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I. Summary

Antibiotic resistance has reached crisis proportions and is a leading mortality factor worldwide. Despite 
the relevance for public health globally, the antibiotic-discovery pipeline is drying up. The reason for the 
steep decline of novel antibiotics approved is manifold and complex, including overmining of antibiotic 
sources, decreased economic attractiveness, as well as regulatory hurdles. 

Besides the identification of new antibiotic compounds, it is essential to arrive at a better 
understanding of their mechanisms of action and the cellular function(s) of the target molecule(s). Most 
successful antibiotics trigger pleitropic cellular consequences upon primary target inhibition. Under-
standing the complex antibiotic downstream effects that follow primary target attack is of utmost 
importance for rational drug development. 

Bacterial cell wall biosynthesis is historically known as a most attractive target pathway for 
antibiotic intervention. Cell wall targeting antibiotics usually inhibit enzymes or block lipid-bound 
intermediates of the multistep cell wall biosynthesis process. Among the latter, the ultimate 
peptidoglycan prescuror lipid II represents a most relevant target structure. This thesis particularly 
focuses on the mechanisms of action elucidation of natural and synthetic cell wall biosynthesis inhibitors 
from distinct chemical classes.  

Chapters 1 to 4 describe the mode of action analysis of natural products. The antibacterial activity 
of the Streptomyces-derived lasso peptide siamycin-I was shown to be based on interference with 
membrane-bound steps of peptidoglycan biosynthesis through specific interaction with the pyro-
phosphate moiety of lipid II (chapter 1). The identification of a tripartite complex of the clinically 
approved lipopeptide daptomycin with undecaprenyl-coupled cell wall intermediates and the 
membrane phosholipid phosphatidylglycerol deciphers the long-time enigmatic molecular target and 
reconciles previous controversial mechanism of action studies. In a refined model, daptomycin captures 
the essential undecaprenyl-coupled intermediates and hence blocks cell wall biosynthesis which 
consequently leads to bacterial cell death (chapter 2). The novel cyclodepsipeptides hypeptin and 
clovibactin, that both share structural features with teixobactin, block cell wall biosynthesis by 
specificially binding to multiple cell wall precursors that have an undecaprenyl pyrophosphate-moiety 
in common. Both peptides efficiently kill bacterial pathogens without detectable resistance (chapters 3 
and 4). 

Lipid II-binding antibiotics are generally large and complex natural products. Chapters 5 and 6 
describe the mode of action analysis of synthetic small molecule inhibitors. The 1-amino substituted 
tetrahydrocarbazole (THCz) class represents the first synthetic small molecule (<500 Da) lipid II binder 
described. THCz block cell wall biosynthesis by binding to undecaprenyl pyrophospate-containing lipid 
intermediates of peptidoglycan, teichoic acid and capsule biosynthesis pathways. Importantly, the 
central diamino motif of THCz was required for target interaction (chapter 5). The chlorine-substituted 
carbazole compound DCAP was previously anticipated to exclusively disrupt the bacterial membrane. 
However, the mechanism of action of DCAP was found to be more targeted and multifaceted than 
previously anticipated. DCAP binds to lipid II and undecaprenyl pyrophosphate-coupled lipid 
intermediates of wall teichoic acid and capsule biosynthesis, thereby blocking cell wall biosynthesis and 
cell division leading to strong lytic effects (chapter 6). 
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II. Introduction

The antibiotic resistance crisis 

Antibiotics are powerful medicines that fight routine and life-threatening bacterial infections, thus, 
reducing morbidity and mortality and increasing life expectancy and quality. Infectious diseases are the 
second major cause of death worldwide (Nathan, 2004). More, antibiotics are indispensable pillars of 
modern medicine as they enable surgeries, bone marrow and organ transplants, artificial joint 
replacements, and management of immunocompromised patients.   

The classes of nearly all major antibiotics in nowadays use were found during the so-called golden 
era of antibiotic discovery in the 1940s to mid 1960s (Figure 1A). This era was heralded by the discovery 
of penicillin (Fleming, 1929) and in the following years most antibiotics in todays clinical use have been 
identified, by systematic screening of soil-derived streptomycetes for antimicrobial activity against a 
susceptible bacterium grown on solid agar plates and detection of growth inhibition zones (Schatz and 
Waksman, 1944). However, this rational screening approach, termed the Waksman platform, reached 
its limits by the end of the 1960s, resulting in the rediscovery of already known compounds terminating 
the golden era of antibiotic discovery. Depending on the frequency of natural occurrence and the total 
number of screened strains, Richard Baltz estimated that since then 10 million actinomycetes strains 
would need to be screened to discover a novel class of antibiotics (Baltz, 2005). With the breakdown of 
the Waksman platform, companies focused on extending the functional lifetimes of marketed antibiotics 
by chemical modification of molecular scaffolds to bypass resistance development. However, antibiotics 
within the same class still act by a similar mechanism of action. As a result, resistance emerged soon 
after introduction on the market. The lipopeptides, with daptomycin discovered in 1987, represent the 
latest approved antibiotic class. Since then every newly approved antibiotic belongs to a iterative 
derivative of a known chemical class (Silver and Mobashery, 2014). With the technological progress 
including the ability to sequence whole genomes by the 1990s, screening approaches shifted towards 
high-throughput screenings (HTS) of huge synthetic compound libraries against conserved essential 
bacterial targets (Silver, 2011). Despite enormous efforts and investments by pharmaceutical industry 
numerous HTS programmes (e.g. 70 and 65 campaigns conducted by GlaxoSmithKline and by 
AstraZeneca, respectively) failed to deliver suitable lead scaffolds for further drug development, since 
bioactivity against whole cells beyond the direct drug–target interactions was not considered and 
physicochemical parameters were not applicable to the human body (Cook et al., 2014; Gwynn et al., 
2010; Payne et al., 2007; Tommasi et al., 2015). Importantly, most successful antibiotics are natural 
products and do not follow the Lipinski’s rule of five (Lipinski et al., 2012); criteria to which rational 
pharmaceutical compound libraries have been composited (O’Shea and Moser, 2008). Natural product 
antibiotics are often large, consist of rigid and complex chemical structures, are mostly hydrophilic, and 
have a positive net charge (Atanasov et al., 2021).  

The steady decline in the pipeline of newly discovered and effective antibiotics, the intensive 
overuse and misuse of antibiotics in healthcare and agriculture combined with improper disposal and 
environmental contamination, the acquisition of resistance via mutations in chromosomal genes and by 
horizontal gene transfer, as well as the resistance-associated persistence of drug-resistant pathogens has 
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led to a global antimicrobial resistance crisis (Berendonk et al., 2015; Harms et al., 2016; Larsson and 

Flach, 2022; Milani et al., 2019; Munita and Arias, 2016; OECD, 2020).  
According to the World Health Organization (WHO) antimicrobial resistance poses one of the 

most serious threats to public health. Drug-resistant infections were estimated to kill at least 1.27 million 
people globally each year (Murray et al., 2022) and that number increased as a result of mostly 
inappropriate antibiotic treatment of the COVID-19 disease (Pan American Health Organization, 2022). 
10 million deaths attributable to antimicrobial resitance are predicted globally per year by 2050 
accompanied by financial burden of 100 trillion USD on healthcare systems under the scenario that no 
action is taken (O’Neill, 2014). 

Pathogens that have emerged (multi)drug-resistance include members of the so-called ‘ESKAPE’ 

group (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter spp.), which are responsible for the majority of nosocomial 

infections (De Oliveira et al., 2020; Rice, 2008). These and further antibiotic-resistant pathogens of 

particular global concern (e.g. Streptococcus pneumoniae, Haemophilus influenzae, and Shigella spp.) 
were categorized in the WHO global priority list of antibiotic-resistant bacteria, also including bacteria 
responsible for community-acquired infections such as Salmonella spp., Campylobacter spp., Neisseria 
gonorrhoeae, and Helicobacter pylori (Figure 1B; Tacconelli et al., 2018; WHO, 2017). Notably, 15 of the 
18 listed drug-resistant bacteria represent Gram-negative species. In addition to this list, multidrug-
resistant Mycobacterium tuberculosis (MDR-TB) and extensively drug-resistant M. tuberculosis (XDR-
TB) are of already globally long-established priority (WHO, 2020). Notably, infections caused by 
difficult- or impossible-to-treat antibiotic-resistant bacteria are becoming increasingly common 
(Simonsen, 2018). 

To date, there is no antibiotic in clinical use to which resistance has not yet emerged. Therefore, 
one of the key recommendations is to safeguard the efficacy of new antibiotics by restricting them for 
treatments of last resort. Paradoxically, the relatively short revenue periods and low purchase prices of 
antibiotics compared to other drugs reduced the commercial interest in antibiotic research and forced 
large pharmaceutical companies to divest from antibiotic development, as sale volumes for new 
antibiotics remain minimal and thus affect profitability (Nathan and Goldberg, 2005). Currently, only 
four big pharmaceutical companies continue to develop new antibiotics (Figure 1A). Although small 
and mid-sized companies are involved in 92% of new drugs (as of December 31th, 2019) being developed 
(Dheman et al., 2020; Munos, 2009), only (partnerships with) large companies in combination with cost-
lowering interventions (so-called push incentives) have the means to process an antibiotic from its 

discovery to market approval (Cama et al., 2021; Miethke et al., 2021). According to the WHO, only 
about 14% of antibiotics in phase I clinical trials are likely to accomplish approval and the process from 
discovery to approval typically takes more than a decade and costs about 1.4 billion USD without 
marketing and surveillance costs included (DiMasi et al., 2016; McKenna, 2020). The combination of 
scientific, economic and regulatory hurdles yielded only three approved new antibiotic classes within 
the past 30 years (Figure 1A). 
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Figure 1. Antibiotic resistance at a glance. (A) The discovery of new antibiotic classes has lagged, 
accompanied by the retreat of Big Pharma from antibiotic research and development (R&D) and increasing 
occurrence of antibiotic-resistant pathogens. The discovery of a new antibiotic class is only included if at least 
one commercial product entered the market. Approval years of new antibiotic classes refer to FDA and EMA 
approvals, depending on which institution first approved the respective drug. Remaining Big Pharma with 
antibiotic R&D: Merck, Roche, GlaxoSmithKline, Pfizer. Relative resistance refers to average global resistance. 
Relative resistance within a shown decade refers to the mean of all years of the decade.1Abbreviations: PRSA, 
penicillin-resistant S. aureus; MRSA, methicillin-resistant S. aureus; PRSP, pencillin-resistant S. pneumoniae; VRE, 
vancomycin-resistant enterococci; FQRP, fluoroquinolone-resistant P. aeruginosa; CRPA, carbapenem-resistant 
P. aeruginosa; CRAB, carbapenem-resistant A. baumannii; CRE, carbapenem-resistant Enterobacterales; FQRGC,
fluoroquinolone-resistant N. gonorrhoeae, FQR, fluoroquinolone-resistant. (B) WHO global pathogens priority
list adapted from WHO, 2017.

Figure 1A was created with data obtained from various sources: Pew Charitable Trusts; ClinicalTrials.gov; U.S. 
Food and Drug Administration (FDA); European Medicines Agency (EMA); European Centre for Disease 
Prevention and Control (ECDC); Central Asian and Eastern European Surveillance of Antimicrobial Resistance 
(CAESAR); European Antimicrobial Resistance Surveillance Network (EARS-Net); Global Antimicrobial 
Resistance Surveillance System (GLASS); Centers for Disease Control and Prevention (CDC); ResistanceMap 
Surveillance Network, Center for Disease Dynamics, Economics & Policy (CDDEP); John Rex, AMR Solutions; 
Lynn Silver, LL Silver Consulting; Wellcome Trust; CARB-X; Infectious Diseases Society of America (IDSA) report 
“Bad bugs, no drugs”, 2004; Ammerlaan et al., 2013; Asensio et al., 2011; Boucher et al., 2009; Butler et al., 2022; 
Cassini et al., 2019; Chambers, 2001; Deak et al., 2016; Gould et al., 2010; van Hecke et al., 2017; Lewis, 2020; 
Livermore, 2004; McDonald, 2006; McKenna, 2020; Monnet, 2005; von Nussbaum et al., 2006; OECD et al., 2017; 
Rice, 2008; Silver, 2011; Simonsen, 2018; Spellberg et al., 2004; Stewardson et al., 2016, 2019; Tacconelli et al., 2018; 
U.S. Committee on the Judiciary, 1961; U.S. Federal Trade Commission, 1958; Ventola, 2015; Wenzel and Bandow, 
2011; Wright, 2010. 
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The bacterial cell wall as a target for antibiotics 

Most successful antibiotics interfere with biosynthesis pathways of major cellular macromolecules, 
including cell wall (and cell divisome components), nucleic acids (i.e. DNA and RNA), proteins and folic 
acids. Moreover, membrane disintegration often occurs as side-effect owing to hydrophobic parts of an 
antibiotic that interact with membrane lipids.  

Historically, cell wall biosynthesis was the first pathway attacked by antibiotic treatment and 
remains the most prominent target for antibacterial therapies. Approximately 50% of the overall 
antibiotic prescriptions, and more than 70% of intravenous clinical applications rely on cell wall 
biosynthesis inhibitors (Kresse et al., 2007).  

The bacterial cell wall and its biosynthetic machinery are highly conserved and unique among 
bacteria without structural homologs in mammals. It forms a complex multilayered surface structure, 
that confers cells their characteristic shape, provides mechanical stability, and protects the cells from 
lysis of the high internal osmotic pressure and from external environment (Höltje, 1998). The 
maintained cellular integrity plays a pivotal role for cell viability. During growth, the cell wall is 
dynamically synthesized and hydrolyzed in a highly balanced fashion.  

Gram-negative bacteria are surrounded by 1-3 layers (10 nm total thickness) of the major sugar-
peptide polymer component peptidoglycan (PGN), which itself is additionally covered by an asymmetric 
outer membrane (Ushijima, 1967) containing lipopolysaccharides (LPS), lipoproteins and porins. The 

outer membrane of some pathogenic Enterobacterales is composed of the so-called enterobacterial 
common antigen (ECA; Kunin et al., 1962). In contrast, Gram-positive bacteria have about 40 layers 
(20-80 nm total thickness) of PGN and lack an outer membrane. Gram-positive PGN is densely 
decorated with secondary glycopolymers such as anionic wall teichoic acids (WTA), lipoteichoic acids 
(LTA), and surface proteins (Figure 2).  

The mycobacterial cell envelope is composed of thin PGN layers, to which arabinogalactan (AG) is 
covalently linked. AGs are esterified at β-hydroxylated long-chain (C60-C90) mycolic acids, in which 
glycolipids are non-covalently embedded, forming the so-called mycomembrane. In addition, the 
membrane contains porins and is crossed by lipoglycans such as lipomannan (LM) and 

lipoarabinomannans (LAM; Figure 2; Dulberger et al., 2020; Jackson, 2014). The complex structure of 
the mycobacterial cell wall plays a key role in instrinsic resistance to antibiotics as it limits permeability, 
which makes it even harder to find efficient antimycobacterial drugs (Batt et al., 2020). 

Cell envelopes of invasive pathogens can be further surrounded by capsular polysaccharides (CP), 
which contribute to virulence via preventing phagocytosis and desiccation, accompanied by enhanced 

adherence to surfaces in the bloodstream of infected hosts, which increases persistence (Nilsson et al., 
1997; Thakker et al., 1998; see “Bacterial capsule”).  

Overall, the bacterial cell envelope is negatively charged owing to the anionic character of 
phospholipids, teichoic acids (TA) and CP. Remarkably, the cell surface of Gram-positive bacteria is 
more negatively charged than eukaryotic cell membranes, in which anionic lipids are predominantly 
exposed  to  the inner membrane  leaflet  (Epand, 2019). This surface property renders the bacterial cell 

6

Introduction



Figure 2. Schematic comparison of Gram-positive, Gram-negative and mycobacterial cell envelopes. 
Gram-positive bacteria have of a thick layer of PGN decorated with WTA. LTA are anchored to the cytoplasmic 
membrane through diglucosyl-diacylgylcerol. The cell wall of Gram-negative bacteria consists of a thin layer 
of PGN within the periplasmic space between the inner cytoplasmic membrane and an asymmetric outer 
membrane. The surface-exposed side of the outer membrane is composed of LPS. Transport of mainly 
hydrophilic molecules with a molecular weight less than 600 Da is facilitated through porins. The cell wall of 
mycobacteria consists of thin layers of PGN and AG, a thick layer of mycolic acids, and porins. Glycolipids such 
as LAMs, are anchored to the cell wall via diacylglycerol. PGN of all species is decorated with glycoproteins, 
and phospholipid membranes of all species are mostly decorated with lipoproteins. 

envelope a “docking platform” promoting electrostatic interactions with the mostly positively charged 
amphipathic antibacterial compounds, also referred to as cationic antimicrobial peptides (cAMPs) 
(Ciumac et al., 2019; Epand et al., 2016).   

The complex and dynamical biosyntheses of PGN, WTA, CP, AG, the LPS O-antigen and the ECA 
are tethered to the cytoplasmic membrane and consist of highly conserved multi-enzyme machineries 
that act in parallel (Lennarz and Scher, 1972). In addition, they share the common membrane lipid 
carrier undecaprenyl phosphate (C55-P) as well as the UDP-N-acetylglucosamine (UDP-GlcNAc) 

substrate (Birch et al., 2008; Hanson and Neely, 2012; Rai and Mitchell, 2020; Sachla and Helmann, 2021; 

Touzé et al., 2008; Whitfield et al., 2020). The biosynthetic complexes are based on fine-tuned protein-
protein and enzyme-substrate interactions, and require a specific lipid environment (van den Brink-van 

der Laan et al., 2003; Henrich et al., 2016). Cell wall biosynthesis is intricately interlinked to bacterial 
cell division (Figure 3). This cell biosynthetic/divisome mega-complex requires a fine-tuned temporally 
and spatially coordination during septal growth (Lee et al., 2014; Monteiro et al., 2018; Pinho and 
Errington, 2003).  

To ensure a well-orchestrated coordination between PGN biosynthesis and degradation during 
growth, a tightly regulated expression of autolysins (also referred to as PGN hydrolases) is required. 
Autolysins cleave glycosidic (glucosamidases, muramidases, lysozymes, lytic transglycosidases) or amide 
(carboxypeptidases, endopeptidases, amidases) bonds (Alcorlo et al., 2017; Antignac et al., 2007; 
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Do et al., 2020b, 2020a; Egan et al., 2017; and references herein). In S. aureus autolysin expression is 

primarily regulated by the WalKR two-component system (TCS; Dubrac et al., 2007). 
Consequently, it seems that imbalance of this tightly synced system, by either interfering with 

individual enzymes or substrates, is accompanied by irreversible disturbance of the functional integrity 
of the entire machinery, subsequently leading to cell death. 

Figure 3. Schematic representation of the functional assembly of the spatial-temporally coordinated 

PGN biosynthetic/ cell division mega-complex machineries at the cell divison site of a growing S. aureus 

cell. Besides PGN biosynthesis, cell growth is accompanied by PGN degradation initiated by regulated 
expression of autolysins. WTA and LTA localize autolysins and the carboxypeptidase PBP4, thus playing an 
important role in balancing PGN turnover. Fluorescence microscopy images showing nile red-stained 
exponential-phase S. aureus cells are reproduced from Monteiro et al., 2015. Scale bar = 1 µm. Abbreviations: 
WTA, wall teichoic acid; LTA, lipoteichoic acid; GlcNAc, N-acetylglucosamine; MurNAc, N-acetylmuramic acid.  

Peptidoglycan biosynthesis 

Peptidoglycan (PGN) consists of linear glycan chains of alternating units of β-1,4-linked N-acetyl-

glucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc), cross-linked by short peptides (Tipper 

and Strominger, 1966). Gram-positive PGN represents more than 20% of the cell dry weight (Reith and 

Mayer, 2011). These stem peptides, consisting of L-alanine (L-Ala), D-glutamic acid (D-Glu), L-lysine 

(L-Lys), and D-alanine (D-Ala) are linked to the D-lactyl moiety of the MurNAc units. Whereas 

incorporation of L-Lys in third position of the stem peptide is specific for most Gram-positive bacteria 

including S. aureus, the addition of meso-diaminopimelic acid (mDAP) is specific for Gram-negative 

species, mycobacteria and most bacilli (Schleifer and Kandler, 1972; Vollmer et al., 2008). Likewise, 

cross-linking of adjacent stem peptides varies species-specifically and evolves under selective pressure 
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of antibiotics (Mainardi et al., 2008; Vollmer et al., 2008). Compared to other species, S. aureus is 

characterized by a highly cross-linked PGN structure (74-92% of total PGN), conferring increased 

mechanical stability (Labischinski, 1992; Vollmer and Seligman, 2010). The ε-amino group of L-Lys is 

modified with five glycine residues forming an interpeptide bridge to a neighboring D-Ala in fourth 

position (Figure 4A). Pentaglycine crossbridge formation is essential for the integrity of S. aureus PGN 

(Monteiro et al., 2019).  

PGN biosynthesis occurs in three distinct cellular compartments, starting with the formation of the 

ultimate soluble precursor UDP-MurNAc-pentapeptide (UDP-MurNAc-5p) in the cytoplasm 

(Figure 4B). UDP-MurNAc-5p is assembled from UDP-GlcNAc, consecutively synthesized by the 

enzymes GlmSMU out of fructose-6-phosphate (Badet et al., 1987; Mengin-Lecreulx and van 

Heijenoort, 1994, 1996), followed by stepwise attachment of the stem peptide (L-Ala-D-Glu-L-Lys-D-

Ala-D-Ala), catalyzed by the ligases MurA-F (Benson et al., 1993; Patin et al., 2010; Strominger, 1958). 

The undecaprenyl-coupled PGN precursors are synthesized by membrane-bound enzymes: The integral 

membrane protein MraY transfers UDP-MurNAc-5p to the membrane-anchored lipid carrier 

undecaprenyl phosphate (C55-P) to yield lipid I (undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide) 

(Anderson and Strominger, 1965; Anderson et al., 1967; Neuhaus, 1971; Pless and Neuhaus, 1973), and 

the subsequent addition of GlcNAc catalyzed by the glycosyltransferase MurG yields the ultimate PGN 

precursor lipid II (undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide-GlcNAc, Figure 4A; Higashi 

et al., 1967, 1970). In S. aureus, further modification of lipid II with the pentaglycine bridge is 

consecutively catalyzed by the peptidyltransferases FemXAB (Schneider et al., 2004). Amidation of 

D-Glu to D-iso-glutamine (D-iso-Gln), and thus reduction of negative charge, is mediated by the

bi-enzyme complex MurT-GatD, consisting of a Mur ligase and a glutamine amidotransferase (Münch

et al., 2012). This modification is suggested to be relevant for efficient cross-linking (Siewert and

Strominger, 1968; Zapun et al., 2013).

Lipid II is then translocated from the cytoplasmic side to the outer surface of the membrane bilayer 

by the essential multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) flippase MurJ (Sham et al., 
2014). The membrane-anchored PGN building block is bound in an internal cavity of the intregral 

membrane protein and gets transported through the conformational transition from a V-shaped 

inward-open to an outward-open form (Kohga et al., 2022; Rubino et al., 2020). Recently, it was 

proposed that PGN biosynthesis is driven by affinity gradients of different PGN precursor lipids from 

MraY to MurJ (Oluwole et al., 2022).  

Once lipid II is flipped across the membrane, it becomes substrate of transglycosylation (connection 

of growing glycan strands onto lipid II) and transpeptidation reactions (cross-linking of the glycan 

chains through short peptides) to yield polymerized PGN. In S. aureus, transglycosylation is achieved 

by the essential bifunctional penicillin-binding protein (also termed aPBP), PBP2 (Łeski and Tomasz, 

2005). Moreover, transglycosylation is catalyzed by novel types of glycosyltransferase-transpeptidase 

pairs, including SEDS (shape, elongation, division, and sporulation) proteins and monofunctional PBPs 

(termed bPBPs; Cho et al., 2016; Emami et al., 2017; Meeske et al., 2016; Taguchi et al., 2019). In 

S. aureus these pairs constitute RodA-PBP3 and FtsW-PBP1. Although transpeptidase activity of the
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FtsW-PBP1 pair is not essential, its function in maintaining the divisome at the midcell is of crucial 

importance. The RodA-PBP3 pair was shown to be required for slight cell elongation (Reichmann et al., 
2019). These enzymatic pairings further reflect the tight connection of cell wall biosynthesis and cell 

division, which have to be highly coordinated in space and time. The S. aureus PGN machinery is 

assembled at the division septum, initiated by treadmilling of the cell divisome tubulin homologue FtsZ 

followed by MurJ recruitment to the septum, which is mediated by the DivIB–DivIC–FtsL sub-complex. 

Subsequently, MurJ-catalyzed translocation of lipid II leads to midcell recruitment of PBP2, which 

recognizes the lipid II substrate (Monteiro et al., 2018; Pinho and Errington, 2005). 

The non-essential low molecular weight PBP4 possesses additional DD-carboxypeptidase activity 

and removes the terminal D-alanine of pentapeptides from already polymerized PGN. Thus, PBP4 

prevents uncontrolled transpeptidase activity at these sites, resulting in highly cross-linked PGN 

(Atilano et al., 2010; Egan et al., 2017; Loskill et al., 2014; Srisuknimit et al., 2017; Wyke et al., 1981). 

Besides PBPs, S. aureus harbors two monofunctional glycosyltransferases: Mgt (also referred to as SgtB) 

and SgtA, whose function in PGN biosynthesis is unclear (Karinou et al., 2019; Reed et al., 2011; Wang 

et al., 2001).  

The membrane anchor undecaprenyl phosphate (C55-P) represents a crucial ferry for synthesis and 

translocation of PGN building blocks and is available at limited numbers in a bacterial cell. Despite 

de novo synthesis, recycling of the lipid carrier is important to maintain cell wall biosynthesis.  During 

lipid II transglycosylation, undecaprenyl pyrophosphate (C55-PP) is released and dephosporylated to 

sustain C55-P pool levels. Different undecaprenyl pyrophosphate phosphatases (UPPs), including 

UppP/BacA and the phosphatidic acid phosphatases of type 2 (PAP2)-domain proteins PgpB, YbjG, and 

LpxT catalyze this reaction (Workman and Strynadka, 2020). Subsequently, C55-P is translocated to the 

inner leaflet of the cytoplasmic membrane to provide C55-P for another synthesis cycle (Manat et al., 
2014; Workman and Strynadka, 2020). The C55-P flippase activity was proposed to be achieved by 

UppP/BacA (El Ghachi et al., 2018; Workman et al., 2018) and more recently reported to involve 

DUF368-containing proteins that interact with putative transporters of the DedA family (Sit et al., 2022; 

Roney and Rudner 2022; Figure 4B). 

The total number of C55-P(P) carrier lipids in S. aureus is estimated about 1.5 × 105 copies per cell 

and a whole cycle (starting with coupling C55-P to UDP-MurNAc-5p and ending in C55-P retranslocation 

to the cytosolic leaflet) takes approximately 90 seconds (Barreteau et al., 2009; Piepenbreier et al., 2019), 

emphasizing the critical importance of this highly coordinated process in preventing imbalance of 

nascent cell envelope formation (Jorgenson et al., 2019).  

Glycan strands are further modified (about 35-90% in S. aureus) by covalent attachment of surface 

polymers such as WTA and CP via phosphodiester bonds to the C6-OH group of the MurNAc residues 

(Clarke and Dupont, 1992; Vollmer, 2008). Lipid intermediates of WTA and CP pathways are 

analogously synthesized on the lipid carrier C55-P. The attachment is catalyzed by a yet elusive 

mechanism involving members of the LCP (LytR-CpsA-Psr) protein family. Recently, LCP proteins 

were shown to release the lipid carrier C55-P, which then enters new synthesis cycles of PGN, WTA and 

CP biosynthesis pathways (Rausch et al., 2019; Schaefer et al., 2017; see “WTA and CP biosyntheses”). 
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Further modifications of the glycan strands include N-deacetylation of both MurNAc and GlcNAc, 

and O-acetylation of MurNAc and N-acetyl fucosamine (FucNAc), involved in CP biosynthesis (Bhasin 

et al., 1998; Ghuysen and Strominger, 1963; Snowden et al., 1989). 

More recently, it was demonstrated that the S. aureus glucosaminidase-membrane protein complex 

SagB-SpdC cleaves newly polymerized but still membrane-anchored PGN strands to their physical 

length in order to release them for PGN integration into the cell wall (Schaefer et al., 2021; Willing et al., 
2021; Figure 4B). S. aureus is composed of short glycan strands with approximately six disacchride units 

that make up 85-90% of the total PGN (Vollmer and Seligman, 2010).  

PGN of Gram-positive bacteria is recycled within the stationary growth phase, however, with only 

5-10% MurNAc recovered, due to a loss of degraded PGN to the surrounding environment. The process

was shown to be catalyzed by the MurNAc-6-phosphate etherase MurQ and is not essential for growth,

but crucial for long-term survival (Borisova et al., 2016).

Figure 4. PGN biosynthesis is S. aureus. (A) Chemical structure of the PGN precursor lipid II (undecaprenyl-
pyrophosphoryl-MurNAc-pentapeptide-GlcNAc). The structure includes the S. aureus-specific modifications 
such as the amidation at the second position, and an attached pentaglycine bridge at the third position of the 
stem peptide. (B) PGN biosynthesis starts in the cytosol with the formation of the ultimate soluble PGN 
precursor UDP-MurNAc-pentapeptide, catalyzed by the sequential activity of Mur ligases using nucleotide-
linked precursors. The glycosyltransferase MraY then catalyzes the transfer of UDP-MurNAc-pentapeptide to 
the lipid carrier undecaprenyl phosphate (C55-P) to yield lipid I. Another glycosyltransferase, MurG, adds GlcNAc 
to lipid I to form lipid II. In S. aureus, lipid II is further modified by amidation catalyzed by the MurT-GatD-              
bi-enzyme complex and the sequential attachment of five glycine residues to the stem peptide catalyzed by 
the peptidyltransferases FemXAB. Lipid II is translocated across the cytoplasmic membrane by the MurJ 
flippase and becomes subject to glycosyltransferases (aPBPs and SEDS proteins) that form glycan strands, and 
transpeptidases (aPBPs and bPBPs) that catalyze the cross-linking between adjacent stem peptides. During 
this process the cell wall hydrolase SagB and the membrane protein SpdC form a complex to release glycan 
strands from the membrane. Recycling of C55-P is achieved by dephosphorylation of C55-PP via undecaprenyl 
pyrophosphate phosphatases (UPPs) on the extracellular site and subsequent flipping by an elusive flippase 
proposed to involve DUF368-containing proteins interacting with putative transporters of the DedA family. 
Abbreviations: GlcNAc, N-acetylglucosamine; MurNAc, N-acetylmuramic acid; Fruc, fructose; UDP, uridine 
diphosphate; P, phosphate; SEDS, shape, elongation, division, and sporulation. 
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The clinically most relevant PGN biosynthesis inhibitors are the PBP-inhibiting β-lactams, which block 
transpeptidation, and subsequently lead to cell lysis (Bush and Bradford, 2016). Other cell wall enzyme 
inhibitors in clinical use are the MurA ligase inhibitor fosfomycin (introduced in 1996), as well as the 
DdlA ligase and Alr racemase inhibitor D-cycloserine (1964).  

Clinically approved antibiotics that bind to cell wall intermediates of Gram-positive bacteria 
comprise the lipid II-sequestering glycopeptide vancomycin (1958), and the (semi-synthetic) 
lipoglycopeptides teicoplanin (1987), telavancin (2009), dalbavancin, and oritavancin (both 2014) as 
well as the C55-PP-binding antibiotic bacitracin (1948). However, intravenous administration of the 
latter was soon replaced by a topical application due to severe nephrotoxic side effects (Michie and 
Zintel, 1949). The mechanism of action of the lipopeptide daptomycin (2003) remained unsolved for 

decades and is not entirely understood down to the last detail (Baltz et al., 2005). Like the (lipo-) 
glycopeptides, daptomycin is used as an agent of last-resort for treatment of life-threatening infections 
caused by MRSA and enterococci. In addition to cell wall inhibitors in clinical use, the mechanisms of 
action of many more promising natural and synthetic compounds have been characterized so far.  

Teichoic acids 

S. aureus and most Gram-positive bacteria produce teichoic acids (TA), which are either covalently
linked to PGN (wall teichoic acids, WTA) or anchored to the cytoplasmic membrane through a
glycolipid anchor (lipoteichoic acids, LTA). TA are of zwitterionic character owing to negatively charged
phosphate and positively charged amino groups. They protect Gram-positive bacteria from harmful
molecules that could easily penetrate the PGN layer (Weidenmaier and Peschel, 2008). WTA and LTA
of Gram-positive bacteria account for up to 60% and 9% of the cell wall mass, respectively (Ellwood,
1970; Fischer, 1994).

S. aureus WTA and LTA have been implicated in the correct localization of cell wall enzymes such
as autolysins, or PBP4, thus regulating cell wall homeostasis and cross-linking (Atilano et al., 2010; 

Bierbaum and Sahl, 1985; Flores-Kim et al., 2019; Schlag et al., 2010). Notably, TAs bind protons and 

divalent cations and are proposed to be important for cation homeostasis and to provide a reservoir of 

ions required for activity of enzymes localized close to the cell surface (Baddiley, 1970). TA alanylation 
and glycosylation (see “WTA and capsule biosyntheses”) play a crucial role in resistance to cAMPs 

and β-lactams, respectively (Brown et al., 2012; Peschel et al., 1999, 2000). Moreover, TA serve as 

binding scaffolds for biomaterials and are proposed to mediate biofilm formation (Gross et al., 2001). 

In particular, WTA of S. aureus serve as phage receptors (Chatterjee, 1969). Vice versa, S. aureus 
WTA were shown to adhere to host cells (Weidenmaier et al., 2004, 2008). WTA are 
virulence determinants affecting antibiotic susceptibility e.g. in MRSA or streptococci, and thus 
represent potential antibiotic and anti-virulent targets (Campbell et al., 2011; Farha et al., 2013; Lee et 
al., 2016a; Swoboda et al., 2009; Wang et al., 2013; Weidenmaier et al., 2004). In addition, WTA 
were shown to mediate resistance to lysozyme, heat stress and low osmolarity (Bera et al., 2007; 
Hoover and Gray, 1977; Oku et al., 2009).  
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Bacterial capsule 

Bacterial capsules are tightly packed, mostly anionic polysaccharide layers that are often covalently 

attached to the cell surface. Capsules were found in Gram-positive (e.g. S. aureus, S. epidermidis, 
Streptococcus pneumoniae, S. pyogenes, S. agalactiae, Bacillus cereus, B. anthracis) and Gram-negative 

pathogens (Neisseria meningitidis, H. influenzae, Escherichia coli, K. pneumoniae, Salmonella enterica 
subsp. enterica serovar Typhimurium, P. aeruginosa, Campylobacter jejuni, Pasteurella multocida), as 

well as for M. tuberculosis. Capsular polysaccharides (CP) are highly diverse, with e.g. more than 80 and 

98 distinct capsule serotypes in E. coli and S. pneumoniae, respectively (Bentley et al., 2006; Geno et al., 
2015, 2017; Orskov et al., 1977; Yother, 2011). S. aureus comprises 13 capsular serotypes with the 

predominant serotype 5 and 8 among clinical isolates (Arbeit et al., 1984; von Eiff et al., 2007; Nilsson 

et al., 1997; Thakker et al., 1998).  
CP are non-essential, but play an important role as major virulence factors by preventing 

desiccation and constituting a permeability barrier for phages and most hydrophobic substances, 
including cAMPs (Llobet et al., 2008). Electrostatic and hydrophobic interactions of cAMPs with CP are 
suggested to induce structural changes resulting in a sequestration of cAMPs that prevent them from 
reaching membrane-associated targets (Fleeman et al., 2020). Most notably, CP downregulate an 
effective host immune response through protection against antibody opsonization of surface antigens 
enabling phagocytotic uptake, and by mimicking host molecule structures (King and Wilkinson, 1981; 
Taylor and Roberts, 2004). Moreover, CP can act as immune invasion factors promoting adhesion to 
host cells and biofilm formation, thus enabling persistence in bloodstream of infected hosts (Deighton 
and Balkau, 1990; Hammerschmidt et al., 2005; Horwitz and Silverstein, 1980; McKenney et al., 1998; 
Nanra et al., 2013).  

Based on to their ability to elicit a type-specific immune response,  CP are attractive antigens for 
vaccine development, with some vaccines already approved (Bogaert et al., 2004; Ezzell and Welkos, 
1999; Geno et al., 2015; Joshi et al., 2009; Pier, 2003; Weintraub, 2003; WHO, 2021). 

WTA and capsule biosyntheses 

The biosynthetic machineries of PGN, WTA and CP are tightly interlinked in order to build a vital cell 

wall. These pathways share the same limited precursor pools, including the lipid carrier C55-P and UDP-

GlcNAc (Figure 5).  

Synthesis of WTA in S. aureus starts at the intracellular side of the cytoplasmic membrane with the 
assembly of lipid IIIWTA (undecaprenyl-pyrophosphoryl-GlcNAc) catalyzed by the glycosyltransferase 
TarO transferring GlcNAc from UDP-GlcNAc to the lipid anchor C55-P (Soldo et al., 2002a). Next, 
N-acetylmannosamine (ManNAc) is added from UDP-ManNAc to lipid IIIWTA catalyzed by the
glycosyltransferase TarA to yield lipid IVWTA (undecaprenyl-pyrophosphoryl-GlcNAc-ManNAc;
Ginsberg et al., 2006). UDP-ManNAc is a conversion product of the UDP-GlcNAc epimerase MnaA

(Soldo et al., 2002b).
Subsequently, two glycerol phosphate units are added by the phosphotransferases TarB and TarF, 

followed by a TarL polymerase and/or TarK primase-mediated addition (with TarL as the predominant 
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enzyme in S. aureus) of up to 40 ribitol phosphate units (Ginsberg et al., 2006; Ishimoto and Strominger, 
1966; Lovering et al., 2010; Meredith et al., 2008). Whereas TarD provides CDP-glycerol phosphate, the 
bi-enzyme complex TarIJ provides CDP-ribitol phosphate (Badurina et al., 2003; Pereira and Brown, 
2004). TA can become subject to tailoring modifications with D-alanine or GlcNAc (Fischer, 1988). 
D-alanylation of both WTA and LTA is catalyzed by the gene products of the dltABCD operon in 
S. aureus. WTA glycosylation with α- and/or β-GlcNAc is catalyzed via the cytoplasmic enzymes TarM 

and/or TarS, respectively (Brown et al., 2012; Guo et al., 2021; Xia et al., 2010).

Translocation of the WTA polymers to the outer membrane leaflet is mediated by the ABC trans-

porter TarGH (Chen et al., 2020). The transfer of WTA from C55-P to the C6-OH group of MurNAc 
within the PGN meshwork is catalyzed by members of the LytR-CpsA-Psr (LCP) family (Chan et al., 
2013; Dengler et al., 2012; Hübscher et al., 2009; Kawai et al., 2011; Li et al., 2020; Over et al., 2011; 

Schaefer et al., 2017).  
Remarkably, the late enzyme reactions of WTA biosynthesis (TarB-H) were shown to be essential 

in contrast to the early steps catalyzed by TarO and TarA, referred to as the “essential gene paradox” 
(D’Elia et al., 2006a, 2006b). It is suggested that an interference with the late WTA biosynthesis steps 
leads to the accumulation of C55-P-linked dead-end intermediates, resulting in a critical depletion of 
C55-P, thus impedeing PGN biosynthesis followed by cell death. Additionally, late-stage WTA inhibiton 
leads to a downregulation of CP biosynthetic genes to conserve C55-P for PGN biosynthesis (Campbell 
et al., 2012). 

CP biosynthesis genes are arranged in gene clusters and encode for glycosyltransferases and 
enzymes involved in CP export and polymerization, or in biosynthesis of nucleotide-coupled sugars. 
Moreover, CP gene clusters encode for enzymes involved in regulation of CP biosynthesis (Reeves et al., 
1996).  

CP biosynthesis starts at the inner face of the cytoplasmic membrane with the glycosyltransferase-
catalyzed synthesis of CP repeating units attached to C55-P (Figure 5). Subsequently, the lipid-coupled 
oligosaccharides become subject of one of three export-assembly strategies: the synthase-dependent, the 
ABC transporter-dependent or the Wzx/Wzy-dependent strategy, whereas the latter is widely 
distributed for polymerization and export of nearly all Gram-positive and most Gram-negative bacteria 
(Cuthbertson et al., 2010). Wzx is assumed to flip the CP building blocks to the outer surface of the 
cytoplasmic membrane, being polymerized by Wzy in a non-processive manner (Woodward et al., 
2010). In Gram-positive bacteria CP are mainly attached to PGN or the cytoplasmic membrane 
(Yother, 2011).  

Staphylococcal CP serotype 5 consists of trisaccharide repeating units of N-acetyl-D-fucosamine 
(D-FucNAc), N-acetyl-L-fucosamine (L-FucNAc), and N-acetyl-D-mannosaminuronic acid 
(D-ManNAcA). The building blocks derive from conversion of UDP-GlcNAc into the respective 
nucleotide-coupled sugars by three different reactions occurring in the cytoplasm. The synthesis of the 
first nucleotide-coupled subunit UDP-D-FucNAc is catalyzed in a two-step reaction via UDP-2-acet-
amido-2,6-dideoxy-D-xylo-4-hexulose by the dehydratase CapD and the reductase CapN (Li et al., 2014; 
Rausch et al., 2019). Generation of the second nucleotide-activated sugar UDP-L-FucNAc is achieved 
by a reaction cascade involving the epimerases CapEFG (Kneidinger et al., 2003; Miyafusa et al., 2013). 



Synthesis of the third precursor UDP-D-ManNAcA is catalyzed by the epimerase CapP and the 
dehydrogenase CapO (Kiser et al., 1999; Portolés et al., 2001).  

Membrane-associated CP bioynthesis steps are initiated by the glycosyltransferase CapM catalyzing 
transfer of UDP-D-FucNAc to the lipid anchor C55-P, yielding lipid Icap (undecaprenyl-pyrophosphoryl-

D-FucNAc; Rausch et al., 2019). Subsequently, glycosyltransferase CapL catalyzes the addition of
L-FucNAc to lipid Icap, yielding lipid IIcap (undecaprenyl-pyrophosphoryl-D-FucNAc-L-FucNAc) to
which D-ManNAcA is added by CapI, yielding lipid IIIcap. The L-FucNAc C3 residue of the final CP
precursor is assumed to be partially O-acetylated by CapH (Bhasin et al., 1998; Jones, 2005) and to be
flipped to the outer surface with the putative flippase CapK and the polymerase CapJ involved. CP

synthesis is further regulated by CapABC (Rausch et al., 2019).
The attachment of WTA and CP precursors to the C6-OH MurNAc residue of PGN is achieved by 

LCP proteins by a yet unknown mechanism (Figure 5). S. aureus has three structurally similar LCP 

proteins, LcpA, LcpB and LcpC (Chan et al., 2014; Hübscher et al., 2009). LcpA and LcpB are important 
for WTA attachment, whereas LcpC is the key enzyme for CP attachment (Chan et al., 2014; Rausch et 
al., 2019; Schaefer et al., 2017). The nature of the acceptor substrate of the LCP reaction is supposed to 

be  the  PGN  precursor  lipid  II,  nascent  PGN,  or cross-linked  PGN (Kawai et al., 2011; Rausch et al., 

Figure 5. Biosynthesis and attachment of WTA and CP in S. aureus. The biosynthetic machineries of WTA 
(left) and CP (right) pathways are tightly interlinked. The shared precursors UDP-GlcNAc and undecaprenyl 
phosphate (C55-P) are preferably channeled into PGN and WTA biosynthesis pathways (exponential phase), 
while CP biosynthesis is low (late-exponential to stationary phase). WTA biosynthesis is achieved by the Tar 
enzymes catalyzing glycosylation and flipping across the cytoplasmic membrane. The DltABCD machinery is 
responsible for D-alanylation of teichoic acids. CP biosynthesis (serotype 5) is performed by Cap enzymes 
catalyzing glycosylation and transport across the cytoplasmic membrane. The attachment of WTA and CP is 
achieved by LCP proteins that transfer the WTA precursor onto the C6-OH MurNAc residue of a lipid-bound 
PGN acceptor substrate, such as lipid II, accompanied by C55-P release. Subsequently, glycosyltransferases 
catalyze the PGN polymerization. Abbreviations: GlcNAc, N-acetylglucosamine; MurNAc, N-acetylmuramic 
acid; ManNAc, N-acetylmannosamine; FucNAc, N-acetlyfucosamine, ManNAcA, N-acetylmannosaminuronic 
acid; Fruc, fructose; UDP, uridine diphosphate; P, phosphate. 
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2019; Schaefer et al., 2017). The covalent linkage between CP or WTA and PGN is proposed to involve 
a phosphodiester bond or a glycosidic bond. Importantly, LcpC-mediated cleavage of the CP lipid 
precursor and phosphosugar transfer were enhanced in the presence of the phosphodiesterase CapA1 
(Rausch et al., 2019). The release of C55-P during that reaction is suggested to represent a rescue 
mechanism to prevent depletion of C55-P. Moreover, it indicates a phosphodiester linkage between CP 
and PGN. 

Lipid II – the bacterial Achilles heel for antibiotic attack 

Lipid II is a most relevant antibiotic target molecule in nature and a variety of structurally diverse 
compounds is known to interact with the PGN precursor. Besides the clinically relevant glycopeptides, 
lipid II-binding antibiotics can be found in different stages of (pre-)clinical development, particularly 
active against Gram-positive pathogens (Malin and De Leeuw, 2019).  

The comparably small lipid II molecule is an excellent antibiotic target as it is accessible on the 
outside of the cell, highly conserved among bacteria, has no eukaryotic homologs, and is less prone to 
resistance development because modification is difficult. In particular, the polyprenyl chain and the 
pyrophosphate-sugar linkage are hard to modify and thus considered immutable (Müller et al., 2017). 
Due to the fast lipid II turnover, and thus, very limited amount of only a few thousand molecules per 

cell (van Heijenoort et al., 1992) in combination with the requirement of recycled C55-P molecules for a 
new synthesis cycle, lipid II biosynthesis is highly susceptible to disturbance (Piepenbreier et al., 2019). 
By forming a complex with the essential PGN building block, many antibiotics render lipid II 
unavailable as a substrate for transglycosylation and transpeptidation reactions, thereby blocking PGN 
biosynthesis.  

Syntheses of the cell wall polymers PGN, WTA and CP, occur across the leading edge of the 

developing division septum (Lund et al., 2018; Scheffers and Pinho, 2005), which contains numerous 

C55-P-coupled cell wall precursors including lipid II (Cooper and Hsieh, 1988; Woldringh et al., 1987). 
These septal and polar membranes are supposed to be enriched in anionic phospholipids, 
e.g. phosphatidylglycerol (PG) and cardiolipin (CL), affecting enzymatic functions (Barák et al., 2008;

Ben-Yehuda and Losick, 2002; Bolla et al., 2018; Lin and Weibel, 2016; Mileykovskaya and Dowhan,

2005; Oliver et al., 2014). That renders the divison septum a particular “landing terrain” for lipid II-
binding antibiotics and cell wall-targeting antibiotics in general, as they mostly share cAMP-like
features, such as amphiphilicity and a positive net charge (Chugunov et al., 2013). Compounds with a
negative or neutral net charge can involve divalent cations to promote binding to the anionic target.

Presently, lipid II-binding antibiotics of at least five chemical classes are known, comprising non-
ribosomal (NRPs), ribosomally synthesized and post-translationally modified (RiPPs), and even 
unmodified peptides (Montalbán-López et al., 2021; Süssmuth and Mainz, 2017; Wilmes et al., 2011). 
They are produced by organisms from all domains of life in order to constitute host defense strategies 
(Baltzer and Brown, 2011; Grein et al., 2019). Lipid II binders can be found among glycopeptides 
(e.g. vancomycin), lantibiotics (e.g. nisin), defensins (e.g. plectasin), lipopeptides (e.g. empedopeptin) 
and depsipeptides (e.g. teixobactin; Grein et al., 2019; Medeiros-Silva et al., 2019; Müller et al., 2017). 
They vary substantially in sequences, secondary stuctures, sizes and antibiotic activities, that depend on 
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the compound’s physiochemical properties such as hydrophobicity and charge, and in particular the 
binding site on lipid II.  

Whereas the glycopeptide prototype vancomycin interacts with lipid II by binding to the 
D-Ala-D-Ala dipeptide terminus via formation of five hydrogen bonds (Reynolds, 1989), the binding

affinity of the further developed lipoglycopeptide oritavancin (featuring an additional hydrophobic 4’-
chlorobiphenyl methyl side chain and an 4-epi-vancosamine substituent) additionally involves the
pentaglycine crossbridge and the D-iso-Gln in position 2 of the lipid II stem peptide as crucial binding
sites (Kim et al., 2008, 2017; Münch et al., 2015). The additional binding sites account for an increased
binding to modified lipid II ending in D-Ala-D-Lac, which is a common substitution of the resistance
mechanism to vancomycin. In addition to vancomycin, oritavancin affects the membrane integrity

(Belley et al., 2010).
Resistance development to antibiotics that interact with the pyrophosphate moiety (a structural 

conserved motif among cell wall intermediates from different pathways, i.e. PGN, WTA and CP) is less 
readily achieved, as modification of this highly conserved structure has not been observed (Egan et al., 
2020). Strinkingly, antibiotics that recognize the pyrophosphate moiety vary substantially in their modes 
of action. 

The most extensively studied lantibiotic nisin operates by a dual mode of action: firstly, nisin binds 

to lipid II and secondly forms lethal pores that span the cytoplasmic membrane (Medeiros-Silva et al., 
2018; Wiedemann et al., 2001). The structure of the nisin-lipid II complex revealed a “pyrophosphate 
cage”, in which the positively charged amides of thioether rings A and B of nisin interact with the lipid II 
pyrophosphate group via intermolecular hydrogen bonds (Hsu et al., 2004). In addition, the MurNAc 

sugar moiety is supposed to be required for high-affinity interaction of nisin to lipid II (T’Hart et al., 
2016).  

High-affinity lipid II binding of the fungal defensin plectasin relies on the formation of four 

hydrogen bonds to the pyrophosphate moiety and involves a salt bridge between the His18 residue and 
the free N-terminus of the compound with iso-D-Glu in position 2 of the lipid II stem peptide. To this 

end, amidation of iso-D-Glu2 decreases bacterial susceptibility towards plectasin (Münch et al., 2012; 

Schneider et al., 2010).  

Pyrophosphate binding of the recently discovered depsipeptide teixobactin appears to potentiate 

its antibiotic activity, as it simultaneously blocks additional pathways besides PGN biosynthesis, such as 

WTA biosynthesis (see “Teixobactin-like depsipeptides”). Binding of teixobactin to WTA precursors 

is suggested to contribute to rapid cell lysis, due to the uncontrolled liberation of autolysins (Homma et 
al., 2016; Ling et al., 2015). 

These examples emphasize the high variability in binding modes among lipid II targeting 
antibiotics and their impact for antibiotic activity suggesting a variety of distinct consequences triggered 
within the bacterial cell. Apart from rendering lipid II unavailable for PGN biosynthesis, these may 
include disintegration of the cell wall biosynthetic/divisome machinery (leading to cell divison defects), 
disturbance of the cytoplasmic membrane integrity, missent regulation, and uncontrolled autolysis. 
Currently, less is known about antibiotic triggered effects and their interdependencies that cause the 
ultimate cell death (Baquero and Levin, 2021).  
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Lasso peptides 

Lasso peptides constitute a structurally unique and particularly intriguing family of RiPPs. They are 

found among the bacterial domain and confer diverse bioactivities and mechanisms of action (Cao et al., 
2021; Montalbán-López et al., 2021). Lasso peptides are characterized by adaptation of a specific knotted 
topology, the “lasso fold”, in which the peptidic tail is trapped and locked into a ring. Since the discovery 
of the first lasso peptide, anantin, in 1991, more than 1,400 prospective lasso peptides have been 
identified by genome mining, of which 47 were studied in more detail with only a relatively small 
number that has been investigated at the molecular level. The majority of lasso peptides is produced by 
Proteobacteria and Actinobacteria, and less frequently by Firmicutes, Cyanobacteria, Bacteroidetes and 
Euryarchaeota (Tietz et al., 2017).  

Lasso peptides are typically comprised of 15-26 amino acids and have molecular weights in the 
range of 1.5-2.5 kDa. The characteristic structure results from an isopeptide bond between the 
N-terminal amino group and a carboxylic acid side chain of an aspartate or a glutamate residue, forming

a macrolactam of 7-9 residues (Figure 6). The C-terminal tail is threaded through the lactam ring and
sterically trapped by bulky side chains or disulfide bonds. The resulting lasso topology creates an
extraordinary high stability and is remarkably resistant to proteases, denaturing agents, and heat
(Hegemann, 2020). Lasso peptides comprise a large and chemically diverse group of peptides and can
be subdivided into four classes (Figure 6): Class I lasso peptides contain two disulfide bridges, class II
lasso peptides lack disulfides, and class III and IV contain a single disulfide bond, in which either ring
and tail are linked (class III) or the disulfide bridge links the tail itself (class IV; Hegemann, 2020).

The biological activities of lasso peptides include antimicrobial, antiviral, and antimetastatic 
functions (Knappe et al., 2008; Maksimov et al., 2012; Um et al., 2013). Notably, antimicrobial activity 
of lasso peptides has been demonstrated against both, Gram-positive and Gram-negative pathogens, 

including B. anthracis, S. aureus, E. faecalis, M. tuberculosis, Listeria monocytogenes, E. coli, 
P. aeruginosa, K. pneumoniae, Burkholderia sp., and H. pylori (Tan et al., 2019; Yamamoto et al., 2016).

Prior to the research carried out in this work, the molecular targets and antagonists of only six lasso 
peptides have been revealed, although some reported mechanisms of action remain questionable. 
Molecular targets and antagonists include the atrial natriuretic factor, a glucagon receptor, an 
endothelial type-B receptors, a calmodulin-activated myosin light chain kinase, a prolyl endopeptidase, 

a RNA polymerase, and the ClpC1 subunit of the Clp protease (Hegemann et al., 2015). 
The lasso peptides streptomonomicin, arcumycin and siamycin-I were proposed to inhibit cell wall 

biosynthesis (Daniel-Ivad et al., 2017; Metelev et al., 2015; Stariha and McCafferty, 2021). The 21-amino 

acid membered class II lasso peptide streptomonomicin is produced by the halophilic actinomycete 

Strepromonospora alba (Li et al., 2003). The compound was specificially active against B. anthracis. 
Though the molecular target of streptomonomicin is yet unknown, streptomonomicin-resistant 
mutants of B. anthracis mapped mutations in the gene encoding for the response regulator WalR of the 
WalKR TCS, regulating cell wall homeostasis via control of autolysin expression and cell division 
through ftsAZ expression (Dubrac and Msadek, 2004; Fukuchi et al., 2000; Salzberg et al., 2013). Notably, 

mutations in walKR are frequently found in vancomycin-intermediate S. aureus (VISA) strains 

(Howden et al., 2011). Interestingly, streptomonomicin-resistant mutants displayed chaining 
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phenotypes, indicative of a defective cell separation as observed for autolysin-deficient bacilli 
(Hashimoto et al., 2012). In addition, streptomonomicin-treatment upregulated the LiaRS (TCS cell wall 

stress regulon genes liaI and liaH in B. anthracis (Domínguez-Escobar et al., 2014; Wolf et al., 2010), 
which are known to be induced by antibiotics that interfere with the lipid II biosynthesis cycle (Mascher 
et al., 2004; Radeck et al., 2016).  

The 21-amino acid membered class I lasso peptide siamycin-I produced by Streptomyces spp. 
shares structural features with the streptomonomicin core sequence, but has an overall amphiphlic 

character (Tsunakawa et al., 1995). Besides displaying antibacterial activity against Gram-positive 

bacteria, including MRSA and VRE, siamycin-I exerts low cytotoxicity (Chokekijchai et al., 1995; 
Daniel-Ivad et al., 2017; Tsunakawa et al., 1995; Yano et al., 1996). Diverse types of bioactivity have been 
oberserved for siamycin-I, including the inhibition of an alternative menaquinone biosynthesis pathway 

in H. pylori (Yamamoto et al., 2016), the attenuation of the quorum sensing mechanism in E. faecalis 
(Ma et al., 2011; Nakayama et al., 2007), the inhibition of ATP-dependent kinases (Ma et al., 2011; 

Nakayama et al., 2007; Yano et al., 1996) and HIV (Chokekijchai et al., 1995; Lin et al., 1996; Tsunakawa 

et al., 1995). 

Daniel-Ivad et al. first demonstrated, that siamycin-I interferes with cell wall integrity of B. subtilis, 
as shown by the formation of severe cell shape-deformations of siamycin-I-treated B. subtilis cells 
(Daniel-Ivad et al., 2017). Moreover, siamycin-I induced the LiaRS response. Later, work conducted in 
the course of this thesis identified lipid II as the molecular target of siamycin-I. A comprehensive analysis 

on the mode of action of siamycin-I is provided in chapter 1. 

More recently, another class I lasso peptide, arcumycin, a 20-amino acid membered peptide 

produced by Streptomyces spp. was shown to interfere with cell wall biosynthetic reactions (Stariha and 
McCafferty, 2021). Arcumycin exhibits antibacterial activity against Gram-positive bacteria, including 
B. subtilis, S. aureus, but not against enterococci or Gram-negative bacteria. As observed for siamycin-I

and streptomonomicin, arcumycin induced the B. subtilis cell wall stress response. However, detailed
investigations on a specific molecular target are lacking so far.

Figure 6. Lasso peptides. Representative structures for the four lasso peptide classes. Structures were 
adapted from Metelev et al., 2015, Nar et al., 2010, Tietz et al., 2017, and Tsunakawa et al., 1995. 
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Daptomycin 

The lipocyclodepsipeptide daptomycin was first discovered by Eli Lily in 1983 and gained approval as 
cubicin by Cubist Pharmaceuticals in 2003, used for treatment of skin infections caused by Gram-
positive bacteria, including MRSA, glycopeptide-intermediate S. aureus (GISA), methicillin-resistant 

S. epidermidis (MRSE), VRE and PRSP, and later in 2006 for bacteremia infections (Sauermann et al.,
2008). Daptomycin-resistant strains occurred two years after its approval in clinical settings (Clatworthy
et al., 2007). Daptomycin is a component of the A21978C mixture produced by the soil bacterium

Streptomyces roseosporus, which shows the highest bioactivity (Debono et al., 1987). The lipopeptides of
the A21978C family are composed of a three exocylic amino acids linked to a 10-membred depsipeptide
core containing the unusual non-proteinogenic amino acids L-kynurenine (L-Kyn), D-asparagine
(D-Asn), L-ornithine (L-Orn), D-serine (D-Ser), and 3-methyl-L-glutamic acid (L-MeGlu). The exocyclic
amino acids are interlinked with a fatty acid side chain, that differs between the A21978C members
(Figure 7). The core of daptomycin is linked to a decanoyl fatty acid side chain (Debono et al., 1988),

which was shown to be essential for membrane anchoring (Epand, 1997; Mak et al., 2003). Daptomycin
has a negative net charge (–3) at physiological pH. After addition of Ca2+, daptomycin builds up 14- to

16-mer micelles and displays rapid bactericidal activity (Ball et al., 2004; Jung et al., 2004, 2008). Ca2+ is
suggested to both, neutralize the anionic charges of daptomycin and to facilitate its interaction with

anionic membrane phospholipids (Ho et al., 2008; Rotondi and Gierasch, 2005; Straus and Hancock,
2006). In addition, Ca2+ renders daptomycin an overall amphiphlic character, conferring typical cAMP
features.

The mode of action of daptomycin remained enigmatic for decades and is still not fully understood 
in all its details. Since the 1980’s the results of several studies have been controversially discussed, in 
parts referable to an unidentified molecular target. The identification of a specific target was further 
complicated by the pleiotropic and partially overlapping cellular effects induced by daptomycin, 
particularly affecting the cell envelope. Early studies suggested that daptomycin inhibits cell wall 
biosynthesis as accumulation of UDP-MurNAc-5p, a decrease in the intracellular UDP-GlcNAc pools, 

and a specific interference with UDP-GlcNAc incorporation into PGN were observed (Allen et al., 1987; 
Eliopoulos et al., 1985; Mengin-Lecreulx et al., 1990). Later, LTA biosynthesis was proposed as the target 

site and “daptomycin-binding proteins” were identified (Boaretti and Canepari, 1995; Boaretti et al., 
1993; Canepari et al., 1990). However, LTA binding as a mechanism of action was disproven soon 

(Laganas et al., 2003). Moreover, potassium leakage, dissipation of the membrane potential, pore 
formation, membrane blebbing, and aberrant membrane curvature resulting in misplaced septum 
formation were observed upon daptomycin treatment and were closely correlated to the strong 

bactericidal effect of daptomycin, but also controversially discussed in literature (Alborn et al., 1991; 
Allen et al., 1991; Jung et al., 2004; Silverman et al., 2003; Wale et al., 1989). Recently, insertion of 
daptomycin into artificial PG membranes and formation of toroidal pores was visualized by high-speed 

atomic force microscopy (Zuttion et al., 2020). Transcriptomic analyses revealed upregulation of genes 
responsive to cell wall stress and membrane depolarization (Muthaiyan et al., 2008). Notably, 

daptomycin-resistant mutants, encountered both in vitro and in vivo, did not reveal a common pattern 
of mutations pointing to a unique, defined molecular target.  
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The mode of action model proposed by Hancock and co-workers suggests that daptomycin adopts 
cAMP-like features in the presence of Ca2+ and forms oligomers, which upon close proximity to the 
cytoplasmic membrane trigger membrane binding, in particular facilitated by interaction with PG, 
followed by rearrangement into a pore-like structure. Finally, membrane perturbation leads to leakage 
of intracellular ions and membrane depolarization, followed by rapid cell death (Straus and Hancock, 

2006). Importantly, involvement of PG was shown to favor deeper membrane insertion (Jung et al., 
2004; Muraih et al., 2011).  

Another study showed that daptomycin inserts to specific membrane microdomains containing 
mostly fluid lipids, and enriched with PG, which led to an overall decreased membrane fluidity triggering 
the detachment of essential membrane-associated enzymes involved in cell wall biosynthesis and cell 

divison (Müller et al., 2016). Corroborating, daptomycin-mediated delocalization of essential cell 
division proteins leading to aberrant septation and cell wall morphology was also oberserved in other 

studies (Pogliano et al., 2012). 
Interestingly, synthetic daptomycin enantiomers completely lost bioactivity, which indicates for an 

interaction of daptomycin with a specific, chiral biomolecular target rather than only disrupting the 
cytoplasmic membrane (T’Hart et al., 2014). Candidates for such a chiral target were proposed to be 

membrane proteins or chiral phospholipids (Kotsogianni et al., 2021; Moreira and Taylor, 2022). 

Chapter 2 describes the identification of the molecular target and elucidation of the mode of action of 
daptomycin.  

Figure 7: Chemical structure of the lipopeptide daptomycin. 
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Teixobactin-like depsipeptides  

The recently discovered non-ribosomally synthesized undecadepsipeptide teixobactin, produced by the 

Gram-negative β-proteobacterium Eleftheria terrae represents a promising new class of lipid II-binding 

antibiotics with a unqiue chemical scaffold (Ling et al., 2015). Teixobactin is composed of an aliphatic 
linear 7-residue N-terminus and a cyclotetradespi-peptide core. The structure includes five D-amino 

acids and the unusual non-proteinogenic amino acid L-allo-enduracidinine at the C-terminus 
(Figure 8A).  

The previously uncultured producing strain of teixobactin was isolated using a miniaturized 
multichannel device for high-throughput cultivation, known as the iChip (isolation chip), which was 
developed to grow and isolate previously uncultured bacteria in their natural environment (Kaeberlein 

et al., 2002; Nichols et al., 2010).  
Teixobactin was shown to be highly potent against a variety of Gram-positive pathogens, including 

M. tuberculosis, C. difficile, Bacillus anthracis, antibiotic-resistant S. aureus, S. pneumoniae and
enterococci strains (MRSA, VISA, DAPR, LRSA, VRSA, PRSP, and VRE). It demonstrated excellent
bactericidal activity against MSSA and VISA strains and was superior to vancomycin in killing late-
exponential phase cells. Also, teixobactin exhibited beneficial PK/PD, low toxicity, and showed good in
vivo efficacy in three distinct murine models of infection using MRSA and S. pneumoniae, as well as in

a rabbit model of anthrax infection (Lawrence et al., 2020; Ling et al., 2015). Currently, teixobactin is in
preclinical development, being optimized to overcome limitations in intravenous administration as the
peptide aggregates to form insoluble gels under physiological conditions (Cadete Pires et al., 2019;

Zhang et al., 2021; Zong et al., 2018).

Importantly, S. aureus and M. tuberculosis both failed to develop teixobactin-resistance in vitro and 
teixobactin was equally active against strains with resistance towards other lipid II-binding antibiotics 
(Ling et al., 2015). Teixobactin is less prone to resistance development due to its unique mode of action 
which is based on high-affinity binding to different highly conserved target molecules. Besides the PGN 
precursor lipid II, teixobactin interacts with WTA precursors (such as lipid IIIWTA) and C55-PP. Binding 
to the targets primarily relies on the interaction with the pyrophosphate moiety, which is highly 
conserved among these cell wall lipid intermediates. This concomitant targeting of multiple cell wall 
biosynthetic pathways confers an “intrinsic synergy” and is suggested to trigger subsequent detrimental 
cellular effects that could explain teixobactin’s potent activity. One of these effects is the rapid 
bacteriolytic activity that is suggested to be the result of an uncontrolled liberation of the WTA-anchored 

autolysins (Homma et al., 2016). Besides PGN and WTA biosyntheses, teixobactin secondarily impacts 
on fundamental metabolic pathways including phospholipid and fatty acid biosyntheses, accompanied 
by a decrease of amino- and nucleotide-sugars levels, the perturbation of the histidine and arginine 
metabolism, the tricarboxylic acid cycle, as well as pantthenate and coenzyme A biosyntheses (Hussein 

et al., 2020).  
Very recently, Weingarth and co-workers studied the teixobactin-lipid II complex interface and 

topology in membranes using solid-state NMR spectroscopy (Shukla et al., 2020, 2022). The data 
revealed that the alternating L- and D-amino acids are strategically positioned to align teixobactin into 
antiparallel β-sheets upon lipid II binding (Figure 8B), a structure that fosters the irreversible formation 
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of oligomeric teixobactin fibrils (Öster et al., 2018; Shukla et al., 2022; Yang et al., 2018). These fibrils 
were suggested to thin the membrane by displacing phospholipids and concentrating the C55-P tails 
(Figure 8D; Shukla et al., 2022). 

Structural analysis of the complex revealed that the pyrophosphate group of lipid II is coordinated 
by the depsi-cycle amino protons and the N-terminus of an adjacent teixobactin molecule, which 

contributes to an improved stability of the interface. In addition, the C-terminal enduracididine amino 
acid coordinates the MurNAc sugar (Figure 8B). The hydrophobic side chains of the exocyclic amino 
acids Ile2, D-allo-Ile5, and L-Ile6 serve as membrane anchors, and the water-exposed hydrophilic amino 
acid residues L-Ser3, D-Arg4, and D-Ser7 contribute to aggregation of further teixobactin molecules, 
resulting in a supramolecular fibrillar structure (Figure 8C; Shukla et al., 2020, 2022). In addition, 
structure-activity relationship (SAR) studies of chemically-synthesized teixobactin analogues showed 

that a change in the order of polar and apolar or of D- and L-amino acids in the linear N-terminal portion 

cause a complete loss of activity (Abdel Monaim et al., 2016; Chen et al., 2017b; Parmar et al., 2017). 
To date, 64,000 microbial isolates and extracts were collected using the iChip culturing method, 

revealing more than 30 newly discovered antibiotics. Among these compounds, another teixobactin-like 

peptide, hypeptin, was discovered, sharing similar structural features, i.e. a despi-cycle of the same size 
and a comparable number of D- and L-amino acids, including a guanidine amino acid and β-hydroxy 
amino acids. Compared to teixobactin, hypeptin has a shorter exocylic linear peptide chain. 

Hypeptin was isolated from Lysobacter sp. K5869. A comparison with the natural product database 

pointed towards a compound that was previously isolated from Pseudomonas sp. PB-6269 in 1989. The 
strongly β-hydroxylated octapeptide, eponymous for its designation hypeptin (Figure 8A), displays 
potent antibacterial activity against Gram-positive bacteria (Shoji et al., 1989). The biosynthesis and the 

mechanism of action of hypeptin are described in chapter 3.   

Very recently, another teixobactin-like depsipeptide named clovibactin was isolated from a 

subspecies of the teixobactin producer, E. terrae ssp. carolina, that was isolated from sandy soil in North 
Carolina. The octapeptide is composed of three D-amino acids and an uncommon β-OH-asparagine. 

Compared to teixobactin it shares a depsi-cycle, but has a shorter N-terminus with three less amino acids 
(Figure 8A). The discovery, the biosynthesis and the mode of action of clovibactin are described in 

chapter 4.  
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Figure 8. Teixobactin and structurally-related depsipeptides. (A) Structural comparison of teixobactin, 
hypeptin and clovibactin chemical structures. The compounds contain guanidine amino acids (blue),    
β-hydroxy amino acids (red), D-configurated amino acids (green), and branched aliphatic amino acids. 
(B) Teixobactin molecules that bind to lipid II align with each other into antiparallel fiber-like β-sheets (cyan).
(C) C-terminal enduracididine (End10) binds specificially to the pyrophosphate group and the MurNAc sugar.
The hydrophobic residues of L-Ile2, D-allo-Ile5, and L-Ile6 are exposed to the water-membrane interface.
(D) Proposed mode of action of teixobactin according to Shukla et al., 2022: Teixobactin forms fiber-like
β-sheets upon lipid II binding followed by oligomerization into fibrils, thus blocking PGN biosynthesis and
thinning the membrane. Figures B, C and D reproduced from Shukla et al., 2022.
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Cell envelope-targeting small molecule inhibitors 

Permeation of the protective outer membrane of Gram-negative bacteria or the mycobacterial cell 
envelope is mainly achieved by small molecules with a molecular size of less than 600 Da. Therefore, the 
identification of synthetic small molecule antibiotics is of great interest. Notably, production costs of 
small molecules are low and the non-peptidic character is of importance rendering high stability and 
favorable PK/PD, as well as oral bioavailability (Arranz-Trullén et al., 2017; Craik et al., 2013). 

Moreover, the compounds have to meet the physicochemical requirements for evasion of efflux 
pumps and to penetrate the hydrophobic outer lipid membranes (LPS layer, mycomembrane) by either 
diffusing through these restrictive barriers or by passing through hydrophilic porins (Acosta-Gutiérrez 
et al., 2021; Nikaido, 2003; Nikaido and Vaara, 1985). A few groups are currently establishing rules of 
outer membrane permeation (Muñoz and Hergenrother, 2021; El Zahed et al., 2021). 

Besides the clinically used β-lactams, fosfomycin, and D-cycloserine, small molecule inhibitors 
targeting the bacterial cell envelope mainly comprise membrane-active agents, comprising synthetic 
proton-ionophores or peptidomimetics, mostly constituted of positively charged amino groups and 
often collectively active against Gram-positive, Gram-negative and mycobacteria, particularly in the 
form of dormant cells in biofilms (Chen et al., 2018; Gänzle, 2004; Ghosh and Haldar, 2015; Kim et al., 
2016, 2019; Martin et al., 2020; Su et al., 2017; Wang et al., 2016a; and references herein). 

As a strategy to combat MRSA infections, small molecules are often used as combination agents to 

restore efficacy of β-lactam antibiotics (Kant et al., 2017; Koyama et al., 2012; Mann et al., 2013; Nair 

et al., 2017; Roemer et al., 2013; Swoboda et al., 2009; and references herein). From diverse HTS, 

inhibitors of cell wall biosynthetic enzymes, such as the mycolic acid transporter in M. tuberculosis 

(Sacksteder et al., 2012; Tahlan et al., 2012), the sortase SrtB of Clostridioides difficile (Donahue et al., 

2014), the C55-PP synthase UppS of Bacillus, S. aureus, and E. coli (Czarny and Brown, 2016; Farha et al., 

2015; Inokoshi et al., 2013, 2016; Peukert et al., 2008; Sinko et al., 2014; Wang et al., 2016b; Zhu et al., 

2013), the S. aureus enzymes DltA and DltB involved in D-alanylation (Matano et al., 2016; Pasquina 

et al., 2016), the S. aureus O-actyltransferase OatA (Brott et al., 2019), the S. aureus cell wall homeostasis 

regulon WalKR (Igarashi et al., 2013; Qin et al., 2006; Watanabe et al., 2003) the S. aureus WTA 

transporter subunit TarG (Sewell and Brown, 2014; Wang et al., 2013; and references herein), the 
S. aureus WTA glycosyltransferase TarO (Farha et al., 2013; Suzuki et al., 2012; Swoboda et al., 2009),

distinct S. aureus capsule biosynthethic enzymes (Li et al., 2014), the S. aureus PGN peptidyltransferase

FemA (Koyama et al., 2012), the S. aureus PGN glycosyltransferase MurG (Hu et al., 2004; Mann et al.,

2013), the lipid II flippase MurJ (Huber et al., 2009; Mott et al., 2008), and other inhibitors of the Mur

ligases A-F (Sangshetti et al., 2017; Silver, 2003) were identified.
Previously, small molecules have been demonstrated to interact with a shortened water-soluble 

lipid II variant, including pyrylium-, tryptamine-, indole- and indolene-containing compounds and 
derivatives thereof (Chauhan et al., 2016; Derouaux et al., 2011; Fletcher et al., 2015; de Leeuw, 2014). 
The positively charged pyrylium moiety of the defensin mimetic lead compound BAS00127538 with a 
molecular weight of 517 Da interacts with the anionic pyrophosphate group of lipid II, whereas the 
indolene and two phenyl rings were predicted to interact with the polyprenyl and the MurNAc moiety, 
respectively (Varney et al., 2013). The small molecules BAS00127538 and 6Jc48-1a are currently in 
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preclinical development (Malin and De Leeuw, 2019). However, proof for an interaction with the natural 
full-length lipid II molecule is missing so far. Furthermore, the compounds did not specificially target 
cell wall biosynthesis, but also lipid, DNA and protein biosyntheses and antibacterial activity strongly 
correlated with cytotoxicity. 

Very recently, a pneumococcal autolysis-based whole-cell screening for bacterial cell wall 
biosynthesis inhibitors identified a hit class of synthetic small molecules with a 1-amino substituted 

tetrahydro-carbazole (THCz) scaffold (Figure 9A). The antimicrobial activity and the mechanism of 

action of THCz are further characterized in chapter 5. Dependent on their scaffold, related THCz 

analogs were previously demonstrated to exhibit antimicrobial acitivity against Gram-positive and 
Gram-negative bacteria, mycobacteria as well as against pathogenic fungi (Akalaeva et al., 1990; Bublitz 

et al., 2018; Su et al., 2019). Potent activity of THCz analogs is also described against human papilloma 

viruses (HPV; Gudmundsson et al., 2009). Bublitz et al. identified a fungal P-type ATPase as the target 
of THCz analogs. A co-crystal structure with a mammalian Ca2+-ATPase revealed a region above the ion 

inlet channel as the binding site (Bublitz et al., 2018). Remarkably, THCz were also found to exhibit 

neuroprotective features for treatment of Alzheimer’s disease (Honarnejad et al., 2014).  
The molecular target and the precise mode of action of another small molecule inhibitor with a 

chlorine-substituted carbazole scaffold, 2-((3-(3,6-dichloro-9H-carbazol-9-yl)-2-hydroxypropyl)-

amino)-2-(hydroxymethyl)propane-1,3-diol (DCAP, Figure 9B), was elucidated in chapter 6. DCAP 

was previously proposed to target the bacterial membrane and to dissipate membrane potential (Eun et 
al., 2012; Hurley et al., 2015). 

Figure 9. Chemical structures of synthetic small molecule inhibitors of cell wall biosynthesis. (A) Lead 
compound THCz-1 of a 1-amino substituted tetrahydrocarbazole (THCz) hit class. (B) 2-((3-(3,6-dichloro-9H-
carbazol-9-yl)-2-hydroxypropyl)amino)-2-(hydroxymethyl)-propane-1,3-diol (DCAP). *, stereogenic center. 

Cl

N

OH

N
H

OH

OH

OH

Cl

*
N
H

N
*

H

THCz-1
372 Da

DCAP
412 Da

BA

26

Introduction



III. Aim of the thesis

The central peptidoglycan building block lipid II is a most relevant antibiotic target structure. Several 

reasons convene that make lipid II such a favorable target: (i.) Lipid II is highly conserved in prokaryotes, 

while eukaryotic counterparts are lacking, reducing adverse side and toxic effects. (ii.) The peptido-
glycan precursor is not directly encoded by genes, as protein targets are, and thus resistance development 

is limited. (iii.) Most importantly, the membrane-bound lipid II serves various functions within the 

bacterial cell that go far beyond being a mere cell wall building block. Thus, binding to lipid II can induce 
a coalescence of antibiotic effects that may all contribute to bacterial killing.  

It is intriguing that, despite binding to the same target molecule, lipid II-targeting antibiotics, even 
structurally closely related compounds, trigger differential cellular effects, affecting potency and the 
propensity to develop resistance. The aim of this thesis was the analysis of different antibiotics that target 
cell wall biosynthesis, to elucidate their mode of action and to identify the molecular targets. As all 
antibiotics were shown to bind to lipid II, a comparative evaluation was envisioned to dissect differences 
in the mechanisms of action and binding modes, and to illuminate the resulting cellular consequences. 
A particular focus was on the teixobactin-like compounds hypeptin and clovibactin.  
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Chapter 1 

The lasso peptide siamycin-I targets lipid II at the Gram-positive cell surface 3 

Lasso peptides represent a class of ribosomally synthesized post-translationally modified peptides 
(RiPPs) that exert diverse biological activities. The 21-membered lasso peptide antibiotic siamycin-I 
displays good antmicrobial activity against multi-resistant Gram-positive bacteria, including clinically-
relevant methicillin-resistant Staphylococcus aureus and vancomycin-resistant enterococci. Besides 
exhibiting anti-HIV activity, siamycin-I was proposed to inhibit quorum sensing and ATP-dependend 
enzymes and more recent studies indicated interference of bacterial cell wall biosynthesis (Daniel-Ivad 

et al., 2017). The aim of this study was to obtain detailed knowledge on the mode of action of 
siamycin-I and to identify the molecular target. 

Fluorescence microscopy revealed that the molecular target of siamycin-I is exposed at the divison 
site, since fluorescein-linked siamycin-I specificially localized to the divison septum of S. aureus and 

Bacillus subtilis cells. Moreover, delocalization of the bifunctional transglycosylase, penicillin-binding 
protein 2 (PBP2), pointed towards cell wall biosynthesis as the specific target pathway and the 
peptidoglycan precursor lipid II as the molecular target of siamycin-I.  

Thus, the impact of siamycin-I on the S. aureus lipid II biosynthesis cycle was investigated in vitro 
using a cell wall biosynthesis reaction setup with purified, recombinant biosynthetic enzymes and 
substrates. The lasso peptide inhibited individual reactions with lipid I and lipid II as substrate, but not 
the conversion of undecaprenyl phosphate (C55-P). Additionally, inhibition of undecaprenyl 
pyrophosphate (C55-PP) dephosphorylation suggested the lipid-coupled pyrophosphate as the minimal 
binding motif. Corroborating, the siamycin-I-induced cell wall stress response in B. subtilis monitored 
by LiaI induction was antagonized by external addition of C55-PP-containing lipid intermediates.   

Interestingly, serial passage-derived siamycin-I-resistant S. aureus isolates were characterized by a 
thickened cell wall and exhibited cross-resistance to the lipid II-binding antibiotics vancomycin and 
nisin. Mutations that conferred siamycin-I resistance primarily affected genes encoding for the essential 
two-component system (TCS) WalKR, regulating the interplay between peptidoglycan biosynthesis and 
hydrolysis through control of autolysin expression. 

Siamycin-I is the first lasso peptide that has been shown to inhibit cell wall biosynthesis by binding 
to lipid II. Among RiPPs, only lanthipeptides such as nisin are known to bind to lipid II. Siamycin-I 
shares the immutable C55-PP binding motif with teixobactin, a potent antibiotic that targets multiple cell 
wall biosynthesis pathways (such as wall teichoic acid biosynthesis). Multi-targeting was not investigated 
but is most likely for the lasso peptide as well. Unlike siamycin-I, teixobactin’s ability to target multiple 
cell envelope intermediates is suggested to trigger the antibiotic’s strong bacteriolytic properties due to 
altered autolysin expression and to account for the lack of resistance (Ling et al., 2015).  

K.C.L. performed mechanism of action studies and identified the molecular targets (i.e. fluorescence
microscopy, antagonization assays, in vitro enzyme assays including purification of enzymes and substrates,
susceptibility testing of guaA insertion mutant), analyzed the data and contributed to writing of the
manuscript. The publication is also included as part of the doctoral thesis of Dr. Stephanie Tan (Tan, 2022).
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ABSTRACT: Ribosomally synthesized post-translationally modified peptides (RiPPs) are a diverse class of biologically active
molecules produced by many environmental bacteria. While thousands of these compounds have been identified, mostly
through genome mining, a relatively small number has been investigated at the molecular level. One less understood class of
RiPPs is the lasso peptides. These are 20−25 amino acid residue compounds bearing an N-terminal macrocyclic ring and a C-
terminal tail that is threaded through the ring. We have carried out a detailed investigation on the mechanism of action of the
siamycin-I lasso peptide. We demonstrate that siamycin-I interacts with lipid II, the central building block of the major cell wall
component peptidoglycan, which is readily accessible on the outside of the cell. This interaction compromises cell wall
biosynthesis in a manner that activates the liaI stress response. Additionally, resistance to siamycin-I can be brought about by
mutations in the essential WalKR two-component system that causes thickening of the cell wall. Siamycin-I is the first lasso
peptide that has been shown to inhibit cell wall biosynthesis.

Methicillin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant Enterococci (VRE) are leading

causes of Gram-positive bacterial infections. These nosocomial
pathogens have largely supplanted sensitive strains and reflect
more than 50% of clinical isolates throughout the world.1,2

Despite the number of available therapeutics for infectious
diseases, we are at our last lines of defense. There is a pressing
need to find new antimicrobialscompounds having novel
targets and mechanisms of action would be well suited as
resistance breaking drugs.
The cell wall is a key determinant of cell integrity. It

modulates osmotic pressure, cell size, and cell shape and
protects the cytoplasm from harmful agents.3−5 Moreover, cell
wall synthesis requires a tight coordination with cell division.
The cell wall is composed of peptidoglycan, a polymer of
repeating disaccharide units composed of N-acetyl-glucos-
amine (GlcNAc) and N-acetyl-muramic acid (MurNAc) cross-
linked via short peptides. The biosynthesis of peptidoglycan is
an intricate process governed by diverse biosynthetic enzymes

located in different cellular compartments. The first steps to
peptidoglycan biosynthesis occur in the cytoplasm, whereas the
key precursor, lipid II, is synthesized at the membrane. Lipid II
is flipped to the outside of the cell where the GlcNAc-MurNAc
disaccharide is polymerized into a matrix of linear glycan
chains and cross-linked together at the pentapeptide chain
(Figure 1).6

Many antibiotics target cell wall biosynthesis (Figure 1).
Glycopeptide antibiotics like vancomycin, β-lactams such as
ampicillin, and a more recent discovery, the cyclodepsipeptide
antibiotic teixobactin, are a few among known inhibitors of
peptidoglycan biosynthesis. Vancomycin interacts with lipid II
by binding to the terminal dipeptide, D-Ala-D-Ala, on the
pentapeptide chain to prevent polymerization by the penicillin-
binding proteins (PBP).7 β-Lactam antibiotics bind to PBPs
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via irreversible acylation of the active site, consequently
interfering with transpeptidation.8 Teixobactin is an unusual
antibiotic that targets multiple polyprenyl-coupled cell
envelope precursors, including lipid II. It binds to the
pyrophosphate-sugar moiety of lipid II, thereby inhibiting its
incorporation into peptidoglycan.9,10

Ribosomally synthesized post-translationally modified pep-
tides (RiPPs) are a diverse class of biologically active
molecules. To date, 22 subclasses of RiPPs have been
described based on their biosynthetic machinery and
compound structure. The most well studied RiPPs include
the lanthipeptides, thiopeptides, and cyanobactins, whereas
new subclasses of RiPPs, such as the streptides, remain
underexplored.11 The various subclasses have provided a large
platform of new compounds with varying biological activity
and therapeutic potential.
The lasso peptides are an attractive RiPP subclass with an

assortment of inhibitory activities.12 These molecules have
several important characteristics: they are resistant to proteases
and denaturing agents, highly stable, and unique in topology.11

Genome mining tools specific for RiPPs have found >1300
potential lasso peptides encoded in bacterial genomes,13−15

and yet only a few have been extensively characterized. These
include microcin J25, an inhibitor of RNA polymerase,16−19

and lassomycin, an inhibitor of the ClpC1 ATPase involved in
proteolysis by the ClpC1P1P2 complex.20

Siamycin-I is a 21 amino acid peptide derived from
Streptomyces sp., in which two disulfide bonds and an N-
terminal macrolactam stabilize the tricyclic lasso structure. The
amphipathic lasso peptide has been previously reported to
inhibit ATP-dependent enzymes in vitro, a quorum sensing
system in Enterococcus faecalis, and human immunodeficiency
virus growth in tissue culture cells.21,22 We identified siamycin-
I as a cryptic natural product with antibiotic activity against
Gram-positive bacteria; importantly, this included both MRSA
and VRE. Preliminary work, in particular its activation of the
liaI stress response, suggested that siamycin-I might target the
cell wall.23 Given the rising interest in lasso peptides and need
for new antibiotics, we set out to ascertain siamycin-I’s mode
of action in greater detail and identify the molecular target.

In this work, we show that siamycin-I targets the Gram-
positive cell wall by binding to lipid II. Siamycin-I recognizes
the pyrophosphate lipid anchor as part of its minimal binding
site. This interaction appears to occur on the extracellular face
of the membrane and primarily at the division septum. This is
the first report of such a targeting mechanism for a lasso
peptide and adds another antibiotic class to the portfolio of
lipid II binding compounds.

■ RESULTS AND DISCUSSION
Siamycin-I Targets the Cell Wall. To determine how

siamycin-I inhibits bacterial growth, we isolated siamycin-I
resistant mutants (siaR) in Staphylococcus aureus ATCC29213.
We characterized six nonsibling mutants exhibiting resistance
to 25 μM siamycin-I (versus minimum inhibitory concen-
tration (MIC) = 3.7 μM against wildtype S. aureus).
Interestingly, three of the six resistant mutants, siaR-1, -2,
and -5, also exhibited elevated MICs for vancomycin of 2 μM,
compared to wildtype MIC = 1 μM. Furthermore, all of the
mutants exhibited cross-resistance to the structurally unrelated
lanthipeptide nisin. Whereas the MIC of nisin against the
wildtype strain is 9 μM, the MICs for siaR-1−3, -5, and -6, were
at least 4-fold greater (38 μM), and that of siaR-4 was 2-fold
greater (18 μM; Figure 2a). We observed no cross-resistance
to ciprofloxacin, rifampicin, or kanamycin, which are inhibitors
of cytoplasmic targets involved in DNA, RNA, or protein
synthesis, respectively. Vancomycin and nisin compromise
peptidoglycan biosynthesis by binding lipid II,7,24 so we
surmised siamycin-I might similarly target a component of cell
wall biosynthesis.
We sequenced the chromosomes of the six mutants and

found that each harbors a single mutation in walK or walR
which encode a two-component regulatory system (TCS);
there were other mutations in some strains; however, none was
shared by all of them (Supporting Information Table 1). In
previous work, we isolated mutants in this background that
were resistant to the unrelated antibiotic actinorhodin.25 Two
strains, ATCC29213 walK (G533S) and ATCC29213 walR
(T101M), had mutations exclusively in the walKR operon. To
rule out any effects of other sequence alterations, we tested
these strains for resistance to siamycin-I and found that they

Figure 1. Inhibition of peptidoglycan biosynthesis. Peptidoglycan biosynthesis begins inside the cell to form the precursor, lipid II. Flipping of lipid
II to the outside face of the membrane allows lipid II to be polymerized by PBPs into the peptidoglycan network. Inhibitors of peptidoglycan
biosynthesis are shown (red). Siamycin-I binds to lipid II and pyrophosphate-containing lipid intermediates.
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both exhibited resistance in comparison to the wildtype
(Supporting Information Figure 1). Furthermore, we tested a
strain with an insertion in guaA, the second most common
mutation observed. We found that this strain is less susceptible
in the absence of guanine (Supporting Information Table 2);
however it was not pursued further at this time. We conclude
that mutations in walKR confer resistance to siamycin-I.
WalKR regulates genes associated with cell wall metabolism

including autolysis, cell division, the recycling of cell wall
material, and cell wall maturation during growth.26,27 WalK
autophosphorylates at H192 and then transfers this phosphate
to WalR, at D54. SiaR-1, -2, and -6 each encoded a mutation in
walR: one mutation fell in the DNA-binding domain (P216S),
and two fell in the receiver domain (A96T and D83Y). SiaR-3,
-4, and -5 had mutations in walK: siaR-3 mutation (A292P) was
found in the putative signal sensing domain (also known as the
PAS domain), whereas siaR-4 (V498F) and siaR-5 (G533S)

mutations fell in the histidine kinase domain (Figure 2b).
Mutations in either walK or walR have been previously
reported and have been shown to play a role in resistance to
vancomycin, which is consistent with our data.28,29 Mutations
conferring resistance to streptomonomicin, another lasso
peptide, have recently been demonstrated in walKR in Bacillus
anthracis; however, no further characterization on its
mechanism of action has been reported.30 Additionally, when
we examined our siaR mutants under electron microscopy, we
found that they exhibited thickened cell walls, a feature of
walKR mutants previously reported28,31 (Figure 2c). This
further supported the idea that siamycin-I targets a component
in the cell wall.
Some antibiotics that target membrane-bound steps in

peptidoglycan biosynthesis cause the cytoplasmic accumulation
of the cell wall precursor UDP-MurNAc-pentapeptide.32 To
determine whether this is the case for siamycin-I, we carried

Figure 2. Siamycin-I resistant mutants showing resistance at the cell wall. (A) Cross resistance in siamycin-I resistant mutants was observed against
vancomycin and nisin. (B) Single point mutations were found in siamycin-I resistant mutants in either walK, the histidine kinase, or walR, the
respective response regulator. HAMP: Histidine kinases, Adenylate cyclases, Methyl accepting proteins, and Phosphatases. PAS: Per-Arnt-Sim.
PAC: C-terminal motif of PAS. (C) Transmission electron microscopy images of wildtype and mutant S. aureus cells. The cell wall thickness of the
mutant was measured to 65 nm, and wildtype cells were 22 nm. Scale bar = 200 nm.
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out a precursor accumulation assay using liquid-chromatog-
raphy mass-spectrometry (LC-MS). As expected, the anti-
biotics vancomycin, bacitracin, and ampicillin all caused the
accumulation of the soluble precursor ([M + H]+ = 1150.39).
In contrast, siamycin-I did not trigger this accumulation
(Figure 3), indicating that its action is distinct from these

compounds in some way. One possibility was that, like nisin,
siamycin-I might cause the formation of pores in the
membrane, resulting in depolarization.33 To determine
whether this is the case with siamycin-I, we used a fluorescent
dye assay to measure the integrity of the electrochemical
gradient across the cell membrane. Siamycin-I did not induce
cell depolarization (Supporting Information Figure 2) showing
that its mechanism of action is distinct from nisin as well.
In previous work, we showed that siamycin-I activates the

liaI cell wall stress response.23 liaI expression is known to be
induced in response to cell wall damage, in particular by
antibiotics targeting lipid II.34 To establish if cell wall
precursors are involved in this activity, we carried out an
experiment to determine whether lipid II, its precursor lipid I,
or its lipid components, undecaprenyl phosphate (C55P) or
undecaprenyl pyrophosphate (C55PP), can antagonize the
activation of the liaI genes by siamycin-I. As a control, we
treated B. subtilis cells harboring a liaI−lux reporter fusion with
vancomycin (4 μg/mL) and, as expected, observed a strong
luminescent signal. We found that addition of one molar ratio
of lipid I or lipid II, which both have the D-Ala-D-Ala terminus,
blocked the activation of liaI (Figure 4a). In contrast, a 1:10
molar ratio of vancomycin/C55P or C55PP had no effect. This
is consistent with the fact that the monophosphate and
diphosphate constituents of lipid I and II do not participate in
target recognition by vancomycin.7

We then carried out the same experiment with siamycin-I (8
μg/mL) and again found that the antibiotic activated the liaI-
lux signal, though to a lesser extent than vancomycin. When we
added lipid I or lipid II at an equal molar ratio, the liaI-lux
signal was dramatically reduced, again consistent with the
recognition of this cell wall building block. Intriguingly, the
addition of C55PP (1:1 molar ratio), though not C55P (1:10
molar ratio siamycin-I/C55P), also had this effect, in contrast to
vancomycin, where it did not. This suggests that siamycin-I can
interact with lipid I and lipid II and that at least part of this
interaction involves binding to the pyrophosphate that
connects MurNAc to the lipid moiety (Figure 4b).

These data are consistent with a target in cell wall biogenesis
but do not distinguish whether the target is intracellular or
extracellular. We therefore used a cellular uptake assay to
determine whether siamycin-I is depleted from the growth
medium when incubated with cells over time, or whether it
associates with the extracellular surface. Over the first 15 min,
siamycin-I was depleted slightly in the growth medium. After
15 min of treatment up to 4 h, siamycin-I remained constant in
the growth media indicating that the lasso peptide was not
being taken up into the cell (Supporting Information Figure 3).
We conclude that siamycin-I interacts with (a) cell surface-
associated molecule(s).

Siamycin-I Acts at the Cell Division Septum and
Leads to PBP2 Delocalization. To identify the cellular
target of siamycin-I, we created a semisynthetic adduct having
a fluorescein analog conjugated to the lasso peptide’s carboxy-
terminus (Supporting Information Methods). We tested it for
bioactivity and found that the fluorescein-labeled antibiotic
had the same MIC as the unlabeled compound (3.7 μM). We
used the commercially available BODIPY-FL vancomycin as a
control.
We first treated S. aureus cells with a subinhibitory

concentration of the vancomycin-fluorophore and the DNA
stain DAPI. As expected, vancomycin bound to free D-Ala-D-
Ala termini in the division septum and the peripheral cell wall
(Figure 5a).35,36 We carried out the same experiment with
siamycin-I and found that the fluorophore accumulated in the
division septum, but unlike with vancomycin, we did not
observe accumulation in the peripheral cell wall (Figure 5b).
This suggests that siamycin-I’s interaction with the cell wall
differs from that of vancomycin. We observed the same pattern
in rod-shaped B. subtilis cells: vancomycin accumulated at the

Figure 3. Accumulation of the soluble peptidoglycan precursor, UDP-
MurNAc-pentapeptide, not triggered by siamycin-I. Cytoplasmic
accumulation of the peptidoglycan precursor, UDP-MurNAc-
pentapeptide, after treatment with an antibiotic was detected by
LC-MS. Accumulation of UDP-MurNAc-pentapeptide, [M + H]+ =
1150.39, was observed after treatment with bacitracin, ampicillin, and
vancomycin but not siamycin-I.

Figure 4. Cell wall stress response induced by siamycin-I antagonized
by purified cell wall precursors. Induction of the cell wall stress
response in B. subtilis, indicated by liaI-lux expression, was measured
by luminescence (counts per second). (A) Vancomycin induced cell
wall stress was suppressed when preincubated with lipid I or lipid II in
a 1:1 molar ratio. Preincubation of vancomycin with C55P or C55PP
(1:10 molar ratio) did not prevent activation of the cell wall stress
response. (B) Siamycin-I activated the liaI response and was
suppressed by lipid I, lipid II, and C55PP in a 1:1 molar ratio but
not by C55P.
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septum and cell periphery, whereas siamycin-I accumulated
preferentially at the division site (Supporting Information
Figure 4). We interpret this as evidence that the specific
siamycin-I binding motif is most exposed in the Gram-positive
division plane.
A further question of interest was whether siamycin-I

disrupted the cell wall biosynthetic machinery. To this end, we
used a S. aureus strain expressing PBP2 fused to the green
fluorescent protein. PBP2 is a bifunctional transglycosylase and
transpeptidase that localizes specifically to the division plane in
dependence of its substrate lipid II.37 We visualized untreated
cells and cells that had been treated with 10xMIC siamycin-I
using fluorescent microscopy. We observed the expected
pattern of PBP2 at the septum in untreated control cells,
however in the presence of siamycin-I, PBP2 was delocalized

and dispersed to other sites in the cell (Figure 5c,d). Thus,
septal localization of PBP2 was compromised by siamycin-I,
consistent with the targeting of lipid II as well as siamycin-I
acting primarily at the division septum.

Siamycin-I Inhibits Enzymatic Reactions of the Lipid
II Biosynthesis Cycle. As an orthogonal approach to the
question of siamycin-I’s molecular target, we explored its effect
on individual biosynthetic reactions catalyzed by the intra-
cellular enzymes MraY, MurG, and the GatD/MurT complex,
as well as the extracellular enzymes PBP2, PBP4, and SA0415
(YbjG) in vitro. The position of each of these reactions in the
lipid II cycle is shown in Figure 1.
We first tested whether siamycin-I blocks the biosynthesis of

lipid I by MraY and found that it had no effect: the lipid I
product was readily detectable on thin-layer chromatographs at
levels that were indistinguishable from the control. In contrast,
the addition of friulimicin B completely abolished lipid I
production (Figure 6a).32 This indicated that siamycin-I does
not inhibit the formation of lipid I by MraY.
We next tested the effect of siamycin-I on two downstream

steps catalyzed by MurG, which adds N-acetyl-glucosamine to
lipid I to create lipid II, and GatD/MurT, which amidates
glutamic acid of the lipid II stem peptide.38,39 Siamycin-I
inhibited the formation of lipid II by MurG; however it did not
form an extraction-stable complex with lipid I as observed for
the control antibiotic teixobactin. Compared to teixobactin,
siamycin-I binding affinity appears low but sufficient to block
enzymatic conversion of lipid I and lipid II. Similarly, lipid II
was not amidated in the presence of siamycin-I but extracted
from the reaction mixture, consistent with a weak interaction,
unlike vancomycin which stably complexes with lipid II and is
no longer detectable (Figure 6b,c). These results reveal specific
binding of siamycin-I with lipid I and lipid II.
We then determined whether siamycin-I blocks the

transglycosylation and carboxypeptidation reactions carried
out by PBP2 and PBP4, respectively. We first tested the effect
of siamycin-I on the transglycosylation reaction catalyzed by
PBP2. Lipid II polymerization results in nonextractable glycan
strands and release of detectable C55PP as seen in the control
reaction. Siamycin-I blocked the conversion such that the lipid
II substrate was detectable by TLC, indicating that siamycin-I
inhibits PBP2 like that of the vancomycin control (Figure 6d).
We also investigated the carboxypeptidation function of PBP4
from S. aureus, which cleaves the terminal amino acid from the
pentapeptide chain to create lipid II tetrapeptide, and thus
alters migration behavior on TLC.40 In contrast to
vancomycin, siamycin-I did not inhibit the carboxypeptidation
of lipid II (Figure 6e). We surmise that the interaction of
siamycin-I with lipid II does not block the C-terminus of the
pentapeptide such that it is free to be recognized and bound by
PBP4.
To deduce the minimal binding motif, we determined the

effect of siamycin-I on the reaction catalyzed by SA0415, an
undecaprenyl pyrophosphate phosphatase that recycles C55PP
to C55P, allowing the lipid to re-enter the peptidoglycan
biosynthesis pathway.41 When SA0415 was incubated with
siamycin-I in the presence of C55PP substrate, no mono-
phosphorylated product was observed, suggesting that
siamycin-I can inhibit the lipid recycling step, like that of the
teixobactin control (Figure 6f). This is consistent with the
finding that siamycin-I-mediated activation of liaI was
antagonized by C55PP. We conclude that siamycin-I requires

Figure 5. Siamycin-I only stains division septum and disrupts PBP2
localization. S. aureus was treated with (A) BODIPY-FL vancomycin
or (B) siamycin-I-fluorescein at subinhibitory concentrations and
visualized with fluorescence microscopy. Vancomycin treated cells
show localization along the peripheral cell surface of S. aureus cells
and at the division septum, whereas siamycin-I localizes to the
division septum only. DAPI was used to stain DNA. Scale bar = 1 μm.
S. aureus GFP-PBP2 localizes to the septum in untreated cells (C).
Treatment with 10×MIC siamycin-I results in PBP2 delocalization
(D). Scale bar = 2 μm.

ACS Chemical Biology Articles

DOI: 10.1021/acschembio.9b00157
ACS Chem. Biol. 2019, 14, 966−974

970

37

Tan et al. (2019) ACS Chem. Biol., 14 (5), 966–974 Chapter 1

Reprinted with permission from ACS Chemical Biology 2019 14 (5), 966-974. 
Copyright 2019 American Chemical Society.



the pyrophosphate motif attached to the polyprenyl chain in
lipid II for binding and represents the minimal binding motif.
We have demonstrated that siamycin-I directly interacts with

cell wall intermediates. We note that while siamycin-I is able to
inhibit the production of lipid II from lipid I in vitro, the fact
that it appears to act outside the cell rules lipid I out as a
biologically relevant target. Similarly, inhibition of the lipid II-
consuming reaction catalyzed by GatD/MurT, while consistent
with binding of lipid II, is not likely to be biologically

significant. Rather, siamycin-I action appears to be restricted to
binding lipid II on the cell surface, most likely compromising
the incorporation of GlcNAc-MurNAc into the peptidoglycan
polymer. This was measured by quantifying the relative
amount of C55PP released after PBP2-mediated transglycosy-
lation. Siamycin-I inhibited the formation of a transglycosy-
lated lipid II polymer in a dose-dependent manner and almost
completely inhibited formation of it at a 4:1 molar ratio of

Figure 6. Interference of siamycin-I with individual peptidoglycan biosynthesis reactions. Siamycin-I inhibits individual peptidoglycan biosynthetic
reactions by binding to substrates which comprise the minimal binding motif C55PP. In contrast to the PBP2-catalyzed transglycosylation of lipid II,
carboxypeptidation by PBP4 is unaffected reflecting that siamycin-I does not sterically hinder the C-terminus of the stem peptide. Siamycin-I was
tested for inhibition of (A) lipid I formation by MraY, (B) lipid II formation by MurG, (C) amidation of lipid II by GatD/MurT, (D) lipid II
transglycosylation by PBP2, (E) lipid II carboxypeptidation by PBP4, and (F) recycling of C55PP into C55P by SA0415. The − represents no
enzyme control, and + represents no antibiotic control. Antibiotics were added in molar ratios of antibiotic/substrate with the substrate being (A
and F) C55P, (B) lipid I, (C−E) lipid II. (G) Inhibition of PBP2-catalyzed reaction by siamycin-I in vitro was quantified by the relative amount of
C55PP released.
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siamycin-I/lipid II (Figure 6g). This is the first report of the
inhibition of cell wall biosynthesis by a lasso peptide.
The preferential localization of siamycin-I to the division

septum is particularly intriguing. This likely reflects an
enrichment of lipid II precursor at this site due to the de
novo production of the septal cell wall. It is possible that there
is some binding to the lateral wall but that, due to the
apparently weak and/or transient binding of siamycin-I to its
target, this binding is below the detection limit.
The structural diversity of the RiPPs is most intriguing as

they share several commonalities in their biosynthetic
machinery and yet are able to produce a myriad of post-
translationally modified peptides.11 Despite the commonalities
among RiPPs, only members of the lanthipeptide group are
known to bind to lipid II. The most prominent example is
nisin, which targets lipid II through an interaction with the
pyrophosphate lipid. However, nisin not only blocks cell wall
biosynthesis but also forms a pore in the cytoplasmic
membrane in a target-mediated manner, thus causing
depolarization of the cell whereas siamycin-I does not.24 As
observed for other lipid II-binding antibiotics, such as
teixobactin, the pyrophosphate-sugar motif which is exposed
on the outside of Gram-positive bacteria comprises the
minimal binding site.6 Teixobactin targets multiple poly-
prenyl-coupled cell envelope precursors, such as wall teichoic
acid (WTA), which are also assembled on the membrane
anchor C55P. Its ability to target multiple essential pathways is
what underlines teixobactin’s potent efficacy, lytic properties,
and lack of resistance, unlike siamycin-I.9,10 Inhibition of WTA
biosynthesis has not been investigated with siamycin-I;
however, it may play a role in the activity as WTA are readily
accessible outside. Additionally, teixobactin alters autolysin
expression and causes liberation of the major autolysin Atl in S.
aureus.10,42 Autolysin expression is controlled by the TCS
WalKR, to which mutations are mapped in siamycin-I resistant
isolates.27

We infer that siamycin-I resistant mutants also have altered
autolysin expression as the mutants are characterized by a
thickened peptidoglycan layer as observed by electron
microscopy.28 Another compound that interacts with lipid II
is vancomycin; however this compound binds the D-Ala-D-Ala
terminus in the uncross-linked pentapeptide cross-bridge.7

This interaction is chemically distinct from that of siamycin-I.
By binding to lipid II, it is likely that siamycin-I inhibits the

incorporation of disaccharide units into the growing
peptidoglycan network by PBP2. This interference in turn
delocalizes PBP2. Delocalization of PBP2 is known to occur
when the lipid II substrate is no longer accessible to the
enzyme. This leads to disassembly of the peptidoglycan
biosynthesis machinery and likely contributes to defective
divisome assembly.37

■ METHODS
General Methods and Materials. S. aureus ATCC 29213 and B.

subtilis 168 were maintained at 37 °C in LB-broth unless otherwise
stated. Fluorescein-5-carboxamide cadaverine was purchased from
AnaSpec. Siamycin-I was isolated and purified as previously
described.23 All other materials and compounds were purchased
from Sigma-Aldrich.
Antimicrobial MIC Assays. Minimum inhibitory concentrations

were determined as previously reported.5 Experiments were
performed in triplicate over three biological replicates.
Siamycin-I Resistant Mutant Studies. S. aureus was serial

passaged by subculturing strains 1/1000 each day in media

supplemented with siamycin-I or DMSO (vehicle control).
Siamycin-I was added at 1/8th the wildtype’s MIC and increased 2-
fold each day up to 16× the MIC. Six nonsibling clones were isolated.
Whole-genome sequencing of all six resistant mutants was performed
as previously described,25 except mutations were assembled and
mapped to S. aureus ATCC29213 (GenBank accession:
GCA_001879295.1). Coverages above 50× and a cutoff frequency
of 75% were considered for the detection of mutations.

Transmission Electron Microscopy. Samples were applied to
carbon-coated 300-mesh copper grids and stained with saturated
uranyl acetate. EM images were acquired using a Hitachi H-7000
electron microscope at an operational voltage of 75 kV.

Accumulation of UDP-MurNAc-Pentapeptide Precursor.
Cytoplasmic accumulation of the cell wall precursor UDP-MurNAc-
pentapeptide after treatment of S. aureus with antibiotic was assessed
as previously described.32

Antagonization of liaI-lux Cell Wall Stress Response. B.
subtilis liaI-lux43 was grown in Mueller−Hinton broth with
chloramphenicol (5 μg mL−1) to OD600 = 0.6. Peptidoglycan
precursors and shortened variants were added in molar ratios with
respect to vancomycin (4 μg mL−1) and siamycin-I (8 μg mL−1).
Antibiotics and antagonists in different molar ratios (1:1, 2:1, 5:1,
10:1, 20:1, 40:1) were preincubated for 10 min prior to addition of
the reporter strain. Luciferase activities were measured using the
Tecan Spark 10 M microplate reader for 5 h at 30 °C. At least three
independent biological replicate experiments were conducted.

Fluorescent Microscopy. Cells were grown until growth reached
an OD600 = 0.4. Cells were treated with vancomycin-fluorophore or
siamycin-I-FL at 1 μg mL−1 and 8 μg mL−1, respectively, for 15 min in
the dark. Stained cells were centrifuged at 5000 rpm for 30 s and
resuspended in sterile saline with 1 μg mL−1 DAPI and incubated for
10 min. Cells were centrifuged for 30 s at 5000 rpm and resuspended
in 1/10th the original volume with saline. A total of 5 μL of
concentrated cell suspension was mixed with 5 μL of 0.5% agarose.
Fluorescent microscopy was performed using a Zeiss Imager M1
upright microscope (Zeiss). At least three field images, in at least two
biological replicates, were captured under a 100× oil immersion
objective using the ZEN imaging software.

PBP2-GFP Delocalization Studies. S. aureus RNpPBP2−31, a
strain with a gfp-pbp2 fusion under control of the Pxyl promoter, was
grown in Mueller−Hinton broth to OD600 = 0.3.31 Cells were treated
with 10×MIC (80 μg mL−1) of siamycin-I and incubated for 2 min at
37 °C. Untreated cells were used as a control. Samples were
immobilized on microscope slides covered with 1% agarose and
imaged immediately. Fluorescence microscopy was carried out using a
Zeiss Axio Observer Z1 microscope equipped with an Axio Cam MR3
camera. Images were acquired with ZEN software and analyzed and
postprocessed using ImageJ v.1.38.

In Vitro Reactions of Peptidoglycan Biosynthesis with
Siamycin-I. To determine the enzymatic activity of MraY-His6, in
50 μL, 5 nmol of C55P were incubated with 25 nmol UDP-MurNAc-
pentapeptide in 100 mM Tris-HCl, 10 mM MgCl2, at pH 7.5, and
0.6% Triton X-100. The reaction was initiated by the addition of 2 μg
of MraY and incubated for 1.5 h at 30 °C.

The MurG activity assay was performed in a 30 μL reaction
containing 2.5 nmol of purified lipid I, 25 nmol of UDP-N-acetyl
glucosamine (UDP-GlcNAc) in 200 mM Tris-HCl, 5.7 mM MgCl2, at
pH 7.5, and 0.8% Triton X-100 with 2 μg of purified, recombinant
MurG-His6 enzyme. Reaction mixtures were incubated for 30 min at
30 °C.

In vitro amidation was assayed by incubating 2.5 nmol of lipid II in
160 mM Tris-HCl, 40 mM MgCl2, 30 mM KCl, at pH 7.5, 0.26%
Triton X-100, 6 mM ATP, and 6.6 mM glutamine in 30 μL total
volume. The reaction was initiated by the addition of 3 μg of the
GatD-His6/MurT complex and incubated for 2 h at 30 °C.

Enzymatic activity of S. aureus PBP2 and PBP4 was determined by
incubating 2.5 nmol of lipid II in 20 mM MES, 2 mM MgCl2, and 2
mM CaCl2, at pH 5.5 in 50 μL. The reaction was initiated by the
addition of 6 μg of PBP2-His6 or PBP4-His6 and incubated for 2 h at
30 °C.
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Dephosphorylation of C55PP was carried out using purified S.
aureus YbjG-His6 enzyme. A total of 20 nmol of C55PP was incubated
with 3 μg of YbjG-His6 in 20 mM Tris-HCl, at pH 7.5, 150 mM NaCl,
and 0.8% Triton X-100 in 50 μL for 30 min at 37 °C.
In all in vitro assays, siamycin-I was added in molar ratios with

regard to the respective substrate (C55P, C55PP, lipid I or lipid II).
Friulimicin B, vancomycin, and teixobactin were used as control
antibiotics. Peptidoglycan intermediates were purified as described
previously.44

Polyprenyl containing products were extracted from the reaction
mixture with an equal volume of n-butanol/pyridine acetate, at pH 4.2
(2:1; v/v), and analyzed by thin-layer chromatography (TLC) using
chloroform/methanol/water/ammonia (88:48:10:1, v/v/v/v) as the
solvent45 and phosphomolybdic acid staining.44 Quantification was
carried out using ImageQuant TL software. Experiments were
performed at least three times.
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Chapter 2 

Ca2+-daptomycin targets cell wall biosynthesis by forming a tripartite complex with 

undecaprenyl-coupled intermediates and membrane lipids 4 

The lipopeptide daptomycin is a last-resort agent for the treatment of certain types of infections caused 

by Gram-positive pathogens, including methicllin-resistant Staphylococcus aureus, vancomycin-

resistant enterocci, and penicillin-resistant Streptococcus pneumoniae. Its underlying mechanism of 
action was not completely understood, and a molecular target remained elusive for almost four decades. 
The aim of this study was to elucidate the precise mode of action and to identify the specific target of 
daptomycin. 

The fact that daptomycin induced the LiaRS cell wall stress response in Bacillus subtilis in a Ca2+- 
and dose-dependent manner suggested that the antibiotic interferes with a membrane-bound step of 
peptidoglycan biosynthesis. In line with this, fluorescently labeled daptomycin preferentially bound to 
the S. aureus division septum and led to delocalization of septal FtsW, supporting an interaction of the 

antibiotic with the peptidoglycan precursor lipid II. Notably, short pre-treatment of S. aureus cultures 
with lipid II-binding antibiotics such as teixobactin and oritavancin reduced daptomycin binding and 
delayed daptomycin-induced killing, emphasizing that daptomycin interacts with the same target. 

Total internal reflection fluorescence (TIRF) microscopy of phosphatidylglycerol (PG)-containing 
model membranes individually doped with the putative target molecules, undecaprenyl phosphate 
(C55-P), undecaprenyl pyrophosphate (C55-PP), and lipid II, demonstrated an increased binding of 
daptomycin compared to PG-containing bilayers lacking the embedded precursor molecules. 
Corroborating the whole-cell binding experiments, pre-incubation with antibiotics that specificially 
bind to the tested precursors strongly decreased daptomycin binding efficiacy. In addition, 
antagonization of the LiaRS response was observed after addition of precursors and PG. 

The formation of an extraction-stable daptomycin complex with lipid II was observed in the 
presence of PG, supporting the formation of a tripartite complex (daptomycin:PG:lipid II). Investigating 
the impact of daptomycin on individual cell wall biosynthesis reactions in vitro revealed inhibition of 
the MraY-catalyzed synthesis of lipid I (linking the first sugar building block to C55-P) as well as 
inhibition of the penicillin-binding protein 2 (PBP2)-catalyzed transglycosylation of lipid II, both in a 

dose-dependent manner in the presence of PG. The in vitro reactions were fully blocked at a 10:1 molar 
ratio (daptomycin:lipid substrate), which is in line with daptomycin oligomerization (Kreutzberger et 
al., 2017). 
The study supports a new model for the mechanism of action, in which Ca2+-daptomycin blocks cell wall 
biosynthesis via formation of a tripartite complex with PG and undecaprenyl-coupled lipid 
intermediates. Importantly, the study showed that PG and lipid II binding is the central event for 
promoting cell death as Ca2+-daptomycin binds to the division septum within the first 15 min in contrast 

to membrane depolarization observed after 30 min of treatment (Silverman et al., 2003). The latter is 
most likely a result of disintegrative membrane rearrangements following lipid II/PG complexation. 

K.C.L. performed bioreporter and antagonization assays including purification of substrates, analyzed the
data and contributed to writing of the manuscript.
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coupled intermediates and membrane lipids
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The lipopeptide daptomycin is used as an antibiotic to treat severe infections with gram-

positive pathogens, such as methicillin resistant Staphylococcus aureus (MRSA) and drug-

resistant enterococci. Its precise mechanism of action is incompletely understood, and a

specific molecular target has not been identified. Here we show that Ca2+-daptomycin

specifically interacts with undecaprenyl-coupled cell envelope precursors in the presence of

the anionic phospholipid phosphatidylglycerol, forming a tripartite complex. We use micro-

biological and biochemical assays, in combination with fluorescence and optical sectioning

microscopy of intact staphylococcal cells and model membrane systems. Binding primarily

occurs at the staphylococcal septum and interrupts cell wall biosynthesis. This is followed by

delocalisation of components of the peptidoglycan biosynthesis machinery and massive

membrane rearrangements, which may account for the pleiotropic cellular events previously

reported. The identification of carrier-bound cell wall precursors as specific targets explains

the specificity of daptomycin for bacterial cells. Our work reconciles apparently inconsistent

previous results, and supports a concise model for the mode of action of daptomycin.
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Daptomycin (DAP) is an antibiotic with unprecedented
biophysical properties and antibacterial activities. Being
initially considered unsuitable for clinical application due

to toxic myopathies, a revised once-daily administration scheme
was approved by the US Food and Drug Administration (FDA) in
2003 for the treatment of complicated skin and soft-tissue
infections caused by various Gram-positive pathogens, making it
the first lipopeptide antibiotic in clinical use.
DAP (previously designated LY146032), produced by the soil

bacterium Streptomyces roseosporus, is a depsipeptide with a 10-
membered cyclic lactone core that contains a number of unusual
non-proteinogenic and D-amino acids cyclized by an ester bond.
Three exocyclic amino acids (Trp1, Asn2, Asp3) link the dec-
apeptide core to a decanoyl fatty acid side chain1,2. Structurally,
DAP resembles a group of acidic lipopeptides, including A54145,
friulimicin, tsushimycin and amphomycin3,4. Apart from struc-
tural features these peptides share a strict requirement of Ca2+

ions for antimicrobial activity. Importantly, the complex forma-
tion with Ca2+ affects the physicochemical properties of DAP,
masking the anionic nature and conferring an overall amphiphilic
character. Since this is a typical feature of cationic antimicrobial
peptides (cAMPs) it was suggested that DAP likewise would act
as cAMPs, which primarily target negatively charged microbial
membranes5. In line with an AMP-like mode of action,
mechanisms of DAP resistance overlap with those observed for
cAMPs, e.g. modulation of cell surface charge and membrane
characteristics6, suggesting that the main target of DAP is or is
located within the cytoplasmic membrane. However, and despite
considerable experimental studies, the mechanism of action is still
not completely understood. In particular, a molecular target had
not been identified so far.

DAP mechanism of action studies produced controversial
results for several decades. The earliest reports suggested that
DAP inhibits peptidoglycan biosynthesis, accompanied by
potassium leakage from S. aureus cells7. Later, cell division and
synthesis of secondary cell wall polymers (i.e. lipoteichoic acid)
had been proposed as target sites of DAP action8,9. Diverse
membrane perturbing mechanisms have been accounted for the
bactericidal effect of DAP, including induction of altered mem-
brane curvature, membrane depolarisation and pore formation
(e.g. Silverman et al.10). However, based on analysis of killing
kinetics, it was also suggested that membrane leakage would be
the result rather than the cause of cell death11. More recently,
DAP was shown to interfere with fluid lipid microdomains in the
membranes of susceptible bacteria, resulting in a drastic rear-
rangement of local membrane architecture, followed by the
delocalisation of essential peripheral membrane proteins, such as
the lipid II synthase MurG12.

From various experiments, two currently prevailing hypotheses
for the mechanism of action of DAP emerged. One model, ori-
ginating from structural studies and the observed membrane
depolarising effect, suggests that Ca2+-DAP forms oligomeric
aggregates, which upon contact with phosphatidylglycerol (PG)
rearrange into a pore-like complex, leading to ion leakage and
dissipation of membrane potential5. Generally, the presence of
PG in membranes was shown in various studies to be a pre-
requisite for DAP activity (e.g. Jung et al. and Muraih et al.11,13).
The second model suggests that DAP insertion at specific
membrane domains, also enriched in PG, affects the physico-
chemical properties of the cytoplasmic membrane, triggering
pleiotropic effects on essential cell wall biosynthesis and cell
division processes9,12.

Here, we report the identification of specific DAP targets,
which allows to amalgamate controversially discussed results of
previous mechanism of action studies. Using comprehensive
in vivo and in vitro approaches in combination with fluorescence

and optical sectioning microscopy, we show that DAP specifically
interacts with undecaprenyl-coupled cell envelope precursors in
the presence of PG by forming a tripartite complex.

Results
DAP interferes with the lipid II biosynthesis cycle. Previous
studies described various DAP-mediated effects using different
model organisms and various experimental approaches, which
resulted in diverse mechanism of action models for DAP5,10,12,14.
The differences in experimental approaches and conditions lar-
gely hampered direct and unrestricted data comparison. To
consolidate previous findings with in vivo and in vitro approaches
conducted in this study, we revised selected key experiments
under consistent conditions.
Early investigations on the mechanism of action of DAP

proposed peptidoglycan biosynthesis as the primary target
pathway of the lipopeptide antibiotic7,15. Corroborating, macro-
molecular incorporation assays revealed a preferential inhibition
of the incorporation of glucosamine into cell wall, while other
major biosynthesis pathways remained almost unaffected12.

DAP had previously been demonstrated to elicit the LiaRS
stress response, supporting a specific inhibition of cell wall
biosynthesis. The LiaRS two-component system (TCS) is
known to respond to antibiotics that interfere with the lipid II
biosynthesis cycle16,17.

In search for a molecular target within the peptidoglycan
biosynthesis pathway we here revisited the effect of DAP on the
LiaRS response, but monitored PliaI-lux induction over time and
tested the impact of Ca2+. Evaluating bioluminescence revealed a
concentration-dependent induction by DAP (Fig. 1a, Supple-
mentary Fig. 1) similar to teixobactin, which targets bactoprenyl-
bound peptidoglycan precursors18. DAP promoted lux expression
was only observed in the presence of 1.25 mM Ca2+, indicating
response specificity and suggesting that DAP impacts on the
membrane-bound peptidoglycan biosynthesis machinery. The
peptidoglycan biosynthesis machinery is predominantly localised
at the division septum in staphylococci19. Accordingly, we found
Bodipy-FL-labelled DAP to preferentially localise to this cellular
site in S. aureus (Fig. 1b). Results from this experiment were
validated by fluorescence microscopy of native DAP, taking
advantage of the naturally fluorescent amino acid kynurenine, to
rule out any disturbing effect of the fluorescence label (Fig. 1c).
Monitoring DAP binding over time showed, that binding is

dynamic and occurs in two phases (Fig. 2). In phase I (0.5–15 min
after DAP exposure) DAP septal localisation is prevailing.
Prolonged incubation resulted in a progressive dispersion of
DAP throughout the entire cytoplasmic membrane (phase II),
finally resulting in membrane collapse and cell shrinkage (Fig. 2a).
Importantly, initial septal DAP binding in phase I appears to
correlate with killing (Fig.2b), indicating that cell death is the
consequence of septal binding. In agreement, a subset of the cells
in phase I were found to be dead as determined by sytox green
staining (Supplementary Fig. 2).
To study the interaction of DAP with putative target molecules

within the peptidoglycan biosynthesis pathway (Supplementary
Fig. 3), we analysed the effect of various cell wall targeting
antibiotics on the binding of DAP-FL to S. aureus cells. Short-
term pre-incubation (2 min) of cells with antibiotics that bind to
cell wall lipid intermediates, such as the ultimate peptidoglycan
precursor lipid II, strongly diminished DAP binding, suggesting a
blockage of target access (Fig. 3a, b). Both, teixobactin and
oritavancin, known to interact with bactoprenyl-coupled cell wall
intermediates, reduced DAP binding up to 50%, while pre-
treatment with the β-lactam oxacillin did not have any detectable
effect. Of note, pre-incubation with teixobactin partially protected

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15257-1

2 NATURE COMMUNICATIONS | (2020)11:1455 | https://doi.org/10.1038/s41467-020-15257-1 | www.nature.com/naturecommunications

56

Chapter 2 Grein, Müller, Scherer et al. (2020) Nat. Commun., 11 (1), 1455

Material from: Grein, F., Müller, A., Scherer, K.M. et al., Ca2+-Daptomycin targets cell wall biosynthesis by forming a tripartite  
complex with undecaprenyl-coupled intermediates and membrane lipids. Nat Commun 11, 1455, published 2020, Springer Nature.



S. aureus from DAP and significantly delayed DAP-induced
killing, indicating that both compounds interact with the same
target (Fig. 3c).

The cell wall precursor lipid II is synthesised on the cytoplasmic
site of the bacterial membrane by a cascade of enzymatic
reactions (Supplementary Fig. 3) before the bactoprenyl
phosphate-linked disaccharide-pentapeptide is translocated to
the outer leaflet, where lipid II is readily accessible to even large
antibiotics20. Apart from its role as an essential cell wall building
block, lipid II plays crucial roles as a functional scaffold
coordinating cell wall biosynthesis and cell division. In this
context, lipid II is discussed to contribute to the recruitment and
assembly of these protein complexes20–22.

To investigate the cellular effects triggered by DAP septum
binding, we examined the co-localisation of DAP with the putative
lipid II flippase FtsW. To this end S. aureus expressing a FtsW-GFP
fusion protein was incubated with fluorescently labelled DAP
(DAP-TMR) for 0.5 min (phase I). As revealed by dual-colour
fluorescence microscopy using highly inclined and laminated
optical (HILO) sheet illumination, FtsW-GFP and DAP-TMR co-
localise to the division septum (Supplementary Fig. 4a, Supple-
mentary Movie 1). In line with the observed dispersed distribution
of DAP after prolonged incubation (20min, phase II), FtsW-GFP
was similarly delocalised from the division septum and found to
accumulate in membrane spots together with DAP (Supplementary
Fig. 4), further supporting a specific interaction with lipid II.
While the short-term exposure with lipid II-binding antibiotics

blocked the interaction with the molecular target (Fig. 3a, b), we
took advantage of the fact that the prolonged treatment of cells
with sublethal concentrations of vancomycin results in an
accumulation of lipid II23. Pre-incubation with vancomycin for
30 min resulted in strongly elevated cellular lipid II levels
triggering hyperaccumulation of DAP (Supplementary Fig. 5a–c).
In contrast, no such hyperaccumulation was observed in

untreated or oxacillin-pre-treated control cells, in which lipid II
levels were unchanged (Supplementary Fig. 5c). Corroborating,
DAP-mediated killing was significantly accelerated in cells with
increased lipid II content (Supplementary Fig. 5d).

DAP binding to supported bilayers doped with cell wall lipid
intermediates. In vivo experiments clearly pointed to a specific
interaction of DAP with bactoprenyl-coupled cell wall precursors.
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Fig. 1 DAP specifically induces the LiaRS stress response in the presence
of Ca2+ and binds to the cell division site. a PliaI-lux induction in B. subtilis
was monitored upon addition of DAP (0.5 μgml−1) in the absence (black line)
or presence (blue line) of 1.25mM Ca2+ and teixobactin (0.5 μgml−1) (green
line). Luciferase activity is presented as relative luminescence units (RLU).
Representative graph of three independent experiments. b, c DAP localises
to the septum of S. aureus. Cells were grown to mid-exponential phase
(OD600=0.5) followed by the addition of Ca2+ and a mixture of labelled and
unlabelled DAP (7 μgml−1 DAP; 0.8 μgml−1 DAP-FL) b or unlabelled DAP
(7 μgml−1) c. Cells were washed and imaged by fluorescence microscopy;
phase, phase contrast. Cell outlines in c are indicated by dashed lines. Scale
bar: 1 μm. Representative images from five independent experiments are
shown. Source data are provided as a Source Data file.
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Fig. 2 DAP binds to S. aureus in a biphasic manner. a DAP-FL binding to S. aureus monitored over time (0–60min). S. aureus HG003 was grown to mid-
exponential phase (OD600= 0.5) followed by the addition of Ca2+ and a mixture of labelled and unlabelled DAP (7 μg ml−1 DAP; 0.8 μg ml−1 DAP-FL). At
different time points, samples were taken, washed and imaged by fluorescence microscopy. Representative pictures are shown from three independent
experiments. Phase, phase contrast. Scale bar 1 μm. b Survival of cells from the experiment described in a and schematic depiction of DAP-FL-binding
behaviour in two phases. Source data are provided as a Source Data file.
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To test potential target molecules in a defined model system
mimicking a more natural membrane environment, supported
bilayers were individually loaded with C55P, C55PP or lipid II (0.1
mol%) and DAP binding was monitored by total internal
reflection fluorescence (TIRF) microscopy.
Basal binding of DAP to pure neutral phosphatidylcholine

(PC) membranes was observed and only a moderate increase in
binding was detected when bilayers were doped with individual
cell wall precursors (Fig. 4a, left). In contrast, when the different
bactoprenyl–lipid precursors were used in combination with PG
(0.1 mol%), binding of DAP to the membrane was drastically
increased (Fig. 4a, right and Supplementary Movie 2). Despite its
essentiality for DAP antimicrobial activity, an equivalent increase
in anionic PG (0.2 mol%) alone did not promote binding of the
lipopeptide, compared to precursor containing PC-bilayers,
revealing that binding does not solely rely on charge effects. As
observed with whole cells, pre-incubation with antibiotics, that
specifically bind peptidoglycan precursors C55P (friulimicin),
C55PP (bacitracin) and lipid II (oritavancin), strongly decreased
binding of DAP to the bilayer-embedded target molecules (Fig. 4b
and Supplementary Movie 3).

These findings were further substantiated by the fact that
antagonisation of the LiaRS response was only observed
after addition of both, purified cell wall precursors and PG
(Supplementary Fig. 6).

DAP forms a tripartite complex with lipid II and PG. To verify
the formation of an antibiotic–target complex, purified lipid II
was incubated with increasing concentrations of DAP in the
absence and presence of PG, followed by extraction of the reac-
tion mixture and subsequent thin layer chromatography (TLC)
analysis. As expected, the formation of extraction-stable DAP
complexes with lipid II was only observed in the presence of PG
(Fig. 5a, left). Free PG, lipid II and DAP migrated to defined
positions on the TLC. Increasing concentrations of DAP pro-
gressively diminished the amount of free, extractable lipid II as
indicated by the respective band intensity compared to the con-
trol lacking DAP (Fig. 5a). In accordance with the formation of a
tripartite complex, DAP and lipid II bands concurrently vanished
from the TLC. DAP is known to aggregate and form oligomers of
six or more molecules14 and concordantly lipid II was almost
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fully locked in an extraction-stable complex at a molar ratio of
1:10 with respect to DAP (Fig. 5a). In contrast, no change in band
intensities was observed for lipid II and DAP in the absence of
PG; even at the highest DAP concentration lipid II was uncom-
plexed (Fig. 5a, right). Complex formation was further not
observed when lipid II and DAP were incubated in the presence
of PC or the negatively charged cardiolipin (Supplementary
Fig. 7), supporting specificity for PG to form a complex with DAP
and lipid II.
Previous analyses showed only a minor impact of DAP on

in vitro cell wall biosynthesis reactions, causing a 20% inhibition
at a twofold molar excess of DAP24,25. However, these previous
studies did not contain PG and did further not take into account
that DAP oligomerises into multimers. In the presence of PG, the
inhibitory effect of DAP on the MraY catalysed synthesis of lipid I
was increased at a two-fold molar excess. MraY is the initial
glycosyltransferase of peptidoglycan biosynthesis linking the first
sugar building block to the lipid carrier C55P (Supplementary
Fig. 3). The MraY catalysed reaction was almost completely
blocked at a 10:1 molar ratio (Fig. 5b), in line with DAP
oligomerisation. Similarly, the PBP2-catalysed transglycosylation
of lipid II was inhibited in a dose-dependent manner (Fig. 5c).

Discussion
DAP has served as a life-saving antibiotic for almost two decades.
However, fundamental aspects of its killing activity, in particular
molecular details, such as the identification of a specific molecular
target, remained elusive14. In contrast, downstream effects

triggered by DAP were extensively described and revealed unique
features of its activity on the cellular level9,12. It became clear that
DAP primarily impairs cell wall biosynthesis by targeting fluid
microdomains, causing massive membrane rearrangements and
displacement of cell wall biosynthetic enzymes. Such activities are
reminiscent of cAMPs12,26 and indeed DAP, in complex with Ca2+,
has been proposed to act like cAMPs5. Typically, most cAMPs act
without specific molecular targets and may have minimal inhi-
bitory concentrations in the millimolar range. The potency of
DAP, in contrast, is much higher and compares well with the
activity of those cAMPs that combine membrane effects with
specific target binding, such as plectasin-like defensins or nisin-
like lantibiotics, which may have MICs in the nanomolar
range27,28. Both groups of cAMPs are known to bind to
bactoprenyl-coupled cell wall precursors, specifically the pepti-
doglycan precursor lipid II, and it was tempting to assume similar
activities for DAP, particularly since DAP elicits the LiaRS-
mediated response specific for antibiotics interfering with the
lipid II biosynthesis cycle29,30. However, unlike with nisin, plec-
tasin, teixobactin and several other lipid II-binding
antibiotics18,25,28, we were previously unable to demonstrate
such activities for DAP.
DAP is structurally related to the lipopeptides friulimicin and

amphomycin, both of which are characterised by an overall
negative charge. A DXDG or EF-hand motif is likely involved in
Ca2+ binding that is strictly required for antimicrobial activity
of these antibiotics4. Despite such structural similarities, these
true lipopeptides appear to significantly differ in their mechan-
ism of action. Amphomycin and friulimicin bind to C55P and
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Fig. 4 DAP binding to supported bilayers doped with cell wall lipid intermediates. a Binding of DAP to supported bilayers is drastically increased in
presence of bactoprenyl-coupled lipid intermediates and PG. Supported planar bilayers were prepared on coverslips using neutral DOPC lipids. Negatively
charged PG lipids and bactoprenyl lipids were added, either 0.1 mol% bactoprenyl-coupled lipid intermediates or mixtures with PG (0.1 mol% each, 0.2 mol
% PG served as a control). DAP was applied as a mixture of 1 μM native DAP and 50 nM DAP-FL. Movies with 100 frames were recorded at a frame rate of
60 Hz within 3min after addition of DAP. The movies allowed to discern single binding events of DAP-FL. Exemplary fluorescence images are shown for
each mixture. The field of view corresponds to (32.5 μm)2. b Inhibition of DAP-FL binding to supported planar bilayers (PC+ 0.1% PG) by antibiotics that
target specific bactoprenyl-coupled lipid intermediates. 300 nM of each antibiotic (FRIU, friulimicin; BACI, bacitracin and ORI, oritavancin) were incubated
with the corresponding bactoprenyl-coupled lipid intermediate containing membranes for 5 min (antibiotic:lipid intermediates ratio 100:1). Excess of
antibiotics was removed by buffer exchange followed by the addition of DAP as described in a. Exemplary movies are shown in Supporting Movies 2 and 3.
Data were obtained from at least 20 movies for each experiment. We determined the mean values in a field of 160 μm2 in the first image of each movie.
Data in a and b are plotted as averages of these means and error bars represent the SD of all movies of a specific experiment. Significance was determined
by unpaired Student’s t-test with a 95% confidence interval, ****p < 0.0001. All experiments were independently repeated three times and yielded
comparable results. Source data are provided as a Source Data file.
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inhibit in vitro the formation of lipid I catalysed by the glyco-
syltransferase MraY at a two-fold molar ratio, corroborating the
formation of active dimers24,25. Crystal structure analysis of
another related calcium-dependent cyclic lipopeptide, tsush-
imycin, suggested that the biologically active form of the anti-
biotic is likely to be a dimer31. Dimerisation is dependent on the
presence of Ca2+, which results in a structure exhibiting a
hydrophobic surface and a cleft-like tunnel, that is suitable for the
accommodation of a target molecule such as C55P.
Importantly, DAP has been reported to form oligomers14

rather than dimers and was previously only tested at equimolar
concentrations of C55P to DAP25. In addition, the detergent-
based assays employed in the latter study lacked PG, which has
been shown in numerous studies to be another prerequisite for
DAP activity. We thus revisited bactoprenyl-coupled cell wall
precursors as potential target molecules in a test system
mimicking a more natural membrane environment and included
higher DAP concentrations. Only in the presence of both Ca2+

and PG an extraction-stable complex with lipid II was formed.
Furthermore, binding of DAP to supported bilayers doped with
bactoprenyl-bound precursors was strongly enhanced in the

presence of PG. Together these data reveal the formation of a
tripartite Ca2+-DAP complex with the anionic phospholipid and
cell wall precursors.
It is well established that PG plays a key role in the mechanism

of action of DAP, and PG levels have been associated with DAP
susceptibility and resistance. It was recognised early that sus-
ceptible bacterial species, such as staphylococci are characterised
by high membrane PG levels (up to 60%), while streptomycetes,
including the DAP producer, have a reduced PG content32. DAP
is active against Gram-positive bacteria and essentially lacks
antimicrobial activity against Gram-negative species. Even in E.
coli strains with a destroyed outer membrane barrier, no change
in susceptibility was observed, which may well be linked to lim-
ited PG levels in these bacteria (about 15%)33,34. Numerous
studies on clinical and laboratory daptomycin-resistant (DAP-R)
strains, linked DAP non-susceptibility to the overall PG
content35–37. Mutations in mprF, encoding for the bifunctional
lysyl-phosphatidylglycerol (Lys-PG) synthase and flippase, are
frequently found in DAP-R strains. Single nucleotide poly-
morphisms (SNPs) are often associated with increased conversion
of PG to Lys-PG likely resulting in reduced DAP binding due to
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Fig. 5 DAP forms a tripartite complex with lipid II and PG and inhibits cell wall biosynthesis in vitro. a DAP was incubated with purified lipid II at
increasing molar ratio in the presence (left TLC) and absence (right TLC) of PG. Reaction mixtures were extracted with BuOH and the upper solvent phase
was spotted to TLC. Free PG, DAP and lipid II migrate to defined positions on the TLC, while components that are locked in complex are retained in the
lower aqueous phase after extraction and as a result are diminished on the TLC. Representative images from five independent experiments are shown.
b Impact of DAP on the MraY-catalysed synthesis of lipid I and c on the transglycosylation reaction catalysed by PBP2. DAP inhibits both reactions in a
dose-dependent manner and almost completely blocks enzymatic activity when added in 10-fold molar excess. The enzymatic activity is expressed as
synthesised lipid I (MraY) or converted lipid II (PBP2). The control reactions in the absence of antibiotics were set to 100%. DAP was added at molar ratios
of 1:1 to 10:1 with respect to the lipid substrates as indicated. Data presented are means from three independent experiments and error bars represent the
SD. Source data are provided as a Source Data file.
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charge repulsion38. A recent study hypothesised that mutations at
the junction of synthase and flippase domain reduce intramole-
cular interactions proposed to result in an extended substrate
spectrum of the flippase. Whether this directly affects transloca-
tion of the antibiotic or membrane-standing components crucial
for activity remains to be elucidated39.

Importantly, DAP exhibits limited toxicity in humans, corre-
lating with the generally low abundance of PG in mammalian
cells40. However, DAP was shown to be inactivated by pulmonary
surfactant in vitro41. This effect is attributed to the relatively high
PG content in lung surfactant (~10%), which excludes DAP as a
therapeutic option in the treatment of pneumonia.
Our model membrane studies substantiate the proposed crucial

role of PG for DAP membrane interaction, following structural
transition and oligomerisation in the presence of Ca2+5,11,13. Of
note, an obviously defined stoichiometry in the binding of Ca2+-
DAP to PG of 1:1 or 1:2, depending on the model deployed,
indicates a direct interaction, rather than PG-mediated mod-
ulating effects that may facilitate DAP membrane insertion
indirectly42,43. In line, Ca2+-DAP further induced the formation
of extensive DAP/PG domains in giant unilamellar vesicles44 and
localised to membrane regions of increased fluidity (RIFs) in
bacterial cells12.

Anionic phospholipids, such as PG, are assumed to preferably
localise to membrane domains in the septal and polar regions in
bacterial cells, and to play important roles in biological processes.
Phospholipids specifically interact with proteins and coordinate
their spatial and temporal position and function, e.g. the posi-
tioning of the divisome complex at midcell, DNA replication,
ATP synthesis and osmoregulation45,46. Furthermore, anionic
phospholipids have been shown to be crucial for the enzymatic
activity of membrane-bound and peripheral proteins, such as the
initial glycosyltransferase MraY in peptidoglycan biosynthesis47

and, thus, appear to impact on the organisation of cell wall bio-
synthetic machineries. In accordance, previous studies with
Bacillus revealed that fluorescently labelled DAP preferentially
localised at the division septum and in a helical pattern following
the longitudinal axis of the cell, regions in the rod-shaped cells
that are enriched in both anionic lipids, primarily PG, and C55P-
coupled cell wall precursors9,29.

Moreover, association of phospholipids and bactoprenyl-
bound cell wall precursors, like lipid II, has been reported48.
Molecular dynamics simulations suggest that lipid II forms spe-
cific amphiphilic “island”-like regions on the membrane surface,
in which the hydrophilic lipid II headgroup is central and sur-
rounded by an extended and long-lived hydrophobic pattern.
Importantly, the formation of this unique pattern induced by
lipid II was observed only in membranes containing PG, but was
absent in pure PC bilayers48, creating an ideal “landing platform”
for antibiotics.
DAP was shown to be bactericidal against both exponentially

growing bacteria and S. aureus cells in stationary phase49. The
authors at that time concluded that the bactericidal action of DAP
likely does not require cell division or active metabolism. How-
ever, several lines of evidence showed that stationary-phase cells
exhibit significant cell wall biosynthetic activity50–52 and, thus,
sufficient target availability. Reduced concentrations of cell wall
precursors in stationary phase cells agree well with the increased
concentrations (>100 μg ml−1, 24 h) required to achieve com-
parable killing (three-fold log reduction) with regard to expo-
nentially growing cells (2 μg ml−1, 60 min). Moreover, due to its
cationic nature, Ca2+-DAP can bind to membranes even in the
absence of molecular targets42,43. Likewise, the lantibiotic nisin
also binds to membranes in the absence of lipid II28. This may
also explain the fact that we found DAP-mediated killing is only
delayed upon target blocking.

Membrane depolarisation has also been associated with the
DAP killing mechanism, which is controversially discussed in
literature10,11,53. Here, we show that initial binding of DAP to the
septum correlates with antibiotic killing within the first 15 min of
treatment (75% reduction in survival) and, thus, target binding
appears the central event for promoting killing. In line with
findings of Jung et al.11 and the fact that pronounced depolar-
isation is observed only after 30 min of treatment10, cell death is
rather the consequence of lipid II binding, whereas depolarisation
is most likely a result of disintegrative membrane rearrangements
following PG and lipid II binding. The massive DAP clusters
observed after prolonged incubation are highly reminiscent of the
nisin:lipid II clusters reported by Hasper et al.54.

Lipid II plays crucial roles in bacterial cell physiology that go
beyond its role as a cell wall building block. In fact, lipid II
appears to function as a crucial element in the organisation and
coordination of enzymatic complexes, involved in peptidoglycan
biosynthesis and cell division21,22. Thus, interfering with these
membrane-bound machineries and biosynthetic networks by
sequestration of lipid II can induce malfunctioning of a multitude
of differential and overlapping cellular processes.
The identification of bactoprenyl-bound precursors as target

molecules in this study sheds light on the unique requirements for
DAP action. The interactions with these molecules and the cel-
lular complexity arising from target binding can explain the
pleiotropic cellular downstream effects of this unique antibiotic
and reconcile the puzzling results from numerous studies on DAP
resistance development (Fig. 6).
The identification of the molecular targets adds an important

piece to the DAP MoA puzzle. However, since structural infor-
mation (of comparatively simple complexes) on antibiotics in
complex with full-length lipid II are scarce, the challenges of
unravelling the structure and dynamics of the DAP tripartite
complex will likely be much higher.

Methods
Chemicals. All chemicals were of analytical grade or better. Bodipy FL succini-
midyl ester, 6-(tetramethylrhodamine-5-(and-6)-carboxamido) hexanoic acid
(TMR) succinimidyl ester, Bodipy FL Vancomycin and nile red were purchased
from Thermo Fisher Scientific, Waltham, USA. DAP was labelled with Bodipy FL
succimidyl ester followed by ether precipitation, preparative TLC55 and verification
by MALDI-TOF spectrometry. The phospholipids 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) and
1′,3′-bis[1,2-distearoyl-sn-glycero-3-phospho]-glycerol (DOCL, cardiolipin) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA) and used without further
purification. Undecaprenyl phosphate (C55P) and undecaprenyl diphosphate
(C55PP) were purchased from Larodan Fine Chemicals AB (Malmö, Sweden). DAP
was purchased from Cubist Pharmaceuticals, Oritavancin was provided by The
Medicines Company, Montreal, Canada and teixobactin was kindly provided by
Kim Lewis, Northeastern University, Boston, USA. All other chemicals were from
Sigma-Aldrich, Taufkirchen, Germany. Lipid II was enzymatically synthesised
in vitro followed by n-butanol-pyridine acetate (pH 4.2) (2:1, v/v) extraction and
purification via ion exchange chromatography56.

Strains used in this study. S. aureus strains HG00357 and RN422058 and Bacillus
subtilis W168 sacA::pCHlux101 (PliaI-lux)17 were used. For cloning, E. coli DH5α
(Invitrogen, Carlsbad, CA, USA) was used. To construct a strain expressing a
FtsW-GFP fusion protein from the native FtsW promotor, the GFPmut2 coding
sequence was amplified from plasmid pCQ11 (kindly provided by C. Quiblier and
B. Berger-Bächi) using primers gfp-f (5′-AGTAACGCGTATGAGTAAAGGA
GAAGAAC-3′) and gfp-r (5′-ATAGGCGCGAATTCTTTGTATAGTTCATCC-
3′), the resulting fragment was restricted with EcoRI and MluI and ligated into
pMAD59, which has been cut with the same restriction enzymes giving plasmid
pMAD-gfpmut2. A 506 bp fragment encoding the C-terminal part of ftsW and a
492 bp fragment downstream of ftsW were amplified using primers ftsW-up-f (5′-
TACGCTAACAGATGGATCCCAATTCGAAT-3′), ftsW-up-r (5′-TGGCTAGTA
TTTTTACGCGTAAATTGTCTTCT-3′) and ftsW-down-f (5′-GAAGACAATTT
AATGAATTCAATACTAGCCAATA-3′) and ftsW-down-r (5′-TTTTATCTTAA
AGATCTCTGTTTTGCTAT-3′), respectively, and the products cloned into
pMAD-gfpmut2 using BamHI, MluI EcoRI and BglII. The final plasmid pMAD-
ftsW-gfpmut2 was electroporated into S. aureus RN4220 and a described protocol59
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was followed to achieve double homologous recombination of the plasmid insert
into the genome.

Luciferase reporter assays. B. subtilis luciferase reporter assays were conducted as
previously described60. Briefly, strains were grown in Mueller–Hinton broth at
30 °C containing 5 μg ml−1 chloramphenicol until they reached an OD600 of 0.5.
Cells were added to 96-well white wall chimney plates containing antibiotics and
luminescence measurements were performed at 30 °C in a microplate reader Spark
10M (Tecan). DAP and putative antagonists DOPG, C55P and lipid II were pre-
incubated for 10 min prior to addition of the reporter strain. At least three inde-
pendent biological replicate experiments were conducted. Data analysis was per-
formed using Graph Pad Prism 5.01.

Microscopy of bacteria. To study the localisation of DAP, S. aureus HG003 was
grown in LB to the mid-exponential phase (OD600= 0.5) followed by the addition
of 1.25 mM CaCl2 and either unlabelled DAP or a mixture of labelled and unla-
belled DAP (7 μg ml−1 unlabelled/0.8 μg ml−1 DAP-FL). To visualise cell mem-
branes, nile red was added to a final concentration of 1 μg ml−1. Cells were washed
twice in LB, re-suspended and analysed by fluorescence microscopy. Therefore,
cells were spotted onto microscope slides covered with a thin film of 1% agarose in

water. Microscopy was carried out at room temperature using a Zeiss Axio
Observer Z1 microscope (Zeiss, Jena, Germany) equipped with HXP 120 V light
source and an Axio Cam MR3 camera. Standard filter sets were used for Bodipy-FL
(450–490 nm excitation and 500–500 nm emission), Marina blue (for native DAP
visualisation, 335–383 nm excitation and 420–470 nm emission) and nile red
(510–560 nm excitation and 590 nm long pass emission).

Image acquisition and analysis were performed with Zen 2 (Zeiss) and ImageJ
v1.45s software (National Institutes of Health)61. For the quantification of
fluorescence intensities, the mean grey values measured in the Bodipy-FL channel
image of individual cells were summarised and divided by the total area of the cells
measured in the phase contrast image. At least 350 cells were used for calculations
for each condition.

Killing kinetics. To study the impact of short-term pre-incubation with teixobactin
on S. aureus DAP susceptibility, cells were grown in LB to the mid-exponential
phase (OD600= 0.5) and the CFUml−1 of the culture was determined and set as
100%. Two aliquots were taken from the culture that were either left untreated or
pre-incubated with teixobactin (four-fold MIC) for 2 min. Cells were spun down
and re-suspended in LB supplemented with 1.25 mM CaCl2 and DAP (10 μg ml−1)
followed by incubation at 37 °C. To study the effect of lipid II accumulation,

Bactoprenyl-coupled
lipid intermediates

a

b

c

PG Ca2+ -DAP

Fig. 6 Proposed model for the mechanism of action of DAP. a Orchestration of the cell wall biosynthesis machinery at the division septum of S. aureus in
the absence of DAP. b Ca2+-DAP oligomerises and preferentially localises at the division septum enriched in anionic lipids, primarily PG, and C55P-coupled
cell wall precursors. The formation of a tripartite complex of Ca2+-DAP with PG and bactoprenyl-coupled lipid intermediates blocks cell wall synthesis and
triggers the delocalisation of the cell wall biosynthetic machinery. c Prolonged treatment results in a progressive dispersion of DAP throughout the entire
cytoplasmic membrane, followed by disintegration of the membrane bilayer finally resulting in membrane leakage and cell death.
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vancomycin (5 μg ml−1) was added to cells grown to the mid-exponential phase
which were then incubated for 30 min. Cells were washed twice in LB supple-
mented with 1.25 mM CaCl2, DAP (5 μgml−1) was added and the cells further
incubated at 37 °C. Controls were performed without pre-incubation with vanco-
mycin and/or without the addition of DAP. Aliquots were taken at the indicated
time points and CFUml−1 were determined. Therefore, cells were serially diluted
in 0.9% NaCl solution and streaked on LB agar plates. Colony counts were
determined after overnight incubation at 37 °C.

Bilayer preparation. In order to prepare planar bilayers on glass supports, very
small unilamellar vesicles (VSUV) were prepared from detergent solution by
addition of heptakis(2,6-di-O-methyl)-β-cyclodextrin (cyclodextrin) according to
Roder et al.62. Neutral DOPC lipids were used to prepare fluid bilayers.
Bactoprenyl-bound lipid intermediates and/or negatively charged DOPG were
added with the amount of 0.1 or 0.2 mol%, respectively. For each mixture, 1.3 mM
lipid solution was prepared in chloroform, and the chloroform was slowly removed
in a nitrogen stream. The resulting lipid film was solubilized in HEPES buffer
(20 mM HEPES, 150 mM NaCl, pH 7,4) supplemented with 20 mM Triton X-100.
The lipid-detergent stock solution of 5 mM lipid was stored at −4 °C until use. A
second stock solution contained 4 mM cyclodextrin in HEPES buffer and was also
stored at −4 °C. A suspension of VSUV was prepared by first diluting the lipid-
detergent stock solution 10-fold in HEPES buffer, followed by addition of an equal
volume of cyclodextrin stock solution and immediate, thorough mixing by vor-
texing for 2 min. Vesicles were generally used within 1 h after preparation.

Coverslips (18 × 18 mm) were cleaned overnight in fresh Piranha solution (one
part H2O2 30% and two parts concentrated H2SO4), rinsed thoroughly with milliQ
water and dried in a nitrogen stream. Clean coverslips were placed into custom-
built sample chambers with a Teflon O-ring as seal and two metal clips to fix the
metal insert on top of the coverslip.

Bilayers were prepared immediately by adding 400 μl freshly made vesicle
suspension filling the well of the sample chamber. Due to electrostatic interaction
between the lipid headgroups and the highly hydrophilic glass surface, vesicles
readily attached to the coverslip. The high surface tension led to fusion of VSUV
and formation of homogeneous bilayers on the complete cover slip within 5 min.
Residual, non-fused vesicles were removed by carefully washing three times with
HEPES buffer. During the washing steps care was taken to not dry out the lipid
bilayer. After washing, bilayers were kept in HEPES buffer.

Bilayer binding assay and dual colour HILO imaging. Successively, 1.25 mM
CaCl2 and DAP—in a mixture of 1 μM native DAP and 50 nM Bodipy FL-labelled
daptomycin (DAP-FL)—in HEPES buffer were added to freshly prepared bilayers.
For the binding inhibition test, 300 nM of the antibiotics friulimicin, bacitracin and
oritavancin (specifically targeting C55P, C55PP and lipid II, respectively) were first
incubated with the corresponding bactoprenyl lipid containing membranes for
5 min. Bacitracin was added together with 0.5 mM ZnCl2 and oritavancin together
with 0.002% Tween 80 (v/v). The peptide to lipid ratio was 100:1. Excess of
antibiotics was removed by buffer exchange before CaCl2 and DAP addition.

Images were acquired at a custom-built, single molecule sensitive, inverted
microscope capable of TIRF microscopy with an EMCCD camera (iXon DU-897D;
Andor Technology, Belfast, Northern Ireland)63 using Andor Solis software. Lasers
and acousto-optic tunable filter (AOTF, Gooch&Housego) were controlled by
Labview 2012 software. Illumination with total internal reflection reduced
fluorescence excitation to a thin region at the coverslip surface with the benefit of
background suppression from fluorescence outside the illuminated region. The
illumination beam angle was adjusted by tilting a collimated laser beam in the
object focal plane of the imaging lens, which focused the beams in the back focal
plane of the objective, until total reflection at the coverslip/medium interface was
reached. Using a ×63 objective lens with a NA 1.45 (Zeiss), additional ×4
magnification and 2 × 2 binning during acquisition resulted in a pixel size of
127 nm. The imaged field of view with the extension (32.5 μm)2 corresponded
approximately to 1/4 of the total illuminated field. Thus, it can well be assumed
that the observed field showed an isotropic fluorescence, and that there was no
influx of putatively unbleached and no efflux of putatively bleached molecules. This
assumption is corroborated by an evaluation of the movie data, which did not show
any spatial fluorescence gradient occurring over the field of view as a function of
time. DAP-FL was excited with laser light at 488 nm (Sapphire-100; Coherent,
Santa Clara, CA) and fluorescence was detected by use of a standard fluorescein
dichroic and a notch filter (NF03-488E-25, Semrock). Movies with 100 frames were
recorded at a frame rate of 60 Hz immediately after addition of DAP within 5 min.

In each data acquisition session, all samples were measured during one day in
order to guarantee optimal comparability among the samples. From each sample at
least 20 movies at different locations of the bilayer on each cover slip were
acquired. Intensity values over a cropped region of 100 × 100 pixels corresponding
to 160 μm2 within the first image of each movie were averaged in order to
circumvent effects of possible photobleaching or molecular transport during movie
data acquisition. Data analysis was performed using Origin 2019 software. The
average background signal of the camera was subtracted and the intensity values
were averaged for each experimental condition separately. The observation field
was defined by the camera position and was constant, however, small deviations in
the very sensitive TIRF excitation beam path resulted in absolute intensity

variations from day to day. A Student’s t-test was performed to demonstrate the
significance of the intensity differences between respective samples from one
session. All experiments were repeated three times and yielded comparable results.

The same instrument was employed for fluorescence microscopy based on
HILO illumination64 by reducing the incidence angle of the laser beam in the back
focal plane of the objective lens compared to that for TIRF excitation65.
Illumination using HILO reduced fluorescence excitation to a sheet-like axial
section near the coverslip surface resulting in suppression of fluorescence outside
the illuminated section. For dual-colour imaging of bacteria, an image splitter
(OptoSplit II, Cairn Research, Faversham, UK) was inserted in the detection
pathway in front of the camera. A dichroic mirror (FF509-FDi01-25 × 36, Semrock,
Rochester, USA) and a band-pass emission filter (LP02-561RE-25, Semrock) were
used to separate the emission channels. A motorised stage controlled by
μManager66 was used to acquire z-stacks with a step size of 50 nm. The stacks were
then filtered and reconstructed in three-dimensions by the 3D Hybrid Median
Filter function of ImageJ.

Complex formation of DAP with purified lipid II. Complex formation was
analysed by incubating 3 nmol of purified lipid II in 50 mM Tris–HCl pH 7.5 and
1.25 mM CaCl2 in presence or absence of 75 μg DOPG with increasing con-
centrations of DAP for 20 min at room temperature. Complex formation was
further tested with 75 μg DOPC and DOCL. Free lipid II molecules were extracted
with n-butanol–pyridine acetate (pH 4.2) (2:1, v/v) and analysed by TLC using
chloroform/methanol/water/ammonia (88:48:10:1, v/v/v/v) as the solvent and
phosphomolybdic acid (PMA) staining. The quantitative analysis of lipid II
extracted to the butanol phase was carried out using ImageJ. Experiments were
performed in triplicate.

Impact of DAP on peptidoglycan biosynthesis reactions in vitro. Peptidoglycan
synthesis reactions were reconstituted in vitro using purified proteins and sub-
strates. PBP2-His6 and MraY-His6 were produced in E. coli and purified via IMAC
after solubilisation with 0.06% Triton and 18 mM n-dodecyl-β-D-maltoside,
respectively25. Enzymatic activity of purified MraY-His6 was assessed in a total
volume of 50 μl containing 5 nmol C55P and crude substrate in 0.08% Triton X-
100, 37.5 μg DOPG, 100 mM Tris–HCl, 30 mM MgCl2, pH 8.0, and 1.25 mM
CaCl2. The reaction was initiated by the addition of the recombinant enzyme and
extracted after incubation for 90 min at 30 °C.

Transglycosylation by PBP2 was determined by incubating 3 nmol of lipid II in
0.04% Triton X-100, 20 mM MES, 2 mM MgCl2, 2 mM CaCl2 pH 5.5 in a total
volume of 50 μl. The reaction was initiated by the addition of 8 μg of PBP2-His6
and incubated for 2 h at 30 °C.

DAP was added in molar ratios ranging from 1 to 10 with respect to the respective
substrate (C55P or lipid II) in all in vitro assays and pre-incubated for 10min prior to
addition of the enzyme. Lipid intermediates were extracted from the reaction mixtures
with n-butanol/pyridine acetate, pH 4.2 (2:1, v/v) and analysed by TLC as described
above. Quantification was carried out by phosphorimaging in a StormTM imaging
system (GE Healthcare) or PMA staining and analysis performed using ImageJ and
Graph Pad Prism. Experiments were performed at least in triplicate.

Accumulation of lipid II. To verify accumulation of lipid II after vancomycin pre-
treatment, cells were spun down and resuspended in phosphate buffered saline
(PBS). Lipid extraction and TLC analysis were performed as described for the
in vitro assays with the exception that the BuOH phase was washed twice with
acidified H2O.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study are available within
the Article and its Supplementary Information. The source data underlying Figs. 1a, 2b,
3b, c, 4a, b, 5a–c and Supplementary Figs. 1, 5a, c, d, 6a, b and 7 are provided as Source
Data file.
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Chapter 3 

Biosynthesis and mechanism of action of the cell wall targeting antibiotic hypeptin 5 

Hypeptin is a cyclodepsipeptide antibiotic, that was (re)discovered as a hit during a screen of uncultured 
bacteria using the iChip technology. The non-ribosomally synthesized octapeptide shares structural 
features with the recently discovered lipid II-binding antibiotic teixobactin and displayed potent 
antibacterial activity against Gram-positive pathogens, including drug-resistant staphylococci, such as 
methicillin-resistant, vancomycin-intermediate, and daptomycin-resistant Staphylococcus aureus, 
vancomycin-resistant enterococci and mycobacteria. Remarkably, hypeptin was not prone to resistance 

development in vitro. The aim of this study was to investigate the mode of action of hypeptin and to 
identify the molecular target. 

A bioassay-guided HPLC-purification of culture supernatants of the producer-strain Lysobacter sp. 
K5869 yielded 6 mg hypeptin per liter. Mass spectrometry, NMR and other spectroscopic analyses 
confirmed an octadepsipeptide with three D-amino acids and half of the backbone being β-hydroxylated. 
Biochemical analysis of the hypeptin biosynthetic gene cluster (BGC), performed by Daniel Wirtz 
(co-first author of the study), identified two β-hydroxylases responsible for the stereoselective hydroxy-
lation of four non-ribosomal peptide synthetase (NRPS) building blocks.  

Despite its strongly lytic killing mechanism, that was found to be mediated by the major autolysin 
AtlA in S. aureus, hypeptin exhibited only moderate cytotoxic effects towards human epithelial cells and 
low hemolytic activity towards human red blood cells (RBCs).  

Bioreporter screens, analysis of cell morphology and intracellular precursor pool levels of hypeptin-
treated cells revealed that the antibiotic interferes with late-stage peptidoglycan biosynthesis reactions. 
Analyzing a set of individual peptidoglycan and wall teichoic acid biosynthetic reactions with purified, 
recombinant enzymes and substrates in vitro revealed that hypeptin blocks cell wall biosynthesis by 
binding to undecaprenyl pyrophosphate (C55-PP)-containing lipid intermediates (lipid II, lipid IIIWTA) 
and C55-PP itself.  

To systemically deduce the structural binding motif of hypeptin, whole-cell antagonization and 
complex formation assays were perfomed with purified cell wall precursors. Hypeptin formed stable 
complexes with C55-PP-containing lipid precursors at a 2:1 molar ratio. Consistently, the antibacterial 
activity of hypeptin on growth of S. aureus was antagonized by external addition of these precursors. 
However, the WTA precursor lipid IIIWTA and C55-PP were bound with lower affinity compared to 
lipid II, pointing towards different binding modes, that appear to involve interactions with the first sugar 
moiety of lipid II.  

Like for teixobactin, binding to multiple cell wall precursors that have the immutable C55-PP-
moiety in common, accompanied by a rapid autolysin-mediated cell lysis, might contribute to the lack 
of detectable resistance to hypeptin.  

Results of this publication are partially included in the doctoral thesis of Dr. Carina E. Marx (Marx, 2018) 
and Dr. Daniel A. Wirtz (Wirtz, 2022). K.C.L. repeated and extended the mode of action studies with a revised 
production and purification of hypeptin, analyzed the data, and contributed to writing of the manuscript. 
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Biosynthesis and Mechanism of Action of the Cell Wall Targeting
Antibiotic Hypeptin
Daniel A. Wirtz+, Kevin C. Ludwig+, Melina Arts, Carina E. Marx, Sebastian Krannich,
Paul Barac, Stefan Kehraus, Michaele Josten, Beate Henrichfreise, Anna M�ller,
Gabriele M. Kçnig, Aaron J. Peoples, Anthony Nitti, Amy L. Spoering, Losee L. Ling,
Kim Lewis, Max Cr�semann,* and Tanja Schneider*

Abstract: Hypeptin is a cyclodepsipeptide antibiotic produced
by Lysobacter sp. K5869, isolated from an environmental
sample by the iChip technology, dedicated to the cultivation of
previously uncultured microorganisms. Hypeptin shares struc-
tural features with teixobactin and exhibits potent activity
against a broad spectrum of gram-positive pathogens. Using
comprehensive in vivo and in vitro analyses, we show that
hypeptin blocks bacterial cell wall biosynthesis by binding to
multiple undecaprenyl pyrophosphate-containing biosynthesis
intermediates, forming a stoichiometric 2:1 complex. Resist-
ance to hypeptin did not readily develop in vitro. Analysis of
the hypeptin biosynthetic gene cluster (BGC) supported
a model for the synthesis of the octapeptide. Within the BGC,
two hydroxylases were identified and characterized, respon-
sible for the stereoselective b-hydroxylation of four building
blocks when bound to peptidyl carrier proteins. In vitro
hydroxylation assays corroborate the biosynthetic hypothesis
and lead to the proposal of a refined structure for hypeptin.

The rapid emergence and worldwide spread of infections
caused by antibiotic resistant bacteria represents a serious
health threat, while the identification and development of
novel antibiotic classes is scarce. Particularly, the pressing
need for resistance-breaking antibiotics reinforced the focus
on natural products, though increasingly becoming harder to
find. Overmining of this limited resource in the 1960s ended
the golden era of antibiotic discovery and, despite intensive

effort, synthetic approaches were unable to replace natural
products.[1]

To access a greater diversity of antibiotic producing
microorganisms, novel cultivation methods have been devel-
oped. The iChip (isolation chip) technology was designed for
high-throughput in situ cultivation of previously “uncultured”
bacteria.[2,3] The iChip device enables to simultaneously
cultivate and isolate about 50% of soil bacteria, compared
with only 1% of strains that grow under laboratory con-
ditions. This method facilitated the discovery of teixobactin,
representing an entirely novel antibiotic class, produced by
the previously uncultured b-proteobacterium Eleftheria
terrae.[3] Another extract from the same screen that led to
the discovery of teixobactin showed potent activity against
Staphylococcus aureus. Bioassay-guided fractionation of cul-
ture extracts, followed by MALDI-TOF analysis, identified
the bioactive compound, as a peak with a [M+H]+ ion at m/z
1022.489 (Figure S1). Comparison with natural product data-
bases pointed towards the known compound hypeptin (1,
Figure 1), previously isolated from Pseudomonas sp. PB-6269
by Shionogi & Co. in 1989.[4] The producing strain K5869,
isolated by the iChip was then cultivated in larger scale and
1 was isolated as described in the Supporting Information (SI,
page 3), yielding approximately 18 mg of 1 from a 3 L culture.

NMR and other spectroscopic analyses further confirmed
the identity of 1 (Figures S2–S11, Table S2), being an
octadepsipeptide with a four-residue macrocycle. A compa-
rably high proportion of amino acids, comprising half of the
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peptide backbone, are b-hydroxylated, which gave the com-
pound the name hypeptin.[4] Determination of the absolute
stereoconfiguration of 1 had revealed three amino acids to be
d-configurated and three out of four amino acids to contain
R-configuration at the b-carbon (2S,3R)-3-OH-Asn4 (Has),
(2R,3R)-3-OH-Asn5, (2S,3S)-3-OH-Tyr6 (Hty), and (2S,3R)-
OH-Leu7 (Hle). The configuration of Hty had not been
experimentally determined due to degradation during hydrol-
ysis, and NMR spectra were not provided in the original
publication.[4]

We next sequenced the genome of the newly isolated
producing strain K5869. 16S rDNA analysis revealed the
organism to belong to the genus Lysobacter, g-proteobacteria
known to produce a range of secondary metabolites including
compounds with antibacterial and antifungal bioactivities.[5]

The overall structure of 1 suggested a nonribosomal origin.
Nonribosomal peptide synthetases (NRPS) are multimodular
megaenzymes that assemble peptides in a thiotemplated
manner. A minimal NRPS elongation module, known to
recruit specific amino acid building blocks and extend the
growing peptide chain, consists of condensation (C), adeny-
lation (A), and thiolation (T) domains, also named peptidyl
carrier proteins.[6] Some A domains are dependent on the
interaction with a small MbtH-like protein (MLP) to maintain
their correct conformation and/or catalytic activity.[7] To
analyze the biosynthesis of 1, the genome sequence was
searched for candidate NRPS biosynthetic gene clusters

(BGC). AntiSMASH[8] analysis revealed a BGC with two
NRPS genes (Table S3), that we termed hynA (19.4 kb) and
hynB (7.3 kb), encoding six and two modules, respectively
(Figure 1). The number of modules and predicted A domain
specificities, as well as C domain functions, were consistent
with the overall structure of 1. Module 5 harbors a scarce
additional C domain, that clusters together with known Cb

epimerases in phylogenetic analysis (Figure S12,
Table S4).[9,10] Interestingly, the active site of the C domain
contains a HRxxxDR sequence, which would render the
domain inactive by the bulky side chains of the arginines. The
identical Cb configuration of Has4 and Has5 in the final
peptide strongly supports this theory. BLAST analysis of the
genes hynAB revealed an identical BGC in the genome of
Lysobacter psychrotolerans ZS60 (NZ_RIBS01000005.1),
which helped to manually determine the borders of the BGC.

Despite extensive bioinformatic searches with BLAST
and BigFAM,[11] no further related BGCs were identified in
the databases. In addition to the two NRPS genes hynAB,
bioinformatic analysis revealed two putative hydroxylases to
be encoded in the BGC: HynC is a non-heme diiron
monooxygenase (NHDM), a barely studied enzyme family,
so far only described in the biosyntheses of chloramphenicol,
teicoplanin, and FR900359,[12–14] while HynE is annotated as
an a-ketoglutarate-dependent oxygenase (aKG).[15] Addi-
tional genes (hynDFG) likely represent transporter-related
genes. The hyn BGC, comprising a 35.6 kb region, is located

Figure 1. Gene organization of the hyn BGC and biosynthetic pathway of hypeptin (1). The NRPS HynAB assemble a linear octapeptide which is
finally released and cyclized by HynBTE. The tailoring hydroxylases HynC and HynE (green) modify the building blocks during assembly. Has: 3-
Hydroxyasparagine Hty: 3-Hydroxytyrosine Hle: 3-Hydroxyleucine.
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in the 5’-end of a giant cluster with four other BGCs. The 3’-
end of this region encodes a stand-aloneMLP (hynMLP) that
was assumed to be involved in the biosynthesis of 1.

The different stereoconfiguration of the b-hydroxyl
groups in 1 raised questions about the hydroxylation reactions
in hypeptin biosynthesis. We thus focused on the character-
ization of the two different hydroxylases HynC and HynE, for
which the nature of substrates is unclear. b-hydroxyl moieties
in amino acids can be introduced by different mechanisms,
either on the free amino acid or on the aminoacylated T
domain during NRPS assembly. Comparable examples of
NHDM and aKG were shown to hydroxylate their substrate
amino acid when covalently bound to the cognate T
domain.[14,15] Interestingly, all characterized NHDM are
known to hydroxylate their substrate l-amino acids in syn-
configuration,[10,12–14] whereas for aKG, hydroxylation of
products in both configurations is reported.[16] Therefore, we
hypothesized, that the aKG HynE might hydroxylate either
free or T domain-bound Asn4, Asn5 and Tyr6 prior to further
modification, while the NHDMHynC would act on Leucinyl-
T7. We aimed at analyzing b-hydroxylation reactions in vitro
to determine the substrate specificity of HynC and HynE. To
this end, modules 4, 5, 6, and 7 were cloned and expressed in
E. coli for in vitro reconstitution. As NRPS multidomain
proteins frequently show difficulties to express heterolo-
gously in a soluble and active form,[13] we cloned different
constructs of each module: AT, CAT, ATC or CaccATCdon, the
latter two designed after the recently introduced XU- and
XUC-exchange modules.[17] These were developed as
exchange modules for NRPS engineering, but we also found
them effective to define appropriate borders for successful in
vitro reconstitution. Most of the attempted constructs yielded
truncated or insoluble proteins, even when co-expressed with
chaperones. The enzymatic activity of the A domains within
the constructs was verified with the g18O4-ATP exchange
assay.[18] Finally, we obtained the soluble and functional
enzymes HynA4CaccATCdon, HynA5CAT, HynA6CAT, and
HynB7AT. HynA5CAT and HynA6CAT needed to be co-
expressed with HynMLP, which is located � 300000 bp
downstream of the hyn genes, to exhibit adenylating activity
towards their preferred substrates l-Asn and l-Tyr. HynE
was efficiently expressed in E. coli BL21(DE3), whereas
HynC had to be co-expressed with each of the four different
NRPS modules to be soluble and stable in vitro (Figure S13).

With all enzymes in hand, we performed hydroxylation
assays for HynC and HynE, each with all four purified NRPS
modules. For HynE, we could detect the mass of the
hydroxylated amino acids in the assays with
HynA4CaccATCdon and HynA5CAT after hydrolysis from the
NRPS, but not with HynA6CAT and HynB7AT. On the other
hand, the masses of Hty and Hle were detected in HynC
assays with HynA6CAT and HynB7AT, respectively
(Figure 2). We also detected Hle in the negative control of
the assay with HynB7AT, which was probably caused by in
vivo hydroxylation during co-expression. To circumvent this,
we generated the inactive mutant HynC E375D. An analo-
gous mutation in the active site of the prototype NHDM,
CmlA, was reported to lack oxygen regulation and thereby
impaired hydroxylation activity, without any structural

changes.[19] Indeed, when using co-expressed HynC E375D
as negative control in the hydroxylation assay, the signal of
Hle diminished almost completely (Figure 2).

We speculated, that the synthetase utilizes the two
hydroxylases to obtain hydroxylated amino acids in different
stereoconfiguration. Our in vitro hydroxylation assays unam-
biguously demonstrate, that HynE targets the T domain-
bound l-Asn4 and l-Asn5, whereas the NHDM HynC
hydroxylates the T domain-bound l-Tyr6 and l-Leu7. These
results contradict the published configuration of Hty in 1 that
was reported as (2S,3S) (anti), but, according to our in vitro
data, should be (2S,3R) (syn). We were not able to verify the
absolute configuration of Hty in the final peptide due to fast
degradation of the amino acid during hydrolysis of 1 as
observed previously.[4] Nevertheless, the observed high cou-
pling constant between H2Hty andH3Hty of 7.2 Hz (Table S2)
strongly indicates syn configuration in accordance with
a published study on a Hty-containing peptide.[20] According
to the results of our g18O4-ATP exchange assay, the preferred
substrate of the A6 domain is (2S)-Tyr and the module does
not contain any epimerase domain. In the light of these data,
we propose to reassign the absolute configuration of the Hty
residue in 1 to (2S,3R)-OH-Tyr. Analysis of ROESY corre-
lations supports this configuration (Figure S14).

1 shows striking similarity with teixobactin, including
a macrolactam ring of the same size, a comparable number of
d- and l-amino acids, the presence of a guanidine amino acid,
and b-hydroxy amino acids, suggesting a common mechanism
of action for both compounds.[21] As observed for teixobactin,
1 exhibited potent antibacterial activity against gram-positive
pathogens (Table 1), including drug-resistant staphylococci,
such as methicillin-resistant, vancomycin intermediate resist-
ant and daptomycin-resistant Staphylococcus aureus (MRSA,
VISA and DAPR), with minimal inhibitory concentrations
(MIC) in the ngmL�1 range. 1 further showed very good
activity against mycobacteria and vancomycin-resistant enter-
ococci (VRE) (Table 1), but was lacking activity against
gram-negative species, most likely owing to the outer
membrane permeability barrier, preventing penetration of
the rather large compound. This is supported by the
decreased MIC of E. coli strain MB5746 with a defective
outer membrane.[22]

Killing kinetics of S. aureus exposed to 1 showed excellent
bactericidal activity, even superior to vancomycin and teix-
obactin in killing late exponential phase cultures at 5-fold
lower compound concentration (Figure 3A, B). 1 had a strong
lytic effect even at a concentration corresponding to 2 � MIC
and showed enhanced lysis compared to vancomycin (Fig-
ure 3C). Despite the pronounced lytic activity, 1 exhibits
specificity for bacterial cells, indicating a favorable therapeu-
tic window, as only moderate cytotoxic effects towards HEp-2
cells and low hemolytic activity toward red blood cells
(RBCs) were observed at the highest concentration tested
(128 mgmL�1) (Figure S15).

To identify the antibiotic target pathway of 1, we
employed pathway-selective gram-positive bioreporter
strains. 1 specifically induced the B. subtilis PypuA-lacZ
reporter strain indicative for interference with cell wall
biosynthesis, while all other major biosyntheses (DNA,
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RNA, protein) remained unaffected (Figure 4A). Substanti-
ating inhibition of cell wall biosynthesis, treatment with
1 strongly inhibited incorporation of radiolabeled glucos-
amine, an essential precursor of cell wall biosynthetic
reactions (Figure S16). Furthermore, treatment of B. subtilis
with 1 induced severe cell-shape deformations as visualized
by phase-contrast microscopy (Figure 4C). The formation of
membrane bulges and blebs is characteristically induced by

Figure 2. Results of in vitro assays to test NRPS and hydroxylase activities. On the left, the A domain specificity towards the substrate amino acid
and the dependency of the MbtH-like protein (MLP) HynMLP was examined for each module via g18O4-ATP exchange assay. On the right,
extracted LC-MS traces of the hydroxylation assays of the module construct with HynC and HynE show formation of hydroxylated amino acids in
comparison with the respective negative controls. At the bottom, the formation of the hydroxylated amino acid is summarized. a) The A domain
of module 4 activates l-Asn and is independent of HynMLP. HynE then hydroxylates the bound amino acid, leading to the formation of 3-
hydroxyasparagine (Has) (m/z=147.0). b) The A domain in module 5 activates l-Asn only in presence of HynMLP. HynE then hydroxylates the
bound amino acid, leading to the formation of 3-hydroxyasparagine (Has) (m/z=147.0). c) The A domain of module 6 activates l-Tyr in the
presence of HynMLP. Subsequently, HynC hydroxylates the amino acid (m/z=196.1). d) The A domain of module 7 activates l-Leu independently
of HynMLP. HynC then hydroxylates the amino acid (m/z=146.1).

Table 1: Minimum inhibitory concentrations (MIC) of 1 against selected
strains and pathogenic bacteria.

Organism MIC [mgmL�1]

Bacillus subtilis 168 0.0625
S. simulans 22 0.125

S. aureus SG 511 0.0625
S. aureus SG 511 (DAPR) 0.0625
S. aureus LT-1334 (MRSA) 0.25
S. aureus 137/93G (VISA) 0.5

Enterococcus faecium I-11054 (VRE) 2
Mycobacterium bovis BGG 0.25

E. coli MB5746 4
E. coli O-19592 16

Pseudomonas aeruginosa PAO1 >64

Figure 3. 1 shows excellent bactericidal activity against S. aureus. Time-
dependent killing of early-exponential (a) and late-exponential phase-
grown (b) cells treated with 1 at 1� (open circles) and 2� MIC (circles),
with teixobactin (diamonds) and vancomycin (triangles) both at 10�
MIC. Cells left untreated are shown with squares. Data are representa-
tive of three independent experiments. c) 1-induced lysis is mediated
by the major autolysin AtlA in S. aureus. Deletion of atlA results in
markedly reduced autolysis after treatment with 1 and TEIX.
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many cell wall-acting antibiotics and was similarly observed
with teixobactin and plectasin (Figure 4C).[23]

Despite the membrane alterations observed, 1 did not
trigger pore formation or membrane disintegration. In con-
trast to the lantibiotic nisin, no rapid pore formation was
observed (Figure S17 A). Furthermore, the membrane poten-
tial of 1-treated S. simulans 22 cells remained unaffected even
at higher concentrations (5 � MIC) (Figure S17 B), as
quantified by intra- and extracellular concentrations of the
tritium-labeled lipophilic cation TPP+. In line with these
observations, 1 did not impact the cellular localization of the
cell division inhibitor MinD of B. subtilis. MinD is bound to
the membrane via a C-terminal amphipathic helix and
requires the presence of the membrane potential for its
specific cellular localization pattern. In growing cells, MinD
accumulates at the newly formed cell poles to direct FtsZ to
mid-cell division site and specific FtsZ positioning to guide
division septum placement.[17,24] While treatment with CCCP
resulted in a rapid delocalization and irregular dispersion of

GFP-MinD within 2 min, localization of the fusion protein
was unchanged in 1-treated cells and only slightly affected
with prolonged incubation time (30 min) (Figure S17 C).

In search of the molecular target within the peptidoglycan
(PGN) biosynthesis pathway, we investigated the effect of
1 on the LiaRS stress response in B. subtilis. LiaRS is a two-
component system (TCS), which is known to respond to
antibiotics that interfere with the lipid II biosynthesis cycle.[25]

Monitoring bioluminescence of reporter cells treated with
1 over time revealed a strong induction of PliaI-lux, even
exceeding induction levels observed with the lipid II-binding
antibiotic vancomycin, indicating interference of 1 with the
lipid II biosynthesis cycle (Figure 4B). Mechanism of action
studies revealed that the structurally-related teixobactin
impairs cell wall biosynthesis by blocking several cell
envelope precursors containing an undecaprenyl-pyrophos-
phate linkage unit including the ultimate PGN building block
lipid II.[26]

PGN biosynthesis takes place in three different cellular
compartments of a bacterial cell. Synthesis starts in the
cytoplasm with the formation of the ultimate soluble pre-
cursor uridine diphosphate-N-acetylmuramic acid-pentapep-
tide (UDP-MurNAc-pentapeptide), which is then transferred
to the membrane-anchor undecaprenyl phosphate (C55P) to
yield lipid I (undecaprenyl-pyrophosphoryl-MurNAc-penta-
peptide). Subsequently, the addition of N-acetylglucosamine
(UDP-GlcNAc) yields lipid II (undecaprenyl-pyrophos-
phoryl-MurNAc-pentapeptide-GlcNAc), which can further
be species-specifically modified. Modified lipid II is trans-
located to the outer surface of the membrane and incorpo-
rated into the PGN polymer (Figure S18).

Antibiotics that interfere with late stages of PGN syn-
thesis, such as vancomycin, trigger the accumulation of UDP-
MurNAc-pentapeptide in the cytoplasm. To distinguish
whether 1 interferes with the early cytoplasmic or the late
membrane-associated steps of PGN synthesis, we determined
the cytoplasmic levels of UDP-MurNAc-pentapeptide of S.
aureus cells treated with 1. Treatment with 1 led to the
intracellular accumulation of UDP-MurNAc-pentapeptide
similar to the vancomycin control (Figure 4D), suggesting
that one of the later membrane-associated or extracellular
biosynthesis steps is targeted. Taken together, results from
whole cell experiments strongly supported the hypothesis that
1 and teixobactin, in accordance with their structural resem-
blance, share the same mechanism of action.

Based on this, we analyzed the impact of 1 on the
membrane-associated steps of PGN biosynthesis in vitro to
identify the molecular target of 1. The first membrane-linked
step of PGN synthesis is catalyzed by MraY, which transfers
UDP-MurNAc-pentapeptide to the lipid carrier C55P yielding
lipid I.[27] Subsequently, the glycosyltransferase MurG adds
UDP-activated GlcNAc to the muramyl moiety of lipid I,
yielding lipid II.[28] Membrane preparations of M. luteus
possess the enzymatic activity of MraY and MurG to
synthesize lipid II from the substrates UDP-MurNAc-penta-
peptide, [14C]-UDP-GlcNAc and C55P.

[29] Testing the reactions
in the presence of increasing concentrations of 1 resulted in
a dose-dependent inhibition of overall lipid II synthesis. Full
inhibition was observed at a twofold molar excess of 1 with

Figure 4. 1 targets bacterial cell wall biosynthesis. a) B. subtilis bio-
reporter strains with selected promotor-lacZ gene fusions were used to
identify interference with major biosynthesis pathways including cell
wall (PypuA), DNA (PyorB), RNA (PyvgS), and protein (Pyhel). A blue halo at
the edge of the inhibition zone demonstrates induction of a specific
stress response by b-galactosidase expression. Antibiotics vancomycin
(VAN), ciprofloxacin, rifampicin, and clindamycin were used as pos-
itive controls. b) Treatment with 1 (1�MIC, open circles) strongly
induced Plial as observed by expression of the lux operon from
Photorhabdus luminescens in B. subtilis PliaI-lux. VAN (triangles) and
clindamycin (CLI, squares) were used as control antibiotics. c) Phase-
contrast microscopy of B. subtilis confirmed impairment of cell wall
integrity as severe cell-shape deformations and characteristic blebbing
were observed following 1 treatment. Cell wall active antibiotics
teixobactin (TEIX), VAN, plectasin (PLEC), ampicillin (AMP), and
lysozyme (LYS) were used as controls. Scale bar=2 mm. d) Intra-
cellular accumulation of the cell wall precursor UDP-MurNAc-penta-
peptide after treatment of S. aureus with 1 (5�MIC). Untreated and
VAN-treated (5�MIC) cells were used as controls. Experiments are
representative of 3 independent experiments each.
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regard to the substrate C55P (Figure 5A). In staphylococci,
lipid II is modified by the addition of five glycine residues,
catalyzed by FemXAB peptidyltransferases.[30] Testing the
impact of 1 on the FemX-catalyzed addition of a glycine
residue to lipid II revealed, that the reaction was fully blocked
at a 2:1 stoichiometry (antibiotic:lipid II), indicating the
formation of a complex with the substrate rather than
inhibition of the enzyme (Figure 5A), as observed for
teixobactin.[3] In addition, 1 inhibited the YbjG-catalyzed
dephosphorylation of C55PP to C55P, although higher concen-
trations (10:1) were required for complete inhibition. This
indicates that the pyrophosphate moiety is crucial for anti-
biotic interaction, but the first sugar attached to the lipid
carrier contributes to high binding affinity. However, the
nature of the sugar appears less important, as 1 further
efficiently inhibited the synthesis of the wall teichoic acid
(WTA) precursor lipid IVWTA (undecaprenyl-pyrophos-
phoryl-GlcNAc-ManNAc) (Figure 5A, Figure S18).

Consistently, 1 efficiently trapped lipid intermediates
containing a C55PP moiety in a stable complex that prevented
extraction of the lipid intermediate from the reaction mixture
when added in a twofold molar excess, indicating to the
formation of a 2:1 stoichiometric complex. Complex forma-
tion was not observed with C55P, confirming the lipid
pyrophosphate moiety to be the minimal binding motif
(Figure 5B). The inability of 1 to bind to C55P further shows
that inhibition of the in vitro lipid II synthesis using
membrane preparations (Figure 5A), relies on binding to
the reaction products, lipid I and lipid II, rather than the C55P
substrate.

To validate that the antimicrobial activity of 1 relies on
complex formation with cell wall lipid intermediates, antag-

onization assays with selected purified precursors were
performed. In line with the in vitro analyses, the addition of
C55PP-containing lipid intermediates counteracted 1 from
inhibiting growth of S. aureus similar to teixobactin
(Table S5). However, compared to lipid I and lipid II, the
addition of lipid IIIWTA or C55PP was less effective, since 4-fold
higher concentrations were required to fully antagonize the
antimicrobial activity of 1, pointing to differences in the
binding modes, that may involve interactions with the first
sugar in lipid II. As expected, C55P and the anionic
phospholipid 1,2-dioleoyl-sn-glycero-3-phosphoglycerol
(DOPG) had no antagonistic effect.

Binding of 1 to lipid II blocks PGN biosynthesis resulting
in a defective cell wall ultimately leading to cell death. In
contrast to PGN, WTAs are not essential per se, but blocking
WTA biosynthesis can result in the lethal accumulation of
toxic intermediates and indirectly effect PGN biosynthesis, as
the molecular machineries of both pathways are tightly
interlinked.[31] In addition, WTAs anchor autolysins and
thereby prevent uncontrolled hydrolysis of PGN,[32] suggest-
ing that inhibition ofWTA biosynthesis by bindingWTA lipid
intermediates helps to liberate autolysins. In agreement, 1-
induced lysis was markedly reduced in a DatlA mutant,
compared to wildtype S. aureus cells (Figure 3C), confirming
that lysis induced by 1 is dependent on the major autolysin
AtlA in S. aureus. Our results further show that co-targeting
of lipid II and WTA lipid intermediates by 1 cause synergistic
effects by weakening the PGN structure and liberation of
autolysins, which synergistically lead to cell lysis and death. In
addition, multiple-targeting strongly reduced the propensity
to develop resistance, as we could not generate resistant

Figure 5. 1 binds to undecaprenyl pyrophosphate-containing cell wall precursors. a) 1 interferes with membrane-associated steps of PGN and
WTA synthesis in vitro. The antibiotic was added in molar ratios from 0.5 to 10 with respect to the amount of the lipid substrate C55P, C55PP, lipid
II, or lipid IIIWTA used in the individual test system. The amount of reaction product synthesized in the absence of 1 was taken as 100%. Mean
values from three independent experiments are shown. Error bars represent standard deviation. b) 1 forms extraction-stable complexes with
C55PP-containing purified cell wall precursors including the PGN precursors lipid I and lipid II, the WTA intermediate lipid IIIWTA and C55PP. Cell
wall intermediates are fully locked in a complex at a twofold molar excess of 1. No complex formation was observed with C55P. Binding of 1 is
indicated by a reduction of the amount of free lipid intermediates visible on the TLC. The chromatograms are representative of two independent
experiments.
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mutants of S. aureus by serial passaging on incrementing
concentrations of 1.

Novel antibiotics with resistance breaking mechanisms of
action are urgently needed to counteract the continuing
spread of drug resistant pathogens. Hypeptin (1) is a cyclo-
depsipeptide that shares structural similarity with teixobactin
(Figure S19).

1 contains four b-hydroxylated amino acids with different
stereoconfiguration. We investigated the substrate specificity
and stereoselectivity of the two tailoring hydroxylases HynC
and HynE in vitro, which revealed specific interactions of
both hydroxylases with their cognate domains. A transient
hydrophobic interaction with a cognate T domain was
characterized for the skyllamycin CYP450 b-hydroxylase,
but the reason for specific recognition could not be deter-
mined.[33] Understanding and predicting domain interaction
specificity of NRPS tailoring enzymes is a hallmark for future
engineering attempts, a feature we are currently investigating.
The structure revision of 1 based on bioinformatics, biochem-
ical assays and extensive NMR analyses highlights the value
of integrating these approaches for complex natural product
structure elucidation.

Elucidation of the mechanism of action revealed, that
1 inhibits cell wall biosynthesis by binding to C55PP-contain-
ing lipid intermediates within PGN, WTA, and capsule
biosynthesis. Binding to multiple of these non-protein target
structures within different biosynthesis pathways explains the
potent activity towards a broad range of gram-positive
pathogens, including drug resistant and difficult to treat
strains, suggesting that the concomitant targeting of these
precursors confers “intrinsic synergy”. Besides the mere
blocking of cell wall biosynthesis, binding to WTA precursors
further triggered deregulation of autolysis resulting in rapid
and uncontrolled lysis and impressive bactericidal activity.

The exact knowledge of the mode of action and molecular
target, together with a deeper understanding of the structure–
activity relationships (SAR) will support rational design of
synthetic analogs of 1. Synthetically generated teixobactin
variants with modified N-terminus, by either replacing the
linear chain by a lipophilic moiety[34] or the attachment of
hydrophobic residues to N-Me-d-Phe1,

[35] have been reported
to exhibit potent anti-microbial activity. Likewise, the semi-
synthetic attachment of hydrophobic moieties to the N-
terminal d-Ala1 may increase membrane interaction and
target binding of 1. Notably, 1 was most refractory to
resistance development in vitro, suggesting that the combined
cellular activities, triggered by targeting different cell wall
precursors, account for the reduced propensity to develop
resistance, making this antibiotic class a favorable scaffold for
development.
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Chapter 4 

A new antibiotic from an uncultured bacterium binds to an immutable target 6 

Clovibactin is a teixobactin-like cyclodepsipeptide antibiotic with a shorter N-terminus, that was 

discovered from the previously unculturable soil-bacterium Eleftheria terrae ssp. carolina. The non-
ribosomally synthesized octapeptide exhibits potent antibacterial activity against Gram-positive 
pathogens, including drug-resistant staphylococci, such as methicillin-resistant, vancomycin-
intermediate, glycopeptide-intermediate, daptomycin-resistant and linezolid-resistant Staphylococcus 
aureus, as well as penicillin-resistant pneumococci, vancomycin-resistant enterococci, Bacillus anthracis 
and mycobacteria. The depsipeptide displayed low cytotoxicity and was efficious in a mouse infection 
model of S. aureus. Importantly, no resistant mutants of S. aureus could be generated in vitro. 

Compared to teixobactin, clovibactin induced stronger lysis without any membrane disturbance 
involved. In search of a molecular target, whole-cell screens suggested that clovibactin interferes with 
late-stage peptidoglycan biosynthesis reactions. Corroborating, fluorescently labeled clovibactin 
preferentially bound to the S. aureus division septum, which is enriched with the peptidoglycan 
precursor lipid II. Short pre-treatment with lipid II-binding teixobactin drastically reduced septal 
clovibactin localization, highlighting that clovibactin interacts with the same target. 

The dose-dependent inhibition of individual in vitro enzyme assays with purified enzymes and 
undecaprenyl pyrophosphate (C55-PP)-containing lipid substrates (lipid I, lipid II, lipid IIIWTA) and 
C55-PP itself suggested interaction of clovibactin with the pyrophosphate moiety. In line with this, the 
addition of these substrates antagonized the antibacterial activity of clovibactin. Using solid-state NMR 
to study co-assembly of clovibactin and lipid II at the membrane surface demonstrated the formation of 
a well-defined complex in which the hydrophobic residues of clovibactin’s depsi-cycle enclose the 
C55-PP-moiety and parts of the first sugar of lipid II.  

Moreover, high-speed atomic force microscopy (HS-AFM) showed that lipid II binding drives the 
self-assembly of a supramolecular complex that oligomerizes into an irreversible fibrillar structure on 
top of the membrane. This is enabled by an antiparallel alignment of clovibactin molecules. In contrast 
to teixobactin, fibril formation did not disturb the membrane integrity (Shukla et al., 2022). 

The study unmasks a counter-intuitive mechanism of action, in which high-affinity lipid II binding 
is achieved by clovibactin’s depsi-cycle forming a hydrophobic cage that encloses the polar C55-PP-
moiety and in which target binding involves the formation of an irreversible supramolecular structure 
on the bacterial membrane surface. The formation of this higher-order fibrillar structure is suggested to 

exhibit favorable in vivo efficiacy as it specificially and permanently concentrates onto bacterial surfaces. 

K.C.L. performed mechanism of action studies, identified the molecular targets, analyzed the data and
contributed to writing of the manuscript.
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Whole genome sequencing led to the identification of a biosynthetic gene cluster (BGC) with 
55% identity to the kalimantacin/batumin operon (Mattheus et al., 2010). Production of 
kalimantacin was reduced below detectable levels by interrupting the first gene in the operon, 
bat1, using homologous recombination of a suicide vector (Fernández-Martínez and Bibb, 
2014). 
Fermentation broth of  ssp.  ∆  was separated by HPLC, and bioassay-
guided isolation produced a fraction with a compound having a unique mass of 903.5291    
[M+H]+ as analysed by Antibase. According to Antibase, this mass is unique. A combination 
of mass spectrometry and solution NMR resolved the structure of this compound, which 
is a novel depsipeptide that we named clovibactin 

. Stereochemistry was confirmed by Marfey’s analysis.
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Minimal inhibitory concentrations (MIC) of clovibactin 
were determined by broth microdilution against selected strains and pathogenic bacteria. GISA, 
glycopeptide intermediate resistant ; MSSA, methicillin-sensitive ; 
MRSA, methicillin-resistant ; VISA, vancomycin intermediate resistant ; VRE, 
vancomycin-resistant enterococci. 
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 Effect of clovibactin on macromolecular 
biosyntheses in . Incorporation of 3H-thymidine (DNA), 3H-uridine (RNA), 3H-leucine (protein), 
and 3H-glucosamine (peptidoglycan) was determined in cells treated with clovibactin at 2xMIC (grey 
bars). Ciprofloxacin (8xMIC), rifampicin (4xMIC), vancomycin (2xMIC) and erythromycin (2xMIC) were 
used as positive controls (white bars). Data are averages of two independent experiments.               

  bioreporter strains with selected promotor-  fusions were used to identify interference 
with major biosynthesis pathways. β-galactosidase ( ) is fused to promotors P  (cell wall), P  
(DNA), P  (RNA), and P (protein) and induction of a specific stress response is visualized by a 
blue halo at the edge of the inhibition zone. Antibiotics vancomycin, ciprofloxacin, rifampicin, and 
clindamycin were used as positive controls.  Clovibactin treatment results in cell-shape 
deformations and characteristic blebbing as observed by phase-contrast microscopy of . Cell 
wall active antibiotics teixobactin, hypeptin, vancomycin and protein synthesis inhibitor clindamycin 
were used as controls. Scale bar = 2 µm. Clovibactin (1xMIC, blue) strongly induced P  as 
observed by expression of the lux operon in  P - . Teixobactin, hypeptin, vancomycin and 
clindamycin were used as control antibiotics. Intracellular accumulation of the soluble cell wall 
precursor UDP-MurNAc-pentapeptide after treatment of  with different concentrations of 
clovibactin. Untreated and VAN-treated (5xMIC) cells were used as controls. Experiments are 
representatives   of  3   independent   experim ts.    Clovibactin   inhibits    membrane-associated

 c
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 ; n.d. not 
determined.
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 1.0 mL) were continuously stirred in a 10 × 4-mm quartz cuvette and kept at    
20°C. For the assay, 1 mL of the bacterial suspension was added to 1 mL of buffer. For ion 
leakage assays, 1 mL of the DISC-2 probe from a 1 mM stock was added to the cuvette and 
the fluorescence was measured between 650 nm to 670 nm wavelength (bandwidth = 5 mm) 
for 2 minutes before the addition of the antibiotic and 6 minutes after. For Sytox green 
leakage assays, 1 mL of the Sytox green probe from a 0.25 mM stock was added to the 
cuvette and the fluorescence was measured between 500 nm to 520 nm wavelength 
(bandwidth = 5 mm) for 2 minutes before the addition of the antibiotic and 6 minutes after. All 
experiments were performed in triplicates. The concentrations of antibiotics used are 10 nM 
nisin (1 x MIC) and 2 mM clovibactin (1 x MIC) and 0.2 mM teixobactin (10 x MIC) for           

. 
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2 

bat1kofrag2F agactaGGATCCctgcgggtggaccccgt 
bat1kofrag2R acagtaTCTAGAgcgcacactccctactcggtc 
bat1kofrag1F agactaGGATCCgacgggccttacgcagg 
bat1kofrag1R agactGGTACCactccacagcagtgttgaaggt 
Bat1downstream gcgctggccctcggaaag 
Bat2upstream gcgccgcttggacacttat 

pIJ12738
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Analysis of calculated structure models 
The average backbone RMSD (from the average structure) of the 22 clovibactin molecules in 
the complex was 2.50 ± 0.85 Å.  

NMR restraints  
Intermolecular distance restraints between clovibactin molecules 
All restraints based on a series of 2D 13C13C PARIS experiments (up to 300 ms 13C13C transfer) 
using a target distance of 7.5 Å, and lower distance margin of 5.5 Å, and a higher distance 
margin of 2.0 Å; i.e., format (7.5 5.5 2.0). Note that in the arrangement of four clovibactin 
molecules, intermolecular clovibactin-clovibactin distance restraints for the inner clovibactin 
molecules were implemented so that a restraint could be with the clovibactin molecule on 
either side.   

Detailed list of clovibactin – clovibactin restraints. 
Supplementary Table T4:  

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 
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15 
16 
17 
18 
19 

Hydrogen bond restraints (intermolecular) between clovibactin molecules: Hydrogen bonding 
restraints in line with experimentally determined antiparallel clovibactin arrangements were 
applied. While two different register shifts are possible to form antiparallel teixobactin -
sheets (i.e., Ser4NH could interact with Leu2CO or Ser4CO), only the variant with Leu2CO 
agrees with the intermolecular ssNMR distance restraints. Hydrogen bonding distance 
restraints were defined accordingly with upper and lower limits of 2.3 and 1.5 Å, respectively, 
i.e., format (2.0 0.5 0.3).

clovibactin A with clovibactin B 
Leu2NH -  Ser4CO 
Leu2CO  -  Ser4NH 
Ser4NH  - Leu2CO 
Ser4CO - Leu2NH 

clovibactin C with clovibactin D 
Phe1NH  -  Lys3CO 
Phe1CO  -  Lys3NH 
Lys3NH  -  Phe1CO 
Lys3CO  -  Phe1NH 

clovibactin C with clovibactin D 
Similar as in A with B 

Intermolecular distance restraints between clovibactin and lipid II: Restraints involving the 
pyrophosphate group: Ambiguous distance restraints were applied between the backbone 
amino protons of the four depsi-cycle residues (Hyn5-Leu8) with either phosphate of the 
pyrophosphate group using upper and lower limits of 2.4 and 1.7 Å, respectively, i.e., format 
(2.0 0.3 0.4). Restraints based on a 2D 1H31P experiment (Fig. 5b of the manuscript).  

Restraints involving the MurNAc/GlcNAc sugars: Restraints were based on a series of 2D 
13C13C PARIS and PARISxy experiments with 50, 250, and 300 ms magnetization transfer. Due 
to the mobility of the depsi-cycle in the complex (Figure 4C,D of the main text), most 
interfacial restraints were weak. We therefore applied all interfacial CC restraints with wider 
boundaries (7.5 5.5 2.0), i.e., upper and lower boundaries of 9.5 and 2.0 Å, respectively. 
Notwithstanding the wider boundaries, the interface is well defined (1.47±0.40 Å interfacial 
RMSD defined by residues Ala6, Leu7, Leu8 of clovibactin, PPi and MurNAc of lipid II) 
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The shortest distances were averaged over the 22 structure models of the ensemble. The 
error shows the standard deviation. 

Topological restraints: Eventually, a filtering strategy was applied to constrain 
the conformational space of the isoprenyl tails. Structure models were only accepted if all 
lipid II tails pointed into the direction of the membrane-exposed sidechain of Leu2, Ile5, and 
Ile6 (see Fig. 4I of the main text and Supplementary Fig. 7). Sorting of the lipid II tails was 
steered by imposing soft distance restraints between the sidechain of Leu2 and the lipid II 
isoprenyl-tail, and by imposing soft distance restraints between the isoprenyl-tails. 

Supplementary Table T7: 
Number and type of restraints used for the structure calculations. Intramolecular 
restraints are listed per monomers, while intermolecular/interfacial restraints are listed 
per pair of interacting molecules. 

Number of Restraints 

Intermolecular 
clovibactin - clovibactin 

Intermolecular 
clovibactin - lipid II
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Details of 2D ssNMR experiments 
1. 2D CC PARIS experiment with 13C,15N-clovibactin – 12C,14N-lipid II
Magnetic field /MAS = 1200 MHz (1H-frequency) / 18 kHz 
Mixing time (CC) = 50 ms 
t1 points / AQ  = 452 / 5.00 ms 
Recycle delay  = 2.40 s 
Co-added transients = 144 
Experimental time = 1d 21h 

2. 2D CC PARIS experiment with 13C,15N-clovibactin – 12C,14N-lipid II
Magnetic field /MAS = 1200 MHz (1H-frequency) / 18 kHz 
Mixing time (CC) = 300 ms 
t1 points / AQ  = 452 / 5.00 ms 
Recycle delay  = 2.40 s 
Co-added transients = 224 
Experimental time = 3d 5h 

3. 2D CC PARISxy (m = 1) experiment with 13C,15N-clovibactin – 13C,15N-lipid II
Magnetic field /MAS = 950 MHz (1H-frequency) / 15.5 kHz 
Mixing time (CC) = 50 ms 
t1 points / AQ  = 316 / 4.40 ms 
Recycle delay  = 1.90 s 
Co-added transients = 192 
Experimental time = 1d 10h 

4. 2D CC PARISxy (m = 1) experiment with 13C,15N-clovibactin – 13C,15N-lipid II
Magnetic field /MAS = 950 MHz (1H-frequency) / 15.5 kHz 

Mixing time (CC) 
t1 points / AQ  
Recycle delay  

= 300 ms 
= 215 / 3.00 ms 
= 1.84 s 
= 1024 Co-added transients 

Experimental time = 5d 14h 
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Magnetic field /MAS = 1200 MHz (1H-frequency) / 18 kHz 
Mixing time (CC) = 50 ms 
t1 points / AQ  = 452 / 5.00 ms 
Recycle delay  = 2.40 s 
Co-added transients = 144 
Experimental time = 1d 21h 

6. 2D CC PARIS experiment with 13C,15N-clovibactin – 13C,15N-lipid II
Magnetic field /MAS = 1200 MHz (1H-frequency) / 18 kHz 
Mixing time (CC) = 250 ms 
t1 points / AQ  = 316 / 3.50 ms 
Recycle delay  = 2.30 s 
Co-added transients = 752 
Experimental time = 7d 1h 

7. 2D T2-edited H(H)C experiment with 13C,15N-clovibactin – 12C,14N-lipid II
Magnetic field /MAS = 700 MHz (1H-frequency) / 16.5 kHz 
Mixing time (HH) = 5 ms 
T2 filter  = 2.5 ms 
t1 points / AQ  = 60 / 2.08 ms 
Recycle delay  = 2.15 s 
Co-added transients = 1972 
Experimental time = 2d 17h 

8. 2D CC TOBSY experiment with 13C,15N-clovibactin – 13C,15N-lipid II
Magnetic field /MAS = 950 MHz (1H-frequency) / 8 kHz 
Mixing time (HH) = 6 ms 
t1 points / AQ  = 265 / 5.38 ms 
Recycle delay  = 1.61 s 
Co-added transients = 2304 
Experimental time = 11d 16h 

9. 2D NCA experiment with 13C,15N-clovibactin – 12C,14N-lipid II
Magnetic field /MAS = 800 MHz (1H-frequency) / 15 kHz 
Mixing time (NC) = 5.5 ms 
t1 points / AQ  = 17 / 3.6td ms 
Recycle delay  = 1.82 s 
Co-added transients = 7168 
Experimental time = 2d 17h 

9. 2D NCO experiment with 13C,15N-clovibactin – 12C,14N-lipid II
Magnetic field /MAS = 800 MHz (1H-frequency) / 15 kHz 

= 7 ms Mixing time (NC) 
t1 points / AQ  
Recycle delay  

= 25 / 4.4 ms 
= 1.9 s 
= 8192 Co-added transients 

Experimental time = 4d 18h 
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10. 2D NH experiment with 13C,15N-clovibactin – 12C,14N-lipid II
Magnetic field /MAS = 700 MHz (1H-frequency) / 60 kHz 
t1 points / AQ  = 87 / 5.6 ms 
Recycle delay  = 0.72 s 
Co-added transients = 4096 
Experimental time = 5d 4h 
Note = high number of co-added transients was necessary to obtain good 

data for the sidechains of 3 and 5. 

For all 2D experiments, sign discrimination in indirect dimensions was achieved with the TPPI 
(time-proportional phase incrementation) method. 

.
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Chapter 5 

THCz: Small molecules with antimicrobial activity that block cell wall lipid intermediates 7 

In search for novel bacterial cell wall biosynthesis inhibitors, a whole-cell screen based on autolysis 
induction in pneumococci identified a hit class of synthetic small molecules with a 1-amino substituted 
tetrahydrocarbazole (THCz) scaffold. THCz displayed potent activity against a broad spectrum of 
Gram-positive, selected Gram-negative pathogens and mycobacteria. The objective of this study was to 
investigate the structure activity relationship (SAR) and the precise mode of action, including the 
elucidation of the molecular target, of a series of THCz analogs.  

Whole-cell analyses confirmed that THCz target the cell wall biosynthesis pathway. Moreover, 

induction of the cell wall stress stimulon in Bacillus subtilis and intracellular accumulation of the soluble 
peptidoglycan precursor UDP-N-acetylmuramic acid pentapeptide after treatment with THCz pointed 
towards interference with one of the membrane-associated steps of the lipid II biosynthesis cycle. In 
search for the molecular target, THCz were found to inhibit both, the staphylococcal penicillin-binding 
protein 2 (PBP2)-catalyzed transglycosylation of lipid II and the YbjG-catalyzed dephosphorylation of 
undecaprenyl pyrophosphate (C55-PP) to undecaprenyl phosphate (C55-P) by binding to the lipid 

substrates at a 2:1 molar ratio. In line with the in vitro analyses, the addition of C55-PP-containing lipid 
intermediates, including the peptidoglycan precursors lipid I and lipid II, the wall teichoic acid precursor 
lipid IIIWTA, and the capsule precursor lipid Icap, counteracted THCz from inhibiting growth of 
Micrococcus luteus. Interaction with the first sugar moiety of the lipid intermediates appeared to 
contribute to higher binding affinity, since two-fold higher concentrations of C55-PP itself were required 
for full antagonization of THCz activity. SAR studies identified hydrophobic substituents and the two 
central amine groups of THCz as essential for potent antibacterial activity. Thus, the positively charged 
diamino motif of the small molecule inhibitors was proposed to electrostatically interact with the anionic 
pyrophosphate moiety of the cell wall precursors. 

Remarkably, no THCz-resistant mutants of Streptococcus pneumoniae were obtained during 
passaging in broth with sub-lethal concentrations of the antibiotic. However, an isolate with reduced 
susceptibility was obtained from passaging on plates containing incrementing THCz concentrations. A 

point mutation in the cpsE gene, encoding for the initial glycosyltransferase of pneumococcal capsule 
biosynthesis (the main virulence factor of pneumocci), was found to confer decreased capsule 
production associated with reduced susceptibility towards THCz.  

The majority of lipid II-binding antibiotics are bulky molecules. Importantly, the study highlights 
THCz to be the first small molecule inhibitors (<500 Da) targeting the bacterial cell wall by binding to 
C55-PP-containing precursors of peptidoglycan, WTA and capsule biosyntheses. Thus, THCz represent 
an excellent scaffold for the future design of small molecule lipid II-binding antibiotics.

K.C.L. performed the determination of antimicrobial activity, mechanism of action studies, identified the
molecular targets (all with a focus on staphylococci), analyzed the data and contributed to writing of the
manuscript. A manuscript version of the publication is included as part of the doctoral thesis of Dr. Elisabeth
Reithuber (Reithuber, 2021).
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Emerging antibiotic resistance demands identification of novel
antibacterial compound classes. A bacterial whole-cell screen based
on pneumococcal autolysin-mediated lysis induction was devel-
oped to identify potential bacterial cell wall synthesis inhibitors. A
hit class comprising a 1-amino substituted tetrahydrocarbazole
(THCz) scaffold, containing two essential amine groups, displayed
bactericidal activity against a broad range of gram-positive and
selected gram-negative pathogens in the low micromolar range.
Mode of action studies revealed that THCz inhibit cell envelope
synthesis by targeting undecaprenyl pyrophosphate–containing
lipid intermediates and thus simultaneously inhibit peptidoglycan,
teichoic acid, and polysaccharide capsule biosynthesis. Resistance
did not readily develop in vitro, and the ease of synthesizing and
modifying these small molecules, as compared to natural lipid
II–binding antibiotics, makes THCz promising scaffolds for develop-
ment of cell wall–targeting antimicrobials.

Streptococcus pneumoniae j antibiotic resistance j antimicrobials j cell
wall biosynthesis j tetrahydrocarbazole

S ince the discovery of penicillin by Alexander Fleming (1) in
1928, antibiotics have greatly improved the health quality

and life expectancy of mankind. However, multidrug resistance
among most microbial pathogens is reaching alarming levels,
and the World Health Organization foresees a postantibiotic
era where common bacterial infections may become life-
threatening again due to the lack of adequate treatment regi-
mens (2). Many of the most commonly used antibacterial drugs
today, ∼50% of all antibiotic prescriptions, and over 70% of
intravenous applications in clinical settings, rely on inhibitors of
cell wall biosynthesis (3). The essentiality of the bacterial cell
wall for structural integrity and growth, and the lack of a similar
structure in mammalian cells, makes the cell wall biosynthesis
machinery a most attractive antibiotic target. Inhibition of cell
wall synthesis can be accomplished by two main mechanisms:
either by inhibition of enzyme function, for example, by beta-
lactam antibiotics targeting the penicillin-binding proteins
(PBPs), or by binding and blocking access to essential cell wall
precursors such as the ultimate peptidoglycan building block
lipid II. While a wide range of beta-lactam derivatives of differ-
ent classes are continuously optimized to bypass bacterial resis-
tance development (4), the highly conserved lipid II molecule
constitutes an attractive target, as resistance development is
intrinsically limited (5, 6). Lipid II is a disaccharide pentapep-
tide peptidoglycan subunit linked to an undecaprenyl lipid
vehicle via a pyrophosphate group. It is synthesized in the cyto-
plasm and flipped over to the outer leaflet of the plasma mem-
brane to provide cell wall building blocks for PBPs (7). On the
outside, the ultimate peptidoglycan precursor is readily acces-
sible for antibiotics. Presently, lipid II–binding antibiotics of at
least five chemical classes are known, comprising glycopeptides
(e.g., vancomycin) (8), lantibiotics (e.g., nisin), defensins (e.g.,

plectasin), lipopeptides (e.g., empedopeptin), and depsipeptides
(e.g., teixobactin) (9, 10). More recently, the last-resort antibiotic
daptomycin was further shown to target undecaprenyl-containing
lipid intermediates (11). In common for these agents is that bind-
ing to lipid II sequesters the molecule and makes it unavailable
for peptidoglycan biosynthesis. However, antibiotic activities can
vary substantially depending on the binding site on the lipid II
molecule (6). Vancomycin, for example, binds to the terminal D-
alanyl-D-alanine residue of the lipid II stem peptide, a part of the
molecule that is altered in resistant strains. In contrast, resistance
development to compounds that recognize the pyrophosphate
moiety as minimal binding motif, which is present in several cell
wall intermediates from different pathways (i.e., peptidoglycan,
wall teichoic acid, and capsule biosynthesis), is strongly ham-
pered. This structural feature is highly conserved among bacteria,
and direct target modifications have not been observed (7).

The vast majority of lipid II–binding antibiotics described so
far mainly act on gram-positive bacteria, since the outer mem-
brane of gram-negative bacteria restricts target access mainly
due to the large size of these compounds. Notably, no small-
molecule inhibitor (< 500 Da) targeting lipid II has been identi-
fied so far.

Here, we developed a bacterial whole-cell screening platform
aimed to identify small molecules with cell wall synthesis

Significance

Considering the alarming emergence of resistance to most
antibiotics and the need for new antibiotics, the finding
here of a small-molecule class, THCz, that displayed bacteri-
cidal activity against gram-positive and selected gram-
negative bacteria, is of the greatest importance. We found
that THCz target the cell envelope synthesis and can easily
be synthesized and modified, and resistance did not readily
develop in vitro. Thus, THCz are promising scaffolds for
development of bacterial cell wall inhibitors.
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inhibiting activity. The screen used the induction of autolysin-
mediated lysis as a phenotypic readout for cell wall inhibition.
It is well established that cell wall targeting agents, in addition
to stalling cell wall synthesis, can also trigger activation of
endogenous bacterial autolysins that facilitate cell wall degrada-
tion, leading to bacterial lysis (12). From the screen, a 1-amino
substituted tetrahydrocarbazole (THCz) hit class was identified
that was found to be bactericidal at low micromolar concentra-
tions. Comprehensive structure–activity relationship (SAR)
studies of a series of synthesized THCz analogs identified the
two central amine groups as essential for antibacterial activity.
Mode of action studies revealed that THCz simultaneously
inhibit different cell envelope biosynthesis pathways by target-
ing lipid II (peptidoglycan), lipid IIIWTA (wall teichoic acid),
and lipid Icap (capsule) as well as the central lipid carrier unde-
caprenyl pyrophosphate (C55-PP). Compared to natural lipid II
inhibitors, THCz are relatively easy to synthesize and modify,
and thus represent promising scaffolds for antibiotic drug
development.

Results
Screening for Cell Wall Inhibitors. A whole-cell high-throughput
screening (HTS) procedure was developed using the major
respiratory tract pathogen Streptococcus pneumoniae as the bac-
terial target organism. The screen utilized the induction of
pneumococcal autolysis to score for compounds with potential
cell wall synthesis inhibiting activity. The decrease in optical
density (OD600nm) following compound treatment was used as
an indicator of bactericidal activity and provided an easy and
powerful readout for hit selection. For the main screen, we
used the nonencapsulated strain Tigr4R (T4R) that is generally
more sensitive to most treatments than the encapsulated

parental Tigr4 (T4) strain (Fig. 1A). Bacterial cultures in the
early logarithmic growth phase were challenged with a com-
pound library (50 mM per substance) comprising 17,500 sub-
stances (http://www.cbcs.se/), and the OD600nm was measured
at timed intervals. For 99.1% of the compounds, an increase in
OD600nm following compound addition was recorded, suggest-
ing that no substantial growth inhibition occurred. Further-
more, no compound had a ΔOD600nm value near zero at 120
min after challenge that would indicate bacteriostatic activity.
Compounds yielding a negative ΔOD600nm value at 120 min
after treatment (156 compounds, 0.9%) were scored as hits.
Out of these compounds, 71 also exhibited comparable activity
against the encapsulated T4 strain and were validated on the
LytA-deficient T4 derivative strain, resulting in a hit rate of 0.
4% for the total screen (Fig. 1A).

Characterization of THCz Analogs. The present study characterizes
three hit compounds from the screen (THCz-1, THCz-2, and
THCz-3) (Fig. 1A) and related synthesized derivatives. These
initial THCz screening hits shared a central tetrahydrocarbazole
scaffold with a short 1-amino substituted linker (–NH–CH2CH2–)
and had different substitutions in positions R1 and R2 (Fig. 1).
The minimum inhibitory concentration (MIC) of the hit com-
pounds against S. pneumoniae was determined to 1 mg/mL
(Tables 1 and 2 and SI Appendix, Tables S1–S3). Clinical pneu-
mococcal isolates from the Pneumococcal Molecular Epidemi-
ology Network strain collection, resistant to one or several
conventional antibiotics, were equally as sensitive to THCz-1 as
the wild-type strain (SI Appendix, Table S4), showing that com-
mon acquired resistance mechanisms did not confer decreased
sensitivity to THCz-1. Further testing of THCz-1 against a
panel of clinically relevant pathogens (Table 1) revealed antimi-
crobial activity against a broad range of gram-positive bacteria,

Fig. 1. Autolysin-mediated lysis screening identified THCz as an antibacterial hit class. (A) Schematic illustration of the autolysin-mediated lysis screen.
Pneumococcal cultures grown in multiwell plates were challenged with the chemical compound library, and OD was recorded and used for evaluation of
lysis induction and hit selection. Hit compounds were validated and classified. The three hit compounds from the tetrahydrocarbazole compound class
(THCz-1, THCz-2, and THCz-3) are depicted. (B) Structure of THCz-1, where molecular moieties relevant for the structure activity and toxicity relationship
investigations (R1 and R2) are highlighted with dashed lines. Also indicated is the central diamino motif that was identified as essential for activity shown
in the protonation state likely encountered at physiological pH.

2 of 12 j PNAS Reithuber et al.
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including drug-resistant strains, such as methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-intermediate S.
aureus (VISA), and vancomycin-resistant Enterococcus faecium
(VRE). Importantly, THCz-1 was also active against gram-
negative pathogens such as Neisseria gonorrhoeae and Morax-
ella catarrhalis, with MIC values in the range of 1 mg/mL to
8 mg/mL, and against mycobacteria (Mycobacterium bovis and
Mycobacterium smegmatis, 8 mg/mL to 16 mg/mL). Moreover,
the substance displayed activity against an Escherichia coli
strain with a defective outer membrane, but not against wild-
type E. coli or Pseudomonas aeruginosa, indicating that the
outer membrane of certain gram-negative species may provide
protection against THCz-1. Interestingly, Su et al. (13) have
previously recorded activity against an E. coli strain of a
related THCz analog but with a 2,4-diaminopyrimidine substit-
uent in position R2.

As the hit compound THCz-1 was obtained from an HTS
assay that employed pneumococcal autolysis as the readout,
lysis and killing kinetics were compared to penicillin and tetra-
cycline that inhibits peptidoglycan and protein synthesis,
respectively. Treatment of pneumococci with THCz-1 induced a
more rapid bacteriolytic effect than penicillin, and no viable
colonies could be recorded 9 h after treatment (Fig. 2 A and B

and SI Appendix, Fig. S1). The contribution of cell wall hydro-
lase activity to the lytic and bactericidal response was assayed
using an isogenic pneumococcal strain deficient in the major
autolysin LytA (T4ΔlytA) grown in an elevated (110 mM) con-
centration of choline chloride that causes cell wall dissociation
and functional inactivation of other choline-binding cell wall
hydrolases. In the absence of hydrolase activity, reduced lysis
was observed following treatment of pneumococci with THCz-1
and penicillin (Fig. 2C), yet the bactericidal effect was retained,
albeit with delay (Fig. 2 B and D). Tetracycline caused a
growth-inhibitory phenotype without any prominent lysis and
displayed a considerably slower killing curve that was not
affected by the activity of cell wall hydrolases (Fig. 2 A–D).
Transmission electron microscopy (TEM) of THCz-1–treated
unencapsulated T4R cells confirmed that lysis was exerted
through the action of choline-binding cell wall hydrolases, since
bacteria remained intact in a strain lacking the major autolysin
lytA (T4RΔlytA) grown in elevated choline chloride concentra-
tion (Fig. 2 E–H). THCz-1–treated S. pneumoniae (T4R) dis-
played cell wall ruptures in close proximity to the equatorial
plane (Fig. 2F) correlating to the site where nascent peptidogly-
can, the putative substrate of LytA, has been suggested to be
incorporated during cell wall synthesis (14, 15). Together, these
data confirmed that THCz-1 treatment, as for penicillin, caused
induction of autolysin-mediated lysis, although the bactericidal
activity is not solely explained by autolysin activation.

SAR. We next explored the molecular context of the THCz com-
pound class in relation to the antibacterial activity. For this, we
developed a synthesis scheme for substituted THCz and oxygen
analogs (SI Appendix, Figs. S2 and S3) that allowed an explora-
tion of the SAR of THCz derivatives and the investigation of
the impact on toxicity of different substitutions on cultured
human cell lines. The following SAR description is supported
by a more extensive analysis provided in SI Appendix, Tables
S1–S3, Fig. S4, and SI Text. The central diamino motif (Fig. 1B)
was found to have a major impact on the antibacterial activity
(SI Appendix, Table S1). Thus, replacement of either of the two
nitrogens with oxygens of otherwise similar analogs led to no,
or much reduced, antibacterial activity (THCz-2 vs. THCz-6
and THCz-5 vs. THCz-19) (Table 2). However, also, the cyto-
toxic properties of THCz analogs were correlated to the pres-
ence of the diamino motif, as the 50% inhibitory concentration
(IC50) increased about sixfold for THCz-5 vs. THCz-19, and
about sevenfold for THCz-6 vs. THCz-2 (Table 2).

Further investigation of the effect of substitutions in position
R1 and R2 of the THCz scaffold was performed (Fig. 1B and SI
Appendix, Tables S1–S3). Most substitutions in position R1 had
little or no effect on the antibacterial activity, and an unsubsti-
tuted analog (THCz-45) maintained activity. However, a car-
boxylate in R1 (THCz-42) was found to have a marked negative
effect on the antibacterial activity, suggesting that an anionic
substituent in this position was not suitable. Sterically demand-
ing substituents in R1 (THCz-43 and THCz-44) did have an
adverse effect on toxicity, leaving a methyl group (i.e., THCz-39
and THCz-40) or an unsubstituted R1 (THCz-19 and THCz-
45) the most favorable of the herein tested R1 substitutions. In
position R2, it was important for antibacterial activity that a ste-
rically demanding substituent, such as an adamantyl or a phenyl
(i.e., THCz-3 and THCz-36 vs. THCz-24), was linked to the
central scaffold by at least two carbons (THCz-36, THCz-37,
and THCz-38 vs. THCz-35). Substitutions in the phenyl ring of
R2 were only favorable in the para position in the context of
toxicity. A hydroxyl or bromo substituent (THCz-39 and
THCz-40) caused a twofold to fourfold reduction in MIC and a
corresponding increase in IC50 in comparison to the original
screening hit THCz-1 (Table 2).

Table 1. Antibacterial spectrum of THCz-1

Species Strain
MIC THCz-1,
μg mL�1

S. pneumoniae T4 1*
0.3†

Streptococcus parasanguinis ATCC 903 5†

Streptococcus pyogenes serotype M1T1
(45)

1†

B. subtilis ATCC 6051 3†

168 2
Staphylococcus simulans 22 2
Staphylococcus epidermidis CLB26329 (MRSE) 2
S. aureus ATCC 25923 5†

ATCC 29213 2
SG511 2
USA300 JE2 (MRSA) 4
SG511 DAPR 2
HG001 4
HG001 DAPR 4
Mu50 (VISA) 2
Vc40 (VISA) 4
SA113 4
SA113ΔatlA 4
SA113ΔtarO 4

Enterococcus faecalis JH2-2 2
E. faecium BM4147 (VRE) 2
Micrococcus luteus DSM1790 1
M. bovis ATCC 35734 16‡

M. smegmatis ATCC 70084 8‡

M. catarrhalis ATCC 43617 1
E. coli ATCC 11775 >41†

O-19592 >128
MB5746§ 2

P. aeruginosa ATCC 10145 >41†

N. gonorrhoeae 1 to 8¶

THCz-1 sensitivity was determined in cation-adjusted MHB. All strains
are characterized in SI Appendix, Table S8.
*THCz-1 sensitivity was determined in supplemented C+Y medium.
†THCz-1 sensitivity was determined in THY medium.
‡THCz-1 sensitivity was determined in Tween80 supplemented cation-
adjusted MHB.
§Outer membrane hyperpermeable and efflux deficient.
¶Depending on the medium.
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The THCz analogs contain a stereocenter (SI Appendix, Fig.
S5 A and B), and the initial screen and the SAR were carried
out with racemic mixtures of the two enantiomers. We there-
fore separated the enantiomers from a subset of THCz analogs
(THCz-1, THCz-39, and THCz-40) (SI Appendix, Fig. S5 C–I)
and tested their antibacterial activities separately. Our data
showed that both the R and S forms displayed similar MIC (SI
Appendix, Table S5) in comparison to each other and to the
racemic mixture. Combined, the untargeted investigation on
modifications of the THCz scaffold showed that the central dia-
mino motif was essential, and sterically demanding substitu-
tions on a not less than two-carbon chain linker in R2 were
required, while modifications in R1 were dispensable for anti-
bacterial activity.

Mode of Action Studies. As THCz analogs showed an autolysin-
inducing bacteriolytic effect in the early logarithmic phase, a
well-known feature for cell wall targeting agents, we reasoned
that THCz might interfere with cell wall synthesis. To verify this
hypothesis and to approach target identification, a set of
pathway-specific Bacillus subtilis bioreporter strains (16, 17) was
treated with selected active analogs, THCz-1, THCz-39, and
THCz-40 and compared to the inactive derivative THCz-5 (Table
2 and SI Appendix, Table S5). Indeed, THCz-1, THCz-39, and
THCz-40, but not THCz-5, specifically induced the cell wall
responsive reporter strain, while reporter strains indicative for
interference with DNA, RNA, and protein biosynthesis were not
activated (Fig. 3A). Furthermore, treatment of B. subtilis with

THCz-1, THCz-39, and THCz-40 induced characteristic cell
shape deformations, as visualized through phase-contrast
microscopy, revealing the formation of cell membrane bleb-
bing, indicative of inhibition of peptidoglycan biosynthesis and
autolysin activation. Membrane blebbing was also observed fol-
lowing control treatment with vancomycin, nisin, or bacitracin,
but not with the inactive THCz-5 or with antibiotics having tar-
gets other than the cell wall, such as clindamycin, ciprofloxacin,
and rifampicin (Fig. 3B). To narrow down the target within the
peptidoglycan biosynthesis pathway, we investigated the effect
of THCz analogs on the LiaRS stress response using a B. subti-
lis luciferase bioreporter. The LiaRS two-component system is
known to be sensitively induced in response to antibiotics that
target lipid II or C55-PP, for example, vancomycin or bacitracin
(18). Monitoring PliaI-lux bioluminescence over time revealed a
strong induction for all THCz analogs tested, except for the
inactive analog THCz-5 (Fig. 3C). Similar induction of the
LiaRS reporter was also observed for the separated enantiom-
ers of the active analogs, validating that the S and R forms
have the same mode of action (SI Appendix, Fig. S6 A–C).

Corroborating interference with the lipid II biosynthesis cycle,
treatment of S. aureus whole cells resulted in accumulation of
the ultimate soluble peptidoglycan precursor UDP-MurNAc-
pentapeptide (Fig. 3D), indicating that a late-stage membrane-
associated peptidoglycan biosynthesis step was inhibited. Higher
THCz concentrations (>5× MIC) impeded cytoplasmic accumu-
lation due to increased lysis, as a result of induction of the auto-
lytic system, or due to effects related to membrane interaction.

Table 2. SAR and toxicity of a selection of THCz analogs

THCz- R1* X R2* MIC
[μM (μg mL-1)]† IC50 [μM(μg mL-1)] [n]‡

1§ NH 3.1 (1.3) 12.1 (4.9) ± 3.0 (1.2) [6]

2§ NH 3.1 (1.1) 17.5 (7.1) ± 1.9 (0.8) [3]

5 NH >100 (>29.1) 140.8 (41.0) ± 16.9 (4.9) [4]

6¶ O 50 (18.4) 134.1 (49.3) ± 42.4 (15.6) [5]

19 NH 6.3 (1.9) 22.2 (6.8) ± 1.8 (0.6) [3]

39 NH 6.3 - 12.5 (2.0 - 4.0) 33.4 (10.7) ± 5.9 (1.9) [7]

40 NH 6.3 (2.4) 28.0 (10.7) ± 4.1 (1.6) [7]

*Cy, cyclohexyl; Ph, phenyl; Me , methyl.
†Minimal inhibitory concentration of THCz analogs for S. pneumoniae T4 in supplemented C+Y medium.
Most abundant MIC is given. An overview of the observed MIC distribution is given in SI Appendix, Fig. S4.
‡IC50 values of 10

5 A549 cells/mL challenged with a serial titration of the respective THCz analogs. Average
6 SD are given, and the number of biological replicates is noted in brackets. In the presence of 10% fetal
bovine serum, mimicking cell culture conditions, the plasma protein binding affinity of THCz analogs
caused an overall fourfold increase in MIC (SI Appendix, SI Text).
§Original hit compounds from the screen; see also Fig. 1 for structures.
¶For simplicity, we refer to all compounds studied here as THCz, although this compound is an oxa-tetrahydrofluorene.
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THCz did not induce the formation of pores in comparison to
the lantibiotic nisin which is an established pore former (SI
Appendix, Supplementary Materials and Methods and Fig. S7)(9).
However, THCz treatment resulted in the delocalization of
GFP-MinD in B. subtilis, indicating membrane depolarization.
The cell division inhibitor MinD is bound to the membrane via a

C-terminal amphipathic helix and requires the presence of the
membrane potential for its specific cellular localization pattern.
MinD localizes to newly formed cell poles, thereby directing FtsZ
to midcell guiding division septum placement (19). Compared to
untreated control cells, GFP-MinD delocalized in cells treated
with THCz, resulting in irregular dispersion of GFP-MinD within

Fig. 2. Kinetics of pneumococcal lysis and viability following THCz-1 treatment. Treatment of (A and B) T4 wild type and (C and D) T4ΔlytA with THCz-1
(5.1 mg/mL, 12.5 μM, 4× MIC), penicillin G (0.06 μg/mL, 2× to 4× MIC), tetracycline (2 μg/mL, 8× to 16× MIC), or (in A and C) DMSO (1%). Bacteria were grown
in C+Y media in the absence (A and B) or presence (C and D) of 110 mM choline chloride that inhibits cell wall association of autolysins and cell wall hydro-
lases of S. pneumoniae. Dotted black lines in B and D indicate the detection limit of the assay. Growth kinetics (A and C) are shown from one representative
experiment as the average and SD of three technical replicates. Death kinetics (B and D) are summarized as the average and SD of three independent experi-
ments. Short dashed black lines in B and D indicate the detection limit of the assay. (E–H) Electron micrographs of T4R (E and F) and T4RΔlytA (G and H),
fixed and imaged after treatment with THCz-1 (25 mM) (F and H) and as untreated controls (E and G). In F and H, representative overview images of cell pop-
ulations are shown (Left) followed by three close-up images (Right). The use of unencapsulated mutants facilitated examination of the cell morphology.
Pneumococcal chain formation in choline-treated autolysin-deficient T4RΔlytA cells are attributable to the inhibition of LytB activity, required for separation
of diplococcal cells (44). (Scale bars, 1 mm.)
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5 min. MinD delocalization was also observed for the inactive
THCz-5 variant, suggesting that the induced membrane effects
are not the primary cause of killing (SI Appendix, Fig. S8).

In search of the molecular target, we next investigated the
impact of THCz-1 on peptidoglycan biosynthesis reactions
in vitro using purified S. aureus enzymes and substrates. Quan-
titative analysis of PBP2-mediated transglycosylation of lipid II
revealed a dose-dependent inhibition (Fig. 3E). Almost com-
plete inhibition was observed at a twofold molar excess of
THCz-1 with respect to lipid II, suggesting that THCz-1 forms
a stoichiometric complex with the substrate rather than inhibit-
ing the enzyme. Similarly, lipid II synthesis catalyzed by the
MurG glycosyltransferase was inhibited (SI Appendix, Fig. S9).
Furthermore, THCz-1 was also found to inhibit dephosphoryla-
tion of C55-PP to C55-P, a crucial step in the recycling of the

lipid carrier conducted by undecaprenyl pyrophosphate phos-
phatase YbjG. A twofold molar excess of THCz-1 caused a
full inhibition of YbjG-mediated dephosphorylation of C55-PP
(Fig. 3E). Corroborating, the addition of purified C55-PP, lipid I
and lipid II as well as the wall teichoic acid precursor lipid
IIIWTA (C55-PP-GlcNAc) and the capsular precursor lipid Icap
(C55-PP-glucose) all antagonized the antimicrobial activity of
THCz-1, while C55-P did not (Fig. 3F). These data thus clearly
indicate that THCz-1 interacts with undecaprenyl pyrophos-
phate and C55-PP–containing cell wall precursors. However,
the interaction with the first sugar moiety attached to the lipid
carrier appears to contribute to binding, since a higher concen-
tration of C55-PP than of lipids I, II, and IIIWTA and lipid Icap
was required to fully antagonize THCz-1 activity (Fig. 3F).
Furthermore, lipid II was found to antagonize THCz analogs

Fig. 3. THCz analogs with intact diamino motif interact with C55-PP and C55-PP–linked cell wall precursors. (A) Impact of THCz-1 and analogs (THCz-40,
THCz-39, and THCz-5) on major biosynthesis pathways in B. subtilis. B. subtilis bioreporter strains with selected promotor-lacZ gene fusions were used to
identify interference with DNA (PyorB), RNA (PyvgS), protein (PyheI), and cell wall (PypuA) biosynthesis. Induction of a specific stress response results in expres-
sion of β-galactosidase indicated by a blue halo surrounding the inhibition zone. Antibiotics vancomycin, ciprofloxacin, clindamycin, and rifampicin were
used as positive controls. (B) Treatment of B. subtilis with THCz induces severe cell shape deformations as visualized by phase-contrast microscopy. (Scale
bar for all images: 2 mm.) (C) Induction of the LiaRS bioreporter by THCz compared to vancomycin, indicating interference with the lipid II biosynthesis
cycle. (D) Intracellular accumulation of the ultimate soluble cell wall precursor UDP-MurNAc-pentapeptide in vancomycin-treated and THCz-1–treated cells
of S. aureus as analyzed by means of reverse-phase HPLC. (E) Impact of THCz on individual peptidoglycan biosynthesis reactions. THCz inhibits the PBP2-
catalyzed transglycosylation of lipid II and the YbjG-catalyzed dephosphorylation of C55-PP. THCz were added in molar ratios of 0.5 to 2 with respect to
the amount of the substrate lipid II or C55-PP used in the individual test system. Inhibitions of PBP2- and YbjG-catalyzed reactions were quantified by the
relative amount formed of C55-PP and C55-P, respectively. The error bars represent the SD from the triplicate runs. (F and G) Antagonistic effect of purified
cell wall intermediates on antimicrobial activity of THCz. THCz compounds were exposed to selected purified cell wall precursors for 10 min at indicated
molar ratios prior to incubation with M. luteus cells; +, antagonization of antimicrobial activity; �, no antagonization; ND, not determined. Results of
three independent experiments are shown.
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THCz-39 and THCz-40 that contained an intact diamino motif,
in contrast to the inactive THCz-5 (Fig. 3G). In accordance
with the in vitro data and the SAR profile, THCz-39 was less
efficiently antagonized by lipid II compared to THCz-1 and
THCz-40 (Fig. 3G), and fourfold higher concentrations of
THCz-39 were required for full inhibition of the PBP2-
catalyzed reaction (SI Appendix, Fig. S10). In agreement with
the in vitro activity of the racemic mixture, both enantiomers of
THCz-40 similarly inhibited lipid II transglycosylation (SI
Appendix, Fig. S6 D and E). Combined, these data indicate that
the pyrophosphate moiety represents the essential motif for tar-
get interaction, and that the diamino motif of THCz analogs is
required for this interaction. In agreement, the MurT/GatD-
catalyzed amidation of lipid II was unaffected in the presence
of THCz-1, strongly suggesting that the stem peptide of lipid II
is not involved in binding (SI Appendix, Fig. S11). Furthermore,
THCz analogs did not interfere with the PBP4-mediated carbox-
ypeptidation, releasing the terminal D-Ala residue from the
pentapeptide stem (SI Appendix, Fig. S9B), suggesting that inter-
actions with the lipid II stem peptide are less relevant and that
THCz do not sterically hinder enzyme interaction with that
region of the target molecule. Compared to natural lipid II bind-
ers, for example, vancomycin, THCz do not form extraction-
stable complexes with lipid II (SI Appendix, Fig. S12), pointing
to decreased binding affinity.

Together, these data reveal that THCz specifically binds to
multiple undecaprenyl pyrophosphate–coupled cell wall precur-
sors, and with C55-PP as such, thereby simultaneously inhibiting
several cell wall biosynthetic pathways, including the recycling
of the C55-P carrier utilized by all these pathways.

A recent study reported that fungal P-type ATPases can be
inhibited by similar THCz analogs, and a complex with a THCz
analog and a mammalian Ca2+ ATPase (SERCA) was shown in
a cocrystal structure (20). However, in our study, neither
single-deletion mutants of the four genes annotated as P-type
ATPases in the S. pneumoniae T4 strain (SP0729, SP1551,
SP1623, and SP2101) (SI Appendix, Tables S7 and S8) nor the
quadruple mutant displayed decreased sensitivity to THCz-1,
suggesting that P-type ATPases are not essential bacterial, or at
least pneumococcal, THCz targets (SI Appendix, Table S6). The
sequence similarity of these pneumococcal P-type ATPases with
rabbit/human SERCA is only between 21% and 38% by iden-
tity, suggesting that the binding interfaces might be different.

THCz-1 Affects Capsule Production. More recently, dual targeting
of similar cell wall precursors by teixobactin was correlated with a
limited propensity to develop resistance (5). Resistance to THCz-
1 also did not readily develop in vitro, as no resistant mutants
were obtained when continuously subculturing S. aureus using a
broth microdilution method with sublethal concentrations of
THCz-1 (SI Appendix, Supplementary Materials and Methods and
Fig. S13). However, through continuous cultivation of encapsu-
lated S. pneumoniae T4 on THY plates containing small incre-
mental concentrations of THCz-1, we could obtain an isolate
(#22) with marginally decreased sensitivity to THCz-1 compared
to control strains similarly passaged on THCz-1–free THY plates
(BHN1368-9). Comparative sensitivity testing in THY liquid
medium confirmed that, even though clone BHN1364 of the con-
tinuously THCz-1 exposed isolate #22 was affected by 2× MIC, it
could still grow at this concentration, contrary to the unexposed
clone BHN1368, which tolerated only 1× MIC (Fig. 4 A and B).
Whole genome sequencing of four #22 derived clones (BHN1364-
7) identified a set of point mutations that were absent in the con-
trol strains (SI Appendix, Supplementary Materials and Methods
and Fig. S14). Thus, we constructed deletion mutants in the cor-
responding genes (cpsE (BHN1690), aguA (BHN1371), pneu-
molysin (ply) (BHN2043), and SP1901 (BHN1693) (SI Appendix,
Supplementary Materials and Methods and Tables S7 and S8).

Only a deletion mutant of cpsE (BHN1690), as well as the strain
with the reconstituted nonsynonymous mutation cpsEG394C

(BHN1691), displayed a similar decrease in sensitivity. Pneumo-
coccal cpsE encodes the glycosyltransferase that adds a sugar
phosphate to the C55-P lipid carrier to initiate capsule synthesis
in the cytoplasm and is therefore essential for biosynthesis of the
polysaccharide capsule, which is the main virulence factor for
pneumococci (21, 22). Indeed, the cpsEG394C mutant was found
to express lower amounts of capsular polysaccharide in compari-
son to wild-type T4 but was not deficient in capsule production,
similar to the T4ΔcpsE strain (Fig. 4C). The influence of capsule
expression on THCz-1 sensitivity was supported by the reduced
THCz-1 sensitivity observed in the capsule-deficient T4R strain
(SI Appendix, Table S8), that was found refractory to even 2.4×
MIC THCz-1 (Fig. 4D). This increased sensitivity to THCz-1
mediated by pneumococcal capsular expression was already
apparent after 1 h of exposure to a 2× MIC concentration of
THCz-1, where the encapsulated T4 was killed more prominently
than the unencapsulated T4R and marginally more than the
less encapsulated T4cpsEG394C-Erm (BHN1691) (Fig. 4E). Thus,
decreased or abolished capsule production caused a marginal
desensitization to THCz-1. Interestingly, a short passage of S.
pneumoniae in sub-MIC concentrations of THCz-1 (SI Appendix,
Supplementary Materials and Methods) led to a decrease in the
phosphorylcholine amount compared to the untreated strains (SI
Appendix, Supplementary Materials and Methods and Fig. S15)as
well as a decrease in the sensitivity of T4ΔlytA to externally
added LytA (SI Appendix, Supplementary Materials and Methods
and Fig. S16), indicating that THCz-1 also targets teichoic
acid synthesis.

Discussion
In the present study, we developed a screening procedure
where small-molecular compounds were screened for their abil-
ity to trigger autolysin-mediated lysis of pneumococci in order
to find potential cell wall inhibitors. Although discovered in the
1970s, the underlying molecular mechanisms behind how cell
wall–targeting antibiotics trigger autolysin activation still
remain elusive (12). It has been suggested that an active cell
wall synthesis machinery would sequester a potential autolysin
substrate and that autolysin misplacement on teichoic acids
would be part of the triggering event (14, 23–27). Our screening
procedure for pneumococcal autolysin activation provided an
uncomplicated and powerful protocol for identification of
potential cell wall inhibitors. The herein described THCz com-
pound class was one of the most active identified in the screen.
Related THCz analogs with antimicrobial activity have been
reported, but few targets have been proposed (13, 20, 28). Our
mode of action studies revealed that THCz analogs stalled cell
wall biosynthesis by targeting lipid II and other undecaprenyl
pyrophosphate–containing lipid precursors involved in teichoic
acid and capsule synthesis. The interaction required the pyro-
phosphate moiety (C55-PP) as minimal motif, and THCz relied
on the diamino motif for potent antibacterial activity. It seems
therefore likely that the two amino groups of THCz interact
with the two negatively charged phosphate groups of the target.
Supporting this, THCz analogs are expected to be positively
charged at physiological pH, since the amino group in R2 has a
calculated pKa of 9.8 (for THCz-1). Furthermore, the require-
ment of a –NH–CH2CH2– linker-connected hydrophobic group
in position R2 supports a model for target interaction in which
this group is inserted into the plasma membrane to facilitate
the diamino–pyrophosphate interaction (Fig. 5). The compara-
ble activities of the tested THCz enantiomers could possibly be
understood by such a model. If the role of the hydrophobic
part of R2 is to anchor THCz into the plasma membrane, the
relative stereo conformation would not be crucial for the
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diamino–pyrophosphate interaction. This would thus contrast
many antibiotics where stereoisomers display stereoselectivity
due to protein binding constraints (29).

THCz analogs displayed a broad antibacterial spectrum and
were active against all gram-positive Firmicutes species tested
as well as Actinobacteria, including mycobacterial species. Nota-
bly, they were also active against gram-negative N. gonorrhoeae
and M. catarrhalis, possessing lipooligosaccharides instead of
lipopolysaccharides, which provides higher permeability
across the outer membrane (30, 31), as has been observed
for cationic and amphiphilic antimicrobial peptides, for exam-
ple, the defensin Plectasin and the lantibiotic nisin (32). This is
probably attributable to their relatively small molecular mass
that allows for translocation across the outer membrane of

certain species. THCz did not exhibit antimicrobial activity
against wild-type E. coli, while an E. coli mutant with a hyper-
permeable outer membrane was shown to be susceptible, indi-
cating that THCz, despite their small size, are unable to pass
the water-filled porins of gram-negatives. In addition to the
broad antimicrobial spectrum, the low propensity of resistance
development and absence of cross-protective resistant pheno-
types are attributable to the target. The ubiquitous and highly
conserved undecaprenyl pyrophosphate constitutes a keystone
lipid scaffold for the synthesis and subcellular translocation not
only of peptidoglycan but also for teichoic acids and polysaccha-
ride capsule precursors, and is therefore hard for bacteria to
modify. In accordance, the slightly decreased THCz-1 sensitivity
of the obtained spontaneous cpsE mutant with decreased capsule

Fig. 4. Decreased capsular polysaccharide production confers reduced sensitivity to THCz. Growth curves of strains (A) BHN1368 and (B) BHN1364 in THY
medium challenged with a titration series of THCz-1, solvent control (DMSO) in comparison to untreated growth control. (C) Quantification of the capsu-
lar polysaccharide amount of the wild-type T4 (BHN842), the unencapsulated T4R (BHN659), an isolate of T4 with reduced THCz-1 sensitivity (BHN1364),
unexposed control strain of T4 with retained THCz-1 sensitivity (BHN1368), point mutant T4cps4EG394C-erm (BHN1691) with an erm open reading frame
(ORF) inserted in the capsular operon after cps4E ORF, the cpsE knockout strain (BHN1690), and the control wild-type strain T4-erm(BHN1692) with an
erm ORF inserted in the capsular operon after cps4E ORF. (D) Growth curve and exposure to a serial dilution of THCz-1 of T4R. (E) Bacterial killing after
1 h of exposure to 2× MIC THCz-1 (1.5 mM, 0.6 mg/mL in THY medium) of wild-type T4 (BHN842), the unencapsulated T4R (BHN659), and the
mutant T4cpsEG394C (BHN1691). Paired experiments (each experiment was carried out in technical triplicates) are depicted with the same symbol. Average
and SD are given.
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production might have a liberated C55-P pool that could, instead,
be available for peptidoglycan and teichoic acid production. As
capsule production is required for pneumococcal virulence, such
mutants are likely attenuated in virulence.

THCz analogs, similar to those described here, have been
shown to exhibit antifungal properties by binding to and inhibit-
ing P-type ATPases (20). Related mammalian P-type ATPases
such as the Ca2+-ATPase (SERCA) were also inhibited by
THCz analogs, and a cocrystal structure of a THCz analog and
SERCA revealed the binding site. The binding is stabilized by
interactions with the diamino motif of THCz via two aspartic
acids (D59 and D254) (20). This is also in line with our data
showing that THCz diamino motif is involved in toxicity, sug-
gesting inhibition of human P-type ATPases as a plausible rea-
son for the toxicity. Bacteria also expresses P-type ATPases, but
genetic inactivation of all four pneumococcal P-type ATPases

did not affect sensitivity to THCz-1, arguing against these
proteins as antibacterial targets. The low sequence similarity
(< 39%) between the pneumococcal and mammalian orthologs
indicates that the binding interface might be different. Thus,
knowledge of the structural requirements for C55-PP interac-
tion of THCz and the constrains of mammalian P-type ATPases
binding should facilitate further modifications of THCz analogs
to reduce cytotoxicity without affecting the antibacterial activ-
ity. In conclusion, the presented THCz analogs represent a class
of small (<500 Da) synthetic molecules that inhibit bacterial cell
wall synthesis by binding to lipid II and other undecaprenyl
pyrophosphate–containing lipid precursors, targets conserved
and present in all bacteria. This bacterial target interaction is
highly attractive, and the small size and relative ease by which
tetrahydrocarbazoles can be synthesized and modified could
constitute a molecular platform for development of novel bacte-
rial cell wall inhibitors.

Materials and Methods
Chemicals. A subset of 17,500 compounds from the Chemical Biology Consor-
tium Sweden Primary Screening Set collection were screened in the whole-cell
HTS assay. These compounds are chemically diverse and have lead- to drug-
like properties with respect to parameters such asmolecular weight, hydrogen
bond accepting and donating groups, lipophilicity, and polar surface area.
Compounds THCz-1, THCz-2, THCz-3, THCz-24, and THCz-35 corresponding to
ChemBridge ID nos. 5279631, 5272685, 5265433, 5279631, and 5277652,
respectively, were purchased from ChemBridge. All other compounds were
synthesized as described in SI Appendix for general chemistry and synthesis of
THCz analogs. The separation of enantiomers, circular dichroism spectroscopy,
and the synthesis of the stereoselective compound (+)-(R)-AL682 are also given
in SI Appendix. THCz analogs were dissolved in anhydrous dimethyl sulfoxide
(DMSO) (Invitrogen).

Bacterial Growth Conditions. Pneumococci were cultured overnight on blood
agar plates at 37 °C with 5% CO2. For pneumococcal suspension cultures, C+Y
medium (SI Appendix) supplemented with 9% Glucose Bouillon (1% glucose
added to 25 g/L Nutrient broth No. 2, Oxoid) and 1% horse serum (Håtunalab)
or Todd Hewitt broth (Sigma-Aldrich-T1438) with 0.5% yeast extract (THY
medium) were used as indicated. For experiments with T4ΔlytA (SI Appendix,
Table S8), the growth medium was supplemented with 110 mM choline chlo-
ride (Sigma), to inhibit choline-binding cell wall hydrolases. Growth conditions
for other bacterial species are specified in the respective sections.

HTS Procedure. The unencapsulated S. pneumoniae strain T4R (SI Appendix,
Table S8), an isogenic T4-derived strain, was used for the primary antibiotic
screen. S. pneumoniaewas grown in C+Y medium to an optical density at 600
nm OD600nm = 0.6 and sedimented by centrifugation (5 min, 5,000 rcf, 4 °C).
The cells were resuspended in a 1:10 volume (thus 10-fold concentrated) in
C+Y medium containing 20% glycerol and frozen at �80°C. For screening, a
0.5-mL aliquot was thawed and diluted by mixing with 49.5 mL of prewarmed
(37 °C) C+Y medium. The bacterial suspension was distributed into 96-well tis-
sue culture plates (200 μL per well) and incubated for 1 h at 37°C. Screening
compounds dissolved in DMSO at a concentration of 5 mMwere added by the
assistance of a pipetting robot (Beckman Coulter, Biomek NXP) to a final con-
centration of 50 μM. The OD600nm wasmeasured immediately after compound
addition (t = 0), after 20 min (t = 20), and after 2 h (t = 120). All calculations
were done correlated to the OD measurement at t = 0 to take into account
any possible contribution to the optical density from the compounds. Chal-
lenge with penicillin G (1 μg/mL) was used as positive control treatment, and
DMSO (1% vol/vol) was used as a negative control treatment. Positive hits
were scored as compounds that caused a Δ-negative OD600nm measurement
after 120 min following treatment [Δ = OD600nm(t = 0) – OD600nm(t = 120)].
Hits were validated on the encapsulated wild-type T4 and a T4 strain deficient
in LytA (T4ΔlytA).

Lysis Kinetics. For comparative lysis kinetics precultures of T4 or T4ΔlytA
grown in supplemented C+Y medium (with an additional 110 mM choline
chloride for the autolysin mutant) to midlog phase [OD600nm ≈ 0.5 (∼5 to 6 ×
108 colony-forming units (cfu)/mL)] were diluted to OD600nm = 0.05 in fresh
media and distributed into wells (400 mL per well) of a Honeycomb plate (Oy
Growth Curves AB Ltd). A Bioscreen C plate reader (Oy Growth Curves AB Ltd)
was used to record the growth kinetics. Cultures were grown to early log-
phase (OD600nm ≈ 0.15 (∼1 to 2 × 108 cfu/mL), and treatments were added to a

Fig. 5. Proposed model for the mechanism of bactericidal action of THCz.
Cell wall polymer precursors (lipid II, lipidIIIWTA, and lipid Icap) are synthe-
sized in the cytoplasm onto C55-P to form C55-PP–linked substrates that are
flipped over to the outer leaflet of the plasma membrane to provide
building blocks for peptidoglycan (PGN), teichoic acid (TA), or capsular
(CAP) biosynthesis. Our data suggest that the pyrophosphate is the essen-
tial binding motif of THCz, presumably by electrostatic interaction,
thereby stalling all three branches of cell wall polymer formation as well
as dephosphorylation and recycling of C55-PP to C55-P.
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final concentration of 5.1 mg/mL (12.5 mM) THCz-1 (1% [vol/vol] DMSO), 0.06
mg/mL penicillin (dissolved in water) and 2 mg/mL tetracycline (1% [vol/vol]
DMSO) or a twofold serial dilution (SI Appendix, Fig. S1). The compounds
were administrated in 100× stock solutions in 4-μL volumes to each well fol-
lowed by thorough mixing. One percent (vol/vol) DMSO-treated cells and
untreated controls were included. Sterile media samples were used to blank
the measurement values. Viability determination of T4 and T4ΔlytA was per-
formed at 30 min, 3 h, 6 h, 9 h, and 12 h following challenge by serial dilutions
and spreading on blood agar plates from which colonies were counted after
overnight incubation at 37°C at 5% CO2. Where appropriate, 100 mL of the
undiluted sample was plated, providing a detection limit of 10 cfu/mL.

TEM. Pneumococcal strains T4R and T4RΔlytA (SI Appendix, Table S8) were
prepared as for the lysis kinetic examination. Untreated cells and cells treated
with 25 μM THCz-1 for 1 h were centrifuged at 6,500 × g for 2 min. Cell pellets
were resuspended and fixed for 20 min with a 400-μL mixture of paraformal-
dehyde (2%) and glutaraldehyde (0.05%) in phosphate-buffered saline (PBS).
Cells were then washed once with 1 mL of PBS and resuspended in 40 μL of
PBS. Samples of 10 mL were placed for 2 min on carbon-coated grids (Oxford
Instruments), and negative staining was performed with 2% uranyl acetate in
water. Specimens were examined in a Tecnai 12 Spirit Bio TWIN TEM (FEI Com-
pany) operated at 100 kV. Digital images were recorded using a Veleta camera
(Olympus Soft Imaging Solutions, GmbH).

Minimal Inhibitory Concentration Determinations. Determination of the
minimal inhibitory concentration (MIC) was performed by the standardized
microdilution procedure in accordance with the Performance Standards for
Antimicrobial Susceptibility Testing from the Clinical and Laboratory Standards
Institute (33) with the following modifications: For S. pneumoniae strains, the
assaywas done in supplemented C+Ymedium and in THYmedium for compar-
ison with other bacterial species. MIC against mycobacteria were determined
in cation-adjusted Mueller Hinton broth (MHB) (Oxoid) supplemented with
0.05% Tween80 (Sigma-Aldrich). N. gonorrhoeae was grown in tryptone soy
broth (Merck) supplemented with IsoVitaleX (Becton Dickinson) according to
the manufacture�rs instructions. All other strains were tested using cation-
adjusted MHB. Briefly, the inoculum was prepared from a liquid preculture
grown to midlog phase and diluted to reach a concentration of ∼5 × 105 cfu/
mL. Two microliters of the 100-fold concentrated serial dilutions of chemicals
were added to the wells. The plates were incubated overnight at ambient
atmosphere and 37°C. For S. aureus, P. aeruginosa, and B. subtilisMIC determi-
nation in THY medium, the plates were incubated with shaking (∼200 rpm).
The MICs were determined as the lowest concentrations where no visible
growth was observed. For determination of the plasma protein binding capac-
ity of the THCz-1 compounds, bacteria were grown in C+Y medium supple-
mentedwith 10% HyClone Fetal Bovine Serum (GEHealthcare).

Cytotoxicity Assay. Lung epithelial A549 cells (ATCC CCL-185) were grown in
1× RPMI medium 1640 (Gibco) with 9% HyClone Fetal Bovine Serum (GE
Healthcare) and 1× Penicillin/Streptomycin solution (Gibco). Cells were trypsi-
nized and seeded at 1 × 105 cells/mL for IC50 determination (Table 2) and 1 ×
106 cells/mL for SAR/structure toxicity relationship (STR) investigation (SI
Appendix, Tables S1–S3) in 100 mL of medium per well of 96-well flat bottom
plates (Sarstedt) and incubated overnight at 37 °C with 5% CO2. The
antibiotic-containing medium was removed on the following day, and cells
were washed with PBS. Subsequently, 100 mL of antibiotic-free medium con-
taining the compounds in a serial dilution for IC50 determination (Table 2),
and concentrations of 100, 50, 25, and 12.5 mM in 1% DMSO (final concentra-
tion) for SAR/STR investigation (SI Appendix, Tables S1–S3) were added to the
wells. After 19 h, resazurin sodium salt (Sigma) (20 mL of 440 mM in H2O) was
added to each well, and cells were further incubated for 4 h. Samples (80 mL
per well) were transferred to micro test plates for immunoanalytics (Sarstedt),
and absorbance was measured at 590 nm (SpectraMAX plus, Molecular Devi-
ces). Absorbance values were blanked with resazurin-containing medium, and
the percentage of viable cells was calculated in comparison to solvent-treated
cells. The reciprocal number for nonviable cells is given in SI Appendix, Tables
S1–S3 for the estimation of cytotoxicity. Negative toxicity values or toxicity val-
ues of more than 100% were set to zero or 100% respectively. IC50 calculation
was performed using nonlinear fit log(inhibitor) vs. response calculation with
variable slope and constraints of 0% and 100% toxicity for top and bottom
constraints respectively in GraphPad Prism 5.04.

β-Galactosidase Reporter Assays. B. subtilis 168 amyE::pAC6 cultures with the
promotor fusions PypuA-lacZ (cell wall), PyorB-lacZ (DNA), PyvgS-lacZ (RNA), and
PyheI-lacZ (protein) (34) were grown inMHB containing 5 μg/mL chlorampheni-
col at 30 °C to an OD600nm of 0.5. Subsequently, melted Mueller Hinton
agar was inoculated with 1 × 107 cfu/mL of the respective reporter strain. The

agar was further supplemented with 5 μg/mL chloramphenicol, and X-gal
(5-Bromo-4-chloro-3-indolyl β-D-galactopyranoside) at final concentrations of
75 mg/mL (cell wall), 125 mg/mL (DNA), and 250 mg/mL (RNA and protein). After
pouring and solidification of the inoculated agar, 10 mg of THCz-1, 20 mg of
THCz-40, 80 mg of THCz-39, and 100 mg of THCz-5 were spotted. Three micro-
grams of clindamycin served as positive control for the protein reporter and as
negative control for the cell wall, DNA, and RNA reporter; 6 mg of vancomycin
were used as positive control for the cell wall reporter and as negative control
for the protein reporter; 0.3 mg of ciprofloxacin served as positive control for
the DNA reporter; and 6 mg of rifampicin were used as positive control for the
RNA reporter. Results were documented after 20 h of incubation at 30 °C.

Luciferase Reporter Assays. B. subtilis luciferase reporter assays were con-
ducted as previously described (35). Briefly, B. subtilis 168 sacA::pCHlux101
(PliaI-lux) was grown in MHB containing 5 μg/mL chloramphenicol at 30 °C to
an OD600nm of 0.5. Cells were added to 96-well white wall chimney plates con-
taining antibiotics (2 mg/mL THCz-1,128 mg/mL THCz-5, 8 mg/mL THCz-39, 4 mg/
mL THCz-40, 4 mg/mL vancomycin), and luminescencemeasurements were per-
formed at 30°C in a microplate reader Spark 10M (Tecan). At least three inde-
pendent biological replicate experiments were conducted.

Bacterial Cell Wall Integrity Assay. Bacterial cell wall integrity assays were
adapted from previous work (36). B. subtilis 168 cultures were grown in MHB
at 30°C to an OD600nm of 0.3. Subsequently, cells were treated with 1 mg/mL
THCz-1, 2 mg/mL THCz-40, 8 mg/mL THCz-39, 256 mg/mL THCz-5, 2 mg/mL vanco-
mycin, 2 mg/mL bacitracin, 0.5 mg/mL nisin, 128 mg/mL clindamycin, 128 mg/mL
ciprofloxacin, 128 mg/mL rifampicin, 128 mg/mL lysozyme, or DMSO and incu-
bated at 30 °C. After 30 min of antibiotic exposure (treatment with lysozyme
was shortened to 10 min), 200-mL culture samples were fixed in 1 mL of a 1:3
mixture of acetic acid and methanol. Five microliters of fixed cells were immo-
bilized on a thin film of 1%wt/vol agarose containing 0.9% (wt/vol) NaCl sup-
ported on a microscope slide. Imaging was performed by phase contrast
microscopy on a Zeiss Axio Observer Z1 microscope (Zeiss) equipped with an
HXP 120-V light source and an Axio Cam MR3 camera. Images were acquired
with ZEN 2 software (Zeiss) and analyzed and postprocessed using ImageJ
v1.45s software (NIH) (37).

Antagonization Assays. Antagonization assays were performed as previously
described (5). Briefly, antagonizing the antibiotic activity of THCz by potential
target molecules was conducted by an MIC-type assay setup in microtiter
plates. THCz-1 (5× MIC) was mixed with potential antagonists (C55-P, C55-PP,
UDP-N-acetylmuramic acid pentapeptide [UDP-MurNAc-pentapeptide], lipid I,
lipid II, lipid IIIWTA, and lipid Icap) in 0.5- to 10-fold molar excess with respect to
the antibiotic. M. luteus DSM1790 (5 × 105 cfu/mL) was added, and samples
were examined for visible growth after 20-h incubation. Experiments were
performed in triplicate.

Quantification of Intracellular UDP-MurNAc-pp. To analyze the cytoplasmic
nucleotide pool, we adapted the protocol of Kohlrausch and H€oltje (38). S.
aureus SG511 was grown in 15 mL of MHB at 37°C to an OD600nm of 0.6 and
incubated with 130 mg/mL chloramphenicol for 15 min. THCz-1 was added at
1×, 2.5×, and 5× MIC and incubated for another 30 min. Lipid II-complexing
vancomycin (5× MIC) was used as positive control. Extraction of nucleotide-
linked peptidoglycan precursors and their analysis was performed by high-
pressure liquid chromatography (HPLC) as described previously (39).

Impact of THCz on Membrane-Bound Peptidoglycan Biosynthesis Reactions
In Vitro. Peptidoglycan synthesis reactions were reconstituted using purified
proteins and substrates in vitro. PBP2-His6 and YbjG-His6 were purified as
described earlier (5, 39), except that PBP2 was solubilized with 0.06% Triton
X-100, and additional immobilizedmetal ion affinity chromatography purifica-
tion steps were performed.

Transglycosylation by PBP2 was determined by incubating 2 nmol of lipid II
in 20 mM 2-(N-morpholino)ethanesulfonic acid, 2 mM MgCl2, 2 mM CaCl2,
0.04% Triton X-100, pH 5.5 in a total volume of 50 μL. The reaction was initi-
ated by the addition of 8 μg of PBP2-His6 and incubated for 2 h at 30 °C.

Dephosphorylation of C55-PP was carried out using purified S. aureus YbjG-
His6 enzyme. Twenty nanomoles of C55-PP was incubated with 1 μg of YbjG-
His6 in 20 mM Tris�HCl, 150 mM NaCl, 10 mM β-mercaptoethanol, 0.8% Triton
X-100, pH 7.5 in a total volume of 50 μL for 30 min at 37°C.

THCz were added in molar ratios ranging from 0.5 to 2 with respect to the
respective substrate (C55-PP or lipid II) in all in vitro assays, and samples were
preincubated for 10 min prior to addition of the enzyme. Polyprenyl-
containing products were extracted from the reaction mixtures with an
equal volume of l-butanol/pyridine acetate, pH 4.2 (2:1, vol/vol), and analyzed
by thin-layer chromatography using chloroform/methanol/water/ammonia
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(88:48:10:1, vol/vol/vol/vol) as the solvent (40) and phosphomolybdic acid
staining (41). Quantification was carried out using ImageJ v1.45s software
(NIH) (37). Experiments were performed at least in triplicate.

Synthesis and Purification of Lipid Intermediates. Large-scale synthesis and
purification of the peptidoglycan precursors lipid I and II and the wall teichoic
acid precursor lipid IIIWTA was performed as previously described (5, 41). Strep-
tococcal lipid Icap (undecaprenyl pyrophosphoryl glucose) was synthesized
using 10 nmol of C55-P and 100 nmol of UDP-glucose in the presence of
1.2 mg/mL 1,2-dioleoylphosphatidylglycerol, 50 mM Tris�HCl, and 10 mM
MgCl2. Reaction was initiated by the addition of recombinant His6-CpsE, and
samples were incubated for 16 h at 30°C. Lipid Icap was extracted from the
reaction mixture and purified as described for staphylococcal capsule inter-
mediates (42). UDP-MurNAc-pp was purified according to the protocol elabo-
rated by Kohlrausch and H€oltje (38). C55-P and C55-PP were purchased from
Larodan Fine Chemicals AB. The concentration of purified precursors was
quantified on the basis of their phosphate content as described (43).

Selection of Strains with Reduced THCz-1 Sensitivity. T4 wild-type was contin-
uously cultured on THCz-1–containing THY agar plates which were prepared
as follows: Prewarmed 2× concentrated THYmediumwasmixed in equal parts
with autoclaved agar containing 18 g/L bacteriological agar for molecular
biology (Sigma Aldrich) and 2 g/L corn starch (Maizena). Additionally, choline
chloride dissolved in 2×THY was added to 10 mg/mL final concentration; 100-
fold concentrated THCz-1 was mixed with 15 mL of nutrient agar in a 9-cm
Petri dish andmixed thoroughly; 36 mL of freshly prepared sterile filtered cata-
lase from bovine liver (Sigma Aldrich) dissolved to 5 mg/mL in 50 mM KPO4

buffer were overlaid on the solidified agar to reach at least 24 U/mL medium.
THCz-1 concentrations were increased in small incremental steps (1, 1.6, and
2 mM), and a wild-type strain was carried in parallel on chemical-free plates.
Growth and lysis kinetics of pneumococci with reduced THCz-1 sensitivity orig-
inating from strain T4 (BHN1364-BHN1367) as well as knockouts (BHN1371,
BHN1690, BHN1691, BHN1693, and BHN2043) in genes with point mutations
(SI Appendix, Fig. S14)were examined in THY medium and carried out as
described above, whereas THCz-1 was added in a narrow titration series of 4×
MIC (3 mM, 1.2 mg/mL), 2.4× MIC (1.8 mM, 0.7 mg/mL), 2× MIC (1.5 mM, 0.6 mg/
mL), and 1×MIC (0.8 mM, 0.3 mg/mL) THCz-1. T4 wild type, BHN1368, BHN1369,
BHN1692, and the unencapsulated T4R were included as controls. Viability
upon challenge with 2× MIC (1.5 mM, 0.6 mg/mL) THCz-1 was determined after
1 h and compared to the colony counts of the respective strain at the time of

challenge for T4 wild type, T4R, and T4 cps4EG394C (BHN1691). Pneumococcal
mutant construction is described in SI Appendix, and used strains are described
in SI Appendix, Table S8.

Determination of Capsular Polysaccharide Amount. S. pneumoniae strains
were grown until midlog phase to a comparable OD and stored on ice to pre-
vent further growth. One milliliter of the bacterial culture was lysed with
0.1% Triton X-100 (Sigma) and incubation at 37 °C for 5 min and thereafter
stored on ice. Protein concentration was determined with the Pierce BCA Pro-
tein Assay Kit (Thermo Scientific) according to the manufacturer’s instruc-
tions, and samples were adjusted to the same protein concentration. Four
microliters of a serial dilution was blotted on an Amersham Hybond-P PVDF
Western blotting membrane with 0.45-mm pore size (GE Healthcare), which
was activated for 30 s in ethanol and incubated 10 min thereafter in PBS,
after which it was allowed to air dry briefly. Samples were allowed to dry for
1 h at 37 °C, and then the membrane was blocked for 1 h with 5% BSA in
PBS+0.1% Tween20 (Sigma). Pneumococcal type serum 4 (SSI Diagnostica)
was incubated with T4R for 1 h at 37 °C with shaking, the bacteria were pel-
leted thereafter, and the supernatant was spun twice for 5 min at 13,000 rpm
to remove residual bacteria. The blot was incubated with the purified anti-
body in PBS+0.1% Tween20 overnight in 4 °C. AMDEX Goat Anti Rabbit IgG
Horseradish Peroxidase Conjugate (GE Healthcare) was applied for 2 h, and
the blot was developed using the ECL Prime Western Blotting Detection
Reagent (GE Healthcare).

Data Availability. All data are available in the main text or SI Appendix. Addi-
tional data for Fig. S14 are available from National Center for Biotechnology
Information (PRJNA774187).
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Chapter 6 

The dual mode of antibacterial action of the  

synthetic small molecule DCAP involves lipid II binding 8 

The synthetic small molecule 2-((3-(3,6-dichloro-9H-carbazol-9-yl)-2-hydroxypropyl)amino)-2-
(hydroxymethyl)propane-1,3-diol (DCAP) was previously identified in an in vitro high-throughput 

screening in search for cell division inhibitors (Eun et al., 2012). The synthetic compound exhibits 
antibacterial activity against Gram-positive and Gram-negative bacteria. DCAP was previously 
suggested to increase permeability of the bacterial membrane leading to depolarization. DCAP shows 

structural similarity to lipid II-binding THCz (chapter 5), and the aim of this study was thus to revisit 
the proposed mechanism of action in search for a specific target. 

Killing assays revealed the strong lytic activity of DCAP to be autolysin-mediated, pointing towards 
a more complex mode of action than previously anticipated. Remarkably, acquistion of resistance was 
not observed during serial passaging of S. aureus in presence of DCAP. Moreover, fluorescence 

microscopy of Staphyloccous aureus cells demonstrated mislocalization of the cell division proteins FtsZ 
and FtsW to aberrant septa in DCAP-treated cells. In constrast to the membrane-depolarizing 
ionophore carbonyl cyanide m-chlorophenylhydrazone (CCCP), DCAP treatment led to delocalization 
of the septal signal of the fluorescent D-amino acid HADA indicating a reduced transpeptidase activity 
and pointing towards a more direct interference with cell wall biosynthesis.  

Bioreporters and characteristic cell-shape deformations of Bacillus subtilis revealed that DCAP 
targets cell wall biosynthesis and interferes with the lipid II cycle. Corroborating, the soluble 
peptidoglycan precursor UDP-N-acetylmuramic acid-pentapeptide accumulated in S. aureus cells 
indicating that DCAP blocks a late-stage peptidoglycan biosynthesis step. The impact of DCAP on cell 
wall biosynthesis reactions was investigated by use of purified recombinant biosynthetic enzymes of 

S. aureus. DCAP inhibited lipid II-consuming reactions as well as reactions that convert undecaprenyl
pyrophosphate (C55-PP)-coupled lipid substrates. In line with this observation, DCAP caused
delocalization of the bifunctional penicillin-binding protein 2 (PBP2). A direct interaction of DCAP
with the cell wall biosynthesis lipid substrates was further supported by the fact that addition of C55-PP-
containing lipid intermediates of peptidoglycan, wall teichoic acid and capsule biosyntheses antagonized
the DCAP-induced cell wall stress response in B. subtilis.

The results of this study refine the mode of action of DCAP to exert a dual mode of action that 
combines membrane disturbance and specific binding to the peptidoglycan precursor lipid II. Like 
teixobactin, the compound’s ability to bind to multiple cell wall intermediates, triggering rapid 
autolysin-mediated cell lysis, may account for the low propensity of resistance development. DCAP 
represents another chemically-synthesized lipid II-binding antibiotic amenable to derivatization for 
future development of antibiotics that can be used to combat multidrug-resistant bacterial infections.

K.C.L. performed all the experimental work apart from fluorescence microscopy and cytotoxicity assays,
analyzed the data and wrote the manuscript with the input from the co-authors.
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Supporting Information 

The dual mode of antibacterial action of the  
synthetic small molecule DCAP involves lipid II binding 
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Material & methods 
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Quantification of intracellular UDP-N-acetylmuramic acid-pentapeptide 
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Supplementary figures 

Figure S1: Time-lapse fluorescence microscopy of exponentially growing B. subtilis 2020 in the 
absence (a, untreated control cells) or presence of 2.5 g mL-1 CCCP (b, ionophore-treated control 
cells). 

B. 
subtilis

Figure S2: DCAP and CCCP reduce HADA incorporation in S. aureus.

n n 
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Figure S3: DCAP interferes with distribution of HADA incorporation in B. subtilis. 
B. subtilis 

 

n
n
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Figure S4: Impact of DCAP on major biosynthesis pathways in B. subtilis. B. subtilis
lacZ yorB yvgS

yheI ypuA

Figure S5: Phase-contrast microscopy of methanol:acetic acid-fixed B. subtilis. 

B. subtilis
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Figure S6: DCAP delocalizes GFP-PBP2 in S. aureus. S. aureus

n 

Figure S7: The DCAP-induced LiaRS cell wall stress response in B. subtilis (PliaI-lux; dotted line) is 
antagonized by C55PP-containing cell wall precursors (colored lines).

N
N

Figure S8: Resistance acquisition of S. aureus 
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Figure S9: Hemolysis and cytotoxicity. 
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Figure S10: Impact of DCAP on the integrity of the cytoplasmic membrane of HEp-2 and B. subtilis 
cells and of the membrane potential of HEp-2 cells.
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Figure S11: Proposed model for the mechanism of action of DCAP in S. aureus.
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Table S1: Minimum inhibitory concentrations (MIC) of DCAP against pathogenic bacteria 

Organism and genotype
DCAP

MIC ( g ml-1)

Micrococcus luteus 
Bacillus subtilis 
Bacillus subtilis  
Staphylocococus simulans 
Staphylococcus aureus 
Staphylococcus aureus 
Staphylococcus aureus 
Staphylococcus aureus 
Staphylococcus aureus 
Staphylococcus aureus 
Staphylococcus aureus 
Staphylococcus aureus 
Staphylococcus aureus  
Staphylococcus aureus 
Staphylococcus aureus atlA
Staphylococcus epidermidis
Staphylococcus epidermidis 
Streptococcus pyogenes 
Enterococcus faecalis 
Enterococcus faecalis 
Enterococcus faecium 
Escherichia coli 
Escherichia coli 
Escherichia coli tolC 
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Klebsiella pneumoniae 
Moraxella catarrhalis 
Mycobacterium bovis 
Mycobacterium smegmatis
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Table S2: Antagonistic effect of cell wall biosynthesis lipid precursors and phospholipids on 
antimicrobial activity of DCAP. 

M. luteus 

Antagonist
molar ratio antagonist : DCAP
0:1 0.5:1 1:1 2:1 4:1 10:1

m
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V. Discussion

 “ The purified lipid intermediate contained: glutamic acid, alanine, lysine,  
glycine, MurNAc, GlcNAc, and organic phosphate. […] The mass spectrum 

of the lipid identified it conclusively as an undecaprenyl alcohol. ” 

With this citation from 1967 Higashi, Strominger, and Sweely first described the chemical structure, and 
thus, the differential interaction sites of the probably most targeted molecule in natural microbial 

ecosystems, lipid II (Higashi et al., 1967). Lipid II is a membrane-standing cell wall precursor that is a 
unique trait among almost all bacteria (Errington, 2013). The inhibition of cell wall biosynthesis through 
lipid II binding is an evolutionary ancient and validated antimicrobial strategy for combatting 
competing microbes, as evidenced by the identification of antibiotic BGCs and resistance genes in 

metagenomes from permafrost sediments (D’Costa et al., 2011; Waglechner et al., 2021). Moreover, the 
antimicrobial activity of some eukaryotic host defense peptides from the evolutionary ancient, non-
specific innate immune sytem of different kingdoms of life were demonstrated to bind to lipid II 
(Schneider et al., 2010).  

Nature created numerous potent lipid II-binding antibiotics, but only a few of them entered the 
clinics. These include the glycopeptide vancomycin (1958), and the semi-synthetic lipoglycopeptides 
teicoplanin (1987), telavancin (2009), dalbavancin, and oritavancin (both 2014). Although in clinical use 
since 2003, the ability of the lifesaving second-line lipopeptide daptomycin to bind to lipid II 

(see chapter 2) remained long-time enigmatic. All clinical lipid II binders serve as agents of last-resort 
for the treatment of certain types of infections with multidrug-resistant Gram-positive pathogens. In 
2004, another lipid II-binding antibiotic, the lipoglycodepsipeptide ramoplanin A2, received fast-track 

approval from the FDA for phase III clinical trials aiming at oral treatment of VRE and C. difficile 
infections. Currently there is no recent information about ongoing clinical trials with ramoplanin 
(Upert et al., 2021). Further lipid II-binding antibiotics are in preclinical stages of development (Malin 
and De Leeuw, 2019). 

Why is lipid II such an exceptional target? 

The fact that lipid II acts as a most relevant target structure for a variety of naturally occurring 
compounds from diverse chemical classes emphasizes that lipid II binding is a widespread and powerful 
antibiotic mechanism.  

The essential PGN precursor represents an effective target for several reasons: it is highly conserved 
among bacteria and has no homologs in eukaryotes. It is readily accessible on the extracellular surface 
and represents a central weak spot for antibiotic attack, particularly in Gram-positive bacteria 
(Schneider and Sahl, 2010). Importantly, resistance acquisition against lipid II-binding antibiotics is 
strongly hampered as the non-protein target is generally difficult to be altered by mutation (Ulm and 
Schneider, 2016). Apart from being a mere PGN building block, current research points to broader 
cellular roles of lipid II. The lipid intermediate is supposed to drive the spatial organization of the cell 
wall biosynthetic/cell division machinery through membrane recruitment of the B. subtilis actin-like 
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MreB filaments (Schirner et al., 2015; Strahl et al., 2014). Likewise, localization of PBPs was shown to 
depend on availability of the lipid II substrate (Pinho and Errington, 2005) and is likely involved in the 
organization of cell wall biosynthetic machineries. In addition, lipid II serves as a signal molecule of the 
serine/threonine kinase PknB in S. aureus and M. tuberculosis, which is involved in crosstalk with the 

WalKR TCS and FtsZ, proteins coordinating autolysis and cell division, respectively (Hardt et al., 2017; 

Kaur et al., 2019). In addition, the synthesis of lipid II also requires tight coordination with other cell 
wall biosynthesis pathways such as WTA or CP biosyntheses, as they share precursor pools of which 
only limited numbers are available in the bacterial cell.  

In summary, direct binding of the lipid II target does not only render it unavailable as a substrate 

for PGN biosynthesis (immediate/ primary effect), but also provokes a cascade of a multide of 

destructive cellular processes (downstream/ secondary effects) that lead to irreversible physical damage 

and subsequent cell death. The latter include disintegration of septal multi-enzyme complexes (e.g. PGN 
biosynthetic machinery), defective cell division, malfunctioning of regulatory systems and autolysis, and 
depending on the lipid II binder’s physicochemical features disturbance of the cytoplasmic membrane 
integrity. Thus, binding of the PGN precursor appears to exhibit a composite mechanism of primary 
and multifaceted secondary effects that largely differ between individual lipid II-binding antibiotics. 
 

Lipid II-binding antibiotics: Same target, various modes of action, various modes of resistance 

Lipid II is a validated target for at least five different chemical classes of antibiotics and the number of 

newly discovered lipid II is constantly growing (Müller et al., 2017; this thesis). Although interacting 
with the same target, the potency of antimicrobial activities of lipid II-binding antibiotics substantially 

varies depending on the interaction with the differential binding sites on lipid II (Figure 10). The 
interaction site on lipid II is relevant for binding affinity, dimerization, conformational stability, 
membrane insertion, and the propensity for resistance development (Ulm and Schneider, 2016). As 
lipid II is embedded in the cytoplasmic membrane, binding of the precursor may also involve 
disturbance of membrane functions or cause massive phospholipid rearrangements depending on the 
physicochemical properties of the lipid II-targeting antibiotics.  
 

Interaction with the lipid II stem peptide is likely to provoke resistance 

The glycopeptide vancomycin, for example, specifically binds to the terminal D-Ala-D-Ala residue of the 

lipid II stem peptide, which is driven by the formation of five hydrogen bonds (Jia et al., 2011; Reynolds, 
1989). However, modifications of the stem peptide can be found in vancomycin-resistant strains, that 

emerged 30 years after the introduction of vancomycin into the clinics (Leclercq et al., 1988). The first 

vancomycin-resistant phenotype was described for enterococci (VRE; Arthur et al., 1996) and was 
acquired most probably by the uptake of mobile genetic elements of glycopeptide-producing 
streptomycetes or other soil-borne microbes, that use the resistance cassette for producer self-resistance 
(Marshall et al., 1997). Currently, 11 gene clusters (vanA-G, vanI, vanL-N) are known, that encode for 
the key enzymes involved in the synthesis of a modified lipid II variant with the stem peptide terminating 
in D-Ala-D-Lac or D-Ala-D-Ser (Cong et al., 2020). In case lipid II ends in D-Lac, one of the five hydrogen 
bonds cannot form, resulting in a 1000-fold decrease in binding affinity of vancomycin to lipid II 
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(Bugg et al., 1991). Unlike resistance to enzyme-inhibitors (e.g. quinolones or D-cycloserine), which is 

rapidly acquired by single-point mutations (Bhatnagar and Wong, 2019; Chen et al., 2017a), 
vancomycin-resistant strains occured after a comparably long time, and high-level resistance is not 

(easily) achieved in vitro (Starikova et al., 2013; Young et al., 2019). In contrast, the emergence of 
vancomycin-resistant strains relies on horizontal gene transfer via mobile genetic elements. 
Vancomycin-resistance is most prevalent among enterococci and represents a global threat for patient 
care constituting roughly 68% and average 22% of all clinical isolates in the US and Europe, respectively 
(OneHealthTrust, as of December 1th, 2022).  

Occasionally, the vanA cluster spreads to S. aureus (VRSA), generating currently 52 isolates 

worldwide in year 2020 (Cong et al., 2020). VRSA pose an immediate threat limiting treatment options. 

However, high-level vancomycin-resistance is rarely observed in S. aureus since the modified lipid II D-
Lac variant is a poor substrate for the Fem peptidyltransferases catalyzing the pentaglycine crossbridge 
formation (Münch et al., 2015). Indeed, VRSA are deficient of pentaglycine crossbridges (Severin et al., 
2004). Moreover, the acquisition of vanA-type resistance causes high fitness costs for S. aureus (Foucault 

et al., 2009). 

So-called “vancomycin-intermediate-resistant” strains of S. aureus (VISA) can be generated in 
vitro, with usually a 2- to 8-fold increase in minimum inhibitory concentration (MIC). Even though 
resistance is low, infections caused by VISA strains are harder to treat with vancomycin. Unlike high-
level vancomycin resistance, the VISA phenotype is based on gradual accumulation of single-point 
mutations and does not synthesize an altered gene cluster-derived lipid II molecule. In general, VISA 
strains are characterized by a reduced autolysis and a thickened and less cross-linked cell wall with 

altered charge that limits access of vancomycin to membrane-bound lipid II (Cui et al., 2006; Howden 

et al., 2010). On the other hand, the reduced cross-linking leads to an increased number of free                    
D-Ala-D-Ala termini to which vancomycin is bound. This “clogging effect” limits binding to the lipid II 
target. Even more mechanisms are linked to the reduced vancomycin susceptibility of VISA, which are 
correlated to mutations in 35 genes, but most frequently in genes of the graRS, vraRS, or walKR operons, 
that regulate e.g. autolysis, WTA alanylation, CP expression, biofilm formation, and exotoxin expression 
(Mwangi et al., 2007). The exact underlying molecular mechanisms of VISA development and how these 

are exactly interlinked are unknown so far (Hu et al., 2016). 
In summary, binding of an antibiotic to the D-Ala-D-Ala terminus of the lipid II stem peptide 

provokes resistance development, either by the comparably slow evolution and spread of a gene operon 
that modifies lipid II and thus prevents antibiotic interaction (VRE, VRSA) or by gradual acquisition of 
single-point mutations conferring an altered cell envelope preventing access to the lipid II target site 
(VISA). 

The second-generation semi-synthetic glycopeptide oritavancin that features additional 
hydrophobic moieties (a short acyl chain and a 4’-chlorobiphenylmethyl group) displays enhanced 
antibacterial activity compared to vancomycin (Sarkar and Haldar, 2019). The lipophilic side chain is 
likely to insert into the cytoplasmic membrane disrupting integrity and facilitating surface-templated 
binding to both, D-Ala-D-Ala and D-Ala-D-Lac residues of vancomycin-resistant species and thus has 

resistance-breaking properties (Allen, 2010; Belley et al., 2010). The potent binding affinity of 
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oritavancin is due to secondary interactions with amidated D-Glu in position 2 and interpeptide bridges 
linked to position 3 of the lipid II stem peptide (Kim et al., 2008; Münch et al., 2015; Patti et al., 2009). 
Moreover, oritavancin dimerizes ~13,000-fold more strongly than vancomycin and acts as a dimer 
which further contributes to high-affinity binding to lipid II (Allen, 2010). However, mutants resistant 
to second-generation glycopeptides already emerged in the clinic, including all types of vancomycin-
resistant strains: VRE, VRSA and VISA. Remarkably, high-level oritavancin resistance did not occur 

thus far (Arthur et al., 1999; Bozdogan et al., 2004). 
Amidation of the D-Glu residue in position 2 of the lipid II stem peptide confers another type of 

high-level resistance towards the lipid II-binding fungal defensin plectasin, as the modification results 
in a drastically reduced binding affinity of plectasin to lipid II (Münch et al., 2012). NMR-data and 
computational modelling showed that plectasin not only interacts with lipid II via hydrogen bonding to 
the pyrophosphate group and the first sugar, but also via a crucial salt bridge formation to D-Glu2 of the 

stem peptide. In line with this, the defensin does not bind to WTA precursors (Schneider et al., 2010). 
Amidation of D-Glu2 is mediated by the MurT-GatD bi-enzyme complex which is strongly conserved 
among a subset of pathogenic bacteria, such as S. aureus, S. pneumoniae and M. tuberculosis (Maitra et 
al., 2021; Morlot et al., 2018; Nöldeke et al., 2018; Zapun et al., 2013). Mutants that are deficient of 
lipid II amidation were characterized by a reduced degree of PGN cross-linking resulting in a higher 
susceptibility to e.g. β-lactams and the first-line host defense factor lysozyme (Boyle-Vavra et al., 2001; 

Figueiredo et al., 2014; Gustafson et al., 1994; Zapun et al., 2013). Taken together, amidation of the 
lipid II stem peptide poses an effective mechanism for immune evasion. Unlike plectasin, another fungal 
defensin, copsin, requires the third amino acid (L-Lys of Gram-positive or mDAP of Gram-negative 

bacteria) of the stem peptide for high-affinity lipid II binding (Essig et al., 2014). 
 

Interaction with the lipid II pyrophosphate group triggers various detrimental cellular effects 

In contrast to glycopeptides, resistance acquisition to antibiotics that interact with the pyrophosphate 
moiety is minimized. The pyrophosphate motif is present in precursors of several pathways, including 
PGN, WTA, CP, AG, LPS O-antigen and ECA biosyntheses, thus, creating a vast spectrum of putative 
targets. Generally, resistance mechanisms towards antibiotics that interact with the pyrophosphate 
moiety are limited compared to antibiotics that interact with the stem peptide moiety that can be more 
variable.  

One such lipid II binder that employs the pyrophosphate group is the lantibiotic nisin. Nisin wraps 
its lanthionine rings A and B around the pyrophosphate moiety by generating five hydrogen bonds, 
resulting in the assembly of a complex that forms lethal pores of 2 nm diameter in the cytoplasmic 
membrane (Hasper et al., 2004; Hsu et al., 2004). The complex was postulated to contain eight nisin and 

four lipid II molecules (Hasper et al., 2004). In addition, formation of the pore complex causes the 
aggregation of virtually thousands of nisin and lipid II molecules leading to massive clusters that render 
lipid II unavailable for the PGN biosynthesis (Hasper et al., 2006; Scherer et al., 2013, 2015). Nisin was 
also found to induce pore formation upon binding to the lipid intermediates of WTA biosynthesis, 

lipid IIIWTA and lipid IVWTA (Müller et al., 2012).  
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Resistance to nisin is achieved by alterations of the cell wall structure and charge or membrane 
composition as observed for VISA-type resistance, but also by nisin-degrading enzymes and efflux 

pumps (Draper et al., 2015). More recently, the BceAB-type transporter SaNsrFP of Streptococcus 
agalactiae was suggested to flip the lipid II target back to the cytosolic site to prevent target binding of 

nisin, which was earlier demonstrated for C55-PP in bacitracin resistance (Kingston et al., 2014; Zaschke-

Kriesche et al., 2020). Similarly, other BceAB-like transporters have been associated with nisin 
resistance, but the mechanism of how BceAB confers resistance is not fully understood.  

Another mode of lipid II binding is demonstrated by daptomycin. In order to bind to lipid II and 
other undecaprenyl-coupled cell wall intermediates Ca2+-daptomycin depends on the interaction with 

the anionic membrane phospholipid PG, as demonstrated in chapter 2. The antibacterial activity is 
suggested to rely on formation of daptomycin oligomers of at least six daptomycin molecules which is 

induced by a conformational change upon PG binding (Kreutzberger et al., 2017; Muraih et al., 2011; 
Taylor and Palmer, 2016). These oligomers are supposed to form complexes with the undecaprenyl-
bound cell wall lipid intermediates and trigger disintegration of the cell wall biosynthetic machinery 

(chapter 2). The often-described membrane-disruptive property of daptomycin is observed after 

prolonged treatment (Silverman et al., 2003), and thus, represents a secondary effect upon disintegrative 
membrane arrangements that follow PG and lipid II binding. Corroborating, daptomycin preferably 
associates with fluid membrane domains, i.e. so-called regions of increased fluidity (RIFs), and clusters 
them togheter which causes massive phospholipid rearrangements and displacement of cell wall 
biosynthetic enzymes. Oligomerization is assumed to potentiate the effect (Müller et al., 2016).  

Although daptomycin exerts multiple effects on bacterial physiology, the requirement of PG for 
target binding and the association with RIFs make daptomycin-treated strains particularly prone to 
resistance development. Resistance is acquired by alteration of the cell envelope and membrane 
structure as well as PG modification. Clinically relevant daptomycin-resistant S. aureus and enterococci 

strains frequently harbor mutations in dltABCD, pgsA, mprF, cls2 and walKR genes. As observed for 
VISA, mutations in the latter lead to a decreased autolysis expression resulting in a thickened cell wall 
that limits access of daptomycin to the membrane. Generally, there is a high diversity of mutations in 
the walRK locus, which were also identified in strains resistant to other lipid II-targeting antibiotics, 

including VISA (Howden et al., 2010), nisin-resistant (Draper et al., 2015), and siamycin-resistsant 

strains (chapter 1). Mutations in dltABCD increase the degree of D-alanylated teichoic acids, resulting 
in an overall reduction in the negatively-charged bacterial surface and an increased capacity for 
electrostatic repulsion of Ca2+-daptomycin (Bertsche et al., 2011, 2013). Likewise, gain-of-function 

mutations in the mprF gene contribute to this effect, as MprF-mediated lysinylation of PG is increased, 
yielding more positively charged phospholipids within the membrane, leading to antibiotic repulsion. 
Mutations that mask the anionic charge of the bacterial envelope are also found as resistance 

mechanisms against other lipid II binders, including lantibiotics and defensins (Draper et al., 2015; 
Gottlieb et al., 2008). Importantly, the modification of anionic structures is tightly regulated and only 
active in the presence of the corresponding antibiotic (Peschel and Sahl, 2006).  

Loss-of function mutations in the pgsA gene encoding for the PG synthase reduce the amount of 
daptomycin’s anionic target (Khatib et al., 2016; Mishra and Bayer, 2013; Peleg et al., 2012; Yang et al., 
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2013). Similarly, mutations in the gene for the CL synthase Cls2 reduce the PG amount through 
consumption of two PG molecules to form one CL molecule (Tran et al., 2015). In addition, CL has been 
suggested to increase rigidity of the cytoplasmic membrane, thus preventing membrane insertion of 
daptomycin into RIFs and affecting binding affinity to lipid II (Lewis and McElhaney, 2009). 
 

Blocking multiple cell wall biosynthetic pathways contributes to rapid lysis and killing 

Intringuingly, no detectable resistance was found so far for teixobactin and the teixobactin-like 
depsipeptides hypeptin and clovibactin, which have the pyrophosphate interaction site of lipid II in 
common. This suggests that the mere interaction with this motif is not sufficient for the highly potent 
antibacterial activity of these peptides which, indeed, involves substantially different and even more 
deleterious cellular effects compared to the aforementioned lipid II binders. Unlike other lipid II-
targeting peptides such as nisin, ramoplanin or siamycin-I, teixobactin and the teixobactin-like peptides 
do not show any cross-resistance to strains resistant to other lipid II-binding antibiotics, e.g. VRE, VISA 

or daptomycin-resistant S. aureus, emphasizing that modulation of the cell envelope or membrane 

characteristics does not affect teixobactin potency (Ling et al., 2015; chapters 3 and 4).  

Teixobactin-like depsipeptides were shown to simultaneously sequester the pyrophosphate-
containing lipid intermediates from different cell wall biosynthetic pathways, including WTA 
biosynthesis, which is suggested to trigger the unique rapid bacteriolytic effect due to uncontrolled 

liberation of WTA-associated autolysins (Homma et al., 2016). Notably, a similar mode of action was 

found for the depsipeptides ramoplanin and lysobactin (Lee et al., 2016b), that are both active against 
VRE and VISA (Fulco and Wenzel, 2006; Maki et al., 2001). For ramoplanin, the pyrophosphate group 

was reported to be the minimal binding motif for interaction with lipid II (Walker et al., 2005). Unlike 

for lysobactin, it was possible to obtain a ramoplanin-resistant isolate in vitro (Schiffer et al., 2018; 

Schmidt et al., 2010). The mutant displayed cross-resistance to vancomycin and nisin and was 
characterized by thickened cell walls and a decreased autolysin expression. However, the identification 
of the exact mutations that confer resistance to ramoplanin in these isolates has not been elucidated so 
far.  

It seems that the rapid killing mechanism of teixobactin-like depsipeptides most likely contributes 
to prevent the accumulation of resistance-conferring mutations. Thus, resistance development to these 
compounds will probably take longer to occur compared to vancomycin, and could eventually occur via 
acquistion of resistance genes via horizontal transfer of teixobactin-inactivating enzymes, such as             
D-stereospecific peptidases (Li et al., 2018). Eventually, such resistance determinants already exist but 

have not been identified so far, as exemplified by the isolation of ancient Streptomyces esterases from a 
Mexican cave which were demonstrated to inactivate daptomycin via hydrolytic ring cleavage (Bhullar 

et al., 2012). In general, the simultaneously blockade of multiple targets, also termed “polypharma-
cology” or “multi-targeting”, is suggested to lower the propensity of spontaneous target-related 
resistance development (Brötz-Oesterhelt and Brunner, 2008; Silver, 2007). 

The recent elucidation of lipid II binding of teixobactin and clovibactin in complex with lipid II in 
membranes suggests that these compounds sit on top of the membrane and specifically interact with the 

pyrophosphate group via the amino groups of their depsi-cycles (Shukla et al., 2022;, chapter 4). 
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Moreover, it demonstrates the importance of the crucial order of L- and D-amino acids of the linear 
N-terminus for separation of hydrophilic (water-exposed) and hydrophobic (membrane-exposed) 
amino acid residues, that was previously shown to be indispensable for antibacterial activity (Abdel 
Monaim et al., 2016; Chen et al., 2017b; Parmar et al., 2017).

Interestingly, the partly different modes of action of clovibactin and teixobactin (e.g. stronger 
bacteriolysis and higher binding affinity of clovibactin to C55-PP compared to teixobactin) might be 
based on the structural diversities of the peptides. Although both antibiotics appear to interact in an 
equal manner with membrane-associated lipid II, the depsi-cycle of clovibactin (with a C-terminal Leu7 

residue) interacts less specific with the MurNAc sugar than teixobactin (with a C-terminal End10 residue; 
chapter 4). Interestingly, clovibactin and Leu10-teixobactin demonstrated a similar difference in lipid II 
binding affinity compared to natural End10-teixobactin (Shukla et al., 2022), which emphasizes the 
structural importance of the C-terminus for target interaction. The fact that clovibactin coordinates the 
pyrophosphate group with three backbone amino protons of the depsi-cycle (β-OH-D-Asn5, L-Ala6,     

L-Leu8) compared to two amino protons of teixobactin’s depsi-cycle (D-Thr8, L-Ile11) might explain why 
clovibactin has higher binding affinity to C55-PP compared to teixobactin (chapter 4; Ling et al., 2015). 
Moreover, the highly rigid End10-C-terminus of natural teixobactin theoretically contributes 
enthalpically by formation of hydrogen bonds and electrostatic interactions, whereas the 
Leu7-C-terminus of clovibactin contributes mostly entropically by stripping of water molecules and 
eventually by hydrophobic interactions with the sugars. Indeed, Leu10-teixobactin exhibits a more 
favorable entropy compared to End10-teixobactin (Shukla et al., 2022). Recent experiments of our group 
confirmed a stronger interaction of Leu10-teixobactin to C55-PP compared to End10-teixobactin. 
Remarkably, we found that clovibactin also interacts with monophosphorylated C55-P. However, the 
binding affinity appears to be less strong compared to C55-PP. The importance of the clovibactin 
Leu7-C-terminus in binding to C55-P is supported by the finding that Leu10-teixobactin showed equal 
interaction to C55-P. Likewise, the newly discovered lipopeptide antibiotic cilagicin that inhibits cell wall 
biosynthesis shows ability to bind to both, C55-P and C55-PP, but not to lipid II (Wang et al., 2022). 
Unlike clovibactin, cilagicin displays a higher binding affinity to C55-P compared to C55-PP. Additionally, 
the compound exerts bacteriolytic activity of the same strength as teixobactin-like depsipeptides and 
lacks resistance development.  

Lipid II binding is proposed to favor the assembly of supramolecular structures 

As observed for daptomycin and nisin, teixobactin captures lipid II molecules in clusters, leading to 
disintegration of the cell wall biosynthetic machinery (Hasper et al., 2006; Kreutzberger et al., 2017; 
Shukla et al., 2020). Particularly, teixobactin forms antiparallel fiber-like β-sheets upon lipid II binding 
with one lipid II molecule doubly-coordinated by two teixobactin molecules. Closer examination 
revealed lipid II cluster-associated membrane perturbations in liposomes and bacterial cells. 
MD simulations further created a model in which the hydrophobic side of a teixobactin molecule 
displaces the polar headgroups of the membrane phospholipids and concentrates the polyprenyl tails of 
the clustered lipid II molecules, resulting in a compromised membrane integrity by thinning the bilayer 
(Shukla et al., 2022). This membrane thinning phenomenom is described for several amphipathic 
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antimicrobial peptides (Grage et al., 2016), e.g. oligomerization-dependent but lipid II-independent 

membrane interaction of nisin (Prince et al., 2016).  
Microscopic analyses (TEM, HS-AFM, and cryo-EM) revealed that the antiparallel β-sheet 

alignments of teixobactin molecules that are formed upon lipid II binding result in the assembly of 
supramolecular fibrillar structures reminiscent of amyloid-like structures (Hurst et al., 2021; Shukla et 
al., 2022; Yang et al., 2018). Likewise, these fibrillar structures were formed in the presence of clovibactin 
and lipid II. In contrast to teixobactin, clovibactin supramolecular structures did not affect membrane 
integrity. That might be explained by the increased distance of clovibactin fibrils to the membrane 

surface compared to teixobactin (chapter 4). The lacking membrane-disturbing effect of clovibactin 
could also account for its less potent antibacterial activity compared to teixobactin.  

In addition to teixobactins, solid-state NMR suggested that also plectasin oligomerizes in the 
lipid II-bound state in its physiologically relevant membrane environment (Jekhmane, 2020). However, 
microscopic analysis of a self-assembled fibril structure is missing so far. The formation of amyloid-like 
fibrils was also reported for ramoplanin in aqueous solution, lacking a membrane environment (Cudic 

et al., 2002; Lo et al., 2000). Fibril formation of ramoplanin was induced upon binding to shortened 
lipid I and lipid II, UDP-MurNAc-5p, and UDP-MurNAc-tripeptide, suggesting that an intact amide 
bond between the lactyl ether side chain of MurNAc and the first L-Ala amino acid are required. Unlike 
teixobactin, ramoplanin forms C2-symmetric dimers (with each monomer adopting an antiparallel         
β-sheet structure), whose self-association is suggested to be induced upon membrane insertion 
(Hamburger et al., 2009; Lo et al., 2001). Crystallization experiments suggest that two ramoplanin 
dimers interact with the pyrophosphate group of a single lipid II molecule and enable the binding of one 
additional lipid II molecule at each uncomplexed end of these dimers. This allows the recruitment of 
additional dimers (so-called ligand-bridged dimer-dimer interactions), that favors the self-assembly of 
a polymeric fibrillar structure with a ramoplanin-lipid II stoichiometry of 2:1 (Hamburger et al., 2009). 

Self-assembled nanostructures are found for a large number of naturally occurring antimicrobial 
peptides of all kingdoms of life, however, little is known about their function (Lee et al., 2020; Simonson 

et al., 2020; Tian et al., 2015). The self-assembly of amyloid-like fibrillar structures is primarily associated 
with neurodegenerative and systemic diseases, including Alzheimer’s disease, Parkinson’s disease, 
type II diabetes, amyotrophic lateral sclerosis, and prion diseases (Eisenberg and Jucker, 2012). 
Amyloids have been shown to exhibit cytotoxicity against human cells by disrupting cell membranes 
(Bucciantini et al., 2002; Engel et al., 2008; Friedman et al., 2009; Marshall et al., 2014; Milanesi et al., 
2012). Moreover, the membrane-affecting properties confer them antimicrobial activity against 
opportunistic bacterial and fungal pathogens, providing defense against infection (Engelberg and 

Landau, 2020; Moir et al., 2018; Soscia et al., 2010; Spitzer et al., 2016; Welling et al., 2015). Fibrillar 
structures were suggested to physically entrap the pathogens, to form fibrillar ion channels in their 
membranes, or to elicit a host immune response upon interaction with host cells (Kagan et al., 2012; 

Simonson et al., 2020). Particularly, lipid-binding serum apolipoproteins promote or form themselves 

fibrillar structures (Frankel et al., 2022; Xia et al., 2021; Yamazaki et al., 2019) and apolipoprotein-
derived host defense peptides were recently shown to induce fibril formation-mediated antibacterial 

activity upon contact with LTA or LPS (Gaglione et al., 2021). Another recent study demonstrated that 
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the antibacterial activities of the lipid II-binding antibiotics lysocin E and nisin are both potentiated via 
the interaction with apolipoprotein A-I (ApoA-I; Hamamoto et al., 2021). In addition, it was shown that 
lysocin E- or nisin-bound lipid II promoted the coordinated interaction between ApoA-I and the 
respective antibiotic, resulting in an enhanced membrane disruption activity and loss of membrane 
potential. The increased membrane-damaging activity could eventually result from an ApoA-I-induced 
fibrillar structure. However, the study did not include the investigation of a polymeric structure. 
Apart from host factors, the ability of some antimicrobial peptides to form amyloid-like fibrils is of 
crucial importance as this property might affect host immunity. In general, antimicrobial peptides were 
shown to exhibit multifaceted immunomodulatory activities (Mookherjee et al., 2020). Signaling of the 
innate immune system through self-assembled supramolecular fibrils can either be mediated by direct 
binding to immune receptors, i.e. Toll-like receptors (TLRs), or by functioning as chaperones that 
interact with immune ligands prior to TLR binding (Lee et al., 2020). 

Figure 10. Lipid II interaction site-dependent antibiotic activities beyond the mere blocking of PGN 

biosynthesis. Despite binding to the same target molecule, even structurally similar lipid II-binding antibiotics 
can induce a coalescence of differential cellular effects, which affect antibiotic potency and the propensity for 
resistance development. The figure illustrates the differential lipid II binding sites of five different chemical 
classes: Glycopeptides (vancomycin), defensins (plectasin), lipopeptides (daptomycin), lantibiotics (nisin), 
depsipeptides (teixobactin and clovibactin). 
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Receptor binding may induce inflammasome pathways, leading to the secretion of pro-
inflammatory cytokines and/or chemokines (Gustot et al., 2015; Haney et al., 2017; Yates et al., 2000). 
It remains to be seen whether supermolecular structures of antibiotics, such as teixobactin-like 
depsipeptides and ramoplanin, have consequences for immune signaling and inflammation, which may 

lead to immunity disorders, autoimmune diseases, or anaphylaxis (Peavy and Metcalfe, 2008; Yang et 
al., 2020).  

Albeit representing a prerequisite for antimicrobial activity, the propensity to form supramolecular 
structures might eventually limit their application for systemic use, in case that fibril formation is 
associated with aggregation and gelation issues. Gelation is currently limiting intravenous adminis-

tration of both teixobactin and ramoplanin (Zong et al., 2018). Therefore, attempts to overcome this 
limitation include the development of formulations based on fat emulsions and cyclodextrins, and the 

synthesis of analogues (“prodrugs”) with improved tolerability (Cadete Pires et al., 2019; Jones et al., 
2022; Nowick and Yang, 2019; Parenti et al., 2004; Pelzer and Vente, 2008; Zhang et al., 2021; Zong et 
al., 2018). In general, peptide-based antibiotics exhibit a high propensity to aggregate, resulting in 
decreased potency, stability, and/or cytotoxicity (Frokjaer and Otzen, 2005). 

 

Future prospects for lipid II-binding antibiotics 

Lipid II serves as a unique and most relevant target structure as antibiotic attack combines PGN 
biosynthesis inhibitory activity with subsequent multifaceted cellular effects. Lipid II-binding antibiotics 
are widespread in nature and mostly bind to the immutable pyrophosphate group instead of the mutable 
stem peptide which makes them ultra-robust towards high-level resistance development.  

Nevertheless, not many lipid II binders entered the clinics yet, but several candidates are in pre-
clinical development including teixobactin, plectasin-derivative NZ2114, cyclic depsipeptides and 
diverse lantibiotics (Malin and De Leeuw, 2019). Currently, only the glycopeptide prototype 
vancomycin, second-generation glycopeptides and the lipopeptide daptomycin represent clinically-used 
lipid II-binding antibiotics that serve for first-line treatment against infections caused by Gram-positive 
bacteria. However, vancomycin is also infamous for several disadvantages, including nephrotoxicity or 
the solely intravenous administration every 12 hours, which makes an early release from hospital with 
subsequent treatments in an out-patient setting impossible (Malin and De Leeuw, 2019).  

Despite their high efficacy, the relatively small number of clinically-developed lipid II binders may 
rely on their chemical structure: Lipid II-targeting antibiotics tend to be of peptidic nature and 
considerable large size (with molecular masses higher than 1 kDa). These properties render them only 
active against Gram-positive bacteria and often solely applicable for intravenous injection. The latter is 
often associated with suboptimal efficacy and safety. In general, the complex peptidic scaffolds of lipid II 
binders that often consist of unusual non-proteinogenic D-amino acids make it hard to chemically 
synthesize or modify them and generate high production costs. Moreover, they mostly exhibit poor 
PK/PD and show tendencies for aggregation (Fosgerau and Hoffmann, 2015). The antibacterial activity 
of lipid II binders often relies on amphiphilicity and an overall positive charge. However, these cAMP 

features often correlate with unspecific cytotoxicity towards host cells (Ciumac et al., 2019).  
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In order to improve their chances for rational development to next-generation antibiotics and to 
add them to the limited clinical arsenal against pathogens, future studies on lipid II binders should 

follow a common strategy. These studies should aim at (i.) the comprehensive understanding of the 
currently underexplored modes of action, including their decisive primary and secondary effects, the 
knowledge of the interdependencies and the cellular consequences of these effects in the bacterial cell, 

(ii.) the broadening of the antibacterial spectrum, in particular to encompass multidrug-resistant Gram-

negative species and mycobacteria, and at (iii.) gaining knowledge about the efficacy of these 
compounds in hosts as well as the impact on host toxicity and immunity. 

(i.) During antibiotic development, medicinal chemistry has to follow the molecular understanding of 

the lipid II-associated antibacterial characteristics (Parkes, 2020; Pawlowski et al., 2016). So far, 
structural knowledge on the molecular interactions of antibiotics with lipid II is scarce due to 
physicochemical limitations of lipid II binders in aqueous complex (i.e. poorly solubility, micelle-
forming tendency of full-length lipid II). In overcoming the limited structural determinations using 
truncated lipid II variants, solid-state NMR has been proven a valuable technology that provides 
more information on the native binding modes (such as the importance of a fixed D/L-amino acid 
stereochemistry or the assembly of supramolecular structures for antibiotic activity of teixobactin) 
by employing a physiologically-relevant membrane environment (Medeiros-Silva et al., 2018; 

Shukla et al., 2020, 2022; chapter 4). 

(ii.) To expand the antibacterial activity of lipid II binders to highly problematic strains of Gram-
negative bacteria and mycobacteria it is important to adapt the physicochemical nature of 
antibiotics regarding species-specific target modifications and permeability barriers. Lipid II-
binding antibiotics are usually to large to pass through porins of the outer membrane or 
mycomembrane. Given the fact that these membranes confer intrinsic resistance to Gram-negative 
bacteria and mycobacteria, respectively, the evolution of such protective barriers may have been 

driven by lipid II-targeting peptides (Grein et al., 2019). Currently, there are no lipid II binders 

known to cross these membranes, except for tridecaptin A1 (Kato et al., 1978). This lipopeptide is 
suggested to interact with outer membrane-anchored LPS, followed by outer membrane-crossing 

and binding to lipid II (Cochrane et al., 2016). NMR analysis of the tridecaptin A1-lipid II complex 

indicates interactions with D-Glu2, mDAP3, D-Ala4, and D-Ala5 of the lipid II stem peptide. In 
contrast to Gram-positive lipid II-L-Lys, Gram-negative lipid II-mDAP is exclusively bound with 
high affinity, which is reflected by the fact that tridecaptin A1 is not active against Gram-positive 

bacteria (Cochrane and Vederas, 2014; Cochrane et al., 2014). Indeed, the combinatorial treatment 
of Gram-negative bacteria with outer membrane-acting peptides (such as tridecaptin A1 or 
polymyxins) and lipid II binders (such as vancomycin, nisin, or teixobactin) has already been 
proven successful (Chiorean et al., 2020; Li et al., 2021; Ng et al., 2018). Other approaches aim at 
the development of hybrid antibiotics, in which lipid II-binding antibiotics are covalently linked to 

an outer membrane-disrupting compound (Domalaon et al., 2018; Lei et al., 2022; Surur and Sun, 
2021). In addition, lipid II binders could eventually enter the bacterial cell by the so-called “trojan 
horse strategy” by which the lipid II-binding compound is conjugated to moieties that are naturally 
used for nutrient uptake, such as siderophores (Negash et al., 2019). In this way, daptomycin was 
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turned into an antibiotic, which is active against the Gram-negative bacterium A. baumannii 
(Ghosh and Haldar, 2015). Another possibility to enter the Gram-negative or mycobacterial cell is 
the passage through unspecific, β-barrel-shaped porins, which are permeable for small molecules 
with molecular masses of less than 600 Da (Vergalli et al., 2020). Recently, the Hergenrother group 
predicted the molecular properties required to overcome the restrictive permeability barrier of 

E. coli by investigation of more than 180 distinct small molecules (Richter et al., 2017). Likewise,
the Brown group collected physicochemical data of 4,500 small molecule inhibitors that were

capable of entering E. coli cells (El Zahed et al., 2021). Interestingly, small molecules that have been
able to overcome the outer membrane were amphiphilic, showed high rigidity (i.e. less rotatable
bonds), were of planar shape, and contained a positively charged amine group. The latter is already

given for the lipid II-binding small molecules THCz and DCAP (chapters 5 and 6), yet they are of

hydrophobic nature. Further development of these compounds holds promise for the development
of orally available lipid II binders while limiting adverse systemic effects to a minimum.

(iii.)The development of safe lipid II-binding antibiotics requires a fundamental knowledge about their 
efficiacy, cytotoxicity, and immunomodulatory activities within the host environment. Current 
research shows that host serum proteins positively or negatively influence the activity of an 

antibiotic (Hamamoto et al., 2021; Tickle et al., 2022; Wang et al., 2022), suggesting that standard 
antibiotic susceptibility testing in broth fails to detect novel therapeutically effective antibiotics 
(Ersoy et al., 2017; Nussbaumer-Pröll and Zeitlinger, 2020). Notably, the antibiotic activity can be 
enhanced through suppression of pro-inflammatory cytokines and recruitment and activation of 
neutrophils or macrophages (Drayton et al., 2021). Evaluation of antibiotic efficacy in host 
constituents and organotypic models in early stages of drug development allows to mitigate any 
physiological relevant hurdles, e.g. aggregation tendency, or unexpected cytotoxic effects in animal 

or clinical studies (Schäfer-Korting et al., 2021). It further reflects the effect of virulence factors, 
immune recognition and resistance to host defenses. 

The past three decades of effort demonstrated that it is incredibly difficult to find broad-spectrum 
antibiotics that are highly-effective and safe. If this trend continues, the global number of deaths 
attributed to antibiotic resistance will dramatically increase in the future (O’Neill, 2014). While the 
obstacle to better understand the complex biology of antibiotics, and their interplay with pathogens and 
hosts remain to be fully addressed, it is reasonable to predict that lipid II binders are likely to play an 
utmost important clinical role as next-generation antibiotics dealing with antimicrobial resistance.
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