc (neutral mass 607.4) or from the hydrated (diol)
form of UDP-2-acetamido-2,6-dideoxy-D-xylo-4-hexulose. AU, arbitrary units.
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Supplementary Figure 3

Membrane topology and predicted architecture of S. aureus CapM. (a) Sequence
alignment of CapM (S. aureus) with glycosyltransterases WbaP (Salmonella enterica), PglC
(Campylobacter concisus), Wcal (Mycobacterium tuberculosis) and WctS (Bacteroides
fragilis). Conserved amino acids are highlighted grey. The highly conserved Tyr157 residue is
highlighted orange and Thr134 is highlighted yellow. The catalytic DE dyad is marked green
and a strictly conserved PRP motif (107-109) yellow'. (b) CapM is anchored in the membrane
by a reentrant membrane helix. (¢) Structural model obtained by SWISS-MODEL (based on
PglC structure of C. concisus'). The reentrant membrane helix is formed by a helix-break-
helix motif of helices A and B (blue) with an interhelix angle of 118° by a Ser-Pro motif
(residues 18 and 19). The catalytic DE dyad (residues 88 and 89) is located in the cytoplasm.
Mg** cofactor is highlighted in green.
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Supplementary Figure 4

CapM enzymatic activity. (a) The impact of MgCl> (50 mM EDTA) and tunicamycin (Tuni;
200 uM) on CapM in vitro activity was tested in the presence of DMSO. (b) Impact of
detergents and anionic lipids on CapM in vitro enzyme activity. Triton, triton X-100; DDM,
n-dodecyl-B-D-maltoside; LS, n-lauroyl sarcosine; DMSO, dimethylsulfoxide; DOPG,
dioleoylphosphatidylglycerol (9 nmol); CL, cardiolipin (20 nmol). Experiments were
performed in triplicate. The error bars represent the = SD from three biological replicates.

Statistical significance was analyzed by an unpaired #-test (***p < 0.005).
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Supplementary Figure 5

CapAl1B1 phosphorylation and CapC mediated dephosphorylation. (a) Representative
SDS page of CapAB phosphorylation analysis. (b) Representative SDS page of
phosphorylation target protein analysis. (c) Analysis of CapA1B1 mediated phosphotransfer
to CapF, CapG and CapL by SDS-PAGE and phosphoimaging. (d) The phosphatases CapC1
and CapC2 catalyze the dephosphorylation of target proteins CapB1 and CapE. Experiments

were performed in triplicate. The error bars represent the £ SD from three biological

replicates.
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Supplementary Figure 6

Identifying Tyr157 as regulatory phosphorylation site on CapM. (a) CapM mutant
proteins carrying Tyr to Phe exchanges in position 75 and/or 157 were assayed for GT activity
in the presence of either active CapA1B1 (light grey) or heat-inactivated CapAB (dark grey)
in DMSO. Experiments were performed in triplicate. The error bars represent the = SD from
three biological replicates. (b) Determination of Km and Vmax values of CapM in the presence
(red), absence (blue) of CapAlBl1 and of a CapM phosphomimetic variant (Tyr157Glu,
orange). (c¢) CapAlB1 in vitro kinase assay with CapM Y75F and CapM Y157F.
Phosphotransfer was analyzed by SDS-PAGE and phosphoimaging.

55



a ITMS, CID@37.00, 2=+2, Mono m/z=863 35449 Da. MH+=1725.70171 Da. Malch Tol.=0.6 Ca

300

“b VTD:[ ViFllalalallk*

*

ITMS, CID@37.00, z=+2, Mono m/z=863.35364 Da, MH+=1725.70000 Da, Mateh Tol.=0.6 Da

1400,

20 NL:;[S[N IV“HT}G NE K299> N

P-Y76 . 500 P-Y293 1w

E 200 ys 7 1000
150 | 7

E M 2 coo Nty by

< 100 fo 2 o :

i g I % ! o w0f | s -

500 dikpe N e Hy 383,65 o . ) ‘ 8 |
o o il | S S NN TP o e o | WaiT o

800 1000 1200 1400 400 600 Teo 1000 1200 1400

{TMS, CID@3T.00, 7=+2, Moo miz=663, 35443 Da, MH+=1725.70171 Da, Match Tol =0.6 Da

3005’1

ITMS, CID@37.00, 2542, Mono miz=543 78363 Da, MH+=1086 55998 Da, Malch Tol =0.6 Da

900

287 T “[ ¥ 5 299 w
pLnl [sINvIvETle N EK o Y "[ “[ el v &
P-Y290 20 R R T P-Y329 5 700 LLTILIE|] VR 7
7z € 600 Yo ¥5 vt y3 2 646.30
- 200 JE . i
= ) 46 29 > 500 s
E 150 ’J §400 759.4
= 1000 L < 300 ! o H,0 ¥ HO, ye*:NHy voHO
1734 . p B 1178.¢ ¥or* 200 o 42183 62828
500. / e — 383.65 00 J |
g Lo | i | o I b | w |
400 600 800 . 1000 1200 1400 200 300 400 500 " 600 700 800 900
b . Rkl *%
2000+ .
- \
S 1500
=2
s - 1.5 1
g 5
& 1000- 3
& © 1.0 1
O o
a i~
[
500 % 05
&
0- 0.0~
CapA1B1y, WT NWN NWN NWN
L= 2 z i = B = £ NWN  AcapB1 AcapB1 AcapB2
CapE CapE CapE CapE (pcapA1B1)
Y76F Y290+293+329F Y al F
Supplementary Figure 7

CapAB positively controls CapE enzymatic activity. (a) Representative LC/MS spectrum
for identification of CapAB phosphorylation sites on CapE. (b) Site-directed mutagenesis of
CapE tyrosine phosphorylation sites. CapE mutant proteins carrying Tyr to Phe exchanges
were assayed for dehydratase activity in the presence of either active CapA1B1ys (light grey)
or heat-inactivated CapA1Bl1s (dark grey) using CE detection. Experiments were performed
in triplicate, with duplicate measurements. The error bars represent the = SD from three

Statistical analyzed by an unpaired #-test

biological replicates. significance was
(***p <0.005). (c) ELISA-based quantification of CP production by S. aureus Newman
(NWN) wildtype compared to AcapBl, AcapB2 deletion mutants and AcapBl mutant
complemented in trans. Experiments were performed in triplicate. The error bars represent the

+ SEM from three biological replicates.
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Supplementary Figure 8

The ultimate PG precursor lipid II is no phosphodiesterase substrate for CapAl. (a)
Purified lipid II (2 nmol) was incubated with CapAl, CapA2 and heat-inactivated CapAl (4
ug each). Reaction mixtures were extracted with BuOH/PyrAc and analyzed by TLC and
PMA staining. Purified CssP was used as a migration control. (b) The WTA precursor lipid III
(CssPP-GIcNAc) (2 nmol) is a CapAl substrate.
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CapA2 DLAFQNVQSSLQSVNTYTEIIKSPRILDKVSREFDGQVSTAELNSFLKVTNQTNSQIITV
LR RRR LR ARRE AR CRARERRR AR Lrs URX K KK URKE KiEik
TM2
CapAl QVKSGHKQDSEKIANSFAKVTSKQIPKIMSVDNVSILSKADGTAVKVAPKTVVNLIGAF F
CapA2 SYTTGNKSESDKIVNKISKVFAHDMPK IMSVDNVTILSSAHDNAVKVSPIVSVNLVISIT
DX aEiA KSR KRR L RRKRERXER KRR K REXKLE | RXXL 1.
CapAl LGLVVALIYIFFKVIFDKRIKDEEDVEKELGLPVLGSIQKFN
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sKokekes kKkok o ookkRkE REXKE o kkXk. REERXEKE
Suppl tary Fi 9
upplementary Figure

CapA2 senses extracellular polysaccharides. CapA2-mediated activation of CapB2 is
inhibited by purified polysaccharides CP5 (b) and PNAG (d) in a concentration-dependent
manner. In contrast, CapAl-mediated activation of CapB2 is neither affected in the presence
of CP5 (a), nor in the presence of PNAG (c). Experiments were performed in triplicate. The
error bars represent the £ SD from three biological replicates. (e) Sequence alignment of

CapAl and CapA2 of S. aureus Newman. The extracellular loop is highlighted blue.
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Supplementary Figure 10
The ultimate PG precursor lipid II is no phosphodiesterase substrate for LcpC.

(a) CapAl alone does not catalyze CP-to-PG attachment. Lipid Icap and [**C]lipid Ilpg were

incubated in the absence or presence of CapAl and reactions were analyzed by TLC and
phosphoimaging. (b) Purified lipid Ilpc (2 nmol) was incubated with LepC (4 pg). Purified
lipid IIpg was used as control. (c¢) Lipid lcap is a phosphodiesterase substrate for LepC. LepC
alone is able to catalyze cleavage of lipid Lcp releasing CssP (lane 3) compared to the heat-
inactivated control (lane 2). Reaction mixtures were extracted with BuOH/PyrAc and
analyzed by TLC and PMA staining. Purified lipid lcap and CssP were used as migration
controls. (d) Antisense-RNA mediated depletion of CapAl in a S. aureus Newman AlcpABC
mutant is lethal. (right) Expression of a pEPSAS-capA1A4S encoded capAl antisense fragment
in a S. aureus Newman AlcpABC mutant induced with 500 mM xylose lead to growth
inhibition whereas a wildtype (WT) strain was able to grow. Of note, a AlcpABC mutant
harbouring the empty vector (pEPSAS) as a control grew under similar conditions. (left) S.
aureus Newman AlcpABC harbouring pEPSAS or pEPSAS-capA1AS grew under non-
inducing conditions (2.5% glucose). All strains where grown on TSA-agar plates containing
34 pg ml! chloramphenicol supplemented with either 2.5% glucose or 500 mM xylose.
Strains lacking the pEPSAS mediated chloramphenicol resistance were not able to grow.

Pictures were taken against a red background.
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Supplementary Figure 11

Representative LC/MS spectrum for identification of PknB phosphorylation
CapM.
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Supplementary Figure 12

PknB negatively controls CapB1 kinase activity. (a) Representative LC/MS spectrum for
identification of PknB phosphorylation sites on CapB1. (b) Analysis with loading controls
(right) and (c) quantification of the autophosphorylation of a CapAlBlgus T8E-
phosphomimetic and a CapA1B1ss_T8A-phosphoablative variant compared to the wild-type

protein. Experiments were performed in triplicate. The error bars represent the £ SD from

three biological replicates.
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Supplementary Table 1. Primers used in this study

Primer Sequence (5'—3")*

capAl F GCGCGGCTAGCATGGAAAGTACATTAGAATTAAC
capAl R GCGCGCTCGAGTTAATTAAATTTTTGAATTGAACCC
capA2 F GCGCGGCTAGCATGAAAGAAAAGTTTGATTTAGTAA
capA2 R GCGCGCTCGAGTTAAAATTTTTGTATTGAACCTAAAA
capBl F GCGCGGCTAGCATGCTACTTATGTCAAAAAAGGA
capBI R GCGCGCTCGAGTTATTCATCTCCATAATAGTGAT
capB2 F GCGCGGCTAGCATGACGAATACACGAAGAAGTA
capB2 R GCGCGCTCGAGTCATTCATCAGTCCCATAATATG
capCl F GCGCGGCTAGCATGAATAAGTATGATTGATATTCAT
capC2 R GCGCGCTCGAGTTATAACCCAAACCATCTTTTCT

capAlBlfus mut F
capA1BIfus mut R
capA2B2fus_mut F
capA2B2fus mut R
capAlBlfus mutl8E F
capA1Blfus mutT8E R
capA1BlIfus mutT8A F
capAlBlIfus mutT8A R
capAlAs F

capAIAs R
capE_mutY76 F

capE_mutY76 R
capE_mutY290/293 F

GATTGCCTGTATTGGGTTCAATTCAAAAATTTAATGCAG
GATGGTTGCTACTTAT
ATAAGTAGCAACCATCCTGCATTAAATTTTTGAATTGAA
CCCAATACAGGCAATC
AGGATTACCTATTTTAGGTTCAATACAAAAATTTTATTITA
CGAGGAATTACCATG
CATGGTAATTCCTCGTAAATAAAATTTTTGTATTGAACCT
AAAATAGGTAATCCT
GGAAAATACGGAAACAACACTATTTG
TTTTTTGACATAAGTAGCAAC
GTTTTTCATATACAAATAGTGTTGTTGCCGTATTTTCCTTT
TTTGACATAAGTAG
CTACTTATGTCAAAAAAGGAAAATACGGCAACAACACTA
TTTGTATATGAAAAAC
GCGCGCGAGCTCTATATAAGCGCGACAACTAATC
GCGCGCGTCGACAAACTGTAGTGAATCTAATCGG
GCGAGATGTTGATTTCGTATTCCATGCAGCAGC
GCTGCTGCATGGAATACGAAATCAACATCTCGC
TACCGGTTTCAACAAAATTACTAAAATTTAAATCTCTGG
AGTCTGCCGGCA

14
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capE_mutY290/293 R TGCCGGCAGACTCCAGAGATTTAAATTTTAGTAATTTTG

capE_ mutY329 F

capE_mutY329 R

capl F

capl R

capL F

capl. R

capM F

capM R

capM mutY75 F

capM mutY75 R

capM mutY157 F

capM mutY157 R

capN F

capN R

lepC F
lepC R

TTGAAACCGGTA
TTATAATCATTCAATTCGTTTCTAACAAATTCTAGTGTTA
AAAGTTTTTCTTTTATCTCTTC
GAAGAGATAAAAGAAAAACTTTTAACACTAGAATTTGTT
AGAAACGAATTGAATGATTATAA
AAAAGGATACTTAATCATATGAG
TAGTCTACCTCCTCGAGAAATT
AAGGACGTCGCTAGCATGAGTG
ATCGTCGACCTTCAACAGATTGTAATAC
GCGCGGCTAGCATGAAGCGATTATTCGATGTAG
GCGCGCTCGAGTTAGTGATGCACACCTTCTGA
ATTTAATGGATTCAACATCGTATTTAACAAAGACAGGGA
AGGTCAT
ATGACCTTCCCTGTCTTTGTTAAATACGATGTTGAATCCA
TTAAAT
GTAGCGTATGATCATTATTTCTTAACACATCAATCTATGA
GGG
CCCTCATAGATTGATGTGTTAAGAAATAATGATCATACG
CTAC

GTGCAGCTAGCATGAGAAAAAATATT
AATAGATCTCGAGTGCCTTATCTTTG
GCGCGGCTAGCATGAAACGTTCGTCTAAAAGTAAA
GCGCGCTCGAGCTACTCTAGATTATCTTTTAATAAC

*Restriction sites are underlined, nucleotide exchanges are indicated in bold.

Supplementary Table 2. Plasmids used in this study

Plasmid

Description* Source/Reference

pET21b
pET21b-capl
pET21b-capL
pET24a

E. coli expression vector, C-terminal Hiss-tag, Amp® Novagen
pET21b containing capl via Nhel/Xhol This work
pET21b containing capL via Nhel/Sall This work

E. coli expression vector, C-terminal His¢-tag, Amp® Novagen
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pET24a-capD
pET24a-capN
pET28a
pET28a-capAl
pET28a-capA2
pET28a-capB1
pET28a-capB2
pET28a-
capAlBlfus
pET28a-
capA2B2fus
pET28a-

capAlBlIfus TSA

pET28a-
capAlBlfus TSE
pET28a-capM
pET28a-

capM mutl
pET28a-
capM_mut?2
pET28a-
capM_mut3
pET28a-icpC
pET28a-pglF

pET5F1.1
pET52b

pET52b-pknB
pKBK4
pKBK10
pKBKo6a
pKBK50d
pKBK50d mutl

pET24a containing capD via Nhel/Xhol

pET24a containing capN via Nhel/Xhol

E. coli expression vector, N-terminal Hise-tag, Kan®
pET28a containing capA 1 via Nhel/Xhol

pET28a containing capA2 via Nhel/Xhol

pET28a containing capB1 via Nhel/Xhol

pET28a containing capB2 via Nhel/Xhol

pET28a derivative for expression of a N-terminally
Hise¢-tagged CapA1BI1 fusion protein

pET28a derivative for expression of a N-terminally
Hise-tagged CapA2B2 fusion protein
pET28a-capA1Bl1fus derivative for expression of
CapAlBlss T8A

pET28a-capA1Blfus derivative for expression of
CapAlBlss T8E

pET28a containing capM via Nhel/Xhol
pET28a-capM derivative for expression of
CapM_Y75F

pET28a-capM derivative for expression of
CapM_Y157F

pET28a-capM derivative for expression of
CapM_Y[75,157]F

pET28a containing lcpC (SA2103) via Nhel/Xhol
pET28a containing truncated C. jejuni pglF via
Ndel/Xhol

pET24a containing capF via Xhol/Nhel

E. coli expression vector, N-terminal Strep-tag,
Amp®

pET52b containing pknB via BamHI/Sacl

pET24a containing capO via Xbal/EcoRI

pET24a containing capP via Hindlll/EcoRI
pET24a containing capG via Xbal/EcoR1

pET24a containing capE via Xhol/Nhel

pKBK50d derivative for expression of CapE_Y76F
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pKBK50d mut2  pKBKS50d derivative for expression of This work
CapE_Y[290,293,329]F

pKBK50d mut3  pKBKS50d derivative for expression of This work
CapE_Y[76.,290,293,329]F

pCU1 E. coli-S. aureus shuttle plasmid, Amp®, Cm®? 6

pCapAl pCU1 harbouring capA 1 7

pEPSAS E. coli-S. aureus shuttle plasmid, Amp®, CmR 8

pEPSAS- pEPSAS containing capA 1 antisense fragment via This work

capA1AS Sacl/Sall

pCapAl1B1 pOS1-Plgt harbouring capA1B1 tusion fragment via ~ This work
Ndel/Xhol

*Resistance marker: AmpR, ampicillin; CmR, chloramphenicol; Kan®, kanamycin.

Supplementary Methods

ESI-TOF mass spectrometric analysis of lipid intermediates. Electrospray. MS spectra were
recorded on a micrOTOF-Q quadrupole time of flight instrument (Bruker Daltonics) working
in negative mode. Samples were infused at 0.05 ml h™!, (in methanol-chloroform, 1:1). Signals
from the [M-H] ions were accompanied in all cases by those from the monosodium adduct

and those from the monopotassium adduct.

Identification of phosphorylation sites by nanoLC-MS/MS. In vitro phosphorylation of
recombinant Hise-tagged proteins, followed by SDS-PAGE separation with omission of
radiolabeled ATP from the reaction mixture. For peptide preparation, protein bands were
excised from the Coomassie-stained polyacrylamide gels and subjected to tryptic in-gel
digestion®!?. In brief, proteins were reduced with 20 mM DTT, slices were washed with 50
mM ammonium bicarbonate, and proteins were alkylated with 40 mM iodoacetamide. The
slices were washed again and dehydrated with acetonitrile. Slices were dried in a vacuum
concentrator and incubated with 400 ng sequencing grade trypsin at 37 °C overnight. The
peptide extract was dried in a vacuum concentrator and stored at -20 °C. Dried peptides were
dissolved in 10 pul 0.1% formic acid (solvent A), and aliquots (1 pl) were injected onto a C18
trap column (20 mm x 100 pm, NanoSeparations). Bound peptides were eluted onto a C18

analytical column (200 mm x 75 um, NanoSeparations). Peptides were separated during a
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linear gradient from 0% to 55% solvent B (80% acetonitrile, 0.1% formic acid) within 40 min
at a flow rate of 400 nl min™!. The nanoHPLC was coupled online to an LTQ Orbitrap Velos
mass spectrometer (Thermo Fisher Scientific). Peptide ions between 395 and 1800 m/z were
scanned in the orbitrap detector with a resolution of 30,000 (maximum fill time 400 ms, AGC
target 10%). The 25 most intense precursor ions (threshold intensity 5000) were subjected to
collision induced dissociation and fragments were analyzed in the linear ion trap. Fragmented
peptide ions were excluded from repeat analysis for 15 s.

Raw data processing and analysis of database searches were performed with Proteome
Discoverer software version 1.40.288 (Thermo Fisher Scientific). Peptide identification was
done with an in house Mascot server version 2.3 (Matrix Science Ltd, UK). MS2 data was
searched against S. aureus N315 NCBInr (release 20130323) and E. coli sequences from
SwissProt (release 2013 _03). Precursor ion m/z tolerance was 8 ppm, fragment ion tolerance
0.6 Da, b- and y-ion series were included. Semitryptic peptides with up to one missed
cleavage were searched. The following dynamic modifications were set: Alkylation of Cys by
iodoacetamide or acrylamide, phosphorylation (Ser, Thr, Tyr), and oxidation (Met). The
PhosphoRS3.0 node was used for scoring of the phosphosite assignment!!. Mascot results
from searches against SwissProt were sent to the percolator algorithm!'? version 2.04 as

implemented in Proteome Discoverer 1.4.

In vitro lipid 1II synthesis. Synthesis and purification of lipid II was performed using
membranes of Micrococcus luteus as described'*~!3. In short, membrane preparations (200 pg
protein) were incubated in the presence of purified substrates, 5 nmol undecaprenylphosphate
(CssP), 50 nmol UDP-MurNAc-pp and 50 nmol ["*C]-UDP-GIcNAc in 60 mM Tris-HCI, 5
mM MgCla, pH 7.5, and 0.5% (w/v) Triton X-100 in a total volume of 50 ul for 1 h at 30 °C.
Bactoprenol containing products were extracted with the same volume of butanol/pyridine
acetate (2:1; vol:vol; pH 4.2) and analyzed by TLC using phosphomolybdic acid (PMA)
staining. For synthesis of higher quantities of lipid II the assay was scaled up and purification
was performed as described'®. Reaction mixtures were incubated for 4 h at 30 °C, and lipids
were extracted with the same volume of BuOH/PyrAc. Purification of lipid II was performed
on a DEAE-cellulose column (0.9 x 25 cm, DEAE SS-Typ; Serva) and eluted in a linear
gradient from chloroform—methanol-water (2:3:1) to chloroform—methanol-30 mM

ammonium bicarbonate (2:3:1).
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Construction of cap deletion mutants. Tn mutations in the cap genes (capA2, capB2, capAl

and capBl) were transduced from USA300 mutants into Streptomycin-resistant strain

Newman with phage 80 as described by Foster!” with selection on erythromycin (5 pg ml™)

plates. The mutations were confirmed by PCR, antibiotic resistance, and hemolytic

phenotype, and CP5 production was assessed by colony immunoblot'® and ELISA inhibition

assays'’ CP5 was purified from S. aureus as described previously®’.
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4.2 Cacaoidin, first member of the new lanthidin RiPP family

Natural products represent a rich source of compounds with highly diverse structures and wide-
ranging bioactivities, especially if compared to conventional synthetic small molecule libraries. They
play pivotal roles in drug discovery and were found to be particular effective as treatment options for
cancerous and infectious diseases (Rodrigues et al., 2016). A decline in natural product antibiotic
discovery by the pharmaceutical industry from the 1990s onwards was due to different obstacles,
such as technical difficulties in screening, isolation, and characterization. Today, improved analytical
tools, genome mining and engineering strategies, and microbial culturing advances bring natural
products back into the spotlight as interesting drug leads, particularly to combat antimicrobial
resistance.

The Fundacion MEDINA, Spain runs a natural product drug discovery platform aimed at the
I) production of new microbial natural products, II) the development of chemical and molecular
tools to support natural products discovery, and III) the identification of new potential therapeutic
applications. As part of the screening program focused on finding novel substance classes with
antimicrobial activity, cacaoidin (CAO), produced by a Streptomyces cacaoi CA-170360 strain,
was isolated. With the discovery of CAQO, a new subfamily of ribosomally synthesized and post-
translationally modified peptides (RiPPs) was introduced. This peptide family has been designated
lanthidins, due to the co-occurence of a lanthionine ring and a dimethylated N-terminus, which are
characteristic features of the lanthipeptide and linaridin RiPP families. The initial classification at
the time of publication was based on the observation that the cao biosynthetic gene cluster shows
low homology with those associated with linaridin and lanthipeptide biosynthesis, suggesting an
alternative pathway for lanthionine ring synthesis distinct from class I-IV lanthipeptides. Further
investigations and latest findings on the structurally similar lanthionine-containing lexapeptide
and the associated three-component lanthionine synthetase, proposed to catalyze lanthionine ring
formation, redefined the categorization of cacaoidin and lexapeptide as class V lanthipeptides. The
initial classification of cacaoidin as a new lanthidin RiPP family might therefore not be entirely
correct and it is important to highlight this dual classification in future communications.

Isolation and structural elucidation (via NMR spectroscopy, mass spectrometry and chemical
derivatization) as well as preliminary assessment of cacaoidin’s antimicrobial activity were conducted
at MEDINA by the work group of Olga Genilloud. Further investigations of the antibiotic activity
spectrum as well as whole cell reporter assays aimed at elucidating the mode of action and potential
molecular targets of cacaoidin were performed as part of this work.
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Abstract: Lantibiotics are ribosomally synthesized and post-
translationally modified peptides (RiPPs) characterized by the
presence of lanthionine or methyllanthionine rings and their
antimicrobial activity. Cacaoidin, a novel glycosylated lanti-
biotic, was isolated from a Streptomyces cacaoi strain and fully
characterized by NMR, mass spectrometry, chemical derivati-
zation approaches and genome analysis. The new molecule
combines outstanding structural features, such as a high
number of D-amino acids, an uncommon glycosylated tyrosine
residue and an unprecedented N,N-dimethyl lanthionine. This
latter feature places cacaoidin within a new RiPP family
located between lanthipeptides and linaridins, here termed
lanthidins. Cacaoidin displayed potent antibacterial activity
against Gram-positive pathogens including Clostridium diffi-
cile. The biosynthetic gene cluster showed low homology with
those of other known lanthipeptides or linaridins, suggesting
a new RiPP biosynthetic pathway.

Ribosomally synthesized and post-translationally modified
peptides (RiPPs) represent a major class of natural products
which comprise numerous families covering a wide structural
diversity.) One of the most thoroughly studied RiPP classes
are the lanthipeptides” which are characterized by the
presence of the thioether-bridged amino acids lanthionine
(Lan) and methyllanthionine (MeLan). Many lanthipeptides
are also named lantibiotics due to their potent antimicrobial
activities.®* Lantibiotics may exert their effects by different
mechanisms of action,” one of the most prominent being the
interaction with Lipid II, an essential component of the
peptidoglycan (PGN) barrier considered as the “Achilles’
heel” of cell wall biosynthesis in bacteria.[®!

The global threat posed by the current antibiotic resist-
ance crisis makes the discovery of novel antibacterial agents
an urgent need. During a screening program aimed at finding
bacterial cell wall inhibitors, culture extracts of the strain
Streptomyces cacaoi CA-170360 showed potent activity
against methicillin-resistant Staphylococcus aureus (MRSA)
and triggered the induction of the LiaRS (Lipid II cycle
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interfering antibiotic response regulator and sensor) biore-
porter,”® which indicated interference with the Lipid II
biosynthesis cycle (Supporting Information, Figure S1). Bio-
assay-guided fractionation of the culture extracts and sub-
sequent HPLC-HRESIMS analysis of the active fractions led
to the identification of the bioactive compound, cacaoidin (1),
as a peak with a [M+H]" ion at m/z 2360.1332, indicative of
the molecular formula C,y;H;¢,N,,05,S, (A +1.27 ppm). This
was further supported by the presence of [M+2NH,]*" and
[M+2H+NH,]*" ions at m/z 1197.5932 and 793.0555 respec-
tively. Additionally, the presence of two in-source fragment
ions at m/z 2068.0164 and 2214.0745 indicated the sequential
loss of two deoxyhexose units, thus revealing the partial
glycosidic nature of the compound. (Supporting Information,
Figures S2-S6). Searches in different natural products data-
bases failed to identify any known metabolite with the
observed exact mass, suggesting that 1 was a new natural
product. The producing strain CA-170360 was then cultivated
in large scale and the novel compound, cacaoidin (1), was
isolated as described in the Supporting Information (SI,
section 2.2), yielding approximately 6 mg of compound from
a3 L culture. The structure of cacaoidin (1, Figure 1) was fully
characterized by combining NMR spectroscopy, HRMS/MS
and chemical derivatization approaches. The core peptide
sequence derived from the biosynthetic gene cluster (BGC)
was lastly used as a reference to corroborate the sequence of
the mature peptide and the stereochemistry of the constituent
amino acids. Further inspection of the glycosyltransferases
found in the BGC (see description below) served us to
propose the absolute configuration for the monosaccharide
units present in the molecule.

NMR spectroscopy was extensively applied to partially
elucidate the structure of 1 (see SI, section 2.3 for details).
Along with different proteinogenic amino acids, modified
residues such as aminobutyric acid (Abu), dehydroalanine
(Dha) and aminovinyl-methyl-cysteine (AviMeCys) were
found in 1. The glycosylating unit was identified as the
disaccharide p-6-deoxygulopyranosyl-(1—3)-a-rhamnopyra-
noside, which as far as we know, has not been previously
reported in any other natural product. This unit was found to
be attached to the phenolic oxygen of a tyrosine residue in
1 on the basis of the corresponding HMBC correlations (SI,
sections 2.3 and 2.11; Figure S28). Tyr-O-glycosylation within
a peptide is uncommon in natural products, being manno-
peptimycins!”! the only compounds isolated from bacteria with
this feature. Overall, this makes cacaoidin only the second
example of a glycosylated lantibiotic after NAI-112.1

Furthermore, an unprecedented N,N-dimethyl lanthio-
nine system (NMe,Lan) was found to be present in 1, based
on the characteristic chemical shifts in the HSQC and the key
cross-peaks in the HMBC spectrum (SI, sections 2.3 and 2.11;
Figure S28). Thus far, the N-terminus dimethylation has been
reported only for the rare linaridin family,"'¥ whose
members lack lanthionine rings. The involvement of a dime-
thylated N-terminus in a Lan ring (NMe,Ala-S-Ala) is
reported here for the first time within RiPPs and further
highlights the structural novelty of cacaoidin.

Collectively, the NMR data allowed us to unambiguously
connect the major fragments of the peptide sequence in
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Figure 1. Structure of cacaoidin (1). Stereochemistry of NMe,Lan is proposed as DL (25%, 6R). (* indicates tentative stereochemistry).

cacaoidin, including the NMe,Lan-Dha fragment at the N-
terminus and the AviMeCys-containing ring at the C-termi-
nus of 1 (SI, Figure S14). We then took advantage of whole
genome sequencing of the producing strain. Genome mining
using the C-terminus sequence as a probe led to the
identification of a 162 bp open reading frame (ORF) encod-
ing the precursor peptide (caoA) and within it, a core
sequence comprising a 23-mer peptide (Figures2 and S15).
The cleavage site for the proteolytic removal of the leader
peptide™ was identified as the only region in the precursor
peptide in which two adjacent serine residues were found,
since only such sequence could finally render the NMe,Ala-
Dha substructure at the N-terminus of 1. The mass difference
of 152 Da between the predicted peptide (2219 Da) (SI,
Figure S15), and the aglycon of the mature peptide (2067 Da)
was partially explained by the post-translational modifica-
tions (PTMs) occurred on 1, that is, dimethylation of the N-
terminus, three dehydrations (ultimately resulting in Dha,
NMe,Lan and AviMeCys), and one oxidative decarboxyla-
tion at the C-terminal Cys residue (AviMeCys). The remain-
ing difference of 80 Da could be attributed to dehydrations
and subsequent hydrogenations for five amino acids in the
core peptide, thus advancing the presence of five D-amino
acids in the final structure (see discussion below).

To corroborate the relationship between the genomic and
NMR-based sequences, tandem-mass spectrometry was
applied so that pseudo molecular ions [M+H]' and
[M+2NH,]*" were alternatively subjected to MS/MS frag-
mentation. The in-source fragment ion at m/z 523.2328 (b,
ion) was also fragmented in a pseudo-MS® approach (Fig-
ures 2 and S20) and the annotation of the resulting product
ions allowed us to fill the gaps from NMR data and validated
the amino acid sequence of 1 (SI, Figures S16-S21). Addi-
tionally, the topology of the N-terminus ring in cacaoidin was
definitively confirmed by reduction-desulfurization!® and
subsequent HRMS/MS analysis (SI, section 2.5). Jointly, these
MS results allowed us to establish the full connectivity of
1 and integrate all its NMR data (SI, Figure S28 and
Table S1).

The planar structure of 1 confirmed the dehydration of
genetically encoded Ser-1, Ser-2 and Thr-18 and the subse-
quent addition of Cys-5 and (decarboxylated) Cys-23 to the
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transients Dha-1 and Dhb-18 respectively (to ultimately
originate the N-terminus Lan and the C-terminus AviMeCys
rings) (SI, Figure S48). The biosynthetic origin of AviMeCys
in 1is therefore the same as that described for lanthipeptides
and lipolanthines,'””’ and different to that reported for
linaridins, in which the AviCys is formed between two
cysteine residues.'""

At the same time, it was shown that four of the serine
amino acids in the genomic sequence (Ser-10, Ser-12, Ser-14
and Ser-16) were present in the final structure as Ala residues
and remarkably, Thr-6 had been modified to finally appear as
an aminobutyric acid residue (Abu) in 1. The conversion of L-
Ser or L-Thr to p-Ala or D-Abu, respectively has been
reported for a few RiPPs such as lacticin 3147, carnoly-
sin,"! and bicereucin® and proved to occur through dehy-
dration and subsequent reduction (hydrogenation) of the
genetically encoded amino acid. To confirm those conversions
and determine the absolute configurations for all the amino
acids in 1, we proceeded in different stages. First, advanced
Marfey’s analysis®?!! of 1 led us to determine that Pro-4, Ile-7
and Ile-15, Tyr-8, Val-11, Ser-20 and Trp-21 were all L-amino
acids (SI, Figures S32-S38). It also revealed the presence of
both L-and D-Ala, the relative peak area suggesting a ratio of
5 L-Ala to 4-p-Ala (SI, Figures S40 and S41). This was
consistent with the formation of the D-Ala stereoisomer in
1 exclusively from the four genetically encoded serine
residues (SI, Figure S48). Furthermore, the presence of D-
Abu was confirmed (SI, Figure S39), which makes cacaoidin
the third example of RiPP with this structural feature, after
carnolysin™! and bicereucin.*”!

Regarding the AviMeCys ring, a Z-geometry for the
double bond was determined based on the corresponding
*Jyu value (7.5 Hz). (SI, Table S1). By combining desulfur-
ization approaches and Marfey’s analysis (S, section 2.8), the
(28, 38) configuration was established for the Abu-S unit
within the C-terminus ring of 1, which matches with the
stereochemistry reported thus far for AviMeCys in all
lanthipeptides.

To determine the absolute configuration of NMe,Lan by
Marfey’s analysis, a comparison with pure DL or LL (the two
different stereochemistries reported for Lan or MeLan)
standard samples was unfortunately not possible since they
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Figure 2. a) Key MS/MS fragmentation of in source fragment b ion
(m/z 523.2328). b) Key fragments within the N-terminal ring of 1,
comprising NMe,Lan.

are not commercially available. Nevertheless, the elution
order “D before L” observed for the FDVA derivatives of
NMe,Lan in 1 resembled the behavior of the Marfey-
derivatives (both mono- and di-) of pL-MeLan in nisin A
and pinensin B,?? so a DL (2S, 6R) absolute configuration for
NMe,Lan was tentatively assigned (SI, Figures S42-S44).
Although DL is the configuration mostly found for (Me)Lan
in lanthipeptides,® the alternative LL-(Me)Lan stereochem-
istry has been recently reported for cytolysins S and L (CylLs,
CylL,)?* and haloduracin f (HalB),*! all of them bearing
a common Dh,-Dh-X,,-X -Cys (Dh,=Dha or Dhb)
sequence motif in their dehydrated precursors. The Dha-
Dha-Ala-Pro-Cys sequence in the cacaoidin precursor (SI,
Figure S48) thus suggests it might also cyclize with LL-
stereochemistry. Based on the experimental result from
Marfey’s analysis we propose here a DL stereochemistry for
NMe,Lan, although additional evidences are needed to
confirm it.

The analysis of the ORFs contiguous to caoA led to the
identification of a putative 30 Kb BGC containing 27 ORFs
(GenBank MT210103). Genes involved in some of the post-
translational modifications of cacaoidin were assigned
(Figure 3, Table S2). A homologous protein to cypemycin
decarboxylase CypD!"!! (CaoD) would account for the gen-
eration of the C-terminal AviMeCys ring, while a protein with
homology to flavin-dependent oxidoreductases (Caol2)
might be involved in the hydrogenation of both Dha and
Dhb to p-Ala and D-Abu, respectively, as previously
described for LanJ, enzymes such as CrnJ"! and BsjJ,.2"!
Conversely, the cao cluster does not encode any protein
homologous to dehydratases described in class I lanthipeptide
(i.e., LanB) or linaridin (e.g., CypH) BGCs. Moreover, the
cluster lacks classical type I-IV lanthipeptide biosynthetic
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Figure 3. a) The cacaoidin (cao) BGC. Genes with predicted functions
are color-coded as shown. The sequences of the putative leader
peptide and the core peptide of cacaoidin are indicated. b) Depiction

of cacaoidin showing amino acids as coloured balls according to
different PTMs. (* indicates tentative stereochemistry).

enzymes involved in the formation of lanthionine rings (i.e.,
LanC, LanM, LanKC and LanL), suggesting a modified or
non-enzymatic cyclization mechanism. On the other hand,
homologous proteins to CypM, reported to be responsible for
the N-terminal Ala dimethylation in cypemycin,'! are not
found in the cluster. Although Cao4 shows homology to
a methyltransferase, the analysis of its conserved domains
suggests a role as O-methyltransferase (SI, Table S2).

Regarding the glycosylation of 1, three glycosyl-trans-
ferases (GTs) are encoded in the BGC (Cao8, Caol6 and
Cao24; see Figure3 and Table S2). Additionally, genes
involved in the biosynthesis of L-rhamnose?! are also found
in the cluster, strongly supporting the L configuration for the
rhamnose unit in 1. On the basis of these findings and the
inverting or retaining nature of these GTs,””! the absolute
configuration for 6-deoxygulose sugar moiety was tentatively
assigned as follows: Cao8 and Caol6 are similar proteins
belonging to the inverting GT-2 family (SI, Figure S49), so we
propose that one of them, or perhaps both in a cooperative
fashion, are responsible for the introduction of the a-L-
rhamnose unit. Cao24, belonging to the retaining GT-4 family
(SI, Figure S49), can then be involved in the attachment of the
[-6-deoxygulose unit, so a L configuration is also proposed for
this sugar. This analysis ultimately completed the proposal for
the full stereochemistry of cacaoidin (1, Figure 1).

Finally, the antibacterial activity of 1 was evaluated
against different Gram-positive pathogens (Table 1). Cacaoi-
din showed potent activity against MRSA (MIC 0.5 pgmL™")
and moderate activity against a set of Clostridium difficile
strains. Induction of LiaRS bioreporter in a dose-dependent
manner was confirmed for 1 (SI, Figure S50) and (3-galacto-
sidase gene expression bioreporters for major biosynthetic
pathways clearly suggested the cell wall synthesis as the
specific target pathway (SI, Figure S51). Further antagoniza-
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Table 1: Minimum inhibitory concentration (MIC) of 1 against selected
strains.

Strain® MIC [ugmL™"] MIC [um]
Staphylococcus. simulans 22 0.25 0.11
MRSA MB5393 ¥ 0.5 0.22
S. aureus SG511 2 0.85
S. aureus SG511 DapR 32 13.60
Mpycobacterium tuberculosis H37Ra 32 13.60
Bacillus subtilis 168 8 3.40
Clostridium difficile RyC 11872343 (toxigenic) © 8 3.40
C. difficile RyC 11945271 (toxigenic) ! 4 1.70

[a] Clinical isolate.

tion of the LiaRS stress response by purified cell wall
precursor strongly supported Lipid II binding as the most
plausible mechanism of action (SI, Figure S52).

In summary, cacaoidin (1) is a novel glycosylated lanti-
biotic which combines remarkable structural features, such an
uncommon Tyr-O-glycosylation with a 6-deoxygulopyrano-
syl-(rhamnopyranose) disaccharide and a high number of D-
amino acids including pD-Abu. Unique among RiPPs, cacaoi-
din exhibits an unprecedented N,N-dimethyl lanthionine
system (NMe,Lan). While (Me)Lan rings are a specific
feature of lanthipeptides, the terminal N-methylation is
restricted to linaridins, which in turn lack lanthionine rings.
The co-occurrence in 1 of structural elements exclusive to
different families appoints cacaoidin the first member of
a new RiPP (sub-)family located between lanthipeptides and
linaridins, which we suggest naming lanthidins. Consistently,
the gene cluster shows low homology with those of other
lanthipeptides or linaridins, thus advancing an alternative
RiPP biosynthetic pathway whose details are currently being
explored.
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1. Experimental Procedures

1.1 General Experimental Procedures

Solvents employed were all HPLC grade. Chemical reagents and standards were purchased from Sigma-Aldrich unless indicated
otherwise. Optical rotations were measured on a Jasco P-2000 polarimeter (JASCO Corporation, Tokyo, Japan). IR spectra were
recorded with a JASCO FT/IR-4100 spectrometer (JASCO Corporation) equipped with a PIKE MIRacle™ single reflection ATR
accessory. LC-UV-LRMS analyses were performed on an Agilent 1100 (Agilent Technologies, Santa Clara, CA, USA) single
quadrupole LC-MS system as previously described.!! HRESIMS and MS/MS spectra were acquired using a Bruker maXis QTOF
mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany) coupled to an Agilent Rapid Resolution HPLC. The mass
spectrometer was operated in positive ESI mode. The instrumental parameters were 4 kV capillary voltage, drying gas flow of 11 L
min~t at 200 °C, and nebulizer pressure of 2.8 bar. TFA-Na cluster ions were used for mass calibration of the instrument prior to
sample injection. Pre-run calibration was done by infusion with the same TFA-Na calibrant. Medium pressure liquid chromatography
(MPLC) was performed on a CombiFlash Teledyne ISCO Rf400x apparatus with a preloaded Cis column (Phenomenex, 5 um).
Preparative or semi-preparative HPLC purifications were performed on a Gilson GX-281 322H2 HPLC (Gilson Technologies, USA)
using reversed-phase preparative (Agilent Zorbax SB-Cig, 21.2 x 250 mm, 7 um) or semi-preparative (Agilent Zorbax SB-Cig, 9.4 x
250 mm, 5 um) columns. Molecular models were generated using Chem3D Pro 12.0 (CambridgeSoft, PerkinElmer Informatics,
Waltham, MA, USA). The structures were energy-minimized by molecular mechanics with the MM2 force field using as gradient
convergence criteria an RMS value of 0.001. Molecular modeling figures were generated with PyMol (W. L. DeLano, The PyMOL
Molecular Graphics System, DeLano Scientific LLC, Palo Alto, CA, USA, 2002).
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1.2 NMR spectroscopy

1D and 2D NMR spectra were recorded at 297K on a Bruker Avance Il spectrometer (500, 125 and 50 MHz for *H, 13C and '*N NMR,
respectively) equipped with a 1.7 mm TCI MicroCryoProbe™ (Bruker Biospin, Fallanden, Switzerland). Unless other thing is indicated,
NMR experiments were performed with an appropriate water suppression scheme. All 2D NMR experiments were recorded with 512
increments in F1. HSQC and HMBC experiments were recorded at J values of 145 and 8 Hz respectively. Band-Selective constant
time HMBC spectrum was performed with a spectral width of 16 ppm, centered at 174 ppm to better resolve the peptide carbonyl
region. Mixing times were 90 ms for TOCSY and 400 ms for NOESY. 'H and *3C chemical shifts were reported in ppm using the
signals of the residual solvents as internal reference (5u 1.94 and 8¢ 1.32 ppm for CD3CN; 84 4.75 ppm for D2O). 3N chemical shifts
were reported in ppm and referred to liquid ammonia (spectrometer default reference).

1.3 Bacterial strain.

The producing strain CA-170360, belonging to Fundacion MEDINA"s microbial collection, was isolated from the rhizosphere collected
from a specimen of Brownanthus corallinus in the region of Namaqualand (South Africa). On the basis of its nearly complete 16S
rDNA sequence (1410bp) the strain was identified as a closest neighbor of the species Streptomyces cacaoi subsp. cacaoi NBRC
127487, (similarity of 99.93%), according to the EzTaxon server analysis. @ (http://www.ezbiocloud.net/eztaxon)

1.4 DNA extraction and genome sequencing

Genomic DNA of the strain Streptomyces cacaoi CA-170360 was extracted and purified as previously described B! from cultures in
ATCC-2 liquid medium (soluble starch 20 g/L, glucose 10 g/L, NZ Amine Type E 5 g/L, meat extract 3 g/L, peptone 5 g/L, yeast
extract 5 g/L, calcium carbonate 1 g/L, pH 7) grown during two days on an orbital shaker at 28 °C, 220 rpm and 70% relative humidity.
The genome of CA-170360 was fully sequenced de novo, assembled and annotated by Macrogen (Seoul, Korea;
http://www.macrogen.com/), using a combined strategy of lllumina HiSeq 2500 and PacBio RSII platforms. The predicted protein
functions were assigned using antiSMASH and BLAST. The Conserved Domain Database (CDD) from NCBI was used to search for
protein conserved domains.-6l
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2. Results and Discussion

2.1 Culture conditions for screening campaign. Bioassay-guided isolation of cacaoidin (1)

The strain CA-170360 was cultivated in 10 mL of MPG medium (see description below) and shaken at 220 rpm at 28 °C for 13 days.
The whole broth was extracted with an equal volume of acetone under shaking for 1h. After evaporation of the organic solvent, the
mycelial debris was discarded by centrifugation and filtration. The aqueous broth was then extracted with MEK (2 x 5 mL). The
organic extract was evaporated to dryness and a portion of the residue was redissolved in 20% DMSO: H,O (2 x WBE, Whole Broth
Equivalent units). This sample showed potent activity against MRSA and triggered the expression of the LiaRS bioreporter (section
2.10, Figure S1). Subsequent bioassay-guided purification by semipreparative RP-HPLC led to the identification of the bioactive
compound (1) as the peak indicated in the chromatogram below (Figure S2). The purity of the bioactive compound was assessed by
LC-UV-HRMS analysis (Figure S3). HRESIMS analyses of 1 were performed using two different ISCID values (0 eV; 75 eV). A
molecular formula of Cig7H162N2403:S, (A +1.27 ppm) was assigned to 1 based on the mono- (ISCID 75 eV) or doubly and triply
charged adducts (ISCID 0 eV) (Figures S4 and S5 respectively). lons accounting for the sequential loss of two 6-deoxyhexose units
were also detected (ISCID 75 eV; Figure S6).

-

luxABCDE

150000 7
-~ CA-170360 MEK culture extract [2x WBE]
- Vancomycin [81g/mL]
100000 =&~ Clindamycin [21ug/mL]
50000 A

300

Luminescence [CPS]

-50000 -

Figure S1. Induction of the LiaRS bioreporter by a MEK culture extract (2 x WBE) of strain CA-170360 (MPG medium), compared to vancomycin (positive control)
and clindamycin (negative control)
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Figure S2. Bioassay-guided isolation of cacaoidin (1). LC-UV semipreparative chromatogram recorded at both 210 (blue trace) and 280 nm (pink trace)
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Figure S3. a) LC-UV-HRMS chromatogram (UV 210 nm: pink trace; MS+: blue trace). b) UV spectrum (bottom) of the bioactive compound, cacaoidin (1)
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Figure S4. HRESIMS(+)-TOF spectra (ISCID 0 eV) of the bioactive compound, cacaoidin (1). @) Overview; b) Triply-charged adducts (zoom in region); c) Doubly-
charged adducts (zoom in region).
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Figure S5. a) HRESIMS(+)-TOF spectra (ISCID 75 eV) of the bioactive compound, cacaoidin (1), showing the mono-charged proton adduct (in blue) and in-
source fragment ions. Those corresponding to the sequential loss of two deoxyhexose units are marked in red. b) Mono-charged proton adduct (zoom in region)
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Figure S6. (a, b): HRESIMS(+)-TOF spectra (ISCID 75 eV) of the bioactive compound, cacaoidin (1). In-source fragment ions revealing the sequential loss of two
deoxyhexose units are marked in red.

2.2 Large-scale fermentation and isolation of cacaoidin (1)

The producing strain CA-170360 was cultured in a 3L-scale as follows: A first seed culture of the producing organism was prepared
by inoculating 10 mL of seed medium ATCC-2 which consists of [soluble starch (20 g/L), dextrose (10 g/L), NZ amine EKC (Sigma)
(5 g/L), Difco beef extract (3 g/L), Bacto peptone (5 g/L), yeast extract (5 g/L), and CaCO3; (1 g/L), adjusted to pH 7.0 with NaOH
before addition of CaCOs], in a 40 mL tube with 0.5 mL of a frozen inoculum stock of the producing strain and incubating the tube at
28 °C with shaking at 220 rpm for about 48 h. A second seed culture was prepared by inoculating 50 mL of seed medium in two 250
mL flasks with 2.5 mL of the first seed. A 5% aliquot of the second seed culture was transferred to each of the 20 x 500 mL
Erlenmeyer flasks containing 150 mL of the production medium MPG consisting of glucose (10 g/L), millet meal (20 g/L), cottonseed
flour (20 g/L), MOPS (20 g/L), pH 7.0. The flasks were incubated at 28 °C for 13 days in a rotary shaker at 220 rpm and 70% humidity
before harvesting.

The 3 L whole broth was then extracted with an equal volume of acetone under continuous shaking for 1h. After evaporating most of
the organic solvent (concentration to initial volume) under a N, stream, the mycelial debris was discarded by centrifugation and
vacuum filtration. The resulting aqueous broth was adjusted to pH 10.0 (previous optimization, data not shown), extracted with MEK
(3 x 800 mL), and the extract was rotary evaporated to dryness (160 mg). Attempts of pre-purification by MPLC resulted in loss of the
target compound (data not shown), so successive portions of the residue were directly purified by preparative RP-HPLC (Agilent
Zorbax SB-Cig, 21.2 x 250 mm, 7 um) applying a linear H,O-CH3;CN gradient (15 mL/min; 30-45%B in 30 min, then 100% B; UV
detection at 210 nm), both solvents containing 0.1% trifluoroacetic acid (TFA). Selected fractions (eluting at 14-15 min) were pooled,
the organic solvent was evaporated under a N, stream and the resulting aqueous sample was freeze-dried. Cacaoidin (1) was thus
obtained as an amorphous white powder (6 mg).

83



WILEY-VCH

2.3 Structural elucidation: NMR spectroscopy
NMR spectroscopy was extensively applied to partially determine the structure of 1.

i) The overall peptide nature of the compound was deduced from NMR spectroscopic data. The *H spectrum of 1 (Figure S53 and
S54) exhibited characteristic signals for multiple exchangeable protons (84 7.0-10.0 ppm), numerous a-protons of amino acids (dn
3.8-4.6 ppm), and different alkyl (54 0.6-3.8 ppm) or aromatic (8 6.9-7.6 ppm) side chain protons. Additionally, a minimum of three
olefinic protons (84 5.46, 5.94, 6.01 ppm), two diagnostic anomeric signals (84 5.40, 4.80 ppm) and another two chemically equivalent
proton signals (84 2.87 ppm) assigned to a N,N-dimethyl group were found in the spectrum.

Analysis of COSY, TOCSY and HSQC-TOCSY spectra (Figures S56, S57 and S66 respectively) allowed the identification of spin
systems consistent with different proteinogenic amino acids such as Trp (x 1), Tyr (x 1) Gly (x 1), lle / allo-lle (x 2), Val (x 1), Ser (x
1), trans Pro [ (x 1) and a set of nearly overlapping alanine (Ala) residues. It also accounted for the presence of one aminobutyric
residue (Abu), one dehydroalanine (Dha), one aminovinyl-methyl-cysteine (AviMeCys) and two 6-deoxyhexose units in the molecule
(as advanced by the HRMS data, see section 2.1).

The presence of two lle (but not allo-lle) residues in the structure was confirmed by comparison of the HSQC NMR spectra of a
hydrolysate of 1 (HCI 6N, 110 C, 16 h) with those of Ile and allo-lle standard amino acids.®! (Supporting Information, Figures S7, S8).

HSQC MDN-207 U 1.D20 vs HSQC L-lle_D20 .esp

5-CH; lle

5-CH; lle
(x2)in1

3'-CH; lle (x2)in1 | [ /|| 3'CHj lle 14

5
F1 Chemical Shift (ppm)

4-CH, lle (x2)in1

155 1.50 1.45 1.40 1.35 1.30 125 1.20 115 1.10 1.05 1.00 0.95 0.90
F2 Chemical Shift (ppm)

Figure S7. Overlay of HSQC NMR spectra (D20, 500 MHz, 24C) of hydrolysate of 1 (red and blue NMR signals; F1 resolution: 256 increments) and lle standard
amino acid (green and orange NMR signals; F1 resolution: 128 increments).
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Figure S8. Overlay of HSQC NMR spectra (D20, 500 MHz, 24C) of hydrolysate of 1 (red and blue NMR signals; F1 resolution: 256 increments) and allo-lle
standard amino acid (green and orange NMR signals; F1 resolution: 128 increments).
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ii) Inspection of the HMBC (Figures S67 and S68) spectra allowed us to establish that both sugar units were interconnected through
a (1->3) linkage and the resulting disaccharide was in turn O-linked to the aromatic ring of the tyrosine residue. Based on 3Jx 1 values
from the *H or J-resolved (JRES) spectra and nOe cross-peaks from NOESY NMR spectrum (Figures S58 and S70 respectively), the

disaccharide was identified as f-6-deoxygulopyranosyl-(1->3)-a-rhamnopyranoside (Figure S9).

a)

B-(L)-6-Deoxygulose a-(L)-Rhamnose

4" NOE /ROE

4~ 7"a ROE (>>NOE)

b)

Figure S9. a) Key NOE and ROE correlations showing the relative stereochemistry of monosaccharide units in 1. Both sugar units are shown in their L forms, as
supported in section 2.9. b) Energy-minimized 3D molecular model of the Tyr-O glycosylating disaccharide p-(L)-6-deoxygulopyranosyl-(1->3)-a-(L)-

rhamnopyranoside.
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iii) An unprecedented N,N-dimethyl lanthionine system (NMe.Ala-S-Ala) was found to be present in cacaoidin based on the
characteristic chemical shifts in the HSQC (Figures S59-S65) and the cross-peaks in the HMBC spectra of 1 (Figures S67 and S68;
see also Figure S28 for depicted HMBC correlations). The identity of this subunit in 1 was furtherly confirmed in a hydrolysate sample
of 1, by analysis of the corresponding 2D NMR data (DO, 500 MHz, 24 C) (Figures S10-S13; see below).
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Figure S10. a) Key COSY/TOCSY and HMBC correlations within the N,N-dimethyl lanthionine (NMezAla-S-Ala) subunit in the sample hydrolysate of 1. The
substructure is shown in the most probable protonation state in neutral water (D20). b) Key cross-peaks within the NMezAla-S-Ala system in the COSY spectrum
of the hydrolysate sample of 1
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Figure S11. Key cross-peaks within the NMe2Ala-S-Ala subunit in the TOCSY spectrum of the hydrolysate sample of 1
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Figure S12. Key cross-peaks within the NMe2Ala-S-Ala system in the HSQC spectrum of the hydrolysate sample of 1
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iv) Detailed analysis of Ho-NH (i, i+1) NOESY correlations and NH- to -CO HMBC cross-peaks within each amide bond allowed to
partially determine the sequence of the peptide. Due to overlapping of different NH and CO signals, the fragments connected
unambiguously by NMR were limited to [NMe,Ala-(S-Ala-Abu)-Dha-Ala], lle-Tyr-Ala-Ala-Val, lle-Ala-Ala and the C-termini ring

(AviMeCys-Ala-Ser-Trp-Gly cyclic substructure)

o
o}
o NH HN o Io)
H o, R N
~ S N HN N N M“hN
N H H H
| o o o
o]
o}
OH OH
e} ¢}
(¢} OH
OH OH

Figure S14. Structural fragments in 1 unambiguously connected by NMR through Ho-NH (i, i+1) NOESY and NH- to -CO HMBC correlations.
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2.4 Structural elucidation: Tandem Mass spectrometry (HRMS / MS)

a)
Leader peptide Cleavage site Core peptide
MGEVVEMVAGFDTYADVEELNQIAVGEAPE--SSAPCTIYASVSASISATASWGC
Predicted (unmodified) peptide: 2219 Da
b)

HS © P SH
o o o o o o o o o
H\)l\ Jﬁ‘/H\)I\ H\)I\ H/H\)I\ H\)l\ %‘/Hﬁ\ %{H\)k H\)J\
N N N N N N, N N OH
N : N : N : N : N : N N S N N
H H H H H H H H H H H H H H H
N ) 2 o Z o Z o = o = o o = 0 0
fo \©\ Ho™ Ho” SoH SoH HO' Son
NHO
o%//
HN
"’//NH‘l Leader peptide -
o

OH

H
C,)\ j\’( No,
.l"///
OH

Figure S15. a) Protein sequence of the cacaoidin precursor peptide (CaoA), showing the cleavage site and the predicted mass for the unmodified peptide. b)
Structure of unmodified core peptide (attached to leader peptide)
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Figure S16. Experimental MS/MS fragmentation of the [M+2NH]?* adduct (bottom: zoom). Annotation of b, y and z ions
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Figure S17. Key MS/MS fragmentation of the [M+2NH4]?* adduct
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Figure S18. Experimental MS/MS fragmentation of the [M+H]* adduct (bottom: zoom). Annotation of b, y and z ions
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Figure S19. Key MS/MS fragmentation of the [M+H]* adduct
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Figure S20. a) Key MS/MS fragmentation of in source fragment b6 ion (m/z 523.2328). b) Key product ions within the N-terminus of 1
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Figure S21. Global MS" fragmentation of cacaoidin (1) Annotation of product ions

2.5 Structural elucidation: Reduction and desulfurization of cacaoidin (1). HRMS / MS

To definitely establish the ring topology in cacaoidin, a sample of 1 was reduced and desulfurized with nickel boride under standard
(sample a) and deuterated conditions °! (sample b). The reaction mixtures were separately analyzed by HPLC-HRMS and the major
species in both cases were found to be peaks with [M+H]* ions at m/z 2334.2094 (standard conditions, sample a) or 2340.2487
(deuterated conditions, sample b) (Figures S22 and S24 respectively).These results were consistent with the reduction of two double
bonds (Dha, AviMeCys) and the desulfurization of only one of the two thioether bridges present in the molecule (NMe,Lan, AviMeCys
rings).

Attempts to fragment these protonated adducts for reduced and desulfurized peptides were unsuccessful (Figures S23a, S25a). The
presence in the sample a of a set of “in-source” fragment b ions differing 2 Da (bn+2) with respect to the homologous ions detected in
1 (b7+2: m/z 638; bs+2: m/z 525; bs+2: m/z 440) (Figure S22a) and the analogous set of ba+4 ions in sample b (b7+4: m/z 640; be+4:
m/z 527; bs+4: m/z 442) (Figure S24a), both indicated that only the reduction of the Dha-2 residue had occurred at the N-terminus of
1. This was further confirmed by MS-MS fragmentation of be+2 (m/z 525) (Figures S23b and S26a) and be+4 (527 m/z) (Figures S25b
and S26a) ions in samples a and b respectively. Thus, it became clear that the C-terminus AviMeCys had been fully reduced and
desulfurized while the NMe;Lan ring remained intact (Figure S26b).

Experimental procedure [°!

Cacaoidin (1; 0.1 mg each sample) and NiCl, (0.3 mg) were suspended in 0.4 mL of a mixture CH3sOH: H,O (1:1) for the standard
(non-deuterated) conditions or CDsOD: D,0O (1:1) for the experiment under deuterated conditions. The mixtures were transferred into
screw-cap vials containing 0.3 mg of NaBH4 or NaBD,4 and the tubes were rapidly sealed. A black precipitate appeared immediately
with gas evolution (H2 or D, gas). The reaction mixture was shaken at 50 °C for 2 h, after which the mixtures were significantly
decolored. After centrifugation (12K rpm, 5 min, rt) and retention of the supernatant, fresh solvent (CH;OH: H,O (1:1) or CD;0D: D,0O
(1:1)) was added, and the mixture sonicated and re-centrifuged to recovery any residual peptide. Combined supernatants in each
case were dried under vacuum and stored at -20 °C. Before the MS/MS analysis, the crude mixture from deuterated conditions was
incubated in MeOH for NH/OH protons exchange.
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Figure S22. a) HRESIMS(+)-TOF spectrum of the crude reaction (sample a); overview. b) HRESIMS(+)-TOF spectrum sample a (zoom in region)
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Figure S23. a) MS/MS fragmentation of ion m/z 2334 resulted in very poor ion production. b) MS/MS fragmentation of “in-source” fragment ion at m/z 525 (b6+2)
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Figure S24. a) HRESIMS(+)-TOF spectrum of the crude reaction (sample b); overview. b) HRESIMS(+)-TOF spectrum sample b (zoom in region)
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Figure S25. a) MS/MS fragmentation of ion m/z 2340 resulted in very poor ion production. b) MS/MS fragmentation of “in-source” fragment ion at m/z 527 (b6+4)
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Figure S26. a) Key MS/MS fragmentation of b6+2 (sample a; left) and b6+4 (sample b, right). b) Structure of reaction (reduction and partial desulfurization)
products under standard (sample a; in purple) and deuterated (sample b, in orange) conditions
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2.6 Structural characterization data of cacaoidin (1)

Ala-3 Pro-4 Ser-20
HN N Trp-21
H 0o

Dha-2
(0] lle-7 Ala-9 val-11 Ala-13 lle-15 ABAT e ¢} N\)kNH NH
o [
(29* (6R)
\N ”1(
| z Gly-22
NMe,Ala(S)-1 Ala(S)-5 (D)Abu-6 (D)Ala-10 (D)Ala-12 (D)Ala-14 (D)Ala-16

NMe,Lan Tyr-8 d; b/ AviMeCys-18

a-L-rhamnose B-L-6deoxygulose

Figure S27. Structure of cacaoidin (1). Stereochemistry of NMezLan is proposed as DL (2S*, 6R) (see section 2.7, below)

m——  COSY /TOCSY

/X HMBC (H to C)
/7N 5NCHMBC (H o N)

»#7\ NOESY

Figure S28. COSY / TOCSY, HMBC (H to C), *>N-HMBC (H to N) and NOESY correlations observed for cacaoidin (1). (NOESY / ROESY correlations for the Tyr-
O-disaccharide subunit previously shown in Figure S9).

Cacaoidin (1)

Ci107H162N24032S2.

White amorphous powder, [a]p®= -7.1° (c 0.20, MeOH); *H NMR (500 MHz, CD3CN:H,0, 9:1): see Table S1; *C NMR (125 MHz,
CD3CN:H,0, 9:1): see Table S1; IR (ATR) v (cm™): 3285, 2969, 2937, 1650, 1537, 1453, 1382, 1201, 1182, 1137, 1024; UV/Vis
(DAD): Amax 219, 268 nm. HRMS (ESI+, 0 eV): m/z 793.0555 [M+2H+NH,4]** (calcd. for Cio7H168N25032S,: 793.0571), m/z 1197.5932
[M+2NH,J?* (calcd. for Cio7H170N26022S2: 1197.5953); HRMS (ESI+, 75 eV): m/z 2360.1332 [M+H]* (calcd. for Cio7H163N24032S2:
2360.1301); HRMS/MS: see section 2.4 in Supporting information.
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Table S1. *H and **C NMR (500 MHz; CDsCN: H20, 9:1; 24 C) data for cacaoidin (1)

WILEY-VCH

Residue Position 8¢ /&n[a bl 81, mult* (J in Hz) leded Residue Position 8¢ /8l Pl 81, mult* (J in Hz)lede
NMez-Ala(S)-1 1 167.6, C Tyr-8 1 173.1,C

2 68.6, CH 3.91,d (11.5)¢ 2 55.8, CH 4.46

3 29.6, CH2 3.53, d (14.2) ¢/ 2.74, dd 3 36.2, CH2 3.30%¢/2.81

(14.2, 11.5)

N(CHa)2 42.8,2 x CHs 2.87,s 4 132.6,C
Dha-2 1 167.0,C 5/9 131.223,2x CH 7.19,d (8.8)

2 134.8,C 6/8 117.723,2x CH 6.98, d (8.8)

3 119.7, CH2 6.02, brs / 5.94, brs 7 156.1, C

NH 133.5 9.90¢ brs NH 117.12 7.66,d (8.1)
Ala-3 1 173.823,C Ala-9 1 175.23,C

2 55.9, CH 4.24 2 51.4, CH 4.03

3 14.5, CH3 1.48, d (7.4) 3 17.8, CHs 1.26, d (6.9)

NH 123.72 8.82,d (2.6) NH 122,12 7.54,d (4.8)
Pro-4 1 173.7,C Ala-10 1 175.23,C

2 63.7, CH 4.34, dd (8.6, 8.6) 2 50.4 2 CH 4.26

3 29.7, CH2 a:2.31/b:1.65 3 18.0, CH3 1.28,d (7.1)

4 26.6, CH2 1.93/1.87 NH 121.4 7.95,d (6.9)

5 49.1, CHz 3.69/3.30¢°¢ Val-11 1 173.9,C
Ala(S)-5 1 172.8,C 2 61.02% CH 4.00

2 54.2, CH 4.22 3 30.7, CH 2.13

3 35.3, CHz 3.15¢d 4 19.6, CHs 0.91, d (6.8)

NH 110.7 8.15,d (7.5)f g 19.4, CHs 0.91, d (6.8)
Abu-6 1 176.3,C NH 116.7 7.76,d (7.0)

2 57.8, CH 3.97 Ala-12 1 174823, C

3 24.6, CH2 1.77 2 50.8, CH 4.21

4 10.7, CHs 0.90, t (7.4) 3 17.6, CHs 1.33,d (6.9)

NH 120.22 7.69,d (4.3) NH 125.7 8.16,d (5.5)f
lle-7 1 173.4,C Ala-13 1 17482, C

2 61.08 CH 3.95 2 50.42 CH 4.25

3 36.3, CH 1.72 3 17.5, CHs 1.29,d (6.9)

3 15.9, CHs 0.67,d (7.0) NH 120.22 7.80°2

4 25.1, CH2 0.98/0.84* Ala-14 1 175.63, C

5 12.1, CHs 0.66, t (7.4) 2 51.0, CH 4.19

NH 120.22 7.802 3 17.7, CHs 1.32,d (6.9)

NH 120.22 7.802
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lle-15 1 173.82,C Trp-21 1 174.3,C
2 60.3, CH 3.99,dd (7.3,7.3) 2 55.7, CH 4.52
3 37.0,CH 1.85 3 27.8, CHz 3.27¢9/3.04%¢, d (14.9, 9.5)
3 15.7, CHs 0.87,d (6.8) 4 111.0,C
4 26.0, CH2 1.48/1.14 5 128.3,C
5 11.3, CHs 0.83,t(7.4) 6 119.3, CH 7.52,d(8.2)
NH 117.12 7.72,d(7.3) 7 119.8, CH 7.01,dd (8.2,7.2)
Ala-16 1 175.3,C 8 122.4, CH 7.08,dd (8.1, 7.2)
2 50.42 CH 4.17 9 112.5, CH 7.35,d (8.1)
3 17.0, CHs 1.30 10 137.4,C
NH 123.72 8.10, d (6.8) 11 125.0, CH 7.14,d (2.4)
Ala-17 1 17568 C NH (indol) 127.2 9.69, brs
2 52.2,CH 4.02 NH 117.12 7.87,d (6.8)
3 17.2, CHs 1.23,d (6.9) Gly-22 1 169.8,C
NH 121.8 7.96,d (5.6) 2 45.2, CH2 3.89,dd (16.1, 6.1) / 3.73, dd (16.1, 6.1)
AviMeCys-18 1 172.6,C NH 106.6 7.75,dd (6.1, 6.1)
2 58.1, CH 3.90 a-Rhamnose 1 99.2, CH 5.40, brs
3 44.8, CH 3.32%9m 2 71.2,CH 4.18
3 20.5, CHs 1.31,d (7.0) 3 82.4, CH 3.86,dd (9.4, 3.1)
4 102.0°, CH 5.46,d (7.5) 4 72.1, CH 3.54, dd (9.4, 9.4)
5 130.8% CH 7.03, dd (10.4, 7.5) 5 70.02, CH 3.67,dq (9.4, 6.2)
5-NH 1315 9.40, d (10.4) 6 18.3, CHs 1.15, d (6.2)
NH 115.9 8.17,d (6.7)" B-6-Deoxy- 1 103.5, CH 4.80,d (8.1)
gulose
Ala-19 1 175.23,C 2 69.6, CH 3.62,dd (8.1, 3.4)
2 52.4,CH 4.18 3 72.6, CH 3.96
3 17.3, CHs 1.34,d (7.4) 4 72.7, CH 3.47,brd (2.7)
NH 123.72 8.19, d (6.0) 5 70.08 CH 4.01
Ser-20 1 172.4,C 6 16.4, CHs 1.14,d (6.9)
2 58.4, CH 4.25
3 62.6, CH2 3.71/3.55
NH 110.4 7.73,d (6.7)

[a] Overlapping with other isochronous **C-NMR / **N-NMR / *H-NMR signals. [b] Weak *C-NMR / *>N-NMR signal

[c] *H-NMR signal intensity decreased in water suppression experiments. [d] Water masked *H-NMR signal in non-presaturated experiments. [e] Js determined
from HSQC traces. [f] Js determined from >N-HSQC traces.

* No multiplicity is given for *H-NMR signals for which coupling constants (Js) could not be measured directly in *H or JRES spectra nor determined from HSQC /
15N-HSQC traces. The assignments were supported by HSQC (**N-HSQC if applicable), HMBC (**N-HMBC if applicable), TOCSY and HSQC-TOCSY.
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As observed in many small cyclic peptides, the 2D NMR data revealed the N-terminus ring of cacaoidin (1) to appear in two distinct
conformations (in a 5:1 ratio) interconverting on the NOESY NMR time scale (Figures S29-S31). (Note: NMR data reported in Table
S1 corresponds exclusively to the major conformer). The signals within the N-terminus of the minor conformer were partially assigned
by TOCSY, HSQC and HMBC interpretation (for NMR assignations of minor conformer in HSQC, see Figures S61, S63 and S65).
The characteristic chemical shift difference between C and Cy for the proline residue in the minor conformer (see HSQC spectrum,
Figure S63) strongly suggest a cis configurationl” for the Ala-Pro amide bond within the N-terminus. This cis / trans isomerization at
Pro residues with the trans isomer predominating (as occurs in 1) has been previously reported for synthetic analogues of Lan rings
found in other lantibiotics.%11

11H ws Cacaoidin (1).esp

015 3-CH, (Dha-2)

013
g
I

Normalized Intensity

3-CH,
(Dha-2, minor conformer)

Figure S29. Olefinic proton signals for Dha-2 residue in both major (black) and minor (purple) conformers showing a 5:1 ratio between them.

NOESY ws Cacaoidin (1).esp

3-CH, (Dha-2)

(
3-CH, (Dha-2) |
.

(Dha-2, minor [
conformer) 65

NH (Ala-3)

F1 Chemical Shift (ppm)

NH (Ala-3, minor
conformer)

4 L

(see zoom) F100

T T T T T T T T T T
100 95 9.0 85 7.0 65 6.0 55

8. g
F2 Chemical Shift (ppm)

Figure S30. Conformational exchange in the N-terminus of cacaoidin (1). Section of the NOESY spectrum showing key chemical exchange (EXSY) cross-peaks.
Water suppression was applied for the acquisition.
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NOESY ws Cacaoidin (1).esp NH (Dha-2, minor NH (Dha-2)
conformer)

9.85

- ———

9.90
NH (Dha-2, minor
conformer)

oo

9.95

10.00

F1 Chemical Shift (ppm)

NH (Dha-2)

10.05

10.10

10.15

10.20

R B S B T B R o B o T B B e
10.15 10.10 10.05 10.00 9.95 9.90 9.85 9.80
F2 Chemical Shift (ppm)

Figure S31. Expansion of the NOESY spectrum showing key chemical exchange (EXSY) cross-peaks (zoom in region). Water suppression was applied for the
acquisition.
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2.7 Advanced Marfey’s analysis of cacaoidin (1)

The absolute configuration for virtually all constituent amino acids in cacaoidin (1) was determined by advanced Marfey’s analysis.['?
First, a sample of 1 (sample M1) was subjected to hydrolysis (HCI 6N, 110 C, 16 h) and subsequent derivatization with L- and D-
FDVA reagents. Comparison of the retention times of Marfey-derivatized hydrolysate of 1 with those of standard amino acids (Figure
S32) showed that Pro-4, lle-7 and lle-15, Tyr-8, Val-11 and Ser-20 were all L-amino acids (Figures S33-S37). Trp-(21)-derivative,
however, was not found due to degradation during hydrolysis, so a second sample of cacaoidin (sample M2) was hydrolyzed in
presence of 5% thioglycolic acid to prevent degradation issues. After derivatization, L-Trp was confirmed in 1 (Figure S38).

For the first sample (sample M1), aminobutyric acid was determined to be present in its D- form (D-Abu; Figure S39). It was also
revealed the presence of both L- and D-Ala in 1. The relative peak areas showed a ratio of 5 L-Ala to 4 D-Ala (Figures S40-S41). This
result strongly supports that D-Ala residues in 1 arise from amino acids genetically encoded as serine (Ser-10, Ser-12, Ser-14 and
Ser-16) and perfectly agrees with the 9 Ala residues present in cacaoidin (1).

To determine the absolute configuration of NMe,Lan subunit (NMe,-Ala(S)-Ala) by advanced Marfey’s analysis, DL and LL (the two
different stereochemistries reported form Lan or Melan) standard samples of this diamino acid should be used but unfortunately, they
are not commercially available. The double derivatization (with both L- and D-FDVA) of the hydrolysate of 1 revealed and elution
order “D before L” for the corresponding derivatives (Figures S42-S43). This behavior is the same as that reported for Marfey-
derivatives (both mono- and di-) of DL-MeLan in nisin A and pinensin B, so a DL (2S, 6R) absolute configuration was tentatively
assigned for NMe;Lan in cacaodin (1).

Experimental details 3!

A sample of 1 (0.3 mg; samples M1 or M2) was dissolved in 0.6 mL of 6 N HCI (additionally containing 5% (v/v) of thioglycolic acid
for sample M2) and heated at 110°C for 16 h. Each crude hydrolysate was evaporated to dryness under a N, stream, the residues
were separately dissolved in 100 pL of water and aliquoted into two portions of 50 uL each one. After addition of 20 yL of 1 M
NaHCOg; solution, a 1% (w/v) solution (100 L) of L-FDVA (Marfey’s reagent, N-(2,4-dinitro-5-fluorophenyl)-L-valinamide) in acetone
was added to an aliquot (50 pL) of a 50 mM solution of each standard amino acid in its hydrochloride form (D, L, or DL mixture).
Analogously, NaHCO3 ag. 1 M (30 uL) was added to each peptide hydrolysate (M1 or M2) and they were separately treated with a
1% (wl/v) solution (200 pL) of L-FDVA or D-FDVA. All the reaction mixtures were heated at 40 °C for 1 h, then quenched by addition
of 20 uL of 1 N HCI. For the HPLC analysis, the crude mixtures were diluted 4-fold with acetonitrile and analyzed by LC/MS on an
Agilent 1100 single quadrupole. Separations were carried out on a Waters XBridge Cig column (4.6 x 150 mm, 5 um) maintained at
40 °C. A mixture of two solvents, A (10% acetonitrile, 90% water) and B (90% acetonitrile, 10% water), both containing 1.3 mM
trifluoroacetic acid and 1.3 mM ammonium formate, was used as the mobile phase under a linear gradient elution mode (25-65% B
in 28 min, 65-100% B in 0.1 min, then isocratic 100% B for 4 min) at a flow rate of 1.0 mL/min.

DADT A, 57g=210,10 Raf=600,10 [WIAREA_PU. VIERAALFDVAS 2013-05-03 15-35-07 oo RAstands _WON-0207_7 D]
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Figure S32. LC-UV chromatogram of the pool of L-FDVA derivatized standard amino acids (both L- and D- forms) present in 1
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Figure S33. LC-UV and extracted-ion chromatograms (EIC) of Pro-L-FDVA derivative (sample M1). L-Pro was found in 1
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Figure S34. LC-UV chromatogram and EIC of lle-L-FDVA derivative (sample M1). A unique peak corresponding to L-lle-L-FDVA was found in the hydrolysate M1,
so both lle-7 and lle-15 were determined as L-amino acids.
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Figure S35. LC-UV chromatogram and EIC of Tyr-L-FDVA di-derivative (sample M1). L-Tyr was found in 1 (mono-derivatives were not detected in sample M1)
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Figure S36. LC-UV chromatogram and EIC of Val-L-FDVA di-derivative (sample M1). L-Val was found in 1
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Figure S37. LC-UV chromatogram and EIC of Ser-L-FDVA derivative (sample M1). L-Ser was found in 1

779

23
3.006
4382
» 5.556
b 7.077
7.769

[ DADIA Sig210 10 ReF=60010 (MAAREA_PU. MDN-0207_HAL 9 2019-06.06 13-3337WIDN-0207_HAZ + LF¥DVA 1D)

}14.329
16.719
17.315

I

P 27.512
28.098
28.767

(b‘— 34.317

2m00

150000

100000

50000

5
7 MDN-0207_HAL_S 2019-06:06 13 3~ 3/ MDN (07 _HAZ + LTDVA_LD) ES-AP|, Pas, Sean, Fiag Var, "PO5"
0

33158

32.476
34.224

5
=T WSD1485 EIC=184.7.285 7 (V: ARE A PUBLICAWIEDINA_TNS TRUVMENTO QUIVIC.

N

15 20
MDN-0207_FAT_D 20180606 13 537 WIDN 0207 A2 + LFDVA_1 D) ESAPL P, Scan, Frag Var POS

7.450

L-Trp-L-FDVA

m I “‘

n AN

[M+H]*

5
T WSD1420 EIC=30 7 20 7 (Vi ARE A PUBLICAWEDINA_NS TRUVENTO QUTVIC

A

5 20
T MDN0207_FAL0 20150606 13 8- T WDN 0207 A2 < LTDVA_LD) ESAPI, P&, Scan, Fag Var, POS

17.450

[M-CO,+H]*

M

Figure S38. LC-UV chromatogram and EIC of Trp-L-FDVA derivative (sample M2: 5% thioglycolic acid was added during the hydrolysis to prevent Trp-

degradation). L-Trp was found in 1

109

34



WILEY-VCH

1855
2.210
3,064
7.947
0811

463
5645
b 7.224

11788

[ DADIA Sig=10 10 Re=60010 (M\AREA_PU. MDN-0207_HAI_1 20190603 12-13-21WIDN-0207_HAL + LFDVA 1D)

34.315

¥ 27.635
28.451

5
T=T WSDITIC, VS File (V- VARE A_P UBLICAWIED NA_INSTRUVEN TO.QUIMIC AWIST

250000
2m00
150000
100000

50000

o T T

5 20
_MDN-0207_HAL 1 2019-06.03 12 13- 2LMDN-(207_HAL + LFDVA_LD) ES API, PG5, SCa, Fiag Var, "Po5.

5 10
T WSD1354 EIC-33 7. 347 ( ARE A PUBLICAWIEDI NA_INS TRUMEN TO\QUIMIC AMSDL 20 Bt

20 1 L HA A M

15 20
7 MON-0207_FAL_T 20150603 12 13- 2LWMDN0207_HAL + LFDVA_LD) ESAPI, Pes, Scan, Fiag Var, PO’

D-Abu-L-FDVA

LA 4 A

5 10
T WSD 1406 EIC=405 7.206.7 (M ARE A PUBLICAWIEDI NA_INS TRUMEN TO\QUIMIC AMSDL 20 Bt

A 7] | |

15 20
7 MON-0207_FAL_T 20150603 12 13- 2[WMDN0207_HAL + LFDVA_LD) ESAPI, Pes, Scan, Fag Var, PO

[M+Na]*

I A MM AL )

e

5 10
=T WSD1330 EIC-38 73397 (M ARE A PUBLICAWIEDI NA_INS TRUMEN TO\QUIMIC AMSDL 20 Bt

15 20
7 MON-0207_FAT_T 20150603 12 13-21WMDN0207_HAL + LFDVA_LD) ESAPI, Pes, Scan, Fiag Var, POS'

[M-CO,+H]*

L

Figure S39. LC-UV chromatogram and EIC of Abu-L-FDVA derivative (sample M1). D-Abu was found in 1

750

500

250 i 5
PN

270
3.064
4434
5.645

'

b 7.224
7.947
10.811

P 11788

] DADI A Sig=210 10 ReF60010 (MYAREA_PU. MDN-0207_HAI 1 20190603 12-1321MDN-0207_HAL + LFDVA 1.0)

34.315

27.635
28.451

10

5
=T WSDITIC, MS File (M- VARE A_P UBLICAWIEDTNA_INSTRUMEN TO\QU MIC AMSDT

250000
20000
150000
100000

50000

o T T

5 20
7_NDN-0207_HAT_1 20D-06503 12 13- 2LMDN-0207_HAL + LFDVA_LD) ES-API, PG5, Scan, Frag Var, 'Po5"

5 10
T WSD1370 EIC=30 7.370.7 (M ARE A_PUBLICAWIEDINA_INS TRUMEN 10\ QUIMIC AWSOL

L-Ala-L-FDVA

857

5 20
7_NDN-0207_HAT_1 2090603 12 13- 2LMIDN0207_HAL + LFDVA_LD) ESAPI, Pes, Scan, Frag Var, PO5”

D-Ala-L-FDVA

5 10
T WMSD1392 EIC=®1 7. ®2.7 (M ARE A_PUBLICAWIEDINA_INS TRUMEN 10\ QUIMIC WSO

5 20
7_MDN-0207_HAT_1 2090603 12 13- ZLMIDN0207_HAL + LFDVA_LD) ESAPI, Pes, Scan, Frag Var, PO5.

[M+Na]*

5 10
] WSD1325 EIC=24 7. 25.7 (M ARE A_PUBLICAWIEDINA_INS TRUMEN 10\ QUIMIC AWSOL

5 20
7_NDN-0207_HAT_1 20190603 12 13- 2LMIDN-0207_HAL + LFDVA_LD) ESAPI, Pes, Scan, Frag Var, PO5”

[M-CO,+H]*

Figure S40. LC-UV chromatogram and EIC of Ala-L-FDVA derivatives (sample M1). Both L- and D-Ala-L-FDVA derivatives were found.
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Figure S41. LC-UV chromatogram and EIC of Ala-L-FDVA derivatives (sample M1). L- and D-Ala-L-FDVA derivatives were present in a 5:4 ratio.
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Figure S42. a) LC-UV chromatogram and EIC of NMezLan-L-FDVA derivative (sample M1). b) UV (left) and MS (right) spectra of NMezLan-L-FDVA.
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Figure S43. a) LC-UV chromatogram and EIC of NMezLan-D-FDVA derivative (sample M1). b) UV (left) and MS (right) spectra of NMezLan-D-FDVA.
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Figure S44. Structure of FDVA-derivatized NMezLan (DL-NMezLan stereochemistry is shown in the figure)
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2.8 Advanced Marfey’s analysis after reduction-desulfurization.

The stereochemistry of the AviMeCys unit in cacaoidin (1) was established by advanced Marfey’s analysis on a sample of previously
reduced and desulfurized compound (“sample a”, see section 2.5 of Supporting Information). As previously shown, the AviMeCys unit
had been reduced and desulfurized to originate a second Abu residue (Abu-18) in the structure (Figure S26b). This sample a was
hydrolyzed (HCI 6N, 110 C, 16 h) and then doubly derivatized with both L- and D-FDVA reagents (sample M3). The presence of a
unique peak in both cases corresponding to D-Abu-FDVA derivatives revealed that both Abu residues (Abu-6 and Abu-18) had the
same absolute configuration (D-Abu) (Figure S45). The increased ratios D-Abu to L-Val or D-Abu to L-lle (considering the relative
peak areas for the L-FDVA derivatives) in sample M3 respect to those found in sample M1 also support this result (Figures S46 and
S47). Lastly, the overall anti-stereochemistry of the Michael-type addition 4-1¢ in this case of decarboxylated Cys-23 onto Dhb-18 in
the dehydrated precursor (Figure S48), imposes a (3S) absolute configuration and consequently support the canonical S-[(2)-
aminovinyl-(3S)-3-methyl]-D-cysteine configuration for AviMeCys in 1.
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Figure S45. a) LC-UV chromatogram and EIC of Abu-L-FDVA derivative (sample M3). b) LC-UV chromatogram and EIC of Abu-D-FDVA derivative (sample M3).
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Figure S48. Top: Ribosomally-encoded sequence of the cacaoidin precursor peptide (CaoA). Middle: Dehydrated precursor showing the Michael-type additions of
Cys-5 onto Dha-1 and (decarboxylated) Cys-23 addition onto Dhb-18 (conversion of L- to D-aa through dehydration and hydrogenation are already indicated as
orange balls, although the relative timing of all these modifications may not be as shown). Bottom: Lanthionine (N-terminus) and AviMeCys rings (C-terminus) in
core peptide of cacaoidin precursor. Absolute configuration for NMezAla(S) is tentatively proposed as D (2R).
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2.9 Biosynthetic gene cluster of cacaoidin (cao)
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Putative functions for proteins found in the biosynthetic gene cluster were predicted based on BLAST analysis.

Protein Length Closest BLAST homolog Putative function
(AA) (GenBank accession number)
Caol 241 GEB47959.1 Regulator
Cao2 192 WP_159401550.1 Regulator
Cao3 411 GEB47961.1 L-rhamnose biosynthesis
Cao4 349 WP_149563574.1 O-Methyltransferase
Cao5 326 WP_030874945.1 L-rhamnose biosynthesis
Cao6 355 WP_030874943.1 L-rhamnose biosynthesis
Cao7 344 WP_149563571.1 Hypothetical protein
Cao8 383 WP_051846339.1 Glycosyl transferase family 2
Cao9 380 WP_051855537.1 Hypothetical protein
CaoA 53 GEB47968.1 Cacaoidin precursor peptide
Caoll 583 WP_030890022.1 ABC transporter
Caol2 316 WP_030890020.1 Flavin-dependent oxidoreductase
CaoD 267 GEB47971.1 Decarboxylase
Caol4 301 WP_030890015.1 Hypothetical protein
Caol5 865 WP_159787532.1 Hypothetical protein
Caol6 359 WP_086816368.1 Glycosyl transferase family 2
Caol7 48 WP_158102314.1 Hypothetical protein
Caol8 325 WP_030890006.1 ABC transporter
Caol9 286 WP_030874928.1 ABC transporter
Cao020 111 GEB47977.1 Hypothetical protein
Cao21 182 WP_158933426.1 Hypothetical protein
Cao22 205 WP_037865472.1 Hypothetical protein
Cao23 164 GEB47980.1 Hypothetical protein
Cao24 417 WP_030874924.1 Glycosyl transferase family 4
Cao25 320 WP_086816358.1 Hypothetical protein
Cao26 33 WP_030741653.1 Hypothetical protein
Cao27 1016 WP_030874922.1 Hypothetical protein

Table S2. Predicted functions of proteins from cao cluster based on BLAST analysis.
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The amino acid sequences of the conserved domains for the three glycosyltransferases present in the cao cluster were analyzed with
BLAST and CDD. Cao8 and Cao16 showed homology with family 2 glycosyltransferases (Table S2, figure S49a) and shared a 45.6%
identity and 55.9% similarity between them. Cao24 was shown to belong to family 4 glycosyltransferases (Table S2, figure S49b).
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Figure S49. Analysis of the glycosyltransferases present in the cao BGC. a) Alignment of Cao8 (top) and Caol6 (bottom). Identical residues are shown in black
and similar residues in grey. The conserved glycosyltransferase family 2 domain is highlighted. b) Sequence of Cao24, indicating the conserved
glycosyltransferase family 4 domain.
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2.10 Biological assays

Cacaoidin (1) was tested for its antibacterial activity against a set of Gram-positive strains (Table 2 in article). Briefly, 1 was serially
diluted in DMSO with a dilution factor of 2 to provide 10 concentrations starting at 64 ng/mL for all the antimicrobial assays. The MIC
was defined as the lowest concentration of compound that inhibited 90% of the growth of a microorganism after overnight incubation.
Genedata Screener software (Genedata, Inc., Basel, Switzerland) was used to process and analyze the data and to calculate the RZ’
factor, which predicts the robustness of an assay 7 In all experiments performed in this work the RZ’ factor obtained was between
0.87 and 0.98.

Antibacterial assay against methicillin-resistant Staphylococcus aureus (MRSA)

Antibacterial activity against MRSA was tested as described previously.['®1¥l Thawed stock inoculum suspension from a cryovial of
MRSA was streaked onto Brain Heart Infusion (BHI) agar plate and incubated at 37 °C overnight to obtain isolated colonies. Single
colonies of this microorganism were inoculated into 10 mL of BHI broth medium in 250 mL Erlenmeyer flask and incubated overnight
at 37 °C with shaking at 220 rpm and then diluted in order to obtain an assay inoculum of 1.1 x 108 CFUmL™. For the assay, 90
pL/well of the diluted inoculum were mixed with 1.6 pL/well of compound dissolved in DMSO and 8.4 pL/well of BHI medium.
Vancomycin was included as internal plate control. Absorbance at OD 612 nm was measured with an EnVision Microplate Reader
(PerkinElmer) at Ty (zero time) and immediately after that, plates were statically incubated at 37 °C for 20 h. After this period, the
assay plates were shaken using the DPC Micromix-5 and once more the absorbance at OD 612 nm was measured at T; (final time).
Percentage of growth inhibition was calculated using the following normalization:

% Inhibition = 100 x {1 - [(T: Sample — To Sample) - (T¢Blank — To Blank)]/[(Tf Growth — To Growth) — (T;Blank — T, Blank)]}

Antibacterial assay against Staphylococcus simulans, S. aureus and Bacillus subtilis strains
MIC values against Staphylococcus simulans 22, Bacillus subtilis 168, S. aureus SG511 and S. aureus SG511 DapR (Daptomycin-
resistant) were determined by the broth microdilution method, using BSA-coated plates as previously described.?%

Anti-mycobacterium assay

Bioactivity of 1 against Mycobacterium tuberculosis was determined using the resazurin microtiter assay (REMA) method ! and
following previously described methodologies.?? M. tuberculosis H37Ra ATCC 25177 was grown for 15 days in Middlebrook 7H9
broth (Becton Dickinson ref 271310) supplemented with 10 % ADC enrichment (Becton Dickinson ref. 211887) containing albumin,
dextrose, and catalase; 0.5% glycerol as a carbon source; and 0.25% Tween 20 to prevent clumping. Suspensions were prepared,
and the turbidity was adjusted to 0.5 OD at 600nm. Then, further dilutions were made to reach the final bacterial suspension
concentration of 5x10% CFUmL for the assay. A volume of 90 uL of the inoculum was added to each well of a 96-well microtiter plate
containing 1.6 puL of compound (100% DMSO). Growth controls containing no antibiotic and sterility controls without inoculation were
also included, as well as streptomycin that was used as positive control. Plates were incubated for 7 days at 37°C, 5% CO, and 95%
humidity. After this incubation, 30 yL of 0.02% resazurin and 15 pL of Tween 20 were added to each well, and the plates were
incubated four 24 hours and assessed for color development. A change from blue to pink indicated reduction of resazurin and
therefore, bacterial growth. The wells were read for color change and the data were quantified by measuring fluorescence (excitation
570 nm, emission 615 nm) using a EnVision Microplate Reader (PerkinElmer). The MIC (minimum inhibitory concentration) was
defined as the lowest concentration resulting in a 90% growth inhibition of microorganism. The percentage of resazurin reduction and
growth inhibition was calculated using the following normalization:

% reduction = 100 x(fluorescent intensity of test agent — fluorescent intensity of untreated control/fluorescent intensity of reduced
resazurin — fluorescent intensity of untreated control)
% inhibition = 100 — % reduction.

Antibacterial assay against Clostridium difficile

MIC values against C. difficile clinical isolates and control strains (C. difficile RyC 11945271 (toxigenic); C. difficile RyC 11872343
(toxigenic) and C. difficile ATCC 750057) were determined by the broth microdilution method using Wilkins Chalgren Anaerobe Broth
(Oxoid), as previouslyreported 2%, Final inocula in the 96-well microtiter plates were ca. 10 CFUmL™.

Bacillus subtilis B-galactosidase bioreporter assay

B. subtilis bioreporter strains with selected promotor-lacZ gene fusions were used to identify interference with major biosynthesis
pathways (DNA (pyorB), RNA (pyvgS), protein (pyhel), cell wall (pypuA)).?*2% Induction of a specific stress response results in
expression of (-galactosidase, cleaving the chromogenic substrate 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-Gal)
indicated by a blue halo around the inhibition zone. The reporter strains were grown in Mueller—Hinton (MH) broth supplemented with
chloramphenicol (5 ygmL™). After reaching OD600 = 0.5 the cells were mixed with liquid MH agar containing chloramphenicol (5
pgmL™) and X-Gal (75-250 ygmli™) yielding a final cell inoculum of 1x107 CFUmML™ and poured into an OmniTray™ plate. Six pl of
test compounds (8 pg cacaoidin, 6 pg vancomycin, 0.3 pg ciprofloxacin, 3 pg clindamycin or 6 ug rifampicin) were spotted on the
solidified agar plates, incubated for 16 h at 30 °C and visually evaluated for appearance of a blue stain (Figure S51).
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Induction of lial-lux cell wall stress response.

B. subtilis lial-lux ?°1 was grown in Mueller—Hinton broth with chloramphenicol (5 ugmL™) to OD600 = 0.5. The antibiotics cacaoidin (8
pugmL?), vancomycin (8 ygmL™) and clindamycin (2 ygmL™) were diluted in a Greiner LUMITRAC™ 96-well-microtiter plate prior to
addition of the reporter strain. Induction of cell wall stress indicated by an increase in luminescence was measured using the Tecan
Spark 10 M microplate reader for 400 min at 30 °C (Figures S1 and S50)

Antagonization of lial-lux cell wall stress response.

Antagonization of the lial-lux luminescence response was used as a method to investigate the direct interaction of an inducing
antibiotic with putative antagonists as previously reported.?” The central peptidoglycan precursor lipid Il was added in a molar ratio of
5:1 with respect to cacaoidin (4 ugmL™) or vancomycin (4 ygmL™) and luminescence was measured as described above (Figure
S52).
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Figure S50. a) Induction of the LiaRS bioreporter by pure cacaoidin compared to vancomycin, clindamycin and a negative control (no antibiotic added). b) Dose-
dependency of the LiaRS response for pure cacaoidin.
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Figure S51. Tests of cacaoidin (1) against a set of Bacillus subtilis B-galactosidase bioreporters compared to positive controls (vancomycin, ciprofloxacin,
clindamycin and rifampicin). Results identify cell wall biosynthesis as the specific target pathway.
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Figure S52. Antagonization of the LiaRS stress response by addition of purified Lipid Il (LII) to cacaoidin (CAO) or vancomycin (VAN)
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2.11 NMR spectra of cacaoidin (1)
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Figure S53. *H-NMR spectrum (CDsCN: H20; 9:1) of cacaoidin (1) with (bottom) or without (top) water suppression.
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Figure S54. *H-NMR spectrum (CDsCN: H20; 9:1) of cacaoidin (1) with water suppression, showing integral values.
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Figure S55. *3C-NMR spectrum (CDsCN: H20; 9:1) of cacaoidin (1).
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Figure S56. COSY spectrum (CD3CN: H20; 9:1) of cacaoidin (1).
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Figure S57. TOCSY spectrum (CD3CN: H20; 9:1) of cacaoidin (1).
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Figure S58. J-resolved (JRES) spectrum (CD3CN: H20; 9:1) of cacaoidin (1).
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Figure S59. HSQC spectrum (CD3CN: H20; 9:1) of cacaoidin (1).
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Figure S60. Expansion 1 of the HSQC spectrum (CDsCN: H20; 9:1) of cacaoidin (1).
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Figure S61. Expansion 1 of the HSQC spectrum (CD3CN: H20; 9:1) of cacaoidin (1). Signals corresponding to the minor conformer are indicated in purple
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Figure S62. Expansion2 of the HSQC spectrum (CD3CN: H20; 9:1) of cacaoidin (1).
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Figure S63. Expansion 2 of the HSQC spectrum (CD3CN: H20; 9:1) of cacaoidin (1). Signals corresponding to the minor conformer are indicated or framed in
purple
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Figure S64. Expansion 3 of the HSQC spectrum (CDsCN: H20; 9:1) of cacaoidin (1).

132

57



WILEY-VCH

HSQC Cacaoidin (1).esp

4-CH; (Abu-6) )
5-CH, (lle-15) ('
5-CH, (Ile-7) &) | 12
3-CH,
(Ala-17) 3°-CH; 3-CH;E 14

(lle-15) (lle-7)
A\ B & ad Eae
—w» 6-CH; (6-deoxygufose)
7} 6-CH, (rhamnose) 18

¥

3-CH; (Ala-3)7)

3-CH,
(Ala-9 +Ala-10 +Ala-12 +Ala-13
+ Ala-14 + Ala-16 +Ala-19)

¥

20

“3°-CH, (AviMeCys-18) 3 4.(:|-|:.'|.4’.(:|-|3
(Val-11) 22
4-CH2 (Pro-4; (=~ o= -
° minor conformer) t- =2 - - =) E
) 4-CH, (lle-7) 24 o
3-CH, (Abu-6) . =
= ’ =
= & 0 26 2
= [t [
3-CH, (Trp-21) 4-CH, (Pro-4) 4-CH, (Ile-15) g
{ Y =D 28 g
O
= 3-CH, (NMe,-Ala(S)}-1)=3 @) 3-CH, (Pro-4) =) 30
[ - — (6]
el 3-CH (Val-11) =2 ;
3-CH, (NMe;-Ala(S)-1); P ]
. . ) 32
Minor conformer ==
. O s 3-CH, (Pro-4;
minor conformer) 34
3-CH, (Tyr-8 = 36
, (Tyr-8) == 3-CH
3-CH (lle-17) 38
_ (lle-15)
b ; 40
! 8
: _ 42
NMe, (NMe,-Ala(S)-1) '“L] NMe, (NMe,-Ala(S)-1; minor conformer)
\\\\\\\\\‘\\\\\‘\\\\‘\\‘\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\
3.5 3.0 2.5 2.0 15 1.0

F2 Chemical Shift (ppm)

Figure S65. Expansion 3 of the HSQC spectrum (CD3CN: H20; 9:1) of cacaoidin (1). Signals corresponding to the minor conformer are indicated or framed in
purple
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Figure S66. HSQC-TOCSY spectrum (CD3CN: H20; 9:1) of cacaoidin (1).
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Figure S67. HMBC spectrum (CD3CN: H20; 9:1) of cacaoidin (1).
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Figure S68. HMBC (no water suppression) spectrum (CD3CN: H20; 9:1) of cacaoidin (1).
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Figure S69. Band-Selective HMBC (no water suppression) spectrum (CD3CN: H20; 9:1) of cacaoidin (1).
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Figure S71. ROESY spectrum (CDsCN: H20; 9:1) of cacaoidin (1).
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Figure S72. Expansion of the ®N-HSQC spectrum (CDsCN: H.0; 9:1) of cacaoidin (1)
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4.3 Dual targeting of the lanthidin antibiotic Cacaoidin

Antibiotic resistance is reaching alarming levels, demanding for the discovery and development of
antibiotics with novel chemistry and mechanism of action. The recently discovered antibiotic cacaoidin
(CAO) combines structural features of the lanthipeptide and the linaridin families of ribosomally
synthesized and post-translationally modified peptides (RiPP), introduced by alternative RiPP
biosynthetic pathways. Therefore CAO represents the founding member of a new RiPP subfamily
referred to as lanthidins or class V lanthipeptides. CAO displays several rare or unprecedented
post-translational modifications, including a dimethylated N-terminal lanthionine (NMeyLan), a
C-terminal 2-aminovinyl-methyl-cysteine (AviMeCys), one dehydro alanine residue, a high amount
of D-amino acids, and a unique disaccharide substitution attached to the tyrosine residue.

Investigating if the novel chemistry also goes along with an unprecedented mode of action
was subject of this work. In the previous publication (Chapter 4.2), interference with cell wall
biosynthesis, or more precisely, binding of the ultimate peptidoglycan precursor lipid II was suggested
to be the mode of action of CAQO. Lipid II represents a validated target structure of many successful
antibiotics (a general overview has been given in Chapter 2.7), including lanthipeptide antibiotics.
The lipid II interaction is among other potential cellular consequences (e.g. pore formation) causative
for interference with peptidoglycan synthesis. In contrast to known lipid II-binding antibiotics,
treatment with CAO triggers deviating cellular effects which further initiated in-depth mode of
action studies. Using a combination of biochemical and molecular interaction studies, we provide
evidence that CAO combines binding to the ultimate cell wall precursor lipid I and direct inhibition
of murein transglycosylases, both validated target structures of most successful antibiotics. In
accordance with the unique hybrid structural features of lanthipeptide and the linaridin families and
the unique disaccharide substitution attached to the tyrosine residue of CAO, we demonstrate that
CAO exhibits an unprecedented dual mechanism of action. To the best of our knowledge, CAO thus
represents the first natural product combining these mechanisms.
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Cacaoidin combines the characteristic lanthionine residue of lanthipeptides and the linaridin-specific N-terminal
dimethylation, therefore designated as the first class-V lanthipeptide (lanthidin). Notable features further include
the high p-amino acid content and a unique disaccharide substitution attached to the tyrosine residue. Cacaoidin
shows antimicrobial activity against gram-positive pathogens and was shown to interfere with peptidoglycan
biosynthesis. Initial investigations indicated an interaction with the peptidoglycan precursor Lllrcy as described for
several lanthipeptides. We here provide evidence that cacaoidin is a first-in-class lantibiotic that exhibits a dual
mode of action combining binding to Lllrey and direct inhibition of cell wall transglycosylases.

INTRODUCTION

Ribosomally synthesized and post-translationally
modified peptides (RiPPs) represent a family of structurally
diverse peptide natural products with a variety of activities
including antifungal, antibacterial or antiviral.l-*
Lanthipeptides with antibiotic activity, so-called
lantibiotics,5 are among the best characterized classes of
RiPPs. Structurally distinct features of this family include
the presence of the thioester amino acids lanthionine (Lan)
and/or methyllanthionine (MeLan), as well as
dehydroamino acids which result from extensive post-
translational modifications.®”

Recently discovered cacaoidin (CAO) is the first member
of a new family of RiPPs termed lanthidins,® sharing
characteristic features of the lanthipeptide and the linaridin
family, i.e. a thioether-based lanthionine residue and a
linaridin-specific dimethylated N-terminus, respectively.
Further analysis of its biosynthetic gene cluster has
designated it as the first class-V lanthipeptide.8®

CAO is a 23 amino acid peptide produced by Streptomyces
cacaoi characterized by the presence of a C-terminal S-[(Z)-
2-aminovinyl-3-methyl]-D-cysteine (AviMeCys), found in
both lanthipeptides and linaridins,'%!* and a glycosylated
tyrosine residue, rarely found in natural products with
mannopeptimycins being the only representatives reported
so far? In contrast to most representatives of the
lanthipeptide family, CAO contains only a single Lan residue
with a unique N,N-dimethyl modification, located at the N-
terminus (Figure 1). The latter is a characteristic feature of
the linaridins, which in turn lack Lan/MeLan residues. The
linaridins represent a small family of linear, dehydrated
(arid) peptides presently comprising four members,
cypemycin, grismycin, legonaridin, and salinipeptins.1!

Another feature of CAO is the presence of D-amino acids D-
alanine and D-aminobutyric acid (Figure 1), only reported
for a limited number of RiPPs.13-17

$1,3-linked 6-deoxygulopyranosyl-a-rhamnopyranoside
glycosylated tyrosine residue

BOSEE ©
S, NH
N——
o
OH AviMeCys
o a-L- rhamnose (C-terminus)

Dehydroalanine O D-amino acids

Lan bridge
(N-terminus)

B-L- 6deoxygulose
OH
OH

Figure 1. Structure of cacaoidin. b-aminobutyric acid (p-Abu).

RESULTS AND DISCUSSION

CAO shows potent activity against methicillin resistant
Staphylococcus aureus (MRSA; 0.25 pgml') and good to
moderate activity against vancomycin resistant enterococci
and Clostridium difficile (Table S1)8 but lacks activity against
gram-negative organisms. The antimicrobial activity of
lantibiotics (e.g. globular mersacidin) is often conferred by
interaction with the ultimate peptidoglycan (PGN)
precursor Lllpsy (undecaprenyl-pyrophosphate-MurNAc-
pentapeptide-GlcNAc), thereby blocking cell wall
biosynthesis. Flexible lantibiotics, such as nisin, combine
LIlren-binding and pore formation.'® Lllpen represents the
essential PGN building block that is readily accessible on the
outside of gram-positive bacteria, where the lipid
intermediate is incorporated into the growing PGN network
by glycosyl transferases (GTs) and subsequently
crosslinked by the activity of transpeptidases (TPs).1? Cell
wall biosynthesis was identified as the target pathway for
CAO, as indicated by pathway specific bioreporters, and the
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induction of a lial-lux reporter fusion pointed to
interference with the Lllren biosynthesis cycle.?

Targeting of cell wall building blocks. In accordance,
CAO and the Lllren-binding lantibiotic mersacidin (MRS)
both induced the expression of lial-lux as indicated by an
increase in the luminescence signal (Figure 2). Pre-
incubation with purified Lllren in a two-fold molar excess
resulted in the antagonization of lial induction indicating a
direct interaction with the PGN precursor.?
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2= CAO + 2x Ll g, L,
0.6 -0~ CAO +2x Llyg,
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= -~ CAO +2x Cg5PP
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Figure 2. Cacaoidin (CAO; A) and mersacidin (MRS; B)-induced
lial-lux expression is antagonized by purified Llpen or Lllpey at
a two-fold molar excess with respect to CAO and MRS, while
CssP and CssPP did not antagonize antibiotic activity. LIlIwra
had no influence on MRS-induced lial-lux expression but
reduced the CAO-induced signal three-fold.

To identify the minimal binding motif of CAO, different
undecaprenyl-containing cell wall precursors were tested
for their ability to antagonize the CAO-induced response. As
observed for Lllpen, pre-incubation of antibiotics with
purified LIy  (undecaprenyl-pyrophosphate-MurNAc-
pentapeptide) in a two-fold molar excess almost completely
antagonized lial induction (Figure 2), while equivalent
amounts of CssPP or CssP had virtually no effect (Figure 2).
Even a 20-fold molar excess of CssPP reduced the
luminescence signal only by ~30% (Figure S1A&B),
indicative for unspecific hydrophobic interactions. The
results demonstrate that in contrast to nisin and flexible
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lantibiotics, interaction with the pyrophosphate moiety is
not sufficient and that binding of CAO and MRS involves
interactions with the first sugar of lipid intermediates. To
evaluate the relevance of the nature of the sugar, purified
wall  teichoic  precursor  Llllwra (undecaprenyl-
pyrophosphate-GlcNAc) was tested. Interestingly, CAO-
induced lia-lux expression was suppressed three-fold when
preincubated with LIIIwra (Figure 2A), while MRS-induced
lia-lux expression remained unaffected (Figure 2B),
indicating that, in contrast to CAO, the interaction with the
MurNAc-pentapeptide sugar of Lllpen is crucial for MRS-
binding, likely involving interactions with the pentapeptide
moiety. Indeed, MRS, but not CAO, was able to inhibit
amidation of D-glutamate in position 2 of the Lllpen-stem
peptide in vitro (Figure S2). Together these results support
differential binding modes, involving binding to the
pyrophosphate-sugar-peptide portion of Lllpsn for MRS,
while the interaction of CAO primarily involves binding to
the phosphate sugar moiety, with the nature of the first
sugar being less relevant. Moreover, interactions with the
second sugar in Lllrey are not mandatory for high affinity
binding for both antibiotics, as efficient antagonization was
observed with Llpen lacking the GlcNAc residue (Figure 2).

In contrast to other Lllpen-binding antibiotics, including
vancomycin and MRS, treatment with CAO did not result in
accumulation of the soluble PGN precursor (Figure S3A&B),
suggesting that CAO activity triggers additional cellular
effects. Absence of UDP-MurNAc-pentapeptide
accumulation was also observed for the lantibiotic nisin
(Figure S3B). In contrast to MRS, nisin exhibits a dual mode
of action. It forms a complex with Lllren leading to inhibition
of late-stage PGN biosynthesis reactions and in addition
uses Lllpey as a docking molecule for the formation of a
defined membrane pore?’, ultimately leading to leakage of
cytoplasmic content, thus interfering with UDP-MurNAc-
pentapeptide accumulation. However, in contrast to nisin,
neither pore formation nor rapid membrane disrupting
effects were observed for CAO. While nisin treatment
triggers the release of intracellular potassium ions from
Staphylococcus simulans cells, CAO did not lead to
potassium ion leakage (Figures S4). Furthermore, the
cellular localization of GFP-MinD in Bacillus subtilis was
almost unaffected by CAO treatment (Figure S5). MinD
accumulates at the cell poles in growing cells to facilitate
selection of the mid-cell division site, specific FtsZ
placement and formation of the division septum.?2! MinD
localization is sensitive to alterations of the membrane
potential that stimulates membrane binding.?! Treatment
with compounds that dissipate the membrane potential,
such as the ionophore carbonyl cyanide m-
chlorophenylhydrazone (CCCP) or the pore forming nisin,
results in rapid MinD delocalization.2!! Such effects were not
observed for CAO (Figure S5) and the MinD localization
pattern at concentrations up to 10xMIC remained
unchanged.

Direct inhibition of cell wall transglycosylases. The
distinct cellular effects observed for CAO prompted a more
detailed analysis of CAO’s effect on Lllpen-consuming
reactions, catalyzed by penicillin binding proteins (PBPs)
and monofunctional transglycosylases. To this end the
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impact of CAO on transglycosylase activity was investigated
in vitro (Figure 3).

Bifunctional PBP2 catalyzes the formation of polymeric PGN
from monomeric Lllpon in vitro. To enable individual
analysis of the transglycosylase activity a PBP2 variant
harboring a loss of function mutation in the transpeptidase
domain was used in all experiments (PBP2_mutTP,
Figure 3).

Reactions were initiated by the addition of increasing
enzyme concentrations. At lower enzyme concentration
(0.75 uM) about 50% of the LIlpen substrate was converted
and full inhibition was observed in presence of CAO, MRS,
and the transglycosylase inhibitor moenomycin (MOE)
(Figure 3). For MRS and other Lllpen-binding antibiotics, it
is known that binding of Lllpen leads to steric hindrance,
ultimately resulting in interference with PBP2 action.2022 In
line with the formation of an antibiotic-LIlpen complex,
increasing concentrations of PBP2 were unable to
outcompete the inhibitory effect of MRS. In contrast,
incrementing enzyme concentrations gradually restored
Lllpen  transglycosylation in the presence of the
phosphoglycolipid antibiotic MOE, that acts by direct
enzyme inhibition.?? Interestingly, increasing PBP2
concentrations successively restored transglycosylase
activity in presence of CAO, pointing to direct inhibition of
the PBP2 enzyme as observed with MOE (Figure 3).

100 33 no antibiotic
BB CAOLIlg, [2:1]
3 0.75 uM MOE
BB MRS:Lilg, [2:1]

~
o

PBP2 activity [%]
5 3

PBP2 [uM]
Figure 3. PBP2 mediated transglycosylation of Lllpen is
inhibited by CAO and transglycosylase inhibitor moenomycin
(MOE) and restored by increasing PBP2 concentrations.
Incrementing PBP2 concentrations did not affect the inhibitory
effect of Lllpen-binding mersacidin (MRS). The extent of
inhibition relates to enzyme activity in absence of antibiotics at
respective enzyme concentrations.

To further characterize transglycosylase inhibition, the
impact of CAO on the monofunctional transglycosylase SgtB
was analyzed. In absence of antibiotics and at low SgtB
concentration (0.2 pM) approximately 50% of monomeric
Lllrecn was transglycosylated, while full conversion was
achieved at 0.8 uM of SgtB (Figure 4). At the lowest enzyme
concentrations tested SgtB, was almost completely
inhibited by CAO (Figure 4). With increasing SgtB
concentration enzyme activity was gradually restored to
the level of the respective control without antibiotic. As
observed for the PBP-catalyzed reaction, MOE strongly
inhibited SgtB activity at low enzyme concentrations and
full recovery of activity was achieved at 1.6 uM (Figure 4).
Once more, the inhibitory effect of MRS remained
unaffected with elevating enzyme amounts (Figure 4), in

agreement with the Lllpen-binding mechanism of this

compound.

100
3 no antibiotic

@8 CAOLIl, [3:1]
3 12 uM MOE
B0 MRS:Lilg [2:1]

~
o

SgtB activity [%]
3

25

8 > & °
SgtB [uM]

Figure 4. Inhibitory effect of CAO and MOE on SgtB activity is
restored by increasing enzyme concentrations, whereas
inhibition of MRS remains unaltered. The extent of inhibition
relates to enzyme activity in absence of antibiotics at respective
enzyme concentrations.

Binding to S. aureus PBP2. The in vitro data obtained
analyzing CAO’s inhibitory effect on GTs, compared to the
substrate binding lantibiotic MRS and the enzyme inhibitor
MOE, strongly pointed to a direct GT inhibition by CAO. To
validate a direct CAO-GT interaction, surface plasmon
resonance (SPR) analysis was performed. Since the
transmembrane domain of PBPs is critical for binding of
MOE,?* experiments were conducted with full-length
PBP2_mutTP (Figure S6A). A dose-dependent binding
response of MOE to PBP2 was observed (Figure 5A)
confirming the interaction. Kinetic analysis was performed
by fitting of the curves to a 1:1 interaction model (Figure
S7A) resulting in a Kp 0of 0.728 uM (Table S2), comparable to
steady state kinetics previously determined (0.393 uM).*
Furthermore, the Kp was in the range of 107 M, correlating
with the reported inhibitory concentration of MOE for the
transglycosylation reaction.2425 To investigate the
interaction of CAO with PBP2, a series of CAO
concentrations were analyzed, resulting in a dose-
dependent binding response (Figure 5B). Kinetic analysis
was fitted to a 1:1 interaction model (Figure S7B), that
proved to be the most suitable to describe the observed
interaction (Table S2) and resulted in a Kp of 16.1 uM.
Compared to MOE, full dissociation of CAO was not achieved
at higher concentrations (216 pM). Furthermore, the
association curve at higher concentrations (216 uM) differs
compared to lower concentrations. This observation may
indicate a more complex interaction pronounced at higher
concentrations.
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Figure 5. Dose-dependent SPR binding response of MOE (A)
and CAO (B) to immobilized full-length S. aureus PBP2_mutTP
indicates a direct interaction.
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Analysis of the CAO and MOE binding curves, revealed clear
differences in association and dissociation rates, with
slower association and dissociation for CAO. Indeed, the
half-life of the CAO-PBP2 complex is approximately 10-fold
higher (12 min) than for the MOE-PBP2 complex (1.1 min;
Table S2). Nevertheless, the determined Kp of CAO at
equilibrium is about 22-fold higher. The binding strength of
MOE to PBPs from S. aureus, E. faecalis and E. coli, was
shown to correlate with antibiotic activity.2425 For CAO a
correlation of Kp (16.1 uM) and MIC value (0.106-0.847 uM)
was not observed. This discrepancy can be explained by
CAOs dual mechanism of action, that combines binding to
Lllpey and direct transglycosylase inhibition (Figure 6). It is
tempting to speculate that the latter mechanism relies on
the unique disaccharide unit of CAO mimicking and thus
competing with the natural transglycosylase substrate, i.e.
the f1,4-linked MurNAc-GlcNAc-chain. MOE represents the
only natural product acting specifically as an inhibitor of the
GT active site. Crystal structure analysis revealed that the
antibiotic binds to the glycosyl donor site of GTs, involving
interactions  with  the  disaccharide and the
phosphoglycerate portion of the MOE pharmacophore.23:26-
28 Semisynthetic GT inhibitors harboring $1,2-, #1,3- or 1,4-
linked disaccharides moieties were shown to facilitate
inhibition of PGN synthesis in vitro?>3° and to exhibit
antimicrobial activity.313* Interestingly, neither the
positioning of the glycosidic bond nor the identity of the
disaccharide hexoses were determinants for the overall
activity of the inhibitors, supporting the involvement of the
B1,3-linked  6-deoxygulopyranosyl-a-rhamnopyranoside
disaccharide of CAO in GT binding in a similar fashion.

CAO:PBP2

CAOLll,q,

Extracellular

Membrane

. N O N-a ic acid —-‘ stem peptide undecaprenyl-
pyrophosphat
GT : glycosyltransferase domain TP : transpeptidase domain

Figure 6. Proposed model for the dual mode of action of
cacaoidin (CAO).

To identify the motifs crucial for binding to GTs and LlIren
and for rational SAR analysis, determination of the crystal
structures of the individual complexes would be of
importance. Furthermore, deglycosylated CAO variants
could provide valuable information on the role of the
disaccharide unit for GT interaction. Thus far, chemical
attempts to generate such variants were unsuccessful and
proved incompatible with the stability of the thioether-
bridged rings and particularly the AviMeCys rings (data not
shown). Attempts to generate a deglycosylated variant
through knockout of the respective glycosyltransferase
genes in the producing strain were also unsuccessful so far.
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CONCLUSIONS

CAO represents the first natural product with a dual mode
of action comprising binding of the Lllpcn PGN synthesis
intermediate and simultaneous direct inhibition of murein
transglycosylases (Figure 6), both representing validated
target structures of successful antibiotics. The unique
structural features of CAO could guide the synthesis of
hybrid antibiotics with resistance breaking properties due
to multitargeting.

MATERIALS AND METHODS

Antibacterial assay. MIC values were determined by
broth microdilution using BSA-coated plates as previously
described.35

Induction and antagonization of lial-lux cell wall
stress response. B. subtilis lial-lux3® was grown in
Mueller-Hinton broth supplemented with chloramphenicol
(5 pgmL™1) to ODsoo=0.5. The antibiotics CAO and MRS
were added in a BSA-coated Greiner LUMITRACTM 96-well-
microtiter plate at a final concentration of 8 pg mL-! and
4 ng mL1 respectively prior to addition of the reporter
strain. Induction of cell wall stress indicated by an increase
in luminescence was measured using the Tecan Spark 10 M
microplate reader for 400 min at 30 °C.

Antagonization of the CAO and MRS induced lial-lux
luminescence response was used as a method to investigate
the direct interaction of the antibiotics with putative
antagonists as previously reported.837 To this end, purified
PGN (LlIpcn, LlIren) and WTA precursors (LIIIwra) were first
preincubated with CAO and MRS at a two-fold molar excess
with respect to the antibiotics. The central lipid carrier
undecaprenyl-phosphate  (CssP) and undecaprenyl-
pyrophosphate (CssPP) were tested in equivalent amounts,
but additionally in a 20-fold molar excess with respect to
the antibiotics. After preincubation, the experiment was
performed, and luminescence was measured as described
above. At least three independent biological replicate
experiments were conducted.

Overexpression and affinity purification of
recombinant proteins. Purification of the GatD-Hiss/MurT
complex was performed as previously described?®. E. coli
strain BL21 (DE3) was used as a host for the recombinant
expression of S. aureus proteins PBP2_mutTP-Hiss
(pET21b-pbp2_mutTP), SgtB-Hiss (pET28a-sgtB), and
PBP4-Hiss (pET21b-pbp4). Cells were grown at 37 °C in
lysogeny broth (LB; Oxoid) supplemented with the
appropriate antibiotic (100 pg ml-* ampicillin or 50 pg ml-!
kanamycin). Proteins were expressed in mid-log phase
cultures (ODsoo 0.6) after induction with 1 mM IPTG for 4 h
at 37 °C. Cells were harvested by centrifugation (12 min,
7000 xg, 4 °C), washed once with buffer (50 mM Tris-HC],
500 mM NaCl, pH 7.5), and resuspended in buffer
supplemented with 1% (v/v) Triton X-100, lysozyme
(250 pg ml1), DNase (50 pg ml1), RNase (10 pg ml-1) and
0.5% N-Laurylsarcosine. After incubation on ice for 60 min,
cells were sonicated and centrifuged (20 min, 15000 xg,
4°C), the cleared lysate was subjected to Ni2+-affinity
chromatography. In case of the purification of SgtB-Hise the
cleared lysate was incubated for 1 h with NiNTA-agarose
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(1 ml NiNTA-agarose per 10 ml supernatant) under gentle
stirring and transferred onto a column support. After
washing of the NiNTA-agarose matrix with buffer W
(50 mM Tris-HCl, 500 mM NacCl, 1% (v/v) Triton X-100, pH
7.5), subsequent rinsing with buffer W supplemented with
10 mM and 20 mM imidazole removed weakly bound
proteins. SgtB-Hiss was eluted with buffer containing
300 mM imidazole. Elution fractions were collected and
stored in 30% (v/v) glycerol at -20 °C.

Since PBP2_mutTP and PBP4 were utilized for SPR
measurements, these proteins had to be of particularly high
purity. The required purity was ensured by two successive
purification cycles via a fast protein liquid chromatography
(FPLC) system (BioRad) with a 1ml Bio-Scale™ Mini
Nuvia™ IMAC Ni-charged resin. After the cleared lysate was
loaded to the column, the resin was rinsed with buffer
(50 mM Tris-HCl, 500 mM NaCl, 0.06% (v/v) Triton X-100,
pH 7.5). Subsequently, an imidazole gradient (up to 50-
100 mM) was applied in order to remove weakly bound
proteins. The protein of interest (PBP2_muTP or PBP4) was
eluted with 500 mM imidazole containing buffer. Purity of
elution fractions was assessed by SDS-PAGE (NuPAGE;
Invitrogen) analysis and relevant fractions were pooled.
Those fractions were dialyzed against buffer without
imidazole (50 mM Tris-HCl, 500 mM NacCl, 0.06% (v/v)
Triton X-100, pH 7.5) and concentrated using a spin column
with molecular weight cut off (MWCO) of at least half the
proteins size before the second run. After the second FPLC
run (performed in the same way described above), elution
fractions were assessed for purity, pooled and concentrated
as mentioned above. Finally, proteins used for SPR coupling
were dialyzed against coupling buffer (10 mM sodium
maleate, pH 5.6). Protein concentrations were measured
using Bradford reagent (BioRad).

In vitro reactions of PGN biosynthesis in presence of
CAO. In all in vitro assays, the PGN intermediate Lllrpon was
used as a substrate and CAO was added in molar ratios with
regard to Lllpegn. MRS and MOE were used as control
antibiotics. Lllren was purified as described previously.3?
The polyprenyl containing products and non-processed
substrate were extracted from the reaction mixture with an
equal volume of n-butanol/pyridine acetate, pH 4.2 (2:1;
v/v), and analyzed by thin-layer chromatography (TLC)
using chloroform/methanol/water/concentrated
ammonium hydroxide (88:48:10:1, v/v/v/v) as solvent*?
and phosphomolybdic acid staining.3° Quantification was
carried out using Image] 1.52a software.

In vitro amidation was assayed by incubating 2 nmol of
LIlpen in 160 mM Tris-HCl, 40 mM MgClz, 50 mM KCl, pH 7.5,
0.26% Triton X-100, 6 mM ATP, and 6.6 mM glutamine in a
total volume of 30 pl. The reaction was initiated by the
addition of 3.8 pg of the purified GatD-Hiss/MurT complex
and incubated for 2h at 30°C. In case of reactions
containing antibiotics, CAO and MRS were added in a two-
fold molar excess with regard to Lllren, and preincubated for
20 min prior to the addition of enzyme. The MRS containing
reaction further included 1.25 mM CaClz. The experiment
was performed in at least two biological replicates.

To investigate the impact of CAO on in Vvitro
transglycosylase activity generating polymeric PGN by the

consumption of monomeric Lllpey, the activity of the
bifunctional PBP2 and monofunctional SgtB of S. aureus
were analyzed. In the case of the bifunctional PBP2, the
PBP2_mutTP (S398G) variant*4? was used in all
experiments to ensure analysis of transglycosylase activity
exclusively. Enzymatic activity of PBP2_mutTP-Hiss was
determined in 20 mM 2-(N-morpholino)-ethane sulfonic
acid (MES) buffer, 2 mM MgClz, 2 mM CaCl: and 0.06%
TritonX-100, pH 5.5. CAO or MRS were added at a two-fold
molar excess (120 pM) with respect to the substrate Lllpen
(2nmol; 60puM). MOE containing reactions were
supplemented with 0.75 uM MOE corresponding to the
lowest PBP2_mutTP  concentration tested. After
preincubation of the antibiotics with LIlpen for 20 min, the
transglycosylation reaction was initiated by addition of the
enzyme added at incrementing concentrations of 0.75, 1.5,
and 3 pM, respectively. For each enzyme concentration
tested, a control reaction without antibiotic was prepared.
After incubation for 2 h at 30 °C, the reactions were stopped
and analyzed as described above and the amount of
remaining Lllren was quantified to indirectly determine
enzyme activity. Control reactions were supplemented with
respective amounts of antibiotics after the reactions were
stopped to match the extraction properties. The total signal
of 2nmol unprocessed Lllpen substrate served as a
reference for calculation of enzyme activity, calculated as
100-100/[total Lllpen signal]*[LIlpen signal of respective
reaction].

The enzymatic activity of SgtB-Hiss was analyzed in
20mM MES and 10 mM CaClz, pH5.5. The reactions
contained 2 nmol (60 puM) LlIpen substrate. CAO was added
in a three-fold molar excess (180 uM), MRS in a two-fold
molar excess (120 uM) towards Lllpen and MOE was added
at a final concentration of 12 uM. The antibiotics were
preincubated for 20 min with Lllpey prior to addition of
SgtB. The amount of SgtB was titrated from 0.2 to 1.6 uM,
while the concentration of respective antibiotics remained
unchanged. All reactions were stopped after 2 h incubation
at 30 °C, analyzed and quantified as described above.

Intracellular accumulation of UDP-MurNAc-pp.
Analysis of the cytoplasmic UDP-MurNAc-pp precursor pool
was performed as described before* with some
modifications: cell extracts were acidified, sterile filtered
and directly analyzed using high-performance liquid
chromatography (HPLC). The concentrations of antibiotics
used were chosen to inhibit growth without significant lysis
of the cells.

Membrane disruption-potassium release from whole
cells. Potassium release from S. simulans whole cells was
performed as previously described* in presence and
absence of 10 mM glucose. Compound-induced potassium
leakage was plotted relative to the total amount of
potassium release after the addition of 1 pM (5xMIC) nisin
(NIS, 100%, positive control); non-treated cells were used
as the negative control. CAO was added at 0.2 pM and 1 uM
(1x and 5xMIC, respectively). Both compounds were added
after 20 s and potassium release was monitored.

Fluorescence microscopy. Fluorescence microscopy to
analyze the cellular localization of the GFP-MinD fusion
protein was performed as previously described.?! B. subtilis
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HS17 cells were treated with increasing concentrations of
CAO (1xMIC to 10xMIC, corresponding to 2 ugml?! to
20 pgml?) or 100 uM CCCP (positive control) before
mounting on microscope slides covered with a thin film of
1% agarose. Imaging was carried out within 2 min after
addition of CAO or CCCP. Fluorescence microscopy was
performed on a Zeiss Axio Observer Z1 microscope
equipped with HXP 120 V light source and an Axio Cam MR3
camera. Images were acquired using a 100x objective with
ZEN2 software (Zeiss) and processed with Adobe Illustrator
CS5.

SPR measurements of PBP2 interaction. All SPR
measurements were performed on a Biacore 3000
apparatus (BIACORE) with research grade sensor chips
(HC1500M, XanTec) and evaluated using the BIACORE
Control Software 3.1.1.

Both, PBP4-Hiss and PBP2_mutTP-Hiss, were
immobilized on the respective flow cell via amine coupling**
according to the manufacturer’s instructions (XanTec):
PBP2_mutTP-Hiss was immobilized on the active flow cell,
S. aureus PBP4-Hiss on the reference cell, since in vitro
carboxypeptidase activity of PBP4 was unaltered in
presence of CAO (data not shown). Briefly, the chip surface
was conditioned with elution buffer (1 M sodium chloride,
0.1 M sodium borate pH 9.0; 3 min, 40 pl min-1) and washed
with deionized water until a stable baseline was reached.
The surface of the reference cell was activated with freshly
prepared activation mix (100 mM N-hydroxysuccinimide in
50 mM MES buffer at pH 5.0, supplemented with 26 mM N-
ethyl-N’-(dimethylaminopropyl)-carbodiimide
hydrochloride; 7.5 min, 40 pl min-1). After a brief wash with
deionized water (5 min, 40 pl min-1), the PBP4 protein was
injected (22 pg ml1; 7.5 min, 40 pl min't). To complete the
coupling reaction, the surface was rinsed with deionized
water for 40 min. The remaining active NHS esters were
quenched with quenching buffer (1M ethanolamine
hydrochloride, pH 8.5; 15 min, 40 pl min?). The matrix of
the analytic flow cell was activated as described above and
PBP2_mutTP-Hiss protein solution (10 pg ml-') was injected
(7.5 min, 40 ulmin). After rinsing the surface with
deionized water for 40 min, the residual active ester groups
were deactivated as described above.

Following the immobilization, the whole system was
rinsed thoroughly with freshly filtered running buffer
(50 mM Tris-HCl, 150 mM NacCl, 0.005% Tween20, pH 7.5)
at high flow rates. The known and characterized
peptidoglycan glycosyltransferase inhibitor moenomycin?*
was used as positive control to analyze the interaction with
PBP2. MOE complex, which is a mixture of moenomycins A,
A12, C1, C3 and C4 (Cayman chemicals), was freshly
dissolved in 100% dimethyl sulfoxide (DMSO) to a
concentration of 10 mg mL! (6.31 mM). CAO was freshly
dissolved in deionized water to a concentration of
10 mg mL' (4.24 mM). For the SPR measurements, the
compounds were diluted in running buffer at the respective
concentrations of 0.25 uM-4 uM for MOE and 0.5 uM-32 uM
for COA. The interactions were investigated under constant
conditions (40 pul min! flow rate). Immobilization and data
collection was performed at 25 °C. The direct binding assays
were performed as a mutlicycle. Each cycle consisted of
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10 min stabilization time, a 2.5 min injection and a
dissociation phase of 30 min. Binding response (RU) was
recorded continuously and presented as a sensorgram.
Running buffer injections were used at the beginning of a
run and in between cycles where higher concentrations of
compounds were injected (=4 uM). CAO in a concentration
of 8uM was injected in duplicate to monitor the
reproducibility of the binding response. Different kinetic
models were applied to the crude data and examined for
consistency between crude data and the fit, but kinetic
evaluation by fitting the data to a 1:1 Langmuir binding
model with drifting baseline created the lowest deviation of
data and fit (data not shown).
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ABBREVIATIONS

CAO, cacaoidin; RiPPs, ribosomally synthesized and post-
translationally modified peptides; Lan, lanthionine; MeLan,
methyllanthionine;  D-Abu, D-aminobutyric acid, Dha,
dehydroalanine; AviMeCys, S-[(Z)-2-aminovinyl-3-methyl]-p-
cysteine; MRSA, methicillin resistant Staphylococcus aureus;
PGN, peptidoglycan; Lllrey, undecaprenyl-pyrophosphate-
MurNAc-pentapeptide-GlcNAc; CssP, undecaprenyl-phosphate;
GTs, glycosyl transferases; TPs, transpeptidases; MRS,
mersacidin; Llpey, undecaprenyl-pyrophosphate-MurNAc-
pentapeptide; CssPP, undecaprenyl-pyrophosphate; LIlIwra,
undecaprenyl-pyrophosphate-GlcNAc; CCCP, carbonyl cyanide
m-chlorophenylhydrazone; PBP, penicillin binding protein;
PBP2_mutTP, PBP2 variant with a loss of function mutation in
the transpeptidase domain; AB, antibiotic; SPR, surface
plasmon resonance; HPLC, high-performance liquid
chromatography.
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Table S1. Antimicrobial activity of cacaoidin (CAO) assessed by determining the minimal
inhibitory concentration (MIC) of CAO against selected strains. CAO activity remained unaltered
in presence of 1.25 mM Ca?+.

Strain MIC (ug m|'1)
S. simulans 0.25

S. aureus SG511 2

S. aureus MRSA (MB5393) 0.25"

S. aureus VISA (Mu50) 32
Bacillus subtilis 168 8
Bacillus subtilis HS17 MinD-GFP 2

E. faecalis 16

E. faecalis VRE (BM4223 plP819) 8

E. coliMB5746 128

! Ortiz-Lopez et al., 2020 (DOI:10.1002/anie.202005187)
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Figure S1. Cacaoidin (CAO, A) and mersacidin (MRS, B) induced lial-lux expression after
preincubation with PGN intermediates undecaprenyl-phosphate (CssP) or undecaprenyl-
pyrophosphate (CssPP). Whereas CAO and MRS induced lial-lux expression remains unaffected if
preincubated with CssP in a 20-fold molar excess with respect to the antibiotic (AB), preincubation
with CssPP reduced the luminescence signal for both compounds about 30%.
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- - - <,
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Figure S2. Comparative analysis of Lllpen-binding properties of CAO and MRS tested by their
influence on amidation of D-glutamic acid of the stem peptide catalyzed by GatD/MurT in vitro.
Whereas amidation reaction was unchanged in presence of CAO (product band migrating above
the more hydrophilic substrate), it was completely inhibited after addition of MRS.
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Figure S3. The accumulation of the soluble PGN precursor UDP-MurNAc-pentapeptide (UDP-
MurNAc-pp) in the bacterial cytoplasm is frequently observed for antibiotics that block late steps
of PGN biosynthesis e.g., vancomycin (VAN). S. simulans cells were treated with CAO and control
antibiotics (respectively) and analyzed via HPLC. The accumulation of UDP-MurNAc-pp is
represented by the peak with a retention time of 8.5 min in the chromatograms (A, B). Treatment
with CAO or with the translation inhibitor chloramphenicol (CAM, negative control, used to
prevent the cellular stress response) did not result in accumulation of UDP-MurNAc-pp (A),
whereas treatment with VAN (A, positive control) and MRS, known to inhibit late stage PGN
synthesis reactions, resulted in accumulation of UDP-MurNAc-pp (B). Although nisin (NIS) binds
to Lllpcy and thereby interrupts PGN production, no accumulation of UDP-MurNAc-pp is observed.
Nisin forms target-mediated pores in cellular membranes which is most likely causative for this
finding.
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Figure S4. Potassium release from S. simulans cells is induced by NIS treatment, but not observed
after addition of CAO, neither in absence (A) nor in presence of 10 mM glucose (B). 0.5xMIC NIS

corresponds to a concentration of 1 uM. 1xMIC and 5xMIC CAO correspond to concentrations of
0.2 pM and 1 uM respectively.
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Figure S5. Localization pattern of MinD-GFP indicative for alterations of the membrane potential
in response to treatment with CAO or the ionophore carbonyl cyanide m-chlorophenylhydrazone
(CCCP). CCCP dissipates the transmembrane electric potential resulting in dispersed localization
of MinD, whereas MinD clusters are localized at newly formed cell poles to prevent formation of
new division sites in control cells. Images of cells in early exponential growth phase were taken
after 2 min incubation with CCCP or CAO. Fluorescence microscopy was performed on a Zeiss Axio
Observer Z1 microscope with a 100x objective. The images were acquired with ZEN software
(Zen2) and processed with Adobe Illustrator CS5.
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Figure S6. SDS-PAGE analysis of purified S. aureus penicillin binding proteins 2 with an amino acid
mutation (S398G) in the active site of the transpeptidase domain (PBP2_mutTP; A) and 4 (PBP4)

(B). The expected molecular weights of the recombinant proteins including their affinity tags are
81159 Da for PBP2_mutTP and 49040 Da for PBP4.
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Figure S7. SPR analysis of moenomycin (MOE) (A) and CAO (B) binding to immobilized full-length
S. aureus PBP2_mutTP. Kinetic rate constants were determined by fitting the best equations
(colored curves) describing a 1:1 interaction model with drifting baseline to the experimental data

(grey curves). Insets show the binding levels plotted against analyte concentration and the course
of the graphs visualize that a plateau was not reached.
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Table S2. Overview of the kinetic and affinity data obtained by analysis of the binding of CAO and
MOE to full length S. aureus PBP2_mutTP. Different kinetic models were used to fit the crude data
and examined for consistency between the crude data and the fit. Association rate constant (ka),
dissociation rate constant (kd), equilibrium constant (Kp), half-life of ligand-analyte complex

(t1/2).

Analyte CAO MOE
1:1 binding with  |ka (M-'s) = 595 Ko=16.1puM |ka (M's')=1.44e4 Kp=0.728 uM
drifting baseline |kd (s') = 9.55e-3 t1/2 = 12 min kd (s') = 0.0105 t1/2 = 1.1 min
ka1l (M-'s™) = 306 *lka1l (M's) = 4.64e3
. kd1 (s) = 0.031 t1/2=04min |kd1(s)=0.0135 t1/2 = 0.9 min
Bivalent analyte |} 1> (\1151) = 1.84e-5 ka2 (M1 s1) = 2.3e-4
kd2 (s'') = 3.46e-4 t1/2 = 33.4 min |kd2 (s') = 1.14e-5 t1/2=16.9 h
Het ka1l (M's') = 1.07e3 *kal (M's) =1.77e4
; e eaogF?”e‘l’luls kd1 (s) = 6.83e-4 t1/2 =169 min |kd1(s')=8.07e-5  t1/2=2.4h
'ga”t. -rarallel a2 (M1s1) = 146 ka2 (M s') = 1.06e4
reactions kd2 (s) = 0.0342 t1/2=0.3min |kd2(s')=72e-4  t1/2=16 min
ka1l (M's) = 581 Ko = 16.75 uM *|ka1l (M"'s7)=1.07e4 Kp=0.01nM
Two state kd1 (s) = 0.0316 t1/2=04min |kd1(s')=9.59e-6  t1/2=20h
reaction ka2 (M-'s") = 1.45e-3 ka2 (M's) =7.82e-4
kd2 (s) = 6.48e-4 t1/2=17.8 min |kd2 (s') = 1e-5 t1/2=19.3 h
Steady state _ _
affinity Ko = 31.2 yM Ko = 1.95 uM

kinetic and affinity analysis was performed including all tested analyte concentrations
* kinetic analysis was performed for the concentration range 0.5-8 uM
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5 Discussion
"Understanding is a prerequisite for action."

Antimicrobial resistance represents a substantial threat to global health. It is an endemic condition
that increases slowly and constantly causing a high and chronic burden of disease worldwide.
Most of the estimated burden of infections with antibiotic-resistant bacteria was attributed to
hospitals and other health care settings (Cassini et al., 2019). Even though resistance is a naturally
occurring phenomenon, the widespread inappropriate use of antibiotics in humans and animals
accelerates the process of both the emergence and the spread of resistance. As a result, a growing
number of infections become harder or even impossible to treat. Among these, infections caused
by MRSA, VISA, and VRSA (vancomycin-intermediate and resistant S. aureus) strains, causing
thousands of deaths worldwide. Thus, S. aureus was ranked as a high priority pathogen by the
WHO. Antibiotic stewardship interventions, which are aimed at optimizing prescribing practices
and infection prevention are necessary to reduce the burden of these infections (Cassini et al., 2019).
Furthermore, alternative treatment options for patients infected with resistant pathogens, especially
the ones which have comorbidities or are otherwise vulnerable (infants and elderly population) are
required. First and foremost, in order to overcome antibiotic resistance we need to promote the
discovery of new antibiotics with unprecedented mode of action and resistance-breaking properties.
Additionally, novel drug targets need to be identified combined with better understanding of their
biological context and cellular function.

The attachment of glycopolymers to the cell wall during staphylococcal cell envelope
biogenesis as a putative drug target. The staphylococcal cell wall is functionalized with
glycopolymers, such as WTA and capsular polysaccharide. These structures play important roles in
cell division, maintenance of the cell shape and structural integrity and were shown to significantly
contribute to pathogenicity e.g., invasion of host immunity, adherence, cellular uptake, and biofilm
formation. Accordingly, antibiotic interference with WTA and capsule synthesis reactions, is
accompanied by alterations of the cell surface, such as the modulation of the cell surface charge
caused by the absence of anionic WTA polymers. These changes can have a dramatic impact on the
organism, such as cell division defects, increased autolysis, and increased antibiotic susceptibility.
Furthermore, WTA- and/or capsule-deficient (or depleted) strains display altered interactions with the
host immune system e.g., capsule-deficient strains display increased opsonization. The understanding
of the underlying molecular processes is a prerequisite for rational antiinfective development and
could further provide the essential foundation for deciphering the cellular consequences that arise
from the interference with respective synthesis pathways. Accordingly, an assessment of these possible
consequences could help to evaluate the potency of inhibitors or to take appropriate precautions to
improve their efficacy. The essential role of bacterial cell walls makes the cell wall biosynthesis an
attractive drug target pathway.

The cell wall of S. aureus contains a variety of glycopolymers, among which WTA and the capsular
polysaccharides are covalently linked to PGN. The underlying biosynthesis reactions generating WTA
and PGN have been extensively studied by now, but so far, investigations of capsule biosynthesis
have been limited to the reconstitution of individual steps. Therefore it is not surprising, that
many inhibitors of PGN synthesis (Chapter 2.7) and several late-stage WTA synthesis and WTA
export inhibitors have already been identified (reviewed by Sewell and Brown (2013)), while there is
only little information on potential capsule biosynthesis inhibitors. The final ligation step of cell
wall glycopolymers to the PGN backbone is catalyzed by representatives of the conserved LCP
family, which represent promising new targets for antibiotics. Biochemical analyses as well as the
identification of donor and acceptor substrates allows for the development of screening approaches
in search for inhibitors.
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LCP proteins typically hydrolyze the pyrophosphate linkage between the lipid-carrier and the
reducing-end sugar of the cell wall glycopolymer (GP) donor substrate, and subsequently attach the
phosphoryl-sugar unit to either MurNAc (e.g, in S. aureus; Figure 18, relevant residues highlighted
in pink) or GlcNAc (e.g, in S. agalactiae, Figure 9) residues of the PGN backbone. The nature of
the linkage (if known) is in most organisms a phosphodiester bond. As part of this work S. aureus
LepC was demonstrated to process all three capsular lipid precursors, and catalyze the attachment
of the respective (phosphoryl-)mono-, di-, and trisaccharide capsular glycopolymer to the PGN
precursor lipid II. Furthermore, the ligation product was shown to be a sufficient substrate for PGN
polymerization catalyzed by PBP2.

P D-MurNAc-peptide A GP
» o & e

seees Penta-glycine

g Lipid carrier

(CssP)

GP
o @
o
PGN
Precursor

Figure 18: Model for the attachment of cell wall glycopolymers (GPs) to mature PGN (A) or to a
lipid-bound PGN precursor (lipid II or nascent PGN; B) catalyzed by LCP enzymes in S. aureus. The
displayed reaction is shown with a schematic GP structure, comprising either the WTA D-ManNAc-
D-GlcNAc or a capsular polysaccharides (e.g., D-FucNAc) linkage unit. The ligation reaction involves
the S-phosphorous of the GP donor substrate and the Cg-hydroxyl group of the PGN MurNAc unit
(highlighted in pink).

From a catalytic perspective open questions arise regarding;:

(i) The nature of the acceptor substrate

(ii) The enzyme stringency versus promiscuity for the glycopolymer’s PGN linkage unit (WTA
D-ManNAc-D-GleNAc versus CP5 capsular polysaccharides D-FucNAc linker)

These question will be discussed in the following.

(i) The nature of the acceptor substrate

Given the periplasmic location of the LCP catalytic domains, the most plausible physiological
PGN acceptor substrates include mature PGN (cross-linked), nascent PGN (uncrosslinked), and/or
lipid II. Since the extension of the catalytic LCP domain is relatively short, the enzymes may
utilize only nascent PGN, lipid II, or if at all, the first few layers of the mature PGN sacculus.
The role of the PGN maturation stage for its function as an acceptor substrate. In the
present work, lipid II was shown to be a sufficient acceptor substrate for the attachment of the
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(phosphoryl-)mono-, di-, and trisaccharide CP5 capsular glycopolymer catalyzed by S. aureus LepC.
However, contradictory in vitro evidences were published each postulating another 'maturation stage’
of the natural PGN acceptor substrate of the LCP reaction. Gale et al. (2017) demonstrated that
the transfer of WTA glycopolymers to unsoluble (crosslinked) PGN was catalyzed by all of the
three B. subtilis LCP enzymes (TagT, TagU, and TagV), while ligase activity of S. auerus LCPs
could not be reconstituted in this in vitro setup or with this substrates. It should be noted that the
authors were not able to ascertain LCP activity due to their inability to determine the amount of
attached polymers in relation to the number of free C(6) MurNAc hydroxyl groups across the PGN
substrate. Therefore, respective results should be regarded critically. On the other hand, Schaefer
et al. (2018) established a method to generate crosslinked S. aureus PGN of defined composition
and excluded crosslinked PGN as the physiological acceptor substrate (demonstrated for S. aureus
LcpB and B. subtilis TagT). All attempts of other groups to reconstitute the transfer of WTA
glycopolymers to lipid IT by LCPs (S. aureus LepA or B. subtilis) failed until now (Gale et al.,
2017; Schaefer et al., 2017). Contrary to these findings, work enclosed in this thesis revealed that
S. aureus LepC efficiently catalyzes the attachment to lipid II. Potential explanations could be
that they used truncated enzyme constructs lacking the predicted transmembrane helix and did
not reconstitute a membrane interface during activity analysis, which might be required for the
function and correct positioning of these proteins. Indeed, protein-lipid interactions are known
to play crucial roles for structural and functional integrity of membrane proteins. Relevance of
the polyisoprenoid portion of the cell wall glycopolymer precursor. All substrates used
in this work comprised the natural undecaprenyl (Cs5P)-lipid portion which might be required to
completely assess LCP activity. Schaefer et al. (2017) used shortened synthetic lipid II variants
(heptaprenyl (C35)-, or tetraprenyl (C20)-lipid) as acceptor molecules and hexaprenyl (C35)-bound
WTA intermediates as donor substrates. Although some of the results of Gale and coworkers should
be evaluated critically, they demonstrated that the substitution of the undecaprenyl-lipid moiety of
the WTA intermediate with tridecane abolished LCP activity, indicating that the polyisoprenoid
moiety of the donor molecule is required for catalysis. The geometric configuration and number
of isoprene units of the synthetic hexaprenyl-coupled WTA intermediates used by Schaefer et al.
(2017, 2018) differ from the physiological undecaprenyl-coupled substrate , but they are identical if
one focuses on the first three isoprene units. Since LCPs were shown to process hexaprenyl-coupled
WTA intermediates, it was proposed that the key interaction between LCP enzymes and the donor
substrate occur in the region of the polyisoprenoid lipid proximal to the pyrophosphate moiety.

The sequence of events of the final steps in S. aureus cell wall assembly. Final events
of the S. aureus cell wall assembly were proposed to take place as follows, uncross-linked PGN is first
made, than modified with WTA, and subsequently cross-linked (Schaefer et al., 2018). Furthermore,
Schaefer et al. (2017) pointed out that neither lipid II nor the nascent PGN tetrasaccharide (lipid
II-[MurNAc(-stem peptide)-GlcNAc|z), even though the latter was demonstrated to serve as a
sufficient substrate for WTA transfer in vitro, pose physiologically relevant substrates for LCPs, since
the respective ligation products could not be processed by PGN glycosyltransferases. The authors
reasoned that the Cg-hydroxyl group of the MurNAc unit of Lipid II (site for GP attachment) points
directly into the active site of the monofunctional S. aureus glycosyltransferase SgtB, and that the
presence of a large glycopolymer at this position would prevent substrate binding and thus block
PGN polymerization. Since the active site cleft of SgtB and other PGN glycosyltransferases are
quite long, MurNAc Cg-hydroxyl groups would not be exposed until at least a PGN hexasaccharide
(lipid II-[MurNAc(-stem peptide)-GlcNAc]g) has formed. Interestingly, while Walker and coworkers
ruled out lipid II ligation products as suitable substrates for PGN glycosyltransferases, work enclosed
in this thesis demonstrated that lipid II ligation products were efficiently processed by the S. aureus
glycosyltransferase PBP2. An observation that could revise the sequence of final cell wall assembly
events in S. aureus as follows, the PGN precursor lipid II is modified with glycopolymers, and
subsequently polymerized and cross-linked.
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(ii) Enzyme stringency versus promiscuity for the glycopolymer’s PGN linkage unit

The question arises why lipid II is a suitable acceptor substrate for the transfer of capsule saccharides
catalyzed by LepC in vitro (this work), while it was not for the transfer of WTA saccharides catalyzed
by LepA (Schaefer et al., 2017). Potential reasons for this observation are I) lipid II can only serve
as an acceptor substrate for WTA ligation if appropriate reaction conditions are provided, including
a full length protein, native substrates, and mimicry of a membrane interface, or II) the structural
differences between the acceptor binding sites of LepA and LepC are decisive for substrate specificity.

Identification of potential structural features causal for differential substrate speci-
ficity of LcpA and LcepC. Until now attempts to crystallize S. aureus LepC failed, but comparative
analysis of known LCP 3D structures could help to identify key residues essential for substrate
binding, substrate specificity as well as catalysis, and further provide the basis for mutational
analysis. Phyre2 models were generated based on LcpCs amino acid sequence and the crystal
structures of LepA in complex with octaprenyl-pyrophosphate-GleNAc and the apo (ligand-free)
TagU (Figure 19). Both of the created LepC models matched the respective protein template with a
confidence of 100%. A confidence of >90% suggests that LepC actually adopts the overall fold of the
template structure and that the protein core is modeled at high accuracy (2-4 A root-mean-square
deviation (RMSD) from the native, true structure). The likely accuracy of a model is defined by
the percentage identity (% i.d.) between a sequence and the template. In case of extremely high
accuracy models this number is above 30-40%, which is the case for LepC modeled to TagU with
a % i.d. of 43%. However, even at lower sequence identities, models can still be very useful if the
confidence is really high, which applies for LcpC modeled to LepA with a % i.d. of 25%. Considering
the high similarity between LepA and TagT (3.22 A over 216 residues), the former shows a relatively
low overall structural similarity to TagU with a RMSD of 5.6 A for 222 Ca atom'* pairs, indicating
regions of significant difference. Comparison of just the highly conserved active-site residues shows a
closer matched RMSD of 2.02 A for 10 Cor atom pairs 5.

Complementary to this, the overall comparison of Ca pairs of active site residues of LcpA and
other LCPs revealed the highest similarity to TagT complexed with Cgzg-PP-GlcNAc-ManNAc with
a RMSD of 0.85 A (F. K. K. Li et al., 2020). The comparison of the LcpA and TagU structures
can provide information about which domains of LcpC have been modeled with a higher degree of
certainty and which should be considered with caution. When comparing the active site surrounding
regions of LepA and TagU, the most prominent differences occur in region B (red), where LepA
displays a large loop and TagU contains a double-stranded [-sheet (see Figure 20A). Unfortunately,
the resolution of region D (green) and especially region A (blue) is poor for the TagU protein crystal.
Presumably, the electropositive entrance of the binding pocket becomes harder to observe when the
guanidinyl groups of the conserved active site arginines are not localized by a pyrophosphate group
(F. K. K. Li et al., 2020). This is the case for apo TagU, whereas the regions were resolved for LepA
in complex with Cy49-PP-GlcNAc. For further evaluations, the structures of LecpC modeled to either
TagU (LepCr) or LepA (LepCy) via Phyre2 were superimposed (Figure 19B). The most prominent
differences occur again in region B (red), with the presence versus the absence of a double-stranded
B-sheet, but also in region A (blue), with a short a-helix versus a flexible loop, for LepCyp and
LepC 4, respectively. The active site residues of LepA (R99, blue; R216; R122; R227; R218 and D224,
pink; D101) surrounding the pyrophosphate moiety of the C4o-PP-GlcNAc are conserved in LepC
(Figure 20A). As one can see the orientation of the modeled LepC residues is similar to the ones of
LepA, except for residues R208 (pink) and D92 in the LepC 4 structure which face into the complete
opposite direction. A shallow pocket was described for LepA to accommodate the N-acetylgroup of
the donor substrate’s saccharide moiety. The residues which outline this pocket show only a low
conservation in the LepC structure (Figure 20B) and the putative binding pockets of the LepC models

MPirst carbon atom attached to a functional group, in case of amino acids the central carbon atom represents the
Ca atom. Protein backbones are structurally compared by their Ca atom coordinates.

5The 10 highly conserved active-site residues of LepA are D77, R90, D92, R113, D114, K127, R206, R208, R216,
R219
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Figure 19: Structural comparison of S. aureus LepA, B. subtilis TagU protein crystals, and respective
models of S. aureus LepC. Superimposed ribbon structures of S. aureus LepA in complex with
Cy0-PP-GlcNAc (yellow) and B. subtilis apo TagU (A). The active site of LepA is surrounded by
four regions, designated A (blue), B (red), C' (pink), and D (green) and respective regions were
highlighted in the other structures accordingly. Based on the protein crystals of S. aureus LepA
and B. subtilis TagU, high confidence structure models were generated for S. aureus LepC via the
Phyre? software and superimposed (B). Heteroatoms of the ligand are colored by type oxygen, red;
phosphorus, orange; nitrogen, blue.

generally appear longer. The physiological substrates (WTAs and capsular polysaccharides) of LCPs
would contain further saccharide moieties extending from the N-acetyl group. Low conservation
of this region in addition to the observation that the position of the saccharide moiety is mainly
stabilized by hydrophobic and van der Waals interactions (F. K. K. Li et al., 2020) could indicate a
certain flexibility of that region towards different lipid-linked pyrophosphate saccharide substrates.
Since LCPs are commonly found complexed with pyrophosphorylated lipids the interactions between
protein residues and the lipid as well as the pyrophosphoryl part, might be sufficient for binding.
This observation might also explain their (semi)redundant roles in attachment of different anionic
polymer precursors in vitro and in vivo (single lep gene knock outs can be compensated by other LCP
enzymes). The PGN binding groove of LCPs is proposed to be outlined by regions A (blue), C (pink),
and D (green, Figure 19 and 20C, F. K. K. Li et al. (2020)). The conserved arginine residue R99
of LepA (corresponding to R90 in LepC) is proposed to be involved in PGN binding and expected
to shift in the event of binding a divalent cation (Schaefer et al., 2018). The orientation of this
arginine is similar in LepA and LepCy (Figure 20C), while in case of LepCy the orientation of the
arginine residue is different. However, this part of the predicted structure could be inaccurate since
this region was not resolved for the TagU template. The region D (green) is often found enriched
with aromatic residues and its importance for PGN binding was already highlighted in chapter 2.6.
Interactions between the protein residues and the PGN saccharides are presumably aided through
carbohydrate-aromatic interactions. While region D of LecpA contains only one aromatic residue
(Y297, green), LepC contains three (Y294, Y295, and F296; turquoise; Figure 20C)). The higher
amount of aromatic residues in the putative PGN binding site (highligted with a pink circle) might
facilitate a stronger interaction and, therefore, enable the binding of the lipid II disaccharide by LcpC.
Interestingly, the other residues proposed to facilitate binding of PGN in LcpA are D123, K135, and
N137, are, except for the latter, conserved in LepC (D114 and K127, respectively), and could also
enable binding of PGN from the predicted spatial orientation of the residues. Overall the LcpCy
model might allow more reliable predictions than the LepCy model, due to the superior resolution
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Figure 20: Evaluation of the putative structure and active site of S. aureus LepC. High confidence
models were generated using the amino acid sequence of LepC and the protein crystals of S. aureus
LcpA in complex with Cyo-PP-GleNAc and B. subtilis apo TagU via the Phyre2 software. Selected
active site residues of LepA, LepC modeled to either LepA (LepCa) or TagU (LepCyry) are displayed
in the columns from left to right. The 'putative’ active site residues involved in binding of the
pyrophosphate moiety of the donor substrate (A), the saccharide moiety of the donor substrate
(B), and the PGN acceptor substrate (C) are depicted as sticks. Pink circles indicate the putative
location of the saccharide moiety of the PGN substrate.

of the active site of the LepA template structure, the observation that structure rearrangements
within the TagU protein crystal resulted in the collapse of the lipid-binding site, and the fact that
there is more mechanistic data available for LepA.
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The substrate preference of LcpC might be facilitated by membrane activator, phos-
phodiesterase and putative polysaccharide co-polymerase CapAl. Ligand-bound LCP
crystals have not yet been able to clearly show how the PGN precursor lipid II is discriminated
from the WTA intermediate within the substrate binding site. One hypothesis is that the presence
of the stem peptide sterically prevents binding of lipid II to the LCP donor substrate binding site.
The substrate preference might also be facilitated by another enzyme that delivers the lipid-bound
cell wall glycopolymer intermediate and returns Cs5-P to the membrane for further synthesis cycles.
CapAl represents a potential candidate for this role in S. aureus, since it was demonstrated to
enhance LcpC’s activity, indicating cooperative function of these enzymes. Of note, LCPs also
cleave lipid-bound glycopolymers by themselves. The current hypotheses suggest a multifaceted
role for CapAl, not only as part of the CapAB BY-kinase complex in the regulation of enzymes
involved in polysaccharide synthesis by reversible protein phosphorylation, but also by cooperative
interaction with LcpC to modulate the attachment of capsular glycopolymers. Further, CapAl
belongs to the polysaccharide co-polymerase (PCP) family, suggested to interact with cell wall
machineries dedicated to the export, polymerization, and modal length determination of extracellular
polysaccharides. Sequence comparison and 3D predictions via Phyre2 revealed a high structural
similarity of CapAl to the E. coli co-polymerase WzzB, with 87% of the CapA1l sequence being
modeled with 100% confidence to WzzB (193 of CapAl residues corresponding to 87% coverage),
despite an overall low sequence identity of 14%. WzzB is one out of three components of the
Wzy-dependent polysaccharide biosynthesis pathway, in which O-antigen or enterobacterial common
antigen polymers of gram negative bacteria are synthesized at the inner membrane. The other two
integral membrane proteins comprise the flippase Wzx (the S. aureus Wzx-like flippase is Cap5K),
that flips the lipid-bound oligosaccharides from the inner to the outer leaflet, and the polymerase Wzy
(the S. aureus homolog is CapbJ), that polymerizes the oligosaccharides into longer polysaccharide
chains (Stahle & Widmalm, 2019; Wiseman, Nitharwal, Widmalm, & Hoégbom, 2021). WzzB was
demonstrated to modulate the length of the growing polysaccharide chain (Kalynych, Ruan, Valvano,
& Cygler, 2011; Kalynych, Yao, Magee, & Cygler, 2012) and crystal structure analysis shows it
(homo)oligomerizes into a unique bell-shaped structure (Figure 21A) composed of eight identical
protomers (Figure 21D) that form a circular octameric supercomplex (Figure 21E). The periplasmic
base and linker region, the transmembrane (TM) domain, and a-helix a0 of WzzB (Figure 21B)
were suggested to mainly play a structural role in the correct protein folding, in the interaction with
Wzy, and the Cs5-PP-linked O-antigen, and in stabilizing of the Wzy-dependent supercomplex and
are conserved in the CapAl model (Figure 21B and C). CapAl also contains many of the conserved
residues of the PCP family of proteins, proposed to fulfill important roles for correct positioning,
stabilization, and activity of the super complex, such as K31 (K16 or K19 in CapAl), P293 (P169 in
CapAl), K294 (K170 in CapAl), and the GXXXG motif (GAFFLG in CapAl). On the other hand,
the long periplasmic upper part of WzzB (light-green) containing a-helices a6-8, as well as the 1.4
loop (yellow, Figure 21B and D) is missing in CapAl. The hollow L4 loop, located on the inside of
the cavity (Figure 21E), is conserved in most PCPs and is required for chain length determination of
the growing polysaccharide and synthesis of long polysaccharide chains (Kalynych et al., 2011, 2012;
Wiseman et al., 2021). According to docking studies, the eight central L4 loops might create a pore
that could accommodate a single polysaccharide and Wiseman et al. (2021) suggested that once the
growing polysaccharide reaches the top of the periplasmic domain, it is captured by the L4 loops,
which somehow stabilize the association with Wzz and allows continues elongation of the polymer.
The WzzB structure supports the hypothesis that the Wzy polymerase and Wzz co-polymerase must
work in close contact in order to modulate growing polysaccharide chain length.

It is very likely that also CapAl monomers form an octameric structure, since many of the
structure determining residues of the PCP protein family are conserved in CapAl, suggesting that it
could adopt a similar overall fold as WzzB, except for the upper part of the periplasmic domain.
Furthermore, the crystal structure of a CapAB chimera, comprised of the cytoplasmic tyrosine
kinase CapB2 and the C-terminal activator domain of its cognate transmembrane modulator CapA1l
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Figure 21: Structural comparison of a high confidence S. aureus CapAl model with the template
crystal structure of the circular octameric co-polymerase WzzB complex, which is a component of the
Wzy-dependent lipopolysaccharide biosynthesis pathway in E. coli. A, Side view of the full-length
octameric WzzB complex (light blue) with the periplasmic side at the top and the cytoplasmic side
at the bottom. Alignment of the CapA1l model (highlighted in pink) and a single WzzB protomer
(template structure, displayed in green). B, Isolated and superimposed structures of the single
WzzB protomer (green) and the CapAl model (pink). Prominent structures are highlighted and
labeled. Comparison of the CapAl model (C) and WzzB protomer (D), shows that the a0, the
transmembrane (TM) domains and the periplasmic linker display high structural similarity, whereas
the long periplasmic upper part of WzzB (light-green) containing a-helices a6-8, as well as the
conserved L4 loop (yellow) of the polysaccharide co-polymerase family is missing in CapAl. In
contrast, CapA1l displays a loop (L, yellow) at that position. E, Top view of the circular octameric
WzzB complex looking down from the periplasmic domain. The highly flexible L4 loops located at
center of the complex are suggested to create a pore at the top of the periplasmic domain, which
could accommodate and stabilize single polysaccharides and enable continued elongation.

(residues 197-222 of Cap5A1 linked to residues 1 to 215 of CapB2), reveals a ring-shaped octameric
conformation. This arrangement was demonstrated to allow intramolecular autophosphorylation
of the subunits before dissociation of the cytoplasmic kinase domains (Olivares-Illana et al., 2008).
F. K. K. Li et al. (2020) observed the formation of decameric LepC, although truncated protein
variants which lacked the transmembrane domain were used. The direct interaction of LepC and
CapAl oligomers might facilitate the transport of lipid-linked WTA /CP from the membrane to
the hydrophobic pocket of LCP enzymes. In addition to the putative structural features of CapAl,
that suggest a cooperative interaction with LepC, CapAl was further demonstrated to have a novel
and unexpected hydrolase function. This hydrolase function is most likely situated within the
periplasmic part of the protein. In direct comparison to WzzB the upper periplasmic part of the
CapAl model is replaced by another structure, referred to as Lg loop (yellow, Figure 21C and,
for a close up, 22B), and it is tempting to narrow the location of additional hydrolase function
down to this region. CapAl catalyzes the cleavage of the pyrophosphate linkage of the WTA and
CP5 Cs5-PP-coupled glycopolymer precursors, preferentially over lipid II, and might govern the
correct localization of the capsule synthesis machinery, thereby integrating the precursor transport
and capsule polymerization. This ability of CapAl was suggested to provide a rescue mechanism
against toxic dead end accumulation of lipid bound cell wall intermediates in a triple Alcp knockout
strain. Interestingly, although CapAl was shown to cleave lipid-linked WTA precursors in vitro, its
activity appears to be insufficient to compensate the lethal effects of late stage WTA inhibition in
vivo (S. Brown, Maria, & Walker, 2013). Presumably, the catalytic site of CapA1l phosphodiesterase
activity is extracellular, so CapAl has no access to the cytoplasmic intermediates of the WTA
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pathway and, therefore, cannot relieve growth-inhibitory attributes of inhibitors or lethal gene
deletion in the WTA synthesis cluster. Despite a high sequence and structural similarity of CapA1l
(encoded within the cap5 operon) to the CapA2 paralog (encoded outside the cap operon, in close
proximity to the ica operon; Figure 22), the latter was unable to hydrolyze pyrophosphate linkages.
The most prominent differences in the modeled CapA1l and CapA2 structures occur in the positioning
of the L 4 loop, which is enlarged and appears to be more flexible in the case of CapAl, suggesting
the loop is relevant for the hydrolase function. In addition to the findings that CapA2 is able to
sense the extracellular polysaccharides PNAG and CP5, which results in decreased activation of the
CapB2 kinase, while CapAl is not, it is tempting to assume they sense different signals and pose
different physiological significance.

10

[E; [:) 6xbg Rﬂﬂi ﬂﬁﬂjﬂj&ﬂﬂ(ﬂl 20000 —_
\ 1

1145 6rbg  MRVENNNVSGQNHDPEQIPPBIDTLYQRWRG . QMTTHTsVIVATA|. LATG Ts

Q144 / CapAl .ttt WTKIKEVIAQK| L ILILPLLFLII IVTFE‘ L IYOA

;k/\ CapA2 BvkLLNIAKKN TR LR TCL v VisAA LT yTlA

K148 | g1 o3 11 o4 o5
| 6rbg .=  TTT 000...00000....0 20..2 20000
| 60 70 80 90 100
|

6rbg  .[EAHITOPDVGQIAGY...NNAMY. ...VIf]GQ. .AAKV. SDLOETLIGRFEJSAFSALA
CapAl NEOMLVNQTKGDNPQFMAQEVQSNIQLVNT){KEIVKS|JRILDEVSKDLNDKYPSKLSSM
VNI

CapA2 SO MKKSS.SDLAFQNVQSSLOSVNTMTEI IKS{ERILDKVSREFDGQYHTAELNSF
T144
S$155 B2 B3 a6 ol
6rbg T —_— —_— 00000000000000 0000000
110 120 139 149 150 160

6rbg  ETLDPIEEREKLTIEPSVKNQQLPLTVSYV| QTA GAQMKLAQYIQQVDD NOELEJFDL
CapAl LTITPIENTQLINIQVKS............GHKQDSS .. ........... TANSFAS. .

F137 CapA2 LKVTR[ITNSQIITVISVTT............ NKS s ............. D TVNKIS|

..

a8
6rbg 0000000 0000 00000000000000000000000000

170 180 1e0 200 210 220
6rbg  KDNIALGRKNLQDSLRTQEVVAQEQKDT RI Q TQEALQYANQAQVTKEOHOOTGEDITOD
CapPAl v oe et VTSKQTL L
CADA2 o it FA e iR

n2 ol0 all al2 B4

6rbg 00000 0000 0000 TT 0000000000000 —_—
230 2740 250 260 279 280
D143 6rbg TLFLLGSEALESMIKHEATRPLVFSPNYYQTRQNLLDIES[ K i A‘IRYVMKPMLP
L SHL. . ... DGT
CADAZ  © ottt e s T L ..... SSAHDN

K135

6rbg auc ac
290 mn 310 330 340

6rbg  [TRRDSEKKATTRILAVLE] GI LRNYNAKEFRVPGSHHHHHHHH
CapAl VAEKTVVNAIGAFFL v LIYIFEK ..................
CapA2 VSIHIVSVNIAVISII 1 L ILIIFLKBLLDKR ..................

Figure 22: Sequence and structure comparison of S. aureus CapAl and CapA2 modeled to a single
E. coli WzzB protomer. A, The superimposed CapAl (pink) and CapA2 (blue) models display a
high similarity, except for the L 4 loop region (yellow and orange, respectively). Close up of the Ly
loop structures of CapAl (B) and CapA2 (C), where non-conserved residues are depicted as sticks.
D, Sequence alignment of WzzB (6rbg, PDB accession number), CapAl and CapA2. Sequence
similarities are highlighted and secondary structure elements of the WzzB template are displayed.

Novel versus validated drug targets

In a recent study by F. Li et al. (2020), the role of LepC, which was found to be overexpressed in
a S. aureus COL adapted to high levels of oxacillin, was observed and LcpC was demonstrated to
contribute to antimicrobial resistance and pathogenicity. The deletion of lepC' showed increased
sensitivity to S-lactams in VISA, MRSA and MSSA strain backgrounds, and consequently, displayed
decreased pathogenicity in the host (F. Li et al., 2020). The LcpC protein functions at the interface
of two highly interlinked cellular processes, i.e. PGN and capsular polysaccharide synthesis (and to
some extent also WTA). Although S. aureus LCPs were attributed to possess functional redundancy,
the absence of LcpC was shown to cause severe morphological changes, characterized by deviant
cell shapes and hollowed cell envelopes. The morophological defects, probably caused by impairing
cell envelope biosynthesis, were especially pronounced in the AlepC S. aureus Mub0 VISA strain.
Furthermore, LepC deficiency caused attenuation in pathogenicity in a mouse septic shock model with
oxacillin treatments. Therefore, LcpC appears particularly suitable as an effective target for drug
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development, since it has a confirmed role in the pathophysiology of S. aureus infections. However,
the understanding of the underlying molecular mechanism of the LCP reaction and its in wvitro
reconstitution provides the foundation for future screening approaches, as well as crystallographic
analysis, computational modeling, and binding kinetics, and future analysis of potential interaction
partners.

History showed that the selection of putative new targets alone is not the most expedient approach
for drug discovery. Although, the exploitation of new drug targets poses several advantages, such as
limited cross-resistance with existing therapeutics, a targets presence alone is not always sufficient to
ensure the desired spectrum of a drug. The efficacy of a drug can be hampered by e.g. permeability
issues and efflux systems, especially in gram negatives, not to mention pharmacokinetics or aspects
of human physiology. In fact, the amount of appropriate molecular structures that are targeted
by commonly used antibiotic therapeutics is limited and, with regard to this, an era of genomic
approaches to search for novel unexploited targets began in the 1990s. It turned out that such target-
based approaches were unproductive. The rising difficulties were subject to many reviews and reports
(Chopra, 2012; Gwynn, Portnoy, Rittenhouse, & Payne, 2010; Payne, Gwynn, Holmes, & Pompliano,
2006; Silver, 2011; Tommasi, Brown, Walkup, Manchester, & Miller, 2015), but the major obstacles
were the rapid development of resistance towards single enzyme targeting drugs and the insufficient
target accessibility for the inhibitor (D. G. Brown, May-Dracka, Gagnon, & Tommasi, 2014; Silver,
2011; Tommasi et al., 2015). A thorough understanding of the cellular routes and functions is a
prerequisite for the identification of suitable antibacterial targets and of vital importance for the
development of novel antibiotics. According to the multitarget hypothesis, the essence of most
successful systemic monotherapeutic agents is the interference in multiple gene and pathway products
and causal for a low level of endogenous single-step resistance (Brotz-Oesterhelt & Brunner, 2008;
Silver, 2007, 2016; Silver & Bostian, 1993). Monotherapeutic treatment of antibacterials targeting
only single essential enzymes frequently results in the development of single-step resistance in vitro
and in the clinic environment, with few exceptions (i.e., fosfomycin), while the major type of clinical
resistance towards multiple target agents is caused by horizontal gene transfer. Most multi targeting
antibiotics have nonprotein targets like the ribosomal RNA, cell wall synthesis intermediates or
membranes. The few classes of antibiotics with proteinous targets, where similar observations could
be made, are the -lactams and the fluoroquinolones, which are known to target multiple enzymes.
The observations made with the focus on the discovery of novel target structures have demonstrated
the indispensability and value of the classical and validated target structures, such as lipid II and
PBPs, which are essential for PGN synthesis and cell viability. Therefore, new therapeutics that
attack the classical validated targets should also be sought using novel chemical structures (Lange,
Locher, Wyss, & Then, 2007; Payne et al., 2006; Silver, 2016). To increase the success of novel-target
based drug discovery, the propensity of single enzyme inhibitors to rapidly select for resistance is
a potential problem that must be considered. LCPs represent enzymatic targets and S. aureus
contains three LCP homologs that show some degree of functional redundancy. In accordance with
the multi-target hypothesis, resistance development towards LCP-targeting drugs could be hampered
by the fact that all three enzyme target would need to be mutated. If LCP inhibitors alone might
not have the desired long-lasting antimicrobial effect, it might be effective in synergy with other
antimicrobial agents, such as §-lactams. The advantage of a combinatory treatment would be that
this form of therapy could re-sensitize resistant strains, as in the case of a LcpC deficient MRSA
strain, which showed increased sensitivity towards S-lactams (F. Li et al., 2020). Inhibition of LCPs
would interfere with capsule formation and anchoring of wall teichoic acid glycopolymers, unmask the
bacterial surface, and could facilitate recognition by the innate immune system as well as antibody
binding (Rasko & Sperandio, 2010).

There are numerous target identification strategies, but all are based on two principles either the
targeted discovery or target deconvolution. In the first case potential targets are identified (such
as LCP enzymes), compounds are subsequently screened for binding to these targets, and further
analyzed if they elicit the desired effect. In the case of target deconvolution an efficacious drug with
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desired activity is already in hand and target identification takes place retrospectively. There is
no requirement to know the molecular target of a drug for its approval, because major concerns
primarily apply to the safety and efficacy of a drug. Accordingly, there are a number of approved
drugs for which the mechanism of action is (or was by the time of approval) unknown, such as
the last resort antibiotic daptomycin. However, knowing the molecular targets of an antibiotic has
several advantages, that greatly facilitates the drug development process, because it enables e.g. the
rational design of derivatives and new molecules to improve potency and safety profiles.

Cacaoidin, first-in-class lantibiotic interfering with validated drug target structures

CAO was discovered from, culture extracts of S. cacaoi screened for antimicrobial activity. The
extracts showed potent activity against S. aureus MRSA strains and other gram positive pathogens
and CAO was identified to be the bioactive compound. Therefore, target deconvolution was initiated
for CAO, which was particularly intersting due to the unique structural features of the compound.
This work demonstrated that CAO binds to the PGN building block lipid II, a feature commonly
reported for other representatives of the lanthipeptide family and additionally interacts directly with
the S. aureus PGN transglycosylases PBP2 and SgtB, a property that has been primarily attributed
the natural product family of moenomycins so far. The interference with PGN synthesis by direct
interaction with lipid II and binding of the catalyzing transglycosylase both represent validated
target structures of successful antibiotics. It would further be interesting to decipher how the unique
structural features of CAO contribute to its dual mode of action and antibiotic activity and if the
two functions can be structurally dissected. CAO is an amphiphilic glycolanthipeptide containing
mainly hydrophobic amino acids and a unique disaccharide moiety. Two sulfured bridges (NMesLan
and AviMeCys) are located one at each extreme of the molecule. Besides one tertiary amine, which
is a functional group of the NMesLan residue, no other ionizable groups are present in the molecule.
At pH 7.5 or lower, the major CAO species (probably >98%) will be the +1 charged ones, due to the
presence of the tertiary amine (pK, is around 9.5-10.5). All of these features facilitate the solubility
of CAO in organic solvents as well as in water.

CAO-lipid II binding depends on interactions with the phosphate-sugar moiety of
the PGN precursor. The high content of hydrophobic amino acids in CAO suggests that an
interaction between lipid IT and CAO is mainly hydrophobically driven, and could possibly also aid
to the anchoring of CAO to the membrane. On the other hand, the weakly charged dimethylated
N-terminus of CAO (+1, at physiological pH or lower) could interact with the pyrophosphate linkage
of lipid II. Structural information on lipid II-binding lantibiotics revealed that the pyrophosphate
moiety in lipid IT and the conserved ring motifs in nisin-type and mersacidin-type lanthipeptides are
the primary interaction sites (Hsu et al., 2003, 2004; Medeiros-Silva et al., 2018). In the case of nisin,
the amino protons of the N-terminal rings A and B directly bind lipid II at the pyrophosphate group
via hydrogen bonds. The mersacidin-lipid II binding motif comprises an essential Glu residue within
an Abu-X-Glu-Ala amino acid conformation (Figure 17), where Ca?* ions are thought to bridge
the Glu side chain to the negatively charged pyrophosphate moiety of lipid II (Bottiger, Schneider,
Martinez, Sahl, & Wiedemann, 2009; Hsu et al., 2003). Accordingly, the activities of mersacidin and
related lantibiotics, which are either negatively charged or carry no net charge, are often enhanced
by the presence of divalent cations (Bottiger et al., 2009). Furthermore, achieving an overall positive
net charge could also facilitate the interaction with bacterial membranes. The conserved ring
motifs of nisin- and mersacidin-type lantibiotics (Bottiger et al., 2009) are absent in CAO and CAO
activity was found to be completely independent of the presence of divalent cations. Antagonization
experiments, in which different undecaprenyl-containing cell wall intermediates were tested for their
ability to antagonize CAOs antimicrobial activity, showed that the undecaprenyl-phosphate moiety of
lipid IT alone is not sufficient for CAO binding and further involves the first sugar residue of cell wall
lipid intermediates. The disaccharide moiety as well as the two aromatic amino acids (Tyr and Trp)
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of CAO might also be involved in the interaction with lipid II, i.e. via carbohydrate-carbohydrate
and carbohydrate-aromatic interactions, reported for the recognition of saccharides by proteins
(Asensio, Arda, Canada, & Jiménez-Barbero, 2012; Hudson et al., 2015).

Structural aspects of moenomycin GT inhibitors might provide insight on the CAO-
GT interaction. Besides binding to lipid II, CAO was shown to interact with the S. aureus PGN
glycosyltransferases (GTs) PBP2 and SgtB. We proposed that CAOs disaccharide moiety could
function as a lipid II-disaccharide mimic and therefore represent a key feature for the binding of GTs.
The only known natural products specifically inhibiting GTs are members of the moenomycin family
(Goldman, Baizman, Branstrom, & Longley, 2000; Ostash & Walker, 2005, 2010; Welzel, 2005).
Moenomycins bind to the catalytic site of GTs. In order to elucidate the mode of action of CAO,
we assume that the catalytic site might be blocked in a similar fashion. Therefore the structure
and potential key residues for an interaction were compared. Moenomycins mimic the §-1,4-linked
MurNAc-GleNAc-chain of lipid II and, thus, compete with the natural transglycosylase substrate.
Moenomycin A (MOE) is the founding member of the moenomycin family and is comprised of a
pentasaccharide (ring nomenclature B-F) with a C25 isoprene chain attached to the reducing sugar F
via a phosphoglycerate unit on one end and a cyclopenenone (ring A) on the other. Crystal structure
analysis of MOE bound to GTs (both PBP2 and SgtB) revealed the engagement of hydrogen bonds
between catalytically essential amino acid residues of the active side and the oligosaccharide part of
MOE (Gampe, Tsukamoto, Doud, Walker, & Kahne, 2013; Heaslet, Shaw, Mistry, & Miller, 2009;
Lovering, de Castro, Lim, & Strynadka, 2007). MOE competes for the GT donor site with the
elongating glycan chain (Derouaux, Sauvage, & Terrak, 2013).

PBP2 and SgtB both belong to the PGN glycosyltransferase protein family GT51, which are
membrane bound murein polymerases and contain five signature motifs (I to V, or according to
Punekar et al. (2018) additionally motif 0, motif IVa and motif IVb), which comprise residues for
lipid II binding and catalysis (Figure 23A). PBP2 has two putative catalytic glutamic acid residues
E114 and E171, which are conserved in SgtB (Lovering et al., 2007).
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Figure 23: (A) Multiple sequence alignment of peptidoglycan GT domains in mono- and bifunctional
(class A PBPs) glycosyltransferases. The pale yellow background indicates the protruding dynamic
"flap’ region in the jaw subdomain. Conserved residues are shown in white on red background, and
conservative substitutions are in red. Secondary structure of S. aureus monofunctional glycosyltrans-
ferase (SaMGT, also referred to as SgtB) is indicated above the alignment, and sequence motifs of
the GT domain are indicated below the alignment. (B) Overall structure of ligand-bound SaMGT
(SgtB). Model was made by superimposing and merging PDB ID codes 3HZS and 3VMT. The
TM-helix is colored gray and the jaw subdomain and the head subdomain are colored pale yellow and
orange respectively. MOEpon (green) in the donor site and lipid II analog (pink) in the acceptor
site are shown as stick. Magnesium and phosphate ions are shown as spheres. The residues located
at the water-membrane interface are shown as sticks, labeled and colored by atom-type. Figure by
Punekar et al. (2018).

Since PBP2 is a bifunctional PBP it possesses an additional TP domain, which is separated from
the GT domain by a short linker. Crystal structure analysis shows that the GT51 domain has an a-
helical fold and is composed of two segments, a large globular “head region”, which is next to the linker
and contains the first putative catalytic residue E114, and a small “jaw” region closer to the membrane,
and containing the second active-site residue E171 (Lovering et al., 2007). The hydrophobic base of
the jaw region is inferred to be involved in substrate recognition. Co-crystallization of PBP2 with
MOE showed that binding occurred in the cleft between the head and jaw region, by mimicking the
51,4 linkages of those of the growing glycan-chain donor. Despite being a monofunctional enzyme
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the GT domain of SgtB adopts the similar fold (Figure 23B) as in PBP2 and binds MOE in the
donor binding site (binding site of the growing sugar strand, Heaslet et al. (2009)). Furthermore,
Punekar and coworkers (2018) could show an additional MOE bound to the jaw subdomain of SgtB
and the positive cooperativity of the two MOE binding events. The additional MOE binding domain
of SgtB might contribute to the fact that higher MOE concentrations were necessary to inhibit
the SgtB reaction compared to inhibition of the PBP2 in witro activity. It should be noted that
the disaccharide unit of CAO contains a £1,3 linked 6-deoxygulopyranosyl-a-rhamnopyranoside
disaccharide, which differs structurally from the (1,4-linked MurNAc-GlcNAc-chain of the lipid II
substrate (Figure 24A and B). To evaluate if an interaction via a substrate mimic is at least plausible,
relevant binding motifs of proposed GT inhibitors were compared to CAOs structure (Figure 24).

Interestingly, positioning of the glycosidic bond or the exact identity of disaccharide
hexoses seem to be no determinants for the potency of GT inhibitors. Different semisyn-
thetical GT inhibitors have been synthesized comprising 81,2-, 51,3- or 31,4-linked disaccharides (or
mono- and trisaccharide) moieties. It was reported that the 51,2-linked E-F disaccharide portion of
MOE (TS0514; Figure 24D) is sufficient to facilitate inhibition of PGN synthesis in vitro (Baizman et
al., 2000). Based on the minimal moenomycin pharmacore, library derived analogues were generated
including T'S30663 (Figure 24E), a /51,2-linked disaccharide analogue that further possessed in vivo
activity (Goldman et al., 2000), and ACL19109 (Figure 24F), a $1,3-linked EF-mimetic, where the
carbon tail and the phosphoglyeric acid linker were replaced by a biphenyl moiety (Mesleh et al.,
2015). There have also been many efforts to develop PGN synthesis inhibitors based on precursor
analogues, which compete for the acceptor site of GTs with the natural lipid II substrate, with
compound 62 being one of the most potent in this series regarding its in vitro GT inhibitory activity
(Dumbre et al., 2012). Compound 62 is composed of a saturated C16 phosphoglycerate linked to
f1,4-MurNAc(-dipeptide) GlcNAc disaccharide, but showed only weak antibacterial activity. Even
non-carbohydrate small molecule GT inhibitors, like HTS6-8 (Cheng et al., 2008, 2010) and compound
24 (Huang et al., 2012), have been identified, and show good antibacterial activity. Interestingly, a
non-carbohydrate lipid II analogue (Compound 24, Figure 24G) showed superior inhibitory activity
than a lipid II analogue comprising a 51,4-MurNAc(-dipeptide)GlcNAc disaccharide (Compound
62, Figure 24C). The latter shows a higher structural similarity to the native GT substrate and
would thus appear to be a more potent inhibitor, which did not hold true. The structural differences
between the £1,3 linked 6-deoxygulopyranosyl-a-rhamnopyranoside disaccharide unit of CAO and
the natural GT substrate are therefore no criteria to rule out the possibility that CAO might mimic
the lipid II dissaccharide.

Apart from MOE and MOE-derivatives, there is evidence that semisynthetic glycopeptide
analogues with hydrophobic substitutions, like chlorobiphenyl-vancomycin (Figure 24H), are also
capable of directly inhibiting bacterial transglycosylases. The combination of the vancomycin aglycon
and the hydrophobic chlorobiphenyl substitution enable binding of the peptidoglycan precursors
lipid II and interaction with bacterial GTs respectively (Chen et al., 2003; Leimkuhler et al., 2005),
which coincides with the dual mode of action proposed for CAO. The glycopeptide modifications
enabled activity against vancomycin resistant microorganisms, and it was shown that the compounds
retained their inhibitory activity when the D-Ala-D-Ala binding pockets were damaged (Chen et al.,
2003; Leimkuhler et al., 2005).

In the case of MOE, structure-activity relationship studies demonstrated that the lipid moiety
of MOE is crucial for antimicrobial activity and is likely to enable binding to the cytoplasmic
membrane (Anikin et al., 1999). Indeed, various molecules are able to interfere with GT activity
in vitro but hydrophobic substitutions seem to be essential for in vivo activity, presumably by
guiding the inhibitors to the site of action. Even though MOE is a very potent microbial inhibitor,
it has relatively poor bioavailability and has therefore not been used in the pharmaceutical area. If
administered orally MOE has almost no curative, protective or toxic effects reflecting its extremely
low absorption from the gastrointestinal tract (Ostash & Walker, 2010). The long C25-lipid moiety
(moenocinol) is suggested to underlie these undesired effects (Adachi et al., 2006; Ostash & Walker,
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Figure 24: Structural comparison of the disaccharide and linkage unit of lipid II to the postulated
glycosyltransferase (GT) binding motifs of CAO and known GT inhibitors. In the case of TS0514
the functional groups essential for activity are highlighted. Lipid II and analouges are displayed in
green boxes, MOE derivatives or analogues in orange boxes, CAO in purple and others in grey. R1,
L-Ala-D-Glu-L-Lys-D-Ala-D-Ala for a complete structure see Figure 16; R2, Ile-7-(D)Abu-6-Ala(S)5-
NMesgLan (Pro-4-Ala-3-Dha-2-NMeyAla(S)-1); R3, Ala-9-(D)Ala-10-Val-11-(D)Ala-12-Ala-13-(D)Ala-
14-Tle-15-(D)Ala-16-Ala-17-AviMeCys-18-Alal9-Ser-20-Trp-21-Gly-22, for a complete CAO structure
see Figure 1 of the publication in Chapter 4.2.

2010). Anyhow, MOE is still regarded as a promising lead for new antibiotics and its amphiphilic
structure comprised of a hydrophilic pentasaccharide head and a hydrophobic lipid chain, provided
helpful information for rational drug design. These findings indicate an effective GT inhibitor should
comprise only a certain amount of hydrophobic substitutions to ensure target interaction in vivo
and maintaining good pharmacokinetics. The high amount of hydrophobic residues combined with
the disaccharide substitution of CAO confer the molecule an overall amphiphilic character.
Hydrophobic substituents (in an overall amphiphilic molecule) enhance the inhi-
bition of bacterial peptidoglycan glycosyltransferase activity. The active site of GTs is
hydrophilic and interacts with the disaccharide-peptide moiety of lipid II or with the pentasaccharide
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unit in case of MOE. The adjacent surface of the active site is hydrophobic and thought to facilitate
immersion into the membrane (Sung et al., 2009). An exposed hydrophobic region close to the active
site most probably interacts with the lipid moiety of the substrate while it enters the active site
(Sung et al., 2009)). Therefore, Wang et al. (2020) postulate that effective GT inhibitors should be
amphiphilic in nature, comprising a hydrophilic moiety to interact with the active site of the enzyme
and a hydrophobic group to interact with the transmembrane region of the enzyme as well as the
membrane, which could assist the inhibitory molecule to approach the active-site pocket of GTs.
With that in mind, Wang et al. (2020) used isatins, small molecules harboring antibacterial and
moderate GT inhibitory activities (Wang et al., 2014), as a scaffold and tuned their hydrophobicity
by addition of hydrophobic groups to create a series of isatin-based amphiphilic GT inhibitors.
The results demonstrate it is feasible to generate GT inhibitors with broad-spectrum antibacterial
activities against gram positives and gram negatives and that the activities can be tuned by adjusting
the overall hydrophobicity of the amphiphilic inhibitors. Nevertheless, hydrophobicity has to be fine
tuned to maintain bioavailability, because if it is too high the molecule could enter the bacterial
cell and therefore prevent engagement with the target, which is anchored in the membrane with its
active site facing into the periplasm.

In the end, crystal structures of the individual CAO-GT and CAO-lipid II complexes are required
to pin down specific interaction sites. This could further guide SAR analysis and synthesis of hybrid
antibiotics, i.e. incorporation of CAOs unprecedented disaccharide into synthetic drugs. With regard
to the multiple target hypothesis, CAO poses an interesting candidate for this application, since it
combines substrate binding and enzyme inhibition. Substrate binding antibiotics, as opposed to
single-enzyme targeting antibiotics, have several advantages, such as that high-level resistance usually
does not readily develop, except by horizontal transfer of genes originating from the producing
organism. Anyhow, disadvantages of substrate binders are that they are often large, relatively polar
and, consequentially, have a poor oral bioavailability and cannot penetrate outer membranes of gram
negatives. The large size and inability to penetrate outer membranes are also features of CAQO, while
regarding its bioavailability no statements can be made, but the high amount of hydrophobic amino
acids would suggest it is rather low. Considering the glysosyltransferase interaction, it was observed
that CAOs antibiotic activity varied towards different gram positive bacteria, which might be partly
explained by differential GT expression or structural and functional differences in the GT subsets
among the tested strains. Actually, the latter was reported for MOE analogues (Baizman et al.,
2000; Goldman et al., 2000; Sofia et al., 1999). The selective activity of S-lactams against different
PBPs has also been observed (Miller et al., 2004). Even though enzyme inhibitors are more prone to
induce resistance development and MOE was used as a growth promotor for decades, there have
been no reports of resistance so far.

One major challenge for drug discovery is that the final evaluation of the safety and efficacy of a
drug is only possible in vivo and it is not uncommon that drugs fail in the late clinical stage, after
several years of work and resources have already been spent on the project. Improving our ability
to identify promising targets early on and understand the physiochemical properties necessary for
activity, specificity, and bioavailability might help in this regard.

Natural Products (NPs) represent the major source of oral drugs currently in use, are structurally
optimized by evolution for target interaction, exhibit lower hydrophobicity, and occupy larger
regions of chemical space compared to synthetic molecule libraries (Stratton, Newman, & Tan,
2015). Because of their genetically encoded precursor peptides, RiPPs are particularly well-suited for
synthetic biology approaches to generate novel structures (Montalban-Lopez et al., 2021). The most
challenging barrier in natural product discovery over the past decades represents the rediscovery of
already known bioactives rather than novel compounds. To eliminate this error, effective dereplication
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processes'® need to be implemented. Other drawbacks of NPs for drug discovery are that screenings

typically involve extract libraries from natural sources which might not be compatible with traditional
target-based assays as well as assessing sufficient amounts of material to isolate and characterize.

Pharmaceutical companies shift away from focusing exclusively on classical, small molecule
drug discovery marked by an in increase of approvals of biologic therapeuticc, e.g. monoclonal
antibodies and vaccines. Further, alternative approaches to narrow the antibiotic spectrum towards
a desired pathogenic bacterial population are of great interest, since broad-spectrum antibiotics
also kill beneficial bacteria and thereby accelerate the spread of resistance across multiple bacterial
species (Koyasseril-Yehiya et al., 2020). A targeted, organism-specific approach might also be
beneficial when regarding the effects of broad spectrum antibiotics on the human microbiome, often
resulting in dysbiosis and health consequences we are only starting to discover. The burden of
antibiotic-resistant bacteria on public health just recently started to measure cases of attributable
deaths and disability-adjusted life-years (DALYs).

It should be further pointed out that even new substances would need strict antibiotic stewardship.

16The dereplication process recognizes and excludes from further studies such hit mixtures that contain already
known bioactive compounds.
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