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Chapter 1

Introduction

The peptidoglycan precursor Lipid II 
as an efficient target for antibiotics 

against Gram-positive bacteria

This chapter is based on: 
Sabine F. Oppedijk(1), Nathaniel I. Martin(2) and Eefjan Breukink(1), 
Hit ‘em where it hurts: The growing and structurally diverse family of 
peptides that target Lipid-II, BBA Biomembranes, 2016, 1858(5): 947-
57

(1) Membrane Biochemistry and Biophysics, Utrecht University, Padualaan 8, 
3584CH, Utrecht, The Netherlands
(2) Department of Medicinal Chemistry and Chemical Biology, Utrecht Institute for 
Pharmaceutical Sciences, Utrecht University, Universiteitsweg 99, 3584 CG Utrecht, 
The Netherlands
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Abstract:

The peptidoglycan precursor lipid II has been widely used as a target for antibiotics 
and was dubbed by some as the “bacterial achilles heel”. This review provides a 
comprehensive overview of different antimicrobial peptides that interact with lipid 
II. Different classes of antimicrobial peptides and their interaction with lipid II are 
discussed ranging from lantibiotics, defensins and the most recently discovered 
teixobactin. We speculate that future antibacterial agents operating via lipid 
II-mediated modes of action will play an important role in the battle against 
pathogenic bacteria by effectively hitting ‘em where it hurts! 
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1.1. Introduction: The era of discovery of lipid II binding antibiotics
 
In an era where microorganisms develop resistance faster than we can develop 
new antibiotics, interest in antimicrobial substances produced by competing 
microorganisms is growing. Microorganisms themselves are an important source 
of novel antimicrobial substances as they commonly produce toxins to combat 
other microbes. Screening for novel antimicrobials has led to the discovery of 
numerous active compounds in the past decades. In addition to the search for novel 
antibiotics, understanding their associated mode(s) of action is also of increasing 
importance. Studying different types of antimicrobial peptides (AMPs) reveals that 
AMPs have sustained their effectiveness throughout evolution.1,2 Many AMPs have 
an amphipathic nature and are positively charged due to the high content of arginine 
and lysine residues. This gives them the ability to specifically interact with negatively 
charged membranes and subsequently disrupt the bilayer structure. Several general 
mechanisms have been assigned for these various AMP modes of actions including 
the carpet model3,4 and the ‘sand-in-the-gearbox’ model5 where amphipathic peptides 
aggregate on the membrane followed by membrane disruption. However, in order for 
an AMP to be broadly applicable as a possible therapeutic, it is important that it acts 
on a specific target, so as to circumvent toxicity and general membrane distortion. 
In this regard, there are a number of AMPs that are effective at low nanomolar 
concentrations indicating that they work via a target-specific mechanism rather than 
via general membrane distortion. One of those very essential target pathways in 
Gram positive bacteria is the peptidoglycan synthesis pathway.
 

1.2. Peptidoglycan Biosynthesis Pathway

The bacterial cell wall is of vital importance for bacteria because it counters the 
osmotic pressures that arise between the cell’s cytosol and its surroundings. 
Peptidoglycan is synthesized from Lipid II, a building block unique to bacterial cells. 
Lipid II synthesis starts at the cytosolic side of the membrane where the membrane 
embedded enzyme MraY links UDP-N-Acetyl-Muramic acid pentapeptide (UDP-
MurNAc-pentapeptide) to the carrier lipid undecaprenyl phosphate forming lipid-I. 
Next, the transferase MurG couples UDP-N-Acetyl Glucosamine (UDP-GlcNAc) to 
the muramoyl moiety of lipid I to form lipid II. Lipid II is then flipped to the other side 
of the bacterial membrane by FtsW after which penicillin binding proteins (PBPs) 
incorporate lipid II into the growing peptidoglycan network. The residual undecaprenyl 
pyrophosphate is then dephosphorylated to the monophosphate and flipped back to 

1.2. Peptidoglycan Biosynthesis Pathway
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the cytosolic site to be reused in the lipid II synthesis cycle. (Figure 1, for reviews on 
the whole process see 6-9)

The bacterial cell wall in Gram-positive bacteria is readily accessible and as such, 
the bacterial cell wall biosynthesis machinery is a prominent target for different types 
of antibiotics.6,7,10 The viability of lipid II as a drug target is clearly demonstrated by 
vancomycin.  Belonging to the glycopeptide class of antibiotics, vancomycin was first 
isolated from the soil bacteria Streptomyces orientalis in 1953 by Eli Lily. The use 
of vancomycin has significantly increased since the development of penicillin- and 
methicillin- resistant isolates. Since its introduction into the clinic, vancomycin remains 
the only antibiotic that targets lipid II and is a last resort treatment against many highly 
resistant Gram-positive bacteria. During vancomycin’s early development phase, 
researchers were unable to isolate vancomycin resistant bacteria.11,12 However, after 
more that 50 years of clinical use vancomycin resistance slowly emerged. Nowadays 
six different phenotypes of vancomycin resistant bacteria are known, designated 
as the VanA- to VanG-gene clusters.12 Bacteria with VanA-, VanB- and VanD-type 
resistance possess an altered form of lipid wherin the vancomycin-binding D-Ala-
D-Ala motif is replaced with D-Ala-D-Lac. Other vancomycin resistant organisms 
instead employ a D-Ala-D-Ser although this results in less severe resistance. 
Binding of vancomycin to the D-Ala-D-Ala moiety of lipid II is well studied and is 
driven by the formation of five hydrogen bonds. Substituting the terminal D-alanine 

Fig. 1:  Schematic overview of the peptidoglycan biosynthesis pathway. 
MurNAc-pentapeptide is coupled to undecaprenylphosphate by mraY. Then GlcNAc is 
coupled to lipid I by MurG to form lipid II.  The peptidoglycan precursor is then flipped to the 
periplasmic space by ftsW and incorporated into the peptidoglycan by the penicillin binding 
peptides (PBPs).
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 for D-Lac or D-Ser only allows vancomycin to form four hydrogen bonds, leading to a 
near 1000-fold loss of affinity for its target.12,13 This strategy for circumventing lipid II 
binding probably originates from the self-immunity mechanism of the producer strain 
or bacteria that naturally carry this motif, such as L. Casei and L. Plantarum. 

Even though vancomycin is the only clinically used antibiotic that targets lipid II, 
there are many other AMPs that are also known to exploit the same peptidoglycan 
precursor as part of their antibacterial mechanism of action.  The lantibiotics are 
a particularly well-studied class of AMPs and are represented by the preeminent 
lantibiotic nisin. Like vancomycin, nisin also targets lipid II and displays similar, 
nanomolar minimal inhibitory concentrations (MICs) towards many Gram-positive 
(pathogenic) bacteria.  Nisin’s mode of lipid II binding is, however, very different 
from that of vancomycin, allowing to also effectively kill vancomycin-resistant strains. 
More recently, several structurally diverse lipid II binding host defence peptides have 
also been reported. 

This review aims to provide a survey of all major classes of lipid II binding AMPs. 
For each class a representative peptide is chosen for in depth discussion. Figure 3 
is also provided so as to provide the reader with a convenient and comprehensive 
overview of all known lipid II binding AMPs.

Fig. 2: Chemical structure of lipid II
The red dotted lined mark the different lipid II building blocks N-Acetyl Glucosamine (GlcNAc), 
N-Acetyl Muramic acid (MurNAc), the pentapeptide and the pyrophosphate-linked undecapre-
nyl (bactoprenyl) lipid. 

1.2. Peptidoglycan Biosynthesis Pathway
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1.3. Lantibiotics

Lantibiotics are gene-encoded, highly modified AMPs that contain the unnatural 
bisamino acids lantionine and/or 3-methyllanthionine that are responsible for the 
polycyclic structures associated with lantibiotics. These lanthionine rings are important 
for the antimicrobial activity of the lantibiotics and their elimination leads to reduction 
or a complete loss of antimicrobial activity.14-17 Despite their potent antibacterial 
activity, the lantibiotics are not ideal candidates for development as therapeutic 
entities due to their sensitivity to oxidation and proteolysis. Many attempts have 
been made to chemically improve and/or mimic the thioether linkages present in 
lantibiotics (for a recent review of all chemical modification strategies on lantibiotics 
see Tabor, 201418 and Escano, 201519). Replacement with all-carbon bridges by 
the use of ring closing metathesis,20-22 oxygen substitution23 and disulphide bonds 
resulted in a loss of activity, indicating that the thioether is of vital importance for the 
activity. 
 Based on the structure, binding motif and mode of action the lantibiotics 
are divided in types A(I), A(II) and B (Figure 4). While type A lantibiotics are flexible, 
elongated peptides with a net positive charge, type B are more rigid, globular and are 
either neutral or bear a negative net charge.14,16 Several lantibiotics from both types 
are known to exert their mode of action by binding lipid II. However type A lantibiotics 
are unique in that they both inhibit bacterial cell wall biosynthesis and cause pore 
formation upon lipid II binding. The formation of pores in the bacterial membrane 
leads to loss of membrane potential and a rapid efflux of small cell metabolites.24,25 

Type A(I), nisin-like lantibiotics. Lantibiotics belonging to type A(I) include nisin, 
subtilin, epidermin26,27, galidermin27,28, mutacin 114029-31 and bovicin HC532-34. Nisin, 
the most prominent member of this group, is a 34 amino acid cationic peptide 
produced by several strains of Lactococcus lactis. Epidermin, gallidermin and 
mutacin 1140 can be distinguished from nisin by the C-terminal (S-[(Z)-2-aminovinyl]-
D-cysteine (AviCys) residue. Antibacterial activity attributable to nisin was already 
reported in the 1920s35 and due its safety it has been used for decades as a food 
preservative. It is also striking to note that during this period very few incidents of 
stable resistance to nisin have been reported. This is likely due to the unique way in 

Fig. 3 (left page): Timeline of the discovery of several prominent lipid II binding peptides. 
The different classes are indicated by the following colors:  blue: lantibiotics; red: glycoproteins; 
dark red/brown: defensins; dark blue: other. 

1.3. Lantibiotics
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which nisin binds lipid II, a mode of binding that also allows it to maintain its activity 
against vancomycin resistant strains.

Nisin mode of action. As early as 1973 Linnet and Strominger described that 
both subtillin and nisin interfered with cell wall biosynthesis in vitro. Later in 1980 
it was observed that treatment with nisin resulted in an accumulation of UDP-
MurNAc-pentapeptide and that nisin forms a complex with lipid I and/or lipid II. It 
was postulated that nisin inhibits the peptidoglycan biosynthesis.36 However, this 
could not explain the observed loss of membrane potential reported later that 
decade25,37 as well as the pore forming ability of nisin at nanomolar concentration. 
The rapid efflux of small cytosolic metabolites observed after nisin treatment could 
also not be explained by studies conducted with anionic model membrane vesicles. 
The inclusion of lipid-II in these model membranes however yielded an increase in 
activity by a factor 103, an effect that that was not observed in a comparable study 
with magainin.38,39 A dual mode of action was therefore proposed for nisin wherein, 
next to interfering with peptidoglycan synthesis, lipid I/II binding also facilitates pore 
formation at concentrations comparable to observed MICs in Gram-positive bacteria. 
Studies with native nisin and several nisin variant peptides later revealed that the 
charge in the C-terminal region of the nisin molecule is important for interactions 
with the bacterial membrane, as incorporation of negatively charged residues in the 

Fig. 4: Structures of the most prominent (classes of) lantibiotics. 
The conserved binding residues in the respective structures are indicated by the color. Dha: 
Didehydroalanine, Dhb: didehydrobutyrine, Abu: aminobutyric acid.   
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C-terminal region strongly reduced nisin-binding affinity. Based on these studies a 
model was proposed whereby the ABC rings of nisin are important for the initial 
binding of nisin to lipid II. The hinge region between the ABC rings and the DE rings 
in turn is important for membrane interaction and insertion. Peptides mutated in the 
hinge region still have the lipid II binding capacity but are not able to form pores in 
the membrane.40,41

The A/B- ring forms a pyrophosphate cage. The molecular-level details of the 
nisin-lipid II interaction where later revealed by way of a solution phase NMR 
structure of the (1:1) nisin-lipid II complex.42 This structure shows that the N-terminal 
A/B-ring of nisin forms a cage-like motif around the MurNAc-pyrophosphate moiety 
of lipid II, covering more than a third of its solvent accessible surface. In forming this 
pyrophosphate cage, 5 hydrogen bonds are generated between the backbone of the 
nisin peptide and the pyrophosphate unit of lipid II. The preorganization of the nisin-
binding motif due to the presence of the lantionine bridges is likely a key driver of its 
high affinity as it leads to a lower loss in entropy upon target binding. 

This common A/B-ring motif involved in lipid II binding can also be seen in the other 
type A(I) lantibiotics, indicating that the pyrophosphate cage is a common binding 
mechanism of these kinds lantibiotics.42,43 Modelling studies confirmed that the 
backbone-hydrogen bonding is the main interaction involved in lipid II binding and 
a variety of amino acids can be substituted in the ring. Only residues at positions 
3- and 7-11 are conserved. Also the hydrophobic character of position 6 is important 
and believed to be interacting with the prenyl chain and/or the membrane bilayer.44

Assembly of nisin-Lipid II pores. Studies with model membranes doped with lipid-
II showed that pores formed in the presence of Lipid-II are more stable than pores 
formed in the absence, a mechanism solely based on interaction with anionic lipids 
and comparable to the magainins.37,40,45,46 The role of the C55-polyprenyl tail of lipid II 
was also investigated by examining the pore forming ability of nisin in the presence 
lipid II variants differing in the length of their lipid.44 The interaction of nisin with a lipid 
II variant containing a truncated lipid tail comprised of only 4 prenyl units showed a 
dramatic drop in pore formation. Similar experiments with lipid II species containing 
either a saturated C20 or dolichol (18-20 prenyl units) tail showed that the chemical 
composition of the lipid is not of critical importance for nisin binding. However, 
the loss of pore forming activity observed for the shorter lipid derivatives of lipid-II 
suggests that the lipid tail does play a key role in pore formation. It is speculated 
that in addition to acting as the receptor for nisin binding, lipid II also plays a role in 
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stabilizing the lipid II-nisin pore by involvement of its lipid tail.44 The nature of the 
nisin-lipid II pore complex has also been investigated in studies using pyrene labelled 
lipid-II analogues. These investigations revealed that nisin brings lipid-II molecules 
close together in a pore-like cluster, where the size of these clusters seems to be 
independent of the amount of lipid-II present. After initial 1:1 binding, four of these 
complexes are assembled and four additional nisin molecules are recruited to form 
the pore complex with a diameter of 2 nm (Figure 5).42,47,48

Galidermin, epidermin, bovicin HC5 and mutacin 1140 also contain the same A/B-
ring motif as nisin. However, all are significantly shorter in length, containing only 22 
amino acids each. It is therefore not surprising that pore formation for these peptides 
has been reported to be dependent on membrane thickness.27,33,34,43 (For a review 
about gallidermin and epidermin see F. Gitz, 201449) 
It could be shown that also bovicin HC5 was able to bring lipid II molecules together 
in an aggregate.33,34 Interestingly, the type A(I) lantibiotic mutacin 1140 only showed 
lipid II-clustering in model membranes43 but not in live cells50. However the stability of 
the lipid II-mutacin 1140 complex could not be disrupted by nisin competition.51 The 
size of lantibiotic-lipid II aggregates is shown to be important for membrane damage 
and cell death52,53 and the formation of these aggregates could be correlated with 
membrane depolarization in vivo.50 The retained activity of nisin against L-shaped 
bacteria suggests that the delocalization of peptidoglycan synthesis and aggregation 
by binding lipid II is the main mode of action of these peptides.50    

Fig. 5: Proposed mode of action of nisin. 
Nisin approaches the bacterial membrane and uses nisin for docking. Then four of these 
1:1 complexes, and another four nisin residues are gathered to form a stable pore complex. 
Illustration taken from E.J. Breukink and B. de Kruijf, Nature reviews, 2006.7
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Type A(II) lantibiotics are often referred to as the Lacticin 481 subgroup (see also 
figure 3). Peptides belonging to this subgroup contain a specific ABC ring system 
but are generally smaller than nisin. The most prominent members of this group are 
lacticin 48154, plantaricin C55,56 and nukacin-ISK57-59.  The ring A structure of these 
peptides contains a conserved motif believed to be involved in lipid II binding.58 It 
was already reported for nukasin-ISK-1 that treatment reduced bacterial cell wall 
thickness.57 Different ring A variants have also been prepared for nukacin-ISK-1 
using NNK scanning59 and have been tested against different indicator strains.58 

One mutant, where Asp-13 was substituted for glutamic acid was found to be more 
active than native nukacin-ISK-1. This is consistent with findings for the mersacidin-
type lantibiotics, where it was found that a negatively charged residue in the same 
location is important for lipid II binding. In addition, a recent report describing the use 
ITC analysis further demonstrated that Nukacin-ISK-1 binds to lipid II in vesicles.58

Mersacidin-like lipid II binding motif. The mersacidin-like class B lantibiotics include 
plantaricin C55,56 and actagardine.  The binding motif of mersacidin is slightly different 
compared to the type A lantibiotics. Mersacidin also recognizes the GlcNAc part 
of lipid II and therefore can discriminate between lipid I and lipid II. This was also 
confirmed by in vitro lipid II synthesis assays wherein mersacidin was found to inhibit 
the synthesis of the peptidoglycan precursor at the transglycosylation step.60 The 
mersacidin-like type B lantibiotics all possess a conserved motif of amino acids that 
form the lipid II binding site. NMR studies of mersacidin-lipid II interactions revealed 
that mersacidin is unexpectedly flexible, and upon binding lipid II it shields its 
charged groups. A small hinge region (Ala-12-Abu-13), can open and close allowing 
it to make such a conformational change.61 Some data suggests that electrostatic 
interactions govern the binding of mersacidin to lipid II. Methylation of the N-terminus 
increased the MIC value twofold and replacement of Glu-17 with alanine inactivates 
the peptide.61

Ca2+ ions are also needed for mersacidin activity. A possible Ca2+ binding pocket 
was identified in the lipid II binding motif in the crystal structure of actagardine, which 
suggested that the deprotonated form of Glu-17 might be involved in Ca2+ binding. 
It is speculated that the Ca2+ drives a conformational change by effectively bridging 
between Glu-17 and the negatively charged lipid II after which a hydrogen bonding 
interaction can occur between Lys-3 and lipid II.61,62 

Two peptide lantibiotics. A third, more recent and growing group of lantibiotics 
that target lipid-II are the two-component lantibiotics. In these systems two separate 
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peptides effectively synergize each other’s activity when mixed in the appropriate 
ratios, with the individual peptides showing low or no activity.63 At present the family 
of two-peptide lantibiotics include lacticin 314764-67, haloduracin 68-70, staphylococcin 
C55 and lichenicidin 71,72. To date, the most researched two-peptide lantibiotic system 
is lacticin 3147.64 In lacticin 3147 it seems that the dual antimicrobial function typical 
of the type A lantibiotics, is instead divided over two peptides. In the presence of 
both peptides lacticin 3147 shows pore formation in bacterial membranes of several 
Gram-positive microorganisms, rapid efflux of ions, and membrane depolarization.66,73 

Structurally the A1 peptide (LtnA1) resembles the mersacidin lipid II binding motif, 
whereas the A2 peptide (LtnA2) is a more elongated type A lantibiotic. Further 
studies with lacticin 3147 have revealed that LtnA1 is involved in lipid II binding and 
the presence of LtnA2 is necessary for pore formation. Upon lipid II binding, LtnA1 
adopts the correct conformation for interaction with LtnA2 and a two-peptide-Lipid II 
complex (1:1:1) is formed. The LtnA2 peptide then transforms into a transmembrane 
conformation leading to formation of a defined pore.65 Alanine mapping of the lacticin 
3147 peptides has revealed conserved regions and the possible LtnA1 LtnA2 
interaction site.67,74 The C-terminal rings of LtnA1 resemble the mersacidin-lipid II 
binding motif and the conserved residues in the third ring are believed to be involved 
in LtnA2 binding by interaction with conserved residues in the C-terminal rings of the 
LtnA2 peptide.67 (figure 6)

Fig. 6 : The interaction sites of the LtnA1 and LtnA2 peptides of lacticin 3147.67
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The highly conserved nature of two-component lantibiotics is apparent when 
comparing lacticin 3147 and staphylococcin C55. These two different two-
peptide systems are produced by the two distinct bacteria Lactococcus lactis and 
Staphylococcus aureus. The peptides show a high similarity, 86% for LtnA1 and 
C55α and 55% for LtnA2 and C55β. Interestingly, when LtnA2 and C55β were 
substituted for each other, no loss of activity was observed.75 

1.4. Defensins

Defensins are host defence peptides (HDPs) and are found in a wide range of 
organisms including mammals, invertebrates, and plants. The tertiary structure of 
defensins allows them to cluster polar and apolar residues away from each other to 
create an amphipathic structure, which is important for their interaction with bacterial 
membranes. Disulfide bonds are also often present to stabilize the tertiary structure 
of defensins. The vertebrate family of defensins can be structurally divided in three 
classes; α-, β- and (cyclic) θ-defensins differing in the way the cysteine residues are 
paired in disulfides.76 The α- and β-defensins are characterized by a triple stranded 
β-sheet with a distinctive defensin fold.77 Whereas the later discovered θ-defensin is 
a special type of cyclic defensin that is found only in monkeys.78 
Invertebrate defensins show similarities with the structure of β-defensins and they 
are often referred to as cysteine stabilize αβ-sheet (CS-αβ) defensins because their 
structure consists of one α-helix and two antiparallel β-strands. Two disulfide bonds 
between the α-helix and one of the β-strands stabilize this structure.76

To date there are several defensins from different organisms that are known to 
specifically bind lipid II. The first such defensin antibiotic, plectasin, was reported 
in 2005.79 Plectasin is produced by the saphrophytic ascomycete Pseudoplectania 
nigrella that is found on the floor of Northern European pine forests. Aligning plectasin 
with the primary, secondary and tertiary structures of common CS-αβ-defensins 
found in spiders, scorpio, mussels and dragonflies shows they are highly similar.79 

Growth kinetic measurements, membrane potential and integrity assays indicated 
that plectasin behaved as a cell wall interfering antibiotic. In vitro assessment of 
the independent steps involved in the Lipid II synthesis pathway showed reactions 
were inhibited in an equimolar ratio of plectasin to lipid I/II present. Binding assays of 
radiolabelled plectasin with lipid I- and lipid II-containing liposomes also showed that 
the number of plectasin molecules bound to the liposomes matched the amount of 
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lipid I or II present, indicating 1:1 stoichiometry. The derived binding constants also 
indicate that plectasin has a higher affinity for lipid II than lipid I, which may suggest 
that the GlcNAc sugar is involved in the binding process.80 

NMR Studies on the plectasin-lipid II complex in DPC micelles identified specific 
amino acid residues involved in interactions with the DPC micelle surface. Verification 
of these results was achieved with site directed mutagenesis where every position 
(except for the conserved cysteine residues) was substituted by all other naturally 
occurring amino acids. These libraries were expressed in S. ceravisiae and tested 
for activity against S. aureus. Some key residues were identified, however these 
results did not directly result into a distinct binding model of the plectasin-lipid II 
interaction. Modelling studies based on the NMR data using the programmes GOLD 
and HADDOCK led to the proposed mode of lipid II binding by plectasin. In this 
model the amide protons in the N-terminal residues Phe-2, Gly-3 and the disulphide 
bridge forming residues Cys-4 and Cys-37 are able to form hydrogen bonds with 

Table 1: An overview of the residues that might be important for plectasin-lipid II 
interaction.

 Sequence of plectasin: 

The N-terminal residues Phe, Gly and Cys-4, His-18 and Cys-37 found during the docking 
studies with HADDOCK/GOLD are believed to be involved in initial binding. Cys-4 and Cys-37 
for a disulphate bond and are involved, together with Phe-2 and Gly-3 in hydrogen bonding 
with the pyrophosphate of lipid II. His-18 forms an addition hydrogen bond with D-Glu in the 
pentapeptide of lipid II. Residues identified in 2D NMR experiments and with the mutagenesis 
support the importance of these residues. The additional residues identified are believed to be 
involved in a secondary interaction with lipid II. 
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the pyrophosphate unit of lipid II. His-18 and the N-terminus are also predicted to 
form additional hydrogen bonds with D-glutamate of lipid II. All other chemical shift 
perturbations detected are probably due to a secondary structure interactions and 
changes after initial binding.80 An overview of the important residues that might be 
involved in plectasin-lipid II interactions are summarized in table 1. 
Recently a new defensin named eurocin, was identified from the cDNA library of the 
ascomycete Eurotium amstelodami and found to contain structural features similar 
to plectasin.81 

The co-cultivation of bacteria and fungi has also been found to be of benefit in 
identifying novel defensins.  Identification of secreted proteins after co-cultivation 
of the basidiomycete Coprinopsis cinerea with different bacterial species lead to 
the discovery of copsin.82 NMR analysis of copsin shows that it has a high structural 
similarity to other known CS-αβ defensins. Exceptions are the size of the loops, a 
modification on the N-terminus and 3 additional disulfide bonds that are responsible 
for the high stability of copsin over a wide pH range, its resistance to heat treatment 
and a variety of proteases. It was also shown that copsin’s tertiary structure is very 
important for activity, as antibacterial activity is lost upon reductive cleavage of the 
disulfide bonds.82  
The N-terminal GFGC-motif is essential for binding of plectasin to the pyrophosphate 
moiety and D-glutamate residue in lipid II.80 This binding mode is believed to be the 
same for eurocin81 and MGD-1, which both contain the same conserved N-terminal 
motif.81,83 However, when aligning the primary structures of the known defensins it 
becomes clear that this binding motif is absent in copsin. Of note were the binding 
assays with truncated versions of lipid I which demonstrated that the third amino 
acid in the pentapeptide is crucial for copsin binding where either L-lysine or 
L-diaminopimelic acid capable of supporting binding.82 

Defensins from oysters and mussels have also been identified. In general they 
have tertiary structures very similar to plectasin, however, their conformations are 
stabilized by one extra disulphate bond.84 Three different oyster defensins (CgDefh285, 
CgDefm86 and CgDefh185) with specific activity towards Gram-positive bacteria were 
recombinantly expressed in E. coli and tested for activity. All three showed activity 
at very low concentrations (10nM) against Gram-positive, but poorly against Gram-
negative bacteria (>20μM). Regardless of the similar antimicrobial range of activity, 
CgDefh2 and CgDefm showed lower MIC values than CgDef1. Sequence alignment 
of these defensins to plectasin revealed the same lipid II binding residues (figure 
7). The differences in activity among these defensins are speculated to be caused 

1.4. Defensins



Chapter 1: Introduction

1

22

by differing single residue interactions with the bacterial membrane. One of the 
residues believed to interact with the membrane is negatively charged in the more 
active peptides CgDefh2 and CgDefm (16-Arg and 16-Lys, respectively), while in the 
less active peptide there is a glutamine residue at this position. 84

Human defensins. The occurrence of defensins is not only limited to the vertebrate 
kingdom. There are two types that are most prominent in humans, which are the 
α-defensins, mainly produced in neutrophils and granules of the Paneth cells of the 
small intestine, and the β-defensins, produced in epithelial cells.76,77,87 To date, two 
human defensins have been reported that exhibit antimicrobial activity by selectively 
binding lipid II; human Neutrophil Defensin 188,89 and human β-defensin-390,91. 

Human β-defensin 3 (hBD-3) was independently discovered in 2001 by two research 
groups from genomic screening91 and from tissue extracts tested for S. aureus killing 
ability90. This β-defensin is induced after stimulation with γ-interferon in both epithelial 
and non-epithelial cells. Studies with the chemically synthesized peptide showed 
a strong antimicrobial activity against Gram-positive and Gram-negative bacteria 
as well as fungi. Mechanistically the peptide was also found to activate monocytes 
and cause pore formation in cell membranes. hBD-3 also has activity against B. 
cepacia, a bacterium that is highly resistant to cationic AMPs and is associated with 
pulmonary infection in cystic fibrosis.90,91 Interestingly, the hBD-3 peptide is highly 
charged with an overall charge of +11. The transcriptional response of bacteria 
treated with this peptide is comparable to that of vancomycin treated cells, while cell 
membrane integrity of S. aureus was hardly affected.92 Cell morphology of treated 

Fig. 7: Sequence allignment of plectasin, eurocin, copsin and the oyster defensins Cg-
Def1, Cg-Def2 and Cg-Defm. 
The conserved residues in all sequences are marked red. The similar residues in plectasin, 
eurocin and the oyster defensins are marked dark blue, the cysteine residues involved in the 
extra disulphate bond for the oyster defensins are marked light blue. The black lines indicate 
the three conserved disulphate bonds between the different cysteine residues. The dashed 
lines at the top indicate the additional disulphate bonds in copsin and the dashed line at the 
bottom indicate the fourth disulphate bond in the oyster defensins. Allignment was deducted 
from Essig et al.82, Gueguen et al.86 and Schmitt et al.84
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cells resembled that of penicillin treated cells. Therefore it was argued that it might 
inhibit bacterial cell wall biosynthesis.90 
Treatment of S. aureus cells resulted in the accumulation of UDP-MurNAc-
pentapeptide, comparable to vancomycin treated cells. Antagonization assays 
also showed that lipid II and related compounds were able to antagonize hBD-3 
activity. The presence of other cationic peptides interfered with hBD-3-lipid II binding, 
indicating that electrostatic interactions are important in Lipid II-hBD-3 interaction.87 
A solution phase NMR study of hBD-3 showed that it forms a dimer and it was 
argued that this might be the reason for its increase in antimicrobial activity towards 
S. aureus.93 S. aureus bacteria pretreated with bacitracin were less susceptible 
to the human neutrophil defensin-1 (HNP-1). A similar effect was observed when 
conducting this experiment with nisin, suggesting that the (HNP-1) functionally 
interacts with lipid II.88 A partial crystallized HNP-1-lipid II complex was obtained and 
with the aid of the data generated with the crystal structure a model was proposed 
using data-driven docking by HADDOCK.89 It was identified that HNP-1 interacts with 
lipid II as a dimer. The Ile-20 residue of one of the HNP-1 peptides bound is believed 
to interact with Lys-3 and Ala-1 of the lipid II pentapeptide. The Ile-20, Arg-15 and 
Leu-25 residues interact with the D-Glu-2 residue in the pentapeptide and with 
the phosphate-MurNAc moiety.89 Alanine substitutions on these positions showed 
reduced binding to lipid II. It was proposed that the alanine substitution in Ile-20 
inhibits dimerization, which seems to be of importance for HNP-1 mode of action.89,94   

1.5. Teixobactin

At the time of writing the most recently 
discovered, novel lipid II binding peptide is 
teixobactin. Teixobactin was isolated from 
a previouly uncultured β-proteobacteria 
named Eleftheria therrae.95 This 11 
amino acid depsipeptide contains two 
unnatural amino acids, enduracidine 
and methylphenylalanine, as well as four 
D-amino acids (figure 8).  The peptide 
is produced non-ribosomally and the 
biosynthetic gene cluster has been 
identified.  Fig. 8: The chemical structure of   

 teixobactin.

1.5. Teixobactin
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Various in vitro assays demonstrate that teixobactin inhibits different steps in 
peptidoglycan biosynthesis by selectively binding to undecaprenyl pyrophosphate, 
lipid I, and lipid II. Furthermore, treatment of whole S. aureus cells with teixobactin 
resulted in the accumulation of the soluble cell wall precursor UDP-MurNAc-
pentapeptide.   

Teixobactin is active against a range of pathogenic Gram-positive bacteria and has 
an excellent killing potential in early and late exponential phase against S. aureus 
and is active against vancomycin-resistant enterococci (VRE). Also of note was 
the finding that no resistant mutants of Staphylococcus aureus or Mycobacterium 
Tuberculosis could be obtained upon serial passage of the organisms at sub-MIC 
concentrations of teixobactin. Teixobactin is produced by a Gram-negative bacterium 
and has no specific protection strategy against teixobactin since its outer membrane 
is sufficiently protective. For this reason it has been speculated that development of 
resistance against teixobactin may be less likely to occur.95

1.6. Conclusion and outlook

The bacterial cell wall biosynthesis pathway is one of the most prominent targets for 
antibiotics because it is readily accessible in Gram-positive bacteria. The peptidoglycan 
layer is essential for bacteria and therefore binding to the peptidoglycan precursor 
lipid II has evolved as part of the mode of action of many antimicrobial (host defence) 
peptides. The pyrophosphate unit is highly conserved in bacterial biomolecules 
and provides a thermodynamic driving force for many enzymatic reactions in the 
cell. Many different essential building blocks in the bacterial cell, including the cell 
wall precursor lipid II and WTA precursor lipid III contain this motif. Therefore these 
peptides also have affinity for the WTA precursor.53,96 AMPs capable of binding such 
precursors may minimize the chance of resistance development, as bacteria do not 
appear able to easily modify their pyrophosphate-linked precursors. Support for this 
hypothesis is provided by the case of nisin wherein binding to the pyrophosphate-
sugar part of lipid II leads to an antibiotic that is less prone to resistance development 
compared with vancomycin, which binds to the terminal D-Ala-D-Ala motif of the 
pentapeptide. In general, the only mechanisms of resistance to antibiotics that 
employ the pyrophosphate group are target shielding or enzymatic breakdown of 
the antibiotic. However, the discovery of more stabilized AMPs (defensins) or the 
incorporation of unnatural and D-amino acids (teixobactin) which makes peptides 
less sensitive to proteolysis may ultimately make AMPs more drug like. In addition, 
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also strategies to improve and optimize lipid II targeting antibiotics are of interest 
as a means of combating resistance. Semi-synthetic lipopeptides containing the 
nisin A/B ring are proteolytically stable and show excellent activity against clinically 
relevant strains such as MRSA and VRE.97 Synthetic vancomycin-nisin hybrids98 are 
able to bind to lipid II by the formation of what is effectively two times 5 hydrogen 
bonds, where the loss of one does not result in the same dramatic drop in activity 
observed for vancomycin resistance. In the case of defensins, the pentapeptide is 
involved in the lipid II binding motif. However, the glutamate and lysine involved in 
binding are also involved in the handling of the lipid II building blocks by the Mur 
proteins and are therefore less easily exchanged than the terminal D-alanine in the 
case of vancomycin. 

Novel approaches in the identification of (lipid II-binding) antimicrobials are focussing 
more and more on natural product research. In the case of copsin it was shown that 
co-cultivation is a valuable approach for triggering the production of antimicrobial 
substances by fungi. In addition, genomic screening has lead to the discovery of 
more CS-αβ defensins while advances in genomic mining for ‘dormant’ secondary 
metabolites also holds promise as a means of uncovering peptides that contain lipid-
II binding motifs. With the development of such techniques an increasing number of 
lipid II targeting peptides are likely to be discovered in the coming years. In closing, 
it is reasonable to predict that such lipid II-targeting AMPs may find a clinical role as 
next generation antibiotics for use in combating drug resistant bacteria.

1.7. Scope of this thesis

The theme throughout this thesis is aimed on deciphering the molecular basis of the 
mode of action of antimicrobial substances produced by different microorganisms. 
In chapter 2 the approach is described to isolate active compounds produced by the 
fungus Talaromyces atroroseus that have a specific interaction with the peptidoglycan 
precursor lipid II. The isolated compound, antibiotic G, shows a broad activity towards 
clinically relevant pathogens such as MRSA and VRE. In chapter 3 we zoom in to 
the class of the cyclic calcium dependent antibiotics and we show that antibiotics can 
not only interfere in peptidoglycan synthesis on the level of lipid II, but also on the 
level of other peptidoglycan precursors such as the C55P. In addition to that we show 
that the bond between Laspartomycin C and C55P is remarkably strong and can 
be visualized on TLC. In chapter 4 we introduce Pep5, a peptide that is produced 
by Staphylococcus epidermidus strain 5 and is part of the class of lantibiotics. 

1.7. Scope of this thesis
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The minimal antimicrobial concentration (MIC) of Pep5 is, just as for nisin, in the 
nanomolar concentrations, which point towards a mode of action involving specific 
interaction with as target such as lipid II. However, Pep5 activity is not dependent on 
lipid II, and unlike nisin, Pep5 does not cause membrane depolarization. We show 
that Pep5 is highly active against resistant staphylococci therefore elucidation of the 
mode of action of Pep5 could provide a good target for the development of a new 
class of antibiotics. We show that Pep5 has a rapid effect on available ATP which 
pushes susceptible bacteria in an inactive, static state. This rapid effect on ATP gave 
rise to the hypothesis that the mode of action of Pep5 has a target related to the 
energy metabolism. In chapter 5 we explore the rapid effect of Pep5 on energy 
metabolism where, under the influence of Pep5 we observed changes consistent 
with depletion of nucleotides in the 31P NMR spectrum of bacteria pellets. In addition 
to that we observed an accumulation in the nucleotide monophosphate and sugar 
linked phosphate chemical shift region. Further analysis of the metabolome with mass 
spectrometry showed rapid effects (<1 min) on glycolysis and the citric acid cycle, 
including related downstream pathways under the influence of Pep5. These effects 
emphasize the dramatic effect that Pep5 has on the energy metabolism, but do not 
provide a candidate for the target of this highly active peptide. Another approach to 
elucidate the target of Pep5 is described in chapter 6 where the whole genome of 
Pep5-resistant mutants was sequenced in order to get a better insight into the mode 
of resistance and the possible related mode of action. Two possible candidate genes 
were identified, where the mutations co-occurred in all mutants. One mutation was 
found 22bp before the gene YlaN and can possible influence the regulation of the 
gene, but no relation to pep5 susceptibility could be found. The other candidate gene 
is a (putative) membrane embedded, zinc dependent protease, where the mutation 
disrupts the last transmembrane helix. Bacteria where this gene is knocked out 
become more susceptible to Pep5 and show growth defects. To confirm the relation 
of the mode of resistance of Pep5 with the observations in these knockouts more 
studies are needed. Finally, chapter 7 summarizes all found results and discusses 
a future outlook on the research into the mode of action and target identification of 
Pep5 and other antimicrobials.  
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Abstract:

Antimicrobial resistance is a growing problem in the current society. To find new 
antibiotics that are more difficult to develop resistance against, it is important 
that the antibiotic acts on an essential target or pathway in bacteria. Here we 
describe an approach to discover novel antimicrobial compounds that specifically 
act on the level of the peptidoglycan precursor lipid II. A general screen of several 
fungal extracts has led to the identification of an active substance from the fungus 
Talaromyces atroroseus. We show that the activity of the fungal extract can be 
quenched by the addition of extragenous lipid II and that the active component 
antibiotic G competes for lipid II binding with nisin in a lipid II model membrane 
system. MIC determinations showed that antibiotic G has a broad activity towards 
Gram-positive bacteria, including MRSA and VRE strains. Antibiotic G is a small 
molecule with a molecular weight of 505. Structural characterization of antibiotic 
G is ongoing, but resemblances between ZG-1494α and the Talaroconvulotins 
are seen, which are small molecules with a variety of bioactivities. The common 
polyketide backbone of these type of compounds might be interesting for 
structure-activity studies. 
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2.1. Introduction

With the growing antimicrobial resistance, there is an increasing effort in finding novel 
antibiotics. Novel antibiotics can be based on ‘old’ antibiotic scaffolds, which are 
(chemically) modified and improved. But there is an increasing interest in screening 
excreted metabolite pools of microorganism such as fungi, which are a well-known 
source of common antibiotics used in the clinic. It is important that an antibiotic 
is highly specific towards a target to circumvent general toxicity. Therefore, in this 
chapter, scanning for specific activity towards the peptidoglycan building block lipid II 
was employed to screen for novel antimicrobial substances. Lipid II is an ideal target 
for an antibiotic because it is non-proteinacious, which makes it difficult to mutate, 
and it is readily available on the outside of the Gram-positive bacterium. A large 
set of fungal extracts was screened for activity against different clinically relevant 
pathogens. When the extract showed activity exogenous lipid II was added to asses 
if the activity could be antagonized, suggesting a mode of action involving lipid II. 
Figure 1 shows the activity of an extract from fungus A and from fungus G, which 
both show activity. Upon the addition of lipid II the activity of the extract of fungus G is 
quenched, whereas the activity of the extract of fungus A is unchanged.  We describe 
the activity based purification of an antimicrobial from Talaromycin atroroseus, of 
which the activity of the culture supernatant can be antagonized by the addition of 
external lipid II.(Fungus G in Fig. 1) In the past, this strain and several other related 

Talaromyces species have gained increasing 
interest because of their production of red 
pigments.1,2 However, a big drawback is that 
many of these organisms produce the highly 
toxic mycotoxins, which limits their use in 
the bioindustry. The Talaromyces atroroseus 
species described here does not produce 
any known mycotoxin and therefore is also 
interesting for the antimicrobial purposes.1

2.2. Results

Extraction of antimicrobial components from the culture medium.
The growth medium (agar plates) of Talaromyces atroroseus was submerged with 

Fig. 1: Lipid II antagonism tests to 
analyze for lipid II binders in fungal 
extracts.

2.2. Results
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ethyl acetate after 10 days of growth to extract the antibacterial components. The 
residual extract was washed by partitioning between hexanes and acetonitrile 
followed by purification over flash silica eluting in an increasing concentration of ethyl 
acetate in hexanes. Based on TLC analysis (Fig. 2) and activity against S. simulans 
the collected fractions showing activity were collected in three different pools. The 
dried fractions were dissolved in methanol to a final concentration of 10mg/mL of 
crude material. The exact mass of these samples was recorded to give an indication 
of the type of the compounds in the samples. In fraction 1 exact masses 520.34 
and 542.32 were found. In fraction 2: 470.81 and 488.32 and in fraction 3 506.33. 
(Fig. S1) Talaromyces atroroseus is known to produce several metabolites including 
mitorubrin, monoscorubrin, PP-R, glauconic acid, purpuride and ZG1494α.1,2 The 
reported compound ZG-1494α has a molecular weight of 505 and is a candidate 
for the major compound in fraction 3. It is reported to be produced by several fungi. 

Fig. 3: Chemical structure of ZG-1494α, Talaroconvolutin A and Oteromycin

Fig. 2: TLC from the fractions eluting from the flash silica column. 
The black boxed indicate the different fractions that were pooled to generate stock solutions 
1, 2 and 3.
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The first report of this compound was in 1996 where it was isolated from Penicilium 
rubrum and was shown to have an inhibitory effect on an acetyl transferase in the 
platelet-activating factor synthesis.3 Later in 1999 a similar group of compounds 
called Talaroconvolutins, produced by the fungus Talaromyces convolutus was 
shown to exhibit activity towards several other fungi.4 Another compound closely 
related to ZG-1494α is the compound oteromycin, which lacks the p-substituted 
hydroxyl group on the benzyl and has an additional double bond and is reported to 
be an antagonist of an endothelin receptor. (See Fig. 3 for structures) Based on the 
potent, diverse bioactivity of these type of compounds there has been a patent filed 
in the past, to further explore their potential, however this patent has expired.5 

Interestingly, Talaroconvolutin A that is described by Suzuki et al., is reported to have 
no antifungal activity and is the dehydrated derivative of ZG-1494α, suggesting the 
importance of this specific hydroxyl group.4 The molecular weight of Talaroconvolutin 
A resembles the exact mass data that was obtained for fraction 2, which only showed 
moderate activity. On TLC fraction 2 already looked relatively clean. Therefore the 

Fig. 4A: Analytical trace of the reversed phase HPLC chromatogram of fraction 3. The sample 
was run on a RP-C18 column eluting with 5% MeCN in H2O with 0,1% TFA as buffer A and 5% 
H2O in MeCN with 0,1% TFA as buffer B. A concentration gradient was run starting at t=15min 
eluting from 60% to 100% buffer B. Fig 4B: LCMS ionization trace and m/z values found in 
both peaks. Fig 4C: Possible reaction of ZG-1494α into the dehydrated derivative. Upon the 
addition of H2O racemization of the compound at the C-5 position might occur resulting in a 
mixture of two isomers.

2.2. Results
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material from fraction 2 was applied to a preparative TLC and developed in 10% 
MeOH in DCM to separate the main component from possible contaminations. The 
yellow spots on the TLC plates were scratched off and extracted in methanol. The 
sample was dried and showed no residual activity against S. simulans, indicating that 
the moderate activity was likely due to a contamination in the sample. The sample 
was dissolved in CHCl3 and analyzed by NMR. An overview of the found 1H and 13C 
Chemical shifts can be found in table 2 and table 3 in figure S2 and the spectra in 
figure S3.

The purification of fraction 3 was attempted in the same way, however application 
of the sample on a preparative TLC did not separate the main compound from the 
impurities. Reversed phase C18 HPLC with a gradient of MeCN-H2O and 0.1% TFA 
seemed to disintegrate the compound in two peaks (Fig. 4A), which, based on 
the subsequent LCMS analysis, contain the [M+1] values of the active compound 
(505+H) and the same molecule with the loss of H2O (487+H). (Fig 4B) This possibly 
is an equilibrium, where a molecule of H2O is lost and gained, possibly generating 
a mixture of two isomers at the C5 position. (Fig. 4C) In addition to that the color of 
the sample became more yellow. It is possible that the formation of the dehydrated 
compound happens under acidic conditions. To avoid acidic buffers, purification over 
normal phase silica HPLC, as was described by Suzuki et al. for purification of the 
talaroconvulotins was tried in an isocratic run with toluene:ethyl acetate (3:1), but 
the compounds had little retention on the column and did not separate the active 
components. Finally, in order to get a better understanding of the structure of the 
major compound NMR was done on the crude sample. An overview of the found 
1H and 13C chemical shifts can be found in table 2 and table 3 in figure S2 and 
the recorded 1H and the 1H detected HSQC spectra in figure S4. The reported 13C 
chemical shifts are derived from the 1H detected HSQC spectra and therefore only 
carbons with a nearby proton are detected. Due to the limited amount of material a 
regular 13C NMR was too insensitive. 

NMR analysis
In the high ppm region of fraction 2 more ppm shifts are observed belonging to 
the protons on carbon 6 (6.252 ppm) and carbon 4 (7.572 ppm). The extra signal 
at 7.843 ppm is due to the para-substituted -OH on the phenyl ring. This signal is 
not found in fraction 3 because of the rapid exchange of that proton in deuterated 
methanol. 

Designation of NMR spectra of fused ring systems such as found in these type 
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of compounds is complicated due to the overlap of many signals, which is also 
illustrated by the difference in designated NMR chemical shifts by Suzuki et al. 
and by West et al.3,4 Some resemblance between the chemical shifts of the major 
compound of fraction 2 and of fraction 3 in the lower ppm shift region (2 ppm - 0.5 
ppm) suggest that these compounds contain a similar fused ring system. However, 
more chemical shifts between 4 ppm and 3 ppm are observed, which could either 
be a contamination of the samples with another related compound, or it could point 
towards a different, but structurally related compound compared to ZG-1494α or 
Talaroconvolutin A. 

From fraction 3 a 1H detected HSQC was recorded. This type of detection allows for 
indirect detection of the 13C nuclei one bond distance from the 1H nuclei and is more 
sensitive than a regular 13C NMR. Comparison of the recorded chemical shifts also 
shows that the main compound from fraction 3 is not ZG-1494α. An overview of all 
the chemical shifts can be found in Table 3 in figure S2. Focusing on the observed 
13C chemical shifts shows that there are chemical shifts lacking between 40 ppm and 

Fig 5: Aliphatic region of the HSQC 13C-1H correlation spectrum. 
The brackets indicate the 1H couplings from two protons bound to the same 13C carbon atom. 
Due to the constraint (ring) system the protons bound to the same carbon give a different 1H 
chemical shift.
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50 ppm and in addition to that we observe more signals in the 60 ppm to 70 ppm 
region. 

6-membered cyclic structures exist in conformation where one proton is equatorial 
and the other axial. In the case of cyclohexane, a rapid change from chair to boat 
configuration occurs that changes the conformation of these protons from axial to 
equatorial, and vice versa. However, in de case of a fused ring system, such as 
found in ZG-1494α, the rapid interchange into both conformations is not possible, 
which this results in a conformational constrained cis- or trans-fused ring system. 
In asymmetrical systems such as found in ZG-1494α these protons then are 
diastereotopic, and thus are chemically different.6 This can be recognized in HSQC 
spectra because in this case one 13C ppm shift gives two 1H ppm shifts. West et al. 
reported ppm shifts in four of such cases: C-6 (2.882; 3.011, 42.73), C-18 (0.791; 
1.411; 48.00) C-20 (1.636; 0.804; 35.54) and C-27 (1.045; 1.184; 29.76).3 In the 
HSQC spectrum of fraction 3 we can also recognize such chemical shifts, as are 
indicated in Fig 5. However, they do not resemble the chemical shifts reported by 
West et al., and two of these are in the 3-4.5 ppm chemical shift region where we 
observe additional chemical shifts compared to the reported data from ZG-1494α. 
This does however suggest again that the compound contains such a constrained 
fused ring system, but it also indicates that it is not the same as the one found in 
ZG-1494α. Further structural analysis is needed to determine the definite structure 
of this (novel) antimicrobial compound.

Fraction 1 and fraction 3 are the most active against S. simulans and after purification 
for NMR fraction 2 lost antimicrobial activity completely. We chose to further analyse 
the active component of fraction 3 to better characterize its mode of action. This 
fraction showed one major peak in the exact mass spectrum, while fraction 1 is likely 
to be a mixture of two or more prominent compounds. From the NMR of fraction 3 it 
is determined that there are still some impurities in the sample, as there are several 
lower intensity signals in the 1H and HSQC spectrum, which especially become 
clear in the less crowded aromatic region of the spectra (Fig. S4B). Based on this 
we estimate the sample to be ~90% pure. In the following experiments the active 
compound from fraction 3 will be designated as antibiotic G (derived from fungus G).

Antagonism growth experiment
The fungal extract was selected based on the ability of lipid II to antagonize the 
activity. To test whether the antibiotic G exerts its activity in a lipid II dependent way 
and to create a better understanding of the structural requirements of the interaction 
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an antagonism growth experiment was conducted with different lipid II precursors. 
The results are shown in figure 6. Addition of purified lipid II and purified lipid I 
antagonizes the activity of antibiotic G. Whereas addition of UDP-GlcNAc showed 
no antagonization. With the addition of C55P, the polyprenol lipid carrier of lipid II the 
activity is also antagonized. To verify the possibility of an artefact due to poor solubility 
of the prenols, different lipids were tested in the presence of 0.01% CHAPS. CHAPS 
is a detergent that does not inhibit bacterial growth in this concentration, but does aid 
in keeping the water-insoluble lipids in solution. The initial interaction that an antibiotic 
has with lipid II or a precursor is the part that comes out of the membrane, and not 
the membrane embedded lipid. Therefore, the length of the lipid is unlikely to affect 
the primary interaction of the compound and a shorter, water-soluble polyprenol lipid 
C15P can be used as an extra control. The activity of antibiotic G alone in the presence 
of CHAPS was not altered either. The same growth experiment with lipid I and lipid II 
in the presence of CHAPS still showed the same antagonizing effect on the activity 
of antibiotic G. (Fig. S5) Both C55P and C15P lipids do not show antagonization of 
the antimicrobial activity of antibiotic G in the presence of CHAPS. Charges can 
play an important role in binding interactions, but can also be the cause of false 
positives in these types of experiments. Lipids in aqueous solutions above a certain 
concentration automatically form micelles resulting in high local concentrations. 
These local high concentrations do not represent the actual situation on the bacterial 
membrane and might cause interactions that do not occur in the native environment. 
To test if such an effect could be observed in this concentration range SDS was used 
as a control. In addition to that interaction a dolichol-phosphate with 8 isoprene units 

Fig 6: Antagonism growth experiment with different lipid II precursors
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was tested as well. Dolichol is the human analogue of the bacterial polyprenols. 
No antagonization was observed with any of these lipids in the presence of 0.01% 
CHAPS, while the activity of antibiotic G was unaltered.  

MIC value determination of antibiotic G
The peptidoglycan precursor lipid II is an essential component for (Gram-positive) 
bacteria. Therefore a mode of action involving an interaction with the peptidoglycan 
lipid II is of particular interest against clinically relevant pathogens. The minimal 

Table 1: MIC values of different microorganisms in different growth media. 
CA-MHB: Cation adjusted Mueller Hinton broth (12,5 mg/L Ca2+ and 20mg/L Mg2+); TSB: tryp-
tic soy broth; LB: Lysogeny broth; BHb: Brain Heart Infusion broth. 
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inhibitory concentrations (MIC) of antibiotic G were determined against the common 
laboratory strains Escherichia coli, Bacillus Subtilis CA168, Micrococcus flavus 
(ATCC10240) and Staphylococcus simulans.  Antibiotic G showed comparable 
activity against the Gram-positive bacteria, but no activity against the Gram-negative 
bacterium E. coli. Further analysis was done if antibiotic G also exhibited activity 
towards clinically relevant Staphylococcus aureus and Enterococcus faecium 
strains. Antibiotic G showed good activity towards both tested methicillin susceptible 
S. aureus (MSSA) strains and to two out of three methicillin resistant S. aureus 
(MRSA) strains. The two susceptible MRSA strains both have a USA300 genetic 
background, whereas the MRSA strain that is not susceptible is a S. aureus MW2 
strain. The MW2-strain is not susceptible to antibiotic G at all up to concentrations of 
128?g/mL, due to the solubility limit of antibiotic G in water no higher concentrations 
were tested. All susceptible strains were more susceptible in cation adjusted Mueller 
Hinton broth (CA-MHb) compared to growth in Tryptic soy broth (TSB). All tested 
strains of Vancomycin/Ampicillin resistant E. faecium (VRE) were susceptible to the 
fungal extract. All MIC values that are determined in the different growth media are 
indicated in table 1.  

The antagonization of the antibiotic activity by lipid I and II suggest a specific 
interaction of the antibiotic with lipid II. To further test if antibiotic G interacts with lipid 
II in a membrane system, a binding experiment was set up with carboxyfluorescein 
(CF) loaded large unilamillar vesicles (LUVs) consisting of 1,2-Dioleoyl-sn-glycero-
3-phosphocholine (DOPC) and 0.1mol% lipid II. In this system, it can be tested if 
antibiotic G competes with nisin for lipid II binding. The principle of this experiment is 
based on the fact that nisin very efficiently makes pores in (model) membranes in a 
lipid II dependent manner. CF quenches its own fluorescence at high concentrations, 
thus, when being encapsulated in the LUVs low fluorescence is observed. After 
the addition of nisin, stable pores are formed and the CF leaks out, resulting in an 
increase of fluorescence. This can be seen in figure 7A where nisin addition at t=45s 
shows an increase in fluorescence due to leakage of CF (blue trace). Addition of 
the detergent triton-X100 (TX100) at t=90s destroys the vesicles resulting in the 
maximum fluorescence in the system. (Fig. 7A) When another, non-pore forming 
lipid II-binding antibiotic is incubated with the LUVs prior to nisin addition competition 
will take place resulting in lower nisin-mediated CF leakage and fluorescence. For 
example, when vancomycin is added at 5μM concentration a decrease of leakage is 
observed after nisin addition (dashed trace in Fig. 7A). Incubation of antibiotic G at 5μM 
concentration shows a small effect on nisin leakage. Increasing this concentration 
to 100μM shows a more distinctive decrease in nisin-induced CF leakage and a 
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Fig. 7: Inhibition of nisin activity in a lipid II dependent leakage experiment in DOPC-
lipid II vesicles. 
A. After 15s a specific concentration of ZG-1494α is added to the vesicles, followed by 
5nmol nisin at t=45s. The inhibition of lipid II dependent lysis caused by nisin is a measure of 
competition for lipid II binding.
B: Percentage of total leakage as caused by the addition of only nisin, and the vesicles 
incubated with ZG-1494α prior to nisin addition.  



2

45

2.3. Discussion

concentration of 200μM reduces it even further.  The molar concentration used 
in this experiment is calculated based on the most prominent exact mass found 
in the sample. The amount of leakage can be calculated as a percentage of the 
total fluorescence as measured after TX100 addition. (Fig. 7B). The nisin-induced 
pores result in leakage of 25% of the total CF. Incubation with antibiotic G reduces 
the nisin-induced leakage to 23%, 19% and 10% at increasing concentrations of 
5μM, 100μM and 200μM respectively. (Fig. 7B) These results show that antibiotic G 
competes with nisin for lipid II binding in DOPC-Lipid II vesicles and suggests that 
lipid II binding is part of its mode of action. 

2.3. Discussion

The peptidoglycan precursor lipid II is a potent target for antibiotics. A large screen 
to find novel antimicrobial compounds from fungi that work specifically on lipid II 
has brought our attention to Talaromyces atroroseus. This fungus produces a 
potent antimicrobial compound, here called antibiotic G, that is active against 
clinically relevant resistant strains of S. aureus and E. faecium. Antagonism growth 
experiments with lipid II precursors and a nisin competition assay have shown that 
the mode of action of antibiotic G likely involves an interaction with lipid II. However, 
a large excess of antibiotic G is needed to show the effects of competitive binding 
in the dye leakage experiment, suggesting that the affinity for lipid II of antibiotic G 
for lipid II is lower than the affinity of nisin and vancomycin for the same substrate. 

The antibiotic G has a molecular weight of 505, suggesting that it is a small molecule. 
Most antimicrobial substances from microorganisms are peptides or derivatives 
thereof, which makes the applicability as a drug for human use limited. This 
Talaromyces species is known to produce a small molecule called ZG-1494α with a 
molecular weight of 505. However, NMR analysis of the (crude) sample containing 
antibiotic G does not resemble earlier reported NMR data for ZG-1494α. It does 
however show a resemblance to these types of compounds. A structural search on the 
backbone of ZG-1494α, shows that there are several structurally related compounds 
produced by different fungi displaying various promising biological activities, such 
as Myceliothermophin, that has anti-tumour activity and Codinaeopsin7, which is 
antimalarial. But also more constraint molecules such hirsutellones8,9, with anti-
tubercular activity and the pyrrocidines10, which (also) has good antimicrobial activity 
towards Gram-positive bacteria, show some structural similarities. (Fig. 8). 
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Purification attempts using preparative HPLC with H2O/MeCN/TFA buffers yielded 
a mixture of two compounds, giving rise to the hypothesis that the compound can 
degrade or isomerize under acidic conditions. If that is the case, in the future higher 
yields could be obtained by using a different solvent for extraction from the growth 
medium, since ethyl acetate can decompose into acetic acid.  
Further purification strategies should be employed to obtain a larger quantity of 
pure material to decipher the structure using NMR, but also with techniques such 
as crystallography and/or elemental analysis. First attempts to crystalize the major 
compound were done by slow evaporation from a methanol or isopropanol solution 
and gel crystallization from methanol with 1% agarose and water as a counter 
solvent, but have not yielded high quality crystals for diffraction yet. 

This polyketide type of backbone that is common to all these compounds might have 
a central role in the activity of all these compounds making it highly interesting to 
analyse their specific activity better in a structure activity study. The results shown 
in this study prove that a lipid II-activity based screen of fungal extracts can be a 
successful tool in finding new potent antimicrobial compounds that can possibly be 
a lead for the development of novel antibiotics.  

Fig. 8: Structures 
of related bioactive 
coumpounds
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2.4. Material and Methods

Strains and culture conditions -Talaromyces atroroseus (CBS113153, DTO37A7, 
IBT3548) was cultured on agar plates for 10 days at 25oC. 

Ingredients for 1L of growth medium: 

Activity assays were conducted with the indicator strain Staphylococcus simulans. 
S. simulans was grown in TSB or on TSA at 30oC. Activity tests were done on TSA 
(1.6%) supplemented with bacteria from a liquid culture in a thin layer of 0.6% TSA on 
top. 2μL or 5μL of the sample was spotted on top of the agar, followed by overnight 
incubation. 

Staphylococcus aureus 29213 (MSSA), Staphylococcus aureus MSSA252, 
Staphylococcus aureus Newman (MSSA), Staphylococcus aureus USA300, 
Staphylococcus aureus FPR3757 (MRSA), Staphylococcus aureus UAMS (MRSA), 
Staphylococcus aureus MW2 (MRSA) were cultured in TSB or on blood agar (TSA 
with 5% sheep blood) at 37oC. 

Enterococcus faecium E7474 (VRE), Enterococcus faecium E7501 (VRE), 
Enterococcus faecium E7592 (VRE) and Enterococcus faecium E7612 (VRE) were 
cultured in BHb and on blood agar (TSA with 5% sheep blood) at 37oC.

Micrococcus luteus (ATCC10240) was cultured in TSB or on TSA (1.6%) at 37oC. 
Escherichia coli was cultured in LB or on LA. 

All bacteria were kept on plates stored at 4oC for no longer than two weeks. New 
plates were prepared fresh from glycerol stocks kept at -80oC.
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Purification of the crude active fractions
184 agar plates were inoculated with Talaromyces atroroseus (CBS113153, 
DTO37A7, IBT3548) and incubated for 10 days at 25oC. The plates were cut into 
pieces and divided over 11 1L culture bottles and extracted 3x (2x overnight, 1x 
5h incubation) with EtOAc while shaking at room temperature. Bottles were filled 
up to 900 mL, until all the plates were submerged into the liquid. The EtOAc was 
combined and evaporated under reduced pressure. The residue was redissolved 
in MeCN (500mL) and filtered over a bed of Celite™ to remove the residual spores 
followed by partitioning of the filtrate with hexanes (3x 500mL). The MeCN phase 
was concentrated under reduced pressure yielding a crude, deep red oily residue. 
(Yield: 7.26g from 3 extractions)   

1g of crude extract was applied to a silica column (d=8cm, h=25cm). The column 
was packed in ethyl acetate-hexanes (1:5). Due to the poor solubility in the running 
solvent the extract was dissolved in DCM and applied to the column followed by 
200mL of hexanes. Then a gradient was run increasing the concentration of ethyl 
acetate in hexanes from (1:5) up to (1:1). 320 fractions of 10mL were collected and 
were pooled based on antimicrobial activity against S. simulans, as described earlier 
and TLC trace. 
     
RP18-HPLC purification of Fraction 3
RP18-HPLC purification was done on a Dr. Maisch Reprosil-Pur 120 C18-AQ column 
(250mm x 20 mm ID, 10μm particle size) with guard (30mm x 20mm ID. Buffer A: 
5% MeCN, 95% H2O, 0.1% TFA and buffer B: 5% H2O, 95% MeCN 0.1% TFA. 
A gradient from 60%B to 100%B was employed over 45 min. All fractions were 
collected and tested for (analytical) purity and MS. 

LCMS analysis 
LCMS analysis was done on a VP Simadzu LCMS system with a Finnigan LCQ 
Deca XP Max MS. Separation was done with Buffer A: 5% MeCN, 95% H2O, 0.1% 
TFA and buffer B: 5% H2O, 95% MeCN 0.1% TFA on a Reprosil-PUR C18 column 
(250 x 4.6mm, 5μm particle size) in a 50 min gradient from 0%B to 100%B. 

Purification from preparative TLC
The stock solution of fractions 2 and 3 were applied on preparative TLC (TLC 
Silica gel 60 without fluorescence marker, 2mm plate thickness, Merck KGaA, 
Darmstadt)  directly from the MeOH solution. 13x 100?L and 11x 100?L respectively 
of the solutions were applied to the plates and air dried for 30 min. The plates were 
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developed in 5% MeOH in DCM. The plates were air dried and one lane was cut off 
and stained with I2 to mark all spots on the plate. The spots were marked accordingly 
on the unstained plate and scratched off. The collected silica was extracted with 
methanol (400?L/lane) while shaking for 30 min., followed by centrifugation (14 000x 
g, 5 min., Eppendorf centrifuge). The extract was collected and combined and the 
extraction was repeated one more time. The combined extracts were dried in a water 
bath under a stream of nitrogen.

NMR analysis      
The spectra of fraction 3 (antibiotic G) were recorded at a Bruker 600 MHz 
spectrometer equipped with a cryoprobe. The RF power of hard 1H and 13C 90 pulses 
was set to 22 kHz. 

The 1D 1H spectrum was recorded with an excitation sculpting sequence for 
suppression of residual water and an acquisition time of 0.85s. 1024 scans were 
accumulated with a recycle delay of 1s. The 1D 13C spectrum was recorded using 
low power WALTZ16 1H decoupling and the acquisition time was 135ms. 2048 scans 
were accumulated with a recycle delay of 5s. 

Two 2D 13C-HSQC spectra were recorded; one centered around the aliphatic 
carbons and one centered around the aromatic carbons. Acquisition times were 91.5 
ms for the direct 1H dimensions and 5 (aliphatic) or 10 (aromatic) ms for the indirect 
13C dimensions. 120 (aliphatic) and 368 (aromatic) scans were accumulated with a 
recycle delay of 1s. 13C GARP decoupling was used during acquisition.

MIC determinations
MIC values against all different strains were determined using microdilution in a 
96-wells plate. A serial dilution was done in the growth medium (TSB, LB, CA-
MHb or BHb) starting from 128μg/mL. An overnight culture of bacteria was diluted 
to an OD600 of 0.025A in the appropriate growth medium and added to the plates. 
The plates were incubated overnight at 37oC while shaking. Bacterial growth was 
analyzed visually.   

Antagonism growth assays
The appropriate amounts of antagonists lipid I, lipid II, UDP-GlcNAc, C55-P, C55-PP, 
C15-P and C15-PP in CHCl3:MeOH (1:1) or MeOH were added to the 96-well plates and 
the solvent was evaporated. The antagonists (5x 8xMIC) were redissolved in TSB 
containing fraction 3 (8xMIC) in solution. Overnight bacterial cultures of S. simulans 



Chapter 2: Novel antimicrobial active compounds from T. atroroseus

2

50

22 were diluted in TBS (OD=0.05 A) and added to the peptides with the antagonists 
to reach a peptide concentration equal to 8 times the MIC. The same was done for 
the experiments with detergent, except that the TSB was supplemented with 0.01% 
CHAPS (CHAPS hydrate, Sigma-Aldrich).
After incubation for 16 hours at 30oC and 220 rpm bacterial growth was inspected 
visually.

Nisin Inhibition dye leakage assays
Interaction with lipid II was tested in 5-(and-6)-carboxyfluorescein (Molecular probes, 
Oregon, USA) loaded 1,2-dioleoyl-sn-glycero-3-phospocholine (DOPC, Avanti Polar 
Lipids) Large Unilamellar Vesicles (LUVs) with 0.1% Lipid II. Vesicles were prepared 
from a 10mM stock, of which the exact phosphate concentration was determined 
according to rouser11. An appropriate volume of lipids was dried under a stream of 
nitrogen for the preparation of 500μL of 5mM DOPC and 0.1mol% lipid II. The lipids 
were dried for an additional 2h under vacuum to remove trance amount of solvent. 
The lipids were suspended in a 50mM solution of carboxyfluorescein set to pH 7.5. 
The solution was prepared from a stock solution of 1M carboxyfluorescein in 4M 
KOH, which is stored in the freezer. The suspensions was subjected to ten freeze-
thaw cycles in liquid nitrogen followed by extrusion over a 200μM filter (Nuclepore 
Track etch membrane, 0.2μm, Whatman). The excess of dye was removed by 
washing the vesicles over Sephadex™G50 (GE-healthcare) (2x 2.5mL) using a 
spin column calibrated in 25mM TrisHCl, 150mM NaCl, pH=7.5. After application 
of the vesicles the columns were spun for 2 mins at 500rpm (Sorvall legend RT). 
A phosphate determination according to Rouser was done on the flow-through to 
determine the exact concentration of LUVs.  

Nisin inhibition dye leakage experiments were conducted on a Cary Eclipse 
fluorescence spectrophotometer in glass a cuvette while gently stirring. The excitation 
wavelength was set to 492nm and emission was measured at 515nm. The LUVs were 
diluted to a final concentration of 5μM. The PMT was optimized for the maximum 
fluorescence after destruction of the vesicles by addition of 10μL of Triton X-100 
(20%w/v, Sigma Life Sciences). Nisin was added as to a final concentration of 5nM 
(5μL of a freshly prepared 1μM solution) to measure nisin-mediated leakage. The 
antibiotics were incubated with the vesicles prior to nisin addition and nisin mediated 
leakage was determined. After all measurements, all vesicles were destroyed by the 
addition of Triton X-100 (20%w/v) to reach maximum fluorescence.  
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2.6 Supplemental data

Fig. S1: The exact mass spectra of fraction 1, 2 and 3 (antibiotic G).
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Fig. S2: Tables with the 1H and 13C chemical shifts.
Table 2: NMR chemical shifts of the 1H spectra of fraction 2, antibiotic G, the reported 
data on ZG1494α from West et al., and from Suzuki et al. (talaroconvulotin B/C) and 
the data on Talaroconvulotin A. The NMR of fraction 2 was recorded CDCl3 and 
antibiotic G in MeOD-d4.
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Table 3: NMR chemical shifts of the 13C spectra of the fraction 2, Antibiotic G, the 
reported data on ZG1494α from West et al., and from Suzuki et al. (talaroconvulotin 
B/C) and the data on Talaroconvulotin A.
The NMR of fraction 2 was recorded CDCl3 and antibiotic G in MeOD-d4. 
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Fig. S3: 1H and 13C NMR spectrum of the major component of Fraction 2. 
The 1H spectra was recorded in CDCl3 and the 13C spectrum in DMSO-D6. 
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Fig. S4A: 1H spectrum from antibiotic G (crude) taken in Methanol-d4

Fig. S4B: HSQC 13C-1H correlation spectrum recorded in Methanol-d4. Aromatic 
region of the spectrum.
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Fig. S4B: HSQC 13C-1H correlation spectrum recorded in Methanol-d4. Aliphatic 
region of the spectrum.

Fig. S5: Antagonism growth experiment with lipid II, lipid I, UDP-GlcNAc, C55PP C55P 
and C15P in the presence of 0.01% CHAPS.
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Abstract:

Calcium dependent cyclic peptide antibiotics are members of a group of peptides 
that are gaining interest because of their activity against resistant pathogens. 
Daptomycin is the most well-known example of this group. Laspartomycin 
C is another cyclic peptide from this class. Here the mode of action study of 
laspartomycin C and of hybrids of daptomycin with laspartomycin-like features is 
described. Regardless of the structural resemblance among the cyclic lipopeptides 
the mode of action of daptomycin and laspartomycin is different. Laspartomycin 
C activity can be quenched by the addition of exogenous C55P, the lipid precursor 
of lipid II, whereas daptomycin activity remained unaltered. Incorporation of 
laspartomycin C- features into daptomycin did not make the analogues interact 
with the same target. We show that the binding between laspartomycin and C55P 
is remarkably strong, and can be visualized on TLC after extraction from buffer. 
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3.1. Introduction

With the emergence of antibiotic resistance there has been an increase in interest 
in the class of the lipopeptide antibiotics because of their activity against resistant 
pathogens. The first anionic lipopeptide, amphomycin was discovered in 19531 and 
up to now several cyclic lipopetides are known including Laspartomycin2, Friulimicin3,4 
(figure 1). Daptomycin is one of the newest antibiotics approved for market use 
against skin infections caused by Staphylococcus aureus in 2003, and later in 2006 
also for bacteremia caused by the same pathogen.5 These cyclic antimicrobial 
peptides are nonribosomally produced resulting in the incorporation of unnatural 
structural features and D-amino acids. The position of the unnatural, achiral and D- 
amino acids are conserved among all cyclic lipopeptides, as is the amino acid motif 
Asp-X-Asp-Gly, which is proposed to be involved in calcium binding. The presence 
of calcium ions is crucial  for the activity of the cyclic lipopepetides.6

In the case of daptomycin it is believed that it undergoes a conformational change 
upon binding calcium in a 1:1 ratio and forms micelles of 14-16 daptomycin residues.7 
The binding of calcium and formation of micelles makes it possible for daptomycin 
to approach the membrane and form pores resulting in membrane depolarization 
and cell death.6–8 Even though daptomycin has been approved for clinical use since 
2003, its exact membrane target is still unknown. 

The mode of action of the lipopeptides has been gaining interest because of their 
activity towards resistant pathogens, such as MRSA, to which daptomycin is 
considered a last resort drug.5 In the published paper this chapter is based on, the 
full synthesis of the lipopeptide laspartomycin C is described, as well as the synthesis 
of several daptomycin analogues that contain more laspartomycin-like features. 
Several residues were changed to obtain a better insight into the importance of 
these positions in the activity of these independent peptides and the possibility for a 
shared mode of action. Laspartomycin C, just as daptomycin, contains a 10-amino 
acid cyclic core, which in laspartomycin C is closed between a proline and the side 
chain of diaminopropionic acid.2,9 In daptomycin the macrocycle is closed via an ester 
linkage between kynurenine and the side chain of threonine. Daptomycin contains 
three exocyclic residues bound to a C10 lipid.8 Laspartomycin only has one exocyclic 
residue but has a longer, branched C15 lipid tail.2,9 (fig 1) In two of the synthesized 
analogues pipecolinic acid was placed at the 5-position to make the ring more rigid. 
At position 13 the non-natural amino acid kynurenine was replaced for tryptophan, 
and finally, the cyclization of the 10-membered ring was done by a peptide bond  

3.1. Introduction
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3.2. Results

instead of a macrolactam (Fig.1).** 

These four Daptomycin-Laspartomycin C hybrids and laspartomycin C itself were 
tested to asses if a more rigid ring structure due to the incorporation of pipecolic acid 
and ring closing by a peptide bond enhance activity of these peptides compared to 
daptomycin. It is interesting to note that, regardless of their structural similarities, not 
all these calcium dependent lipopeptides work via the same mode of action. Friulimicin 
B, produced by Actinoplanes friuliensis sp. nov., acts by inhibiting peptidoglycan 
synthesis3,4 by sequestering the undecaprenyl phosphate lipid, thereby interrupting 
peptidoglycan synthesis and other membrane associated biosynthesis steps, 
including teichoic acid biosynthesis.10 Laspartomycin C (1), shows high structural 
resemblance with friulimycin B and due to this high resemblance, the synthesized 
peptides 1 to 5 were tested for a mode of action that involves the peptidoglycan 
synthesis pathway. 

**The exact details regarding the synthesis of these peptides can be found in the 
paper on which this chapter was based.

3.2. Results 

Effect on antimicrobial activity by the supplementation of lipid II and its 
precursors
The antimicrobial activity of all the daptomycin analogues prepared is lower than that 
of daptomycin (Table 2, S1), suggesting a different mode of action for daptomycin 
and laspartomcyin C.  The activity of an antibiotic can be influenced by the addition 
of an excess of externally added possible binding target to the bacterial culture. This 
principal is called antagonism and has been used to show the effect of friulimicin B 

Fig. 1 (Left page): Chemical structures of the naturally occurring Daptomycin, 
Laspartomycin C (1) and Friulimicin B (Top) and the analogues 2-5 (bottom). 
Indicated are the unnatural and D-amino acids with the following abbreviations: Kyn: 
Kynurenine; 3-MeGlu: 3-methyl glutamic acid; Orn: Ornithine; D-Pip: D-Pipecolinic acid; 
MeAsp: methylaspartic acid; Dab: diaminobutyric acid. The red arrows indicate the dirrerences 
in ring closing between daptomycin and Laspartomycin C. The bracked indicate the similar 
Asp-X-Asp-Gly motif that is conserved amoing the calcium dependent lipopeptides. Below 
there are the chemical structures of the Daptomycin-Laspartomycin C hybrids 2-5. Indicated 
below the structures are the amino acids that are changes at the 5- and 13-position.  The 
Changed residues in the analoguues are shown in purple. Instead of 3-methylglutamate, 
glutamate is placed at position 12, which is depicted in red in the analogues.
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in the peptidoglycan synthesis pathway by adding externally purified precursors of 
lipid II synthesis.10 Due to the high homology of laspartomycin C with the lipopeptide 
friulimicin B the antagonistic effects of peptidoglycan precursors on the activity of 
peptides 1 to 5 was tested. To test if peptides 1 to 5 exert their mode of action 
by inhibiting peptidoglycan synthesis their inhibitory effect in the presence of all 
peptidoglycan building blocks was tested; C55P, C55PP, UDP-GlcNAc, UDP-MurNAc-
pentapeptide, lipid I and lipid II. S. simulans 22 was treated with a concentration of 
peptide that was equal to 8-fold the MIC. To this was added a 5-fold molar excess of 
possible antagonist. (Concentrations are depicted in table S1). 

First it was tested if the used concentration of antagonist had an effect on its own, 
but the excess of antagonist did not inhibit bacterial growth. As a positive control 
vancomycin was used, which binds to the D-Ala-D-Ala residues in the pentapeptide 
of lipid II. As expected, the antimicrobial activity was antagonized in the presence 
of lipid II, lipid I and UDP-MurNAc-pentapeptide. The antimicrobial activity of the 
negative control daptomycin, which does not interfere with peptidoglycan synthesis, 
was unaffected by the addition of any of the cell wall precursors. 

From peptides 1 to 5 only the antimicrobial activity of peptide 1, laspartomycin C, 
seemed to be slightly affected by supplementation of the growth medium with C55P. 
Out of the three samples, two showed recovery of bacterial growth and one only 
showed a small amount of growth (+/- indication). Long lipids such as C55P and C55PP 
are poorly water-soluble, especially at higher concentrations. To ensure that peptide 
1 targets C55P another test was done with the shorter, water-soluble polyprenol lipids 
C15P and C15PP.  Here the activity of 1 was clearly antagonized in all sample wells 
by the addition of the shorter C15P lipid, but not by the C15PP lipid. The activity of 
daptomycin and peptides 2 to 5 were unaffected by the addition of these lipids. A 

Table 1: Result growth inhibition assay against S. simulans 22 in the presence of different 
possible antagonists. – indicates that all growth was inhibited. +/- indicated that bacterial 
growth was not consequently
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summary of the outcome of these experiments can be found in table 1. 

The fact that the activity of laspartomycin C can be antagonized by addition of a 
polyprenyl phosphate lipid in the growth medium points towards a mode of action 
involving inhibition of peptidoglycan synthesis. Therefore, we wondered if we could 
also show inhibition of laspartomycin C in the lipid II synthesis pathway in vitro. 

The effect of Laspartomycin C (1) on lipid II synthesis in vitro
Lipid II synthesis can be done in vitro with the enzymes embedded in (MraY) and 
associated with (MurG) the membranes of Micrococcus flavus. Addition of 0.5% 
of the detergent Triton-X100 ensures proper solubilizing of the membranes and 
precursors. After incubation, the formed lipid II can be extracted from the samples 
by acidifying the pH with Pyridine acetate (pH=4) and extracting the lipids with 
butanol. The formed lipid II can be visualized on TLC. Preincubation of the different 
peptidoglycan building blocks with antibiotics prior to the addition of the membranes 
can show inhibition of peptidoglycan synthesis due to interaction with one of the 
precursors. 

Fig. 2: TLC analysis of in vitro lipid II synthesis in the presence of daptomycin and 
laspartomycin C (1). 
Dap: daptomycin; Lasp: laspartomycin C (1). Under every lane the equivalents of added 
antibiotic compared to C55P are indicated. Dap and Lasp are the lanes where only the antibiotic 
is spotted. The control lane is a lipid II synthesis reaction in the absence of any antibiotic. The 
reference is purified lipid II (Rf = 0.36).
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An in vitro lipid II synthesis reaction using 5 nmol C55P, an excess of UDP-MurNAc-
pentapeptide and an excess of UDP-GlcNAc was prepared. In this set-up C55P is 
the limiting factor in the lipid II synthesis and the influence of laspartomycin C on 
lipid II synthesis by binding to C55P can be analyzed. To this end 0.5, 1 and 2 eq. 
of laspartomycin C (1) relative to C55P was added to the reaction. Analysis of the 
lipid II extracts on TLC shows a decrease of lipid II synthesis in the samples where 
laspartomycin C was added.  The control samples, where daptomycin was added 
showed no change in lipid II production. (Figure 2)

Binding studies of Laspartomycin C(1) with C55P and lipid II
From figure 2 it seems that there is complex formation when laspartomycin C is 
added to the in vitro reaction, which increases when the concentration of the peptide 

Fig. 3: Binding experiment of C55P (A) and lipid II (B) with daptomycin and laspartomycin 
C (1). 
Dap: Daptomycin; Lasp: Laspartomycin C. Under every sample the equivalents of added 
antibiotic compared to either C55P or lipid II are indicated. Dap and Lasp are the lanes where 
only the antibiotic is spotted. The reference lane is either purified C55P (A) or purified lipid II 
(B). Rf [laspartomycin C] = 0.51; Rf [C55P] = 0.62; Rf [laspartomycin C:C55P] 0.77; Rf [Lipid II] 
= 0.36.  Fig. 3C: ESI-MS spectrum of the scratched off spot (Rf=0.77) extracted in methanol.
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3.3. Discussion

increases. To test under the same conditions at what level laspartomycin C (1) inhibits 
lipid II synthesis 1 was incubated with both purified lipid II and C55P in the same 
molar equivalents. When the concentration of 1 is increased during the experiment, it 
seems that the C55P spot moves up a little bit on the TLC plate and the laspartomycin 
C spot seems to fade. Therefore, it was tested if it could be visualized on TLC that 
laspartomycin C forms a complex with C55P. The same setup was employed as with 
the in vitro lipid II synthesis, except that now only different equivalents of 1 and C55P 
were incubated in buffer. The TLC plate shows that upon increasing the molar ratio 
to 1 to C55P there is a new spot forming with Rf=0.77 while the C55P spot (Rf=0.62) is 
slowly fading. The newly formed spot in the presence of the increasing concentration 
of laspartomycin C was analyzed by ESI-MS and the M+Na for 1 was found (Fig. 
3C). C55P could not be detected. When conducting the same binding experiment 
with 1 and purified lipid II no complex formation is observed (Fig. 3B) showing that 
laspartomycin C specifically interacts with C55P.
 

3.3. Discussion

Mode of action studies were conducted on laspartomycin C (1) and analogues 
of daptomycin that have more laspartomycin-like features (2 to 5). None of the 
modification of the daptomycin backbone did improve antimicrobial activity. As 
already shown earlier, the presence of kynurenine in position 13 is important for 
activity.11 Activity is even more affected in peptide 2, which might be caused by a 
more difficult interaction with a target due to the more rigid ring structure and the 
bulky tryptophan side chain. Antagonism experiment with peptidoglycan precursors 
showed that laspartomycin C (1) activity could be antagonized by C55P and C15P 
indicating a mode of action involving peptidoglycan synthesis. Whereas peptides 
2 to 5 retained their activity in the presence of all precursors. This shows that the 
chemical modifications to daptomycin such as incorporation of D-pipecolic acid 
on the 5 position to make the 10-membered ring more rigid does not contribute to 
overall activity of these peptides, nor does it make the peptides interact with C55P, 
the target of laspartomycin C, suggesting that laspartomycin C and daptomycin work 
via a very different mode of action. In the past several (bio-)synthetic approaches 
have been assessed to prepare analogues of daptomycin12,13 and laspartomycin14 
The MIC values for many of these analogues is higher than for the native peptides, 
however studying these analogues also draws a better picture of which amino acid 
residues are important for activity. 



Chapter 3: Mode of action of laspartomycin C and analogues of Daptomycin

3

68

The effect of laspartomycin C (1) on peptidoglycan synthesis was further explored in 
an in vitro lipid II synthesis experiment where a gradual reduction of lipid II production 
was observed when the concentration of laspartomycin C (1) was increased. 
Inhibition of peptidoglycan synthesis has been reported before for the structurally 
related lipopeptides friulimicin B and MX240, that interact with the polyprenyl 
phosphate lipid. The undecaprenyl phosphate is an evolutionary conserved linker 
in bacteria several membrane processes involving glycans and therefore seems to 
be a good target for antibiotics. Further testing should be done to analyze whether 
C55P targeting antibiotics are specific towards this lipid and do not interact with the 
relatively similar dolichol phosphate found in human cells.  TLC analysis of lipid II 
synthesis in the presence of Laspartomycin C (1) shows the possible formation of 
an additional spot on TLC. incubation with only C55P under the same conditions 
shows that this is the complex formation of laspartomycin C and C55P on TLC. It is 
remarkable that the bond between C55P and laspartomycin is so strong that it is not 
broken during the pyridine-acetate extraction that is used to disrupt the membranes 
and any of the following washing and drying steps. In a similar manner, it was not 
possible to visualize lipid II binding for vancomycin (data not shown). 

Even though laspartomycin and daptomycin both are highly active against pathogens 
like Staphylococcus aureus results obtained here again show that these peptides 
work via a different calcium dependent mode of action. The antagonism experiments 
conducted with laspartomycin C and the daptomycin-laspartomycin hybrids shows 
that by changing specific residues that these hybrids do not become more specific 
towards C55-P, the target of laspartomycin.  Due to the fundamental different mode 
of actions of laspartomycin and daptomycin it can be speculated that the structural 
resemblance in calcium dependent lipopeptides is likely not to be directly involved 
in target binding.

3.4. Materials and methods:

Bacterial strains, growth medium and conditions 
Cultures of Staphylococcus simulans 22 were grown in Tryptic Soy Broth (TSB, 
Sigma-Aldrich) at 30oC. Cultures of Micrococcus flavus were grown in TSB at 37oC. 

Minimal Inhibitory Concentration determinations and antagonization growth assays 
were performed in Mueller Hinton broth (MHB) supplemented with 10 mM MgCl2. 
Additionally, MHB was supplemented with 10mM CaCl2 when stated.   



3

69

3.4. Material and Methods

The effect on the antimicrobial activity after supplementation with lipid II and 
its precursors.
Isolation of the antagonists 
Uridine 5’-diphospho-N-acetylglucosamine (UDP-GlcNAc) and trans- trans-farnesol 
were purchased from Sigma-Aldrich and used without further purification. Lipid I was 
a gift from Dr. Peter ‘t Hart from Medicinal Chemistry and Chemical Biology, Utrecht 
University. 
Undecaprenol was isolated from bay leaves (Laurus nobilis) according to the protocol 
of Carlson et al.15 After HPLC purification phosphorylation was done using tetra-
N-Butyl ammonium hydrogen phosphate and trichloroacetonitril.  UDP-MurNAc-
pentapeptide was isolated by boiling pellets of S. Simulans 22 after treatment with 
chloramphenicol and vancomycin. For the antagonism experiments UDP-MurNAc-
pentapeptide was further purified from the residual soluble fraction by HPLC using 
an isocratic run of 5% NH4HCO3 in H2O. All compounds were kept in stock solutions 
of either mQ-H2O, MeOH or a 1:1 mixture of MeOH and CHCl3. Exact concentrations 
were calculated by an inorganic phosphate determination after destruction of the 
compounds with perchloric acid according to Rouser.16

Micrococcus Flavus membrane vesicles were isolated from an overnight culture. 
The bacteria were harvested by centrifugation at 4000rpm for 30 min. (4oC, 
Thermo Scientific Sorvall RC4+ centrifuge, F10-4x1000 Lex rotor) The pellet was 
resuspended 50mM TrisHCl, pH=7.5. A cocktail of lysozyme, RNase and DNase are 
added and the cells are disrupted (Constant Cell Disruption Systems). The disrupted 
cells are centrifuged and the supernatant is frozen in liquid nitrogen. 

Antagonism growth experiment
To test for possible antagonizing effects of the cell wall precursors 5x molar excess 
compared to the peptide concentrations was added to the growth medium. The 
appropriate amounts of cell wall precursors lipid I, lipid II, UDP-MurNAc-pentapeptide, 
UDP-GlcNAc, C55P, C55PP, C15P and C15PP in CHCl3:MeOH (1:1) or MeOH were 
added to the 96-well plates and the solvent was evaporated. To the wells were added 
50uL of MHB containing the peptides. Overnight bacterial cultures of S. simulans 22 
were diluted in MHB (107 CFU.mL-1) and added to the peptides with the antagonists 
to reach a peptide concentration of 8 times the MIC. After incubation for 16 hours 
at 30°C and 220 rpm bacterial growth was inspected visually. If all three sample 
wells were antagonized the designation + was given, similarily, if all sample wells 
were unaffected the designation – was assigned. In the case that not all wells were 
equally antagonized or unaffected the designation +/- was given. All experiments 
were conducted in triplo.  
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Inhibition of lipid II synthesis in vitro
C55-P (5 nmol) was mixed with 0.5, 1 or 2 equivalents of peptide in 100mM Tris-
HCl (pH=7.5) containing 0.1% TX100, MgCl2 (10mM) and CaCl2 (10mM). An excess 
of UDP-GlcNAc (50nmol) and UDP-MurNAc-pentapeptide (20mL from extract) 
was added followed by M. flavus membrane vesicles (20mL) filled up to a total 
volume of 75 mL with mQ-H2O. The membranes were disrupted by the addition of 
pyridine acetate buffer (pH=4.2) (30uL) followed by extraction with BuOH (60mL). 
The BuOH phase was washed once more with mQ-H2O(50mL). The samples 
were dried under vacuum, redissolved in CHCl3:MeOH (1:1) and analyzed on TLC 
(CHCl3:MeOH:H2O:NH4OH, 88:48:10:1). 

C55P and lipid II binding experiment 
C55P (5 nmol) or lipid II (5 nmol) were incubated (for 2h) with Laspartomycin C (1) 
or Daptomycin (0.5, 1 or 2 molar equivalents) in 75μL 100mM TrisHCl (pH=7.5) 
containing 0.1% TX100, MgCl2 (10mM) and CaCl2 (10mM). Pyridine acetate buffer 
(pH=4.2) (30mL) was added followed by extraction with BuOH (60mL). The samples 
were dried under vacuum, redissolved in CHCl3:MeOH (1:1) and analyzed on TLC 
(CHCl3:MeOH:H2O:NH4OH, 88:48:10:1). 
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3.6. Supplemental data

S1: Overview of all concentrations used in the antagonism experiment
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Abstract:

The mode of action of the lantibiotic Pep5 is not lipid II dependent, and does 

not cause membrane depolarization and is therefore fundamentally different 

compared to the benchmark lantibiotic nisin. Pep5 shows MICs in the nanomolar 

concentration, also against MRSA, suggesting an interaction with a specific target 

that could be of interest in battling resistant pathogens. One of the characteristics 

of Pep5 is the rapid effect it has on halting bacterial growth, which is reflected 

in observed the rapid decrease on available ATP under the influence of Pep5. 

Analysis of the effect on the membrane embedded respiratory chain shows 

only moderate effects suggesting that this is not the direct target of Pep5 in the 

bacterial membrane.
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4.1. Introduction

Pep5 is an antimicrobial peptide belonging to the family of lantibiotics. It was 
discovered in 1981 from the supernatant of Staphylococcus epidermidus strain 5.1 
By that time several bacteriocins produced by staphylococci had been discovered 
and studied1,2, but, in contrast to these bacteriocins, which display a wide spectrum 
of activity towards Gram positives, the activity of Pep5 is limited towards only 
micrococci and staphylococci.1,2 

Structural features and mode of action
Pep5 consists of 34 amino acids and has a high lysine content, which makes it 
rather basic and positively charged.3 Structural analysis of the peptide showed that 
it contains two dihydrobutyrine (Dhb), one lantionine and two methyllanthionine 
thioether bridges typical for lantibiotics. The N-terminus of pep5 is substituted with 
a 2-oxobutyryl moiety (OBu), which is likely to be the result of dehydration to give a 
transient dehydro aminobutryic acid which then spontaneously hydrolyzes to yield 
the N-terminal alpha-keto amide unit. Several known lantibiotics, including Lacticin 
3147 A24,5, Epilancin 15X6 and Lactocin S7 contain such N-terminal substitutions, of 
which the function is not yet completely clear. Epilancin K7, a peptide structurally 
related peptide to Epilancin 15X6, was shown to not target lipid II8, suggesting that the 
N-terminal alpha-keto amide moiety might be involved in a yet unknown mechanism 
of action.9 Experiments with analogues of Epilancin 15X further suggest that this 
N-terminal modification is not directly important for activity but plays an important 
role in resistance against aminopeptidases9 and improving peptide stability10. 
However, changes on the N-terminal of these peptides result in alterations in 
activity. Replacement of the 3-carbon alpha-keto amide moiety (derived from serine) 
in Epilancin 15X with the corresponding 4-carbon moiety deriving from threonine 
led to an analogue that showed only a minor decrease in MIC. However, when 
the first eight N-terminal residues were removed from Epilancin 15X the peptide 
exhibited a much diminished activity nearly 2 orders of magnitude lower compared 
to the wild-type peptide10. Similarly, the 2-hydroxybutyryl substituted Epicidin 280, a 
peptide structurally related to pep5, shows 2-fold decrease of activity compared to 
the 2-oxobutyryl species.11 This loss of activity could either be due to compromised 
target binding or a decreased stability and higher susceptibility to peptidase activity.
     
Pep5 is encoded on the 20kb-plasmid pED503 and is produced as a propeptide of 
60 amino acids long.12,13 The producer strain S. epidermidus strain 5 gains immunity 
towards pep5 by production of an immunity peptide coded by the gene pepI.14 

4.1. Introduction
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Even though production of PepI is correlated with PepA, which would suggest the 
formation of a stoichiometric complex, PepI is believed to work via a different self-
protection mechanism compared to NisI, where the 116-amino acid long peptide 
directly interacts with nisin, preventing it from binding lipid II.15,16 A mechanism of 
target shielding was proposed to provide self-immunity for the producer strain.14,17,18 

Construction of mutant variants of PepI have shown that the N-terminal region of this 
69-amino acid peptide is important for translocation over the membrane, whereas the 
C-terminal region is needed for conferring the immunity phenotype17.The C-terminal 
stretch of amino acids contains eight positive and three negatively charged residues 
making it unlikely to interact with Pep5 itself. A GFP-PepI construct showed that 

Fig. 1: Schematic representation of Pep5, Epilancin 15X, the A2-peptide of Lacticin 
3147 and Lactocin S. 
The N-terminus of Pep5 and Lacticin 3147 A2-peptide are substitured with a pyruvyl- and 
Epilancin 15x and Lactocin S with lactyl moity. 
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excretion in the growth medium only occurred after 4h of growth of the producing 
strain, while intracellular production was already observed from 2h onwards. An 
alternative immunity mechanism was proposed where PepI binds the target of Pep5 
directly after production and possibly is translocated together with the target to the 
periplasmic space.17

For a long time Pep5 was believed to induce membrane depolarization and pore-
formation similar to the mode of action of other class I lantibiotics.19,20 However, 
close examination of the condition under which Pep5 shows pore formation and 
membrane depolarization revealed that the concentrations required are several 
orders of magnitude higher than the reported MIC values. It could be concluded that 
the effects observed might be due to detergent-like behavior of a strongly cationic 
peptide in high concentration by a mechanisms comparable to the carpet-, barrel-
stave- or toroidal-pore model21–23 rather than that pore formation was actual part of 
its primary mode of action. 

When comparing the positioning of the lanthionine bridges in Pep5 with those of 
nisin it immediately becomes clear that Pep5 does not have the so-called “A/B ring 
system” which is typical in the lipid II-binding class A(I) lantibiotics. Neither does 
it have the lipid II binding motifs found in other common lantibiotics belonging to 
classes A(II), B and the two-component lantibiotics (Fig. 2). 

Fig. 2: Representatives of each class of lantibiotics. 
Class A(I): Nisin; Class A(II): Nukasin ISK-1; Class B: Mersacidin and the A1-peptide from 
Lacticin 3147 from the two component lantibiotics. The lipid II binding motif of all these 
peptides is marked in grey.

4.1. Introduction
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Previous research in our laboratory also has shown that the mode of action of Pep5 
is fundamentally different than that of nisin. Nisin, the benchmark of the lantibiotic 
family, uses the peptidoglycan precursor lipid II to dock on the bacterial membrane and 
form a stable pore (see also chapter 1). The activity of pep5 cannot be antagonized 
by the addition of lipid II (Fig. 3), nor can it cause Lipid II-dependent pore formation 
in phosphatidylcholine/cholesterol liposomes containing 0.1mol% lipid II8. These 
findings are in line with earlier experiments reported with cell-wall lacking L-shape 
S. aureus 1640. The L-shape bacteria showed the same susceptibility (~10mg/L) to 
Pep5 compared to its parent strain, already suggesting that the cell wall is not the 
target.2 
         Nisin              Pep5

Pep5 shows MIC values in the low nanomolar (nM) range for different staphylococci 
and micrococci. The MIC value for Staphylococcus simulans, the indicator 
organism used in most of the studies is 50nM, compared to 75nM for nisin for the 
same organism. Pep5 even shows a MIC value of 5nM for S. warneri, whereas 
this bacterium not susceptible to nisin up to 200nM (Table 1: Qing and Breukink, 
unpublished observations). A MIC value in the nanomolar concentrations suggest a 
highly specific interaction with a target similar to the interaction that nisin has with 
lipid II. The high activity of Pep5 for micrococci and staphylococci, including clinically 
relevant pathogens make the mode of action of Pep5 an interesting research topic for 
antibiotics research. The target of Pep5 might be of great interest in the development 
of novel antibiotics that can help in combatting resistant pathogens.

Fig. 3: Lipid II antagonization with Nisin and Pep5. 
An inhibition halo is created upon addition of either nisin or Pep5 to the center of a plate 
overgrown with S. simulans bacteria. Addition of lipid II to the edges of the halo show a dent in 
the perfect circular inhibition halo, which increases with the amount of lipid II added, indicating 
that nisin interacts with lipid II, while Pep5 does not. The amounts of lipid II added are indicated 
in nanomoles. (Qing and Breukink, unpublished observations)   
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Previous literature reports have shown that bacterial growth inhibition in the presence 
of Pep5 is reversible upon trypsin addition. (Fig. 4) Right after the addition of trypsin 
revived growth of the bacteria is observed. This reversible growth inhibition suggests 
that the nature of Pep5 its activity is not bactericidal but bacteriostatic, something 
that was further emphasized by the lack of effect on the membrane potential at 
concentrations close to MIC values of the peptide up to concentrations equal 50x 
MIC (Qing and Breukink, unpublished results, figure 5). 

Table 1: MIC values of Pep5 for different microorganisms

Fig. 4: Trypsin inhibition of 
Pep5 activity during a growth 
curve of S. simulans 22. Taken 
from Sahl and Brandis, 1982.1

4.1. Introduction
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Pep5 does not kill bacteria but stops them from growing. Figure 4 also shows that 
bacterial growth is halted directly after the addition of the peptide to the bacteria. This 
rapid halt of bacterial growth after the addition of Pep5 to susceptible bacteria make 
us hypothesize that Pep5’s mode of action might be directly influencing the bacterial 
energy metabolism. 

4.2. Results

The lack of effects on the membrane potential combined with the bacteriostatic nature 
of Pep5 implies that it does not cause severe membrane damage. Something that 
is emphasized by Scanning Electron Microscope pictures of S. simulans bacteria 
under the influence of Pep5. The Pep5 treated cultures showed no change in cell 
morphology or signs of cell lysis (Fig. 6)

Fig. 5: Results from previous 
research in our lab: Membrane 
depolarization experiment 
on Staphylococcus simulans 
using DiSc2. 
After addition of Nisin at 2x 
MIC a rapid depolarization of 
the membrane is observed 
as seen from the increase in 
fluorescence. In the case of Pep5 
no depolarization is observed 
at concentrations >50x MIC. 
(Qing and Breukink, unpublished 
observations)   

Fig 6: Scanning Electron Microscope (SEM) pictures of S. simulans bacteria in the 
exponential growth phase. 
Left: S. simulans treated with 5x MIC Pep5 for 20 min before sample preparation. Right: 
untreated control. Illustrations are 10 000x enlarged.  
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The fact that Pep5 can be inhibited by trypsin along with its high positive charge 
make it unlikely that the peptide crosses the cytoplasmic membrane. Therefore we 
assume that Pep5 acts on the level of the cytoplasmic membrane of susceptible 
bacteria. A possible membrane target that is directly involved with energy metabolism 
is the respiratory chain. In the cell ATP is produced during glycolysis and oxidative 
phosphorylation. During glycolysis and the citric acid cycle reduced metabolites such 
as NADH and FADH2 are generated, which are taken up by the different complexes 
in the respiratory chain. These different electrochemical complexes transfer these 
electrons in a series of redox reactions until they reach the final acceptor, which in 
aerobic respiration is oxygen. The energy produced during these redox reaction is 
used to actively pump H+ over the membrane to generate a proton gradient. This 
proton gradient is then used in oxidative phosphorylation to produce ATP. When 
the DpH is compromised the internal pH of bacteria is affected. The internal pH of 
bacteria can be measured in vivo using 5(6)-carboxyfluorescein diacetate succimidyl 
ester, a fluorescent, pH dependent probe that is spontaneously taken up by bacteria. 
The succimidyl ester reacts with any free amines upon internalization and the acetyl 
groups are removed by intracellular esterases resulting in the active probe. When 
the DpH is compromised, for example when the cell is treated with CCCP, which 
increases membrane permeability for protons and thereby uncouples the oxidative 
phosphorylation, the fluorescence emission will drop (black trace, fig. 7). The same 
effect we see when we add pore-former nisin at 1x MIC concentration (blue trace, fig. 
7). For Pep5 we see that there is a concentration-dependent effect on S. simulans 
22. If Pep5 is added in a concentration equal to 1x MIC a slight dissipation of the DpH 
is seen, which slowly, over a few minutes becomes slightly larger (pink trace, fig.7). 
If the concentration is increased to 5x MIC and 10x MIC respectively (brown traces, 
fig. 7, the effect increases and is quicker, but never reaches full dissipation as seen 
for CCCP or nisin at 1x MIC. 

Next to the ATPase generating the proton motive force, another important component 
of the respiratory chain is the electron transport chain. The electron flow through the 
electron transport chain can be measured using a Iodonitrotetrazolium salt (INT) (Fig 
8).24 INT can take up electrons from the respiratory chain and in the process gets 
reduced to the non-soluble formazan (Fig. 8). The amount of formazan formed can 
be used as a measure of fitness of the respiratory chain.
           
The protocol was adapted from the experiment described by Wenzel et al. and is 
conducted on membrane vesicles.25 As controls in this experiment Antimycin A and 
CCCP are used. Antimycin A is a metabolite from Streptomyces sp. and acts as 

4.2. Results
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inhibitor at the level of cytochrome C reductase. It binds to the Qi site of the enzyme 
and thereby inhibits the oxidation of the quinone. In all experiments regarding the 
respiratory chain Bacillis subtilus is used as a control because this bacterium is not 
susceptible to Pep5. 

In the first experiments (Fig. 9) membranes were incubated for 30 min with the 
compounds before addition of INT and NADH. Then, the reaction was left for 60 
mins before quenching and analyzing the amount of formazan formed. CCCP and 
Antimycin A both have an effect on the reduction of INT. Addition of CCCP reduces 
the free electrons that can be taken up by INT to 20% while Antimycin A reduces 
it to 60% compared to the control. When the membranes are incubated with Pep5 
a similar reduction to roughly 60% of formazan production is observed. The INT 
reduction by B. subtillus membranes is similar for Antimycin A and CCCP but for 
Pep5 there is no effect, suggesting that the effect that is observed is specific for 
susceptible bacteria.  (Fig 9A)

Fig. 7: Assesment of the effects on the internal pH of S. simulans with 
5(6)-carboxyfluorescein. 
Fluorescence emission at 525nm representing the internal pH of S. simulans bacteria under 
the influence of different ionophore/antibiotics. Ionophores/antibiotics were added after 5 min. 
The total DpH was dissipated after 11 minutes by the addition of CCCP. For normalization 
the average fluorescence was used over minute 1-4. The display of the data in the graph 
represents the moving average over the datapoints (300 datapoints/min). Nisin shows a direct 
complete dissipation of the DpH due to lipid-II dependent pore formation. For Pep5 the effect 
becomes larger over time and increases when the concentration is higher.
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Taking into account the rapid effect that Pep5 has on bacterial growth, where growth 
inhibition occurs almost immediate after addition of the peptide, the effects of Pep5 
on the formazan formation should already be visible directly after addition of the 
peptide. Therefore, a second experiment was designed where the membranes were 
not pre-incubated with the inhibitors. Pep5, Antimycin A and CCCP were premixed 
with NADH and INT in buffer and the membranes were added last to start the 
reaction. Samples were taken directly after addition and then every 15 min. For 
CCCP, Antimycin A and Pep5 the difference of formazan formation compared to the 
control becomes larger after more reduction has taken place, In the first 15 minutes 
we see for Pep5 and antimycin that there still is a relative large amount of INT being 
reduced comparable to the untreated control, which implies that the interaction with 
the respiratory chain is not a rapid interaction as that we would expect (Fig. 9B).
In addition to that, a 60% reduction in electron conductivity might not be large enough 

Fig. 8: Chemical structure of INT in its oxidized (left) and reduced (right) forms.

Fig. 9: INT reduction on membrane vesicles. 
A: INT reduction after 60 min. of 20μL S. Simulans and B. Subtilus membrane vesicles 
pre-incubated for 30 minutes with either Antimycin A (0,1mM), CCCP (2.5mM), Pep5 
(100nM) or mQ-H2O as control. The measured values are normalized.

4.2. Results
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to push the bacteria into a dormant state as what we observe directly after Pep5 
addition. Also, when looking at the dissipation of the DpH a similar time-dependent 
trend is seen on the proton motive force. For the rapid mode of action of Pep5 
we would expect to see a rapid dissipation of the DpH similar to CCCP addition at 
concentrations above MIC, but after addition of 1x MIC only a slight dissipation is 
observed over a period of 6 min. Therefore, these observed effects on the respiratory 
chain might be a secondary effect related to the mode of action. To gain a better 
insight in the rapid mode of action of Pep5 its effect on intracellular ATP levels was 
analyzed, as this might show the rapid effect on general energy metabolism.

ATP levels can be determined using a luciferase assay. The BacTiterGlo kit from 
Promega contains the recombinant Firefly Luciferase, which can oxidize luciferin to 
oxyluciferin in the presence of ATP, Mg2+ and oxygen and thereby generates light. 
The amount of light generated in the assay is proportional to the amount of ATP 
present. 

Bacteria in the exponential growth phase were treated with Pep5 (5x MIC) and 
either lysed directly (<1min after peptide addition) by the addition of the BacTiterGlo 
reagents, or incubated for 1.5h before lysis. Luminescence was recorded 10 mins 
after addition of the BacTiterGlo reagents to ensure proper cell lysis. Directly after 
addition of Pep5 the luminescence output drops to roughly 50% compared to the 
control. After longer treatment with Pep5 only 20% of the initial luminescence is left 
indicating a drastic decrease in available ATP (Fig. 10A). 
The same effect on ATP levels can be shown in vivo. Several clinically isolated strains 
of Staphylococcus aureus have been genetically modified to encode the LuxBADCE 
operon from Photorhabdus luminescens in their genome. The operon was slightly 
modified by placing it under control of a gapA promotor and a chloramphenicol 
resistance cassette was added (See also Fig. S2).26

While it is interesting to see the effect of Pep5 on ATP levels in living bacteria, such an 
experiment also has some challenges. Luminescence output is strongly dependent on 
the number of bacteria and their luminescence output differs during different phases 
of the growth curve. Luminescence recording showed that the luminescence output 
peaks in mid-exponential growth phase and that this is not directly correlated with 
the optical density of the culture. However, when diluting the bacteria in the phase 
of maximum luminescence output a linear relation between OD600 and luminescence 
can be observed (Fig. S3) Therefore the bacteria were grown for 5h until they reached 
mid-exponential phase at the OD600 where luminescence output is at a maximum. 
Subsequently, the cultures were diluted 10-fold. The luminescence was recorded 
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within 1 min after addition of the peptide and was found to be approximately 60% of 
the control luminescence. (Fig.10B) These results also imply an immediate drop in 
available ATP in the bacteria under the influence of Pep5.

4.3. Discussion

The mode of action of Pep5 is different compared to the benchmark lantibiotic nisin. 
Structural differences, including the lack of the A/B ring lipid II binding motif already 
suggested a different target. Antagonism studies conducted in our lab, and previous 
studies in lipid-II loaded liposomes8 confirmed that lipid II does not play a role in 
Pep5 mode of action. In addition, membrane depolarization in live bacteria could not 
be observed even at concentrations of >50x MIC. 

An important characteristic of the mode of action of Pep5 is the timeframe in which it 
can stop bacteria from growing, which is also reflected in figure 4, which was originally 
published in one of the first papers on Pep5 in 1982.2 The figure also illustrates that 
the activity of the peptide could be reversed by adding trypsin2 suggesting that the 
peptide does not enter the cell. Also, the highly positively charged nature of Pep5 
make it unlikely to be able to cross the membrane, therefore we expect the target to 
be on the outside of the membrane. 

Fig 10: Luciferase assay for determination of intracellular ATP.  
A: in the lysate of S. simulans bacteria in the exponential growth phase directly after treatment 
or after 1.5h incubation with 5xMIC Pep5 or 5xMIC Chloramphenicol. B: In living clinically 
isolated S. Aureus strains genetically modified to express the luminescence genes in their 
genome.  

4.3. Discussion
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A possible membrane target related to energy metabolism is the respiratory chain, 
where an electrochemical potential is used for ATP production. Mild concentration 
dependent effects can be observed on the internal pH of susceptible bacteria which 
become larger when the concentration is increased, but never reaches the same 
effect as seen for CCCP and nisin. In addition, effects on the electron conductivity in 
Pep5-treated membrane vesicles are observed in an assay where the reduction of 
INT is measured. However, the decrease to ~60% of the total reducing capacity in 
combination with the mid effects on the internal pH does not seem enough to stop 
bacterial growth almost instantaneously as is observed under the influence of Pep5. 
These effects therefore might be secondary to the mode of action. 

During the exponential growth phase a lot of ATP is needed for cell division and the 
rapid decrease in available ATP that was observed might be the reason that cell 
division stops abruptly. For Gram-positive bacteria cell wall elongation is important 
and very tightly regulated during cell division.27 Due to the positively charged nature 
of pep5 and nisin they have previously been associated with activation of cell wall 
hydrolases.28,29 The concentration of a positively charged peptide is very important 
in distinguishing between specific and non-specific interactions. In Staphylococcus 
cohnii lysis was observed after treatment with Pep5 at a concentration of 7nmol/
mL20, which is >1000x MIC, while lysis could later not be in induced in S. simulans 
(unknown concentrations)28. It was hypothesized that Pep5 induced damage to the 
membrane resulted in autolysis, but it was also shown that membrane damage alone 
induced by agents such as CCCP could not cause this on its own.28 Therefore it is 
likely that the observed lysis was a result of an aspecific pore-forming mechanism 
due the peptide’s cationic nature. Similarly, the cationic nature of Pep5 could result in 
aspecific interactions with polynomic lipoteichoic acid polymers resulting in activation 
of autolysins. Interestingly, there is some precedence in literature that suggests 
the involvement of the proton motive force (PMF) changes in regulation of murine 
hydrolases and autolysins that regulate cell wall turnover during cell division in Bacillus 
subtilus.30 However, it is not known if the PMF also plays a role in regulation of cell 
wall turnover in S. aureus because in S. aureus cell-wall turnover mainly takes place 
in the septa of a dividing cell.30,31 Further experiments in autolysin activation under 
concentrations relevant to the MIC could give a better idea if autolysin activation is a 
result of a specific interaction related to the primary mode of action of Pep5.  

Hints for a possible target could be deducted from the immunity peptide PepI.14,17,18 In 
a target shielding model as was proposed for self-protection of the Pep5-producing 
strain, structural/sequence alignment of PepI could give some information about the 
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target of pep5. A BLAST search on the structure of the immunity peptide gives a 
resemblance (36.8%) with Membrane-Embedded Prenyltransferases from different 
enterococci strains, transmembrane proteins that are involved in the synthesis of 
molecules that mediate electron transfer in the respiratory chain (menaquinone/
vitamin K). In Staphylococcus aureus menaquinone is the only type of quinone 
utilized in the respiratory chain32,33 and the synthesis of menaquinone is also 
suggested to be important in respiratory chain regulation.34 This resemblance could 
suggest another target closely related to the respiratory chain and general energy 
metabolism in susceptible bacteria. 

4.4. Material and Methods

Bacterial strains and culturing conditions
The Pep5-producing strain Staphylococcus epidermidus strain 5 was cultivated in 
Tryptic Soy Broth (TSB) (Sigma-Aldrich) or on Tryptic soy agar (TSA) (1.6%(w/v) 
agar, Sigma-Aldrich) at 30oC.
Staphylococcus simulans 22 was used as a Pep5-susceptible indicator organism 
in all experiments. Cultivation was done in TSB or on TSA at 30oC. Staphylococcus 
Aureus USA300-lux, Staphylococcus Aureus MW2-lux and Staphylococcus Aureus 
Newman-lux were cultured at 37oC in TSB or on TSA supplemented with 10μg/mL 
chloramphenicol (Duchefa Biochemie, Haarlem). Bacillus subtilis was used as a 
non-Pep5 susceptible control and cultured at 37oC in LB or LA supplemented with 
10mg/L thiamine and reduced salt concentration (5g/L). 
Agar plates made fresh every two weeks from stocks containing 20% glycerol 
maintained at -80oC. 

Purification of Pep5
The purification of Pep5 is adapted from Sahl and Brandis.35 1L of S. epidermidus 
strain 5 was grown overnight. The cells were pelleted by centrifugation (4000 
rpm, 4oC, 30 min, Thermo Scientific RC4+ centrifuge, F10-4x1000 Lex rotor). The 
supernatant of 1L culture was applied to a XAD16 hydrophobic interaction column 
(Sigma-Aldrich, ~100mL bed volume) prewashed with 50% methanol. The resin 
was washed with 200mL 50% methanol supplemented with 1mM K2HPO4 at a 
neutral pH. Pep5 was eluted with 200mL 70% methanol supplemented with 1mM 
potassium acetate adjusted to pH=2 with HCl. After elution, the resin was washed 
with 400mL of absolute methanol. Active fractions were pooled and the organic 
phase was evaporated. The residual solution was applied to a carboxymethyl (CM) 
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cation exchange column (CM sepharoseä Fast Flow, GE Healthcare Bio-Sciences, 
bed volume ~30mL/200mL sample). The column was calibrated in 0.1M KH2PO4 
pH=5.6 and after application of the sample Pep5 was eluted with in increasing 
concentration of KH2PO4 ranging from 0.1M to 0.9M in steps of 0.05M, one bed 
volume per concentration. Pep5 containing fractions were desalted over a RP-C18 
(LiChoprepä, RP-18, Merck) using an increasing concentration of methanol. The 
methanol was evaporated from the active fractions followed by lyophilizing. The 
resulting powder was purified over preparative HPLC over a gradient from 5% to 
50% acetonitrile in mQ-H2O containing 0.05% TFA. Pep5 eluted at 35% acetonitrile 
buffer. The lyophilized powder was dissolved in a small amount of mQ-H2O and the 
exact concentration of pep5 was determined using a microBSA protein determination 
kit according to the manual.         

MIC value determinations
MIC values for Pep5 were determined in glass tubes with increasing concentrations 
of Pep5. The MIC determination were conducted in glass tubes because Pep5 has 
a high affinity for plastic, which affects the final concentration in the growth medium. 
An overnight culture of the specific Staphylococci strain was diluted (1:100) in fresh 
TSB. 500uL was added to each tube and to each was added a different amount 
of Pep5 from stock solutions in mQ-H2O. The OD600 was measured after 6h-8h of 
growth at 30oC. 

Preparation of samples for Scanning Electron Microscopy (SEM)
S. simulans was grown overnight in TSB, diluted in the morning and then grown 
to an OD600 of 0.3 A. 2 mL culture was pelleted and washed with PBS. The pellet 
was resuspended in 100 mL PBS and 100 mL of PBS supplemented with 1%(v/v) 
gluteraldehyde was added and incubated for 5 min. 10 ml bacteria were added to a 
polylysin glass slide and spread with pipet tip. 100 mL of the fixative was added and 
incubated for 15 min. To lose the excess of fixative the glass slide was washed in 
a 6-wells plate by emerging it in the following solutions for 5 min.: 25% ethanol in 
PBS; 50% ethanol in PBS; 75% ethanol in water; 90% ethanol in water and 100% 
ethanol. Followed by washing it for 20 min in first ethanol: hexamethyldisilizane (1:1), 
followed by 100% hexamethyldisilizane. The plates were left to dry overnight in the 
fume hood. The slide was glued to a stub with a conductive sticker and coated with a 
gold layer (1nm). The samples were visualized with Phenom SEM at 10 kV.
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ΔpH measurements (CFDA, SE)
The same protocol for internalization of the fluorophore and the ΔpH measurements 
was used for B. Subtilis and S. Simulans. 
An overnight culture was diluted in fresh media (10mL) and grown to an OD600 of 0.6 
A. The culture was harvested and the pellet was washed with 50mM HEPES buffer 
containing 1mM MgSO4 and 10mM D-(+)-glucose, pH=7 followed by suspending the 
bacteria in the same buffer. 1mM of CFDA, SE (10mL/10mL from 1mM stock) was 
added to the bacteria and incubated for 30 min at 30oC. After incubation, the bacteria 
were washed twice with the same buffer to get rid of the non-internalized probe. 
The bacteria were diluted to OD600=0.15 in the same HEPES buffer set to pH=5.8. 
the probe was exited at 490nm (pH sensitive) at 25oC and fluorescence emission 
was recorded at 525nm (Varian CaryEclipse). 

Preparation of membrane vesicles from Bacillus subtilis and Staphylococcus 
simulans
Membrane vesicles of both bacteria were prepared from a combination of the 
protocols as described by Wenzel et al., Burstein et al. and Konings et al. with some 
modifications.25,36,37 1L of culture was grown overnight at 37oC. The bacteria were 
harvested by centrifugation for 10 mins at 9000rpm (4oC, Thermo Scientific Sorvall 
RC4+ centrifuge, F10-4x1000 Lex rotor). The pellet was washed with 100mL 50mM 
Tris-buffer containing 2mM MgCl2, 0.5mM dithiotreitol (DTT) and 0.5mM EDTA, 
adjusted to pH=8, followed by resuspension in the same buffer. DNAse and RNase 
were added to a final concentration of 20mg/mL followed by breaking of the cells 
by a cell disruptor (Constant Cell Disruption Systems, 6-8 cycles). Intact cells were 
separated from the membranes by centrifuging at 4000rpm for 30 mins (4oC, Thermo 
Scientific Sorvall RC4+ centrifuge, F10-4x1000 Lex rotor). The supernatant was 
collected and membranes were collected by ultracentrifugation for 1h at 45 000rpm 
(Thermo Scientific Sorvall WX-Ultra 80, Sorvall T865 rotor). The membrane pellets 
were suspended in the same buffer supplemented with 10% glycerol and stored at 
-80oC until usage.  

INT reduction 
20mL of membrane vesicles were suspended in 500mL of 10mM phosphate buffer, 
pH 6.5 containing 5mM magnesium acetate. Stock solutions were prepared of 
the different respiratory chain inhibitors Antimycin A (10mM in actetone), carbonyl 
cyanide m-chlorophenyl hydrazone (CCCP) (250mM in DMSO) and Pep5 (10mM in 
mQ-H2O). 
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A. 5mL of the stock solutions of Antimycin and Pep5 were mixed with 500mL buffer, 
NADH and INT at room temperature. Then 20mL of membranes were added to 
each sample. The CCCP was mixed with the membranes in buffer just prior to 
addition due to solubility issues. The addition and the reduction was done in 
the dark room. Samples were taken directly after addition and then every 15 
minutes. The reaction was quenched by addition of 600uL of 5%TCA.

B. As a control B. Subtilis and S. simulans membranes were incubated with each 
inhibitor for 30 min. prior to the addition of INT and NADH. The reaction was left 
for 1h in the dark. Before quenching with 600mL 5% TCA. 

The formed formazan was spun down in an eppendorf centrifuge and redissolved in 
1mL EtOH. The absorbance was recorded at 485nm.  
  
ATP level determinations 
A. ATP levels in the bacterial lysates were measured using BacTiter-Glo kit from 

Promega and used according to the instructions in the manual. An overnight 
culture of S. simulans was diluted in fresh medium and grown during the day to 
an OD600 ~1.2A. Each culture was divided in 3 equal portions, to which were 
added 0.5μM Pep5, Chloramphenicol or left untreated. 100μL of bacteria were 
mixed with the BacTiter-Glo reagent in a 1:1 ratio in a white 96-wells plate. 
Luminescence output was measured on a SpectraMax i3x platereader. All 
measurements were done on three independent samples.  

B. In vivo luminescence output was measured on S. aureus Newman-Lux, S. aureus 
MW2-Lux and S. aureus USA300-lux. The bacteria were diluted (1:100) from an 
overnight culture and grown for 5h at 37oC. After 5h the bacteria obtained a OD600 
around ~3.5A - 4.5A. The bacteria were diluted 10-fold and added to the 96-well 
plate. To the plate were added different 5uL of different stock concentrations of 
Pep5 resulting in a final pep5 concentration 250nM. Luminescence output was 
recorded on a CLARIOstar™ (BMG Labtech) directly after addition of Pep5.  

S3A.  Luminescence output during the growth curve – Overnight cultures of S. 
aureus Newman-Lux, S. aureus MW2-Lux and S. aureus USA300-Lux were 
diluted (1:100) and divided over a sterile white, clear flat bottom 96-wells 
plate (Costar Polystyrene Assay Plate with lid, Corning Inc. USA) The plate 
was incubated in the plate reader at 37oC. One measurement was taken 
every 10 min for 10h. The plate was shaken in between measurements. 
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S3B. To asses a linear working range for luminescence output bacteria were 
grown for 5h to an OD600 of ~ 3.5A and diluted two-fold over the wells. 
Luminescence output was measured. 

4.4. Material and Methods
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4.6. Supplemental data

Fig S1: Pep5 purification steps

Fig. S1A: Activity assay from the XAD16 column. Pep5 elutes at the 70% MeOH elution 
buffer. S1B: Activity assay of the CM ion exchange column. Pep5 elutes at 0.25M salt con-
centration. S1C: RP-C18 column to remove excess of salt from the CM column. Pep5 elutes 
starting from 30% MeOH

Fig. S2: Plasmid S. aureus lux strains
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Fig. S3: Linear working range for S. aureus-Lux strains

Fig. S3A: Luminescence output trough the growth curve. The luminescence output of these 
bacteria was measured during the growth curve., which shows that the luminescence is not 
constant throughout the growth curve and even has a peak in the middle of the exponential 
growth phase. Fig S3B: Serial dilution of the bacteria during the peak of luminescence output 
in the mid-exponential phase. It was tested if there existed a linear relationship between the 
luminescence output and bacteria density of bacteria in the same phase of the growth curve. 
Fig S3C: The luminescence above an OD600 of 0.8A the luminescence output is not linear to 
the cell density any more, but when taking the points below 0.8A a linear trend line can be 
drawn showing that cell density is correlated to luminescence. 

4.6. Supplemental data
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Abstract:

The rapid depletion of ATP in susceptible bacteria suggests that Pep5 interacts 
with a target closely related to energy metabolism. 31P NMR shows alterations in 
Pep5 treated bacteria consistent with depletion of high energy nucleotides, but also 
shows an accumulation in the nucleotide-monophosphate and sugar phosphate 
chemical shift region. Further analysis of the metabolome with mass spectrometry 
shows that the observed effects are specific to treatment with Pep5. In defined 
medium with glucose as only carbon source rapid accumulation of glucose and 
pyruvate is observed, whereas citric acid cycle metabolites are depleted under 
the influence of Pep5. More downstream effects on nitrogen metabolism and 
purine/pyrimidine metabolism are observed as well. These results emphasize the 
effects of Pep5 on energy metabolism. The complex effects on the metabolome 
suggest an interaction in a regulatory pathway.
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5.1. Introduction 

One of the most striking characteristics of the mode of action of Pep5 is the rapid 
effect it has on halting cell growth in susceptible bacteria. The ability of Pep5 to 
push bacteria into this reversible dormant state gave rise to the hypothesis that 
it might have an interaction with a membrane target that is closely related with 
energy metabolism. Studies on intracellular ATP levels showed that directly after 
exposure to the peptide, ATP concentrations drop dramatically (Chapter 4). ATP is 
the predominant source of energy in the cell and to understand how Pep5 effects the 
intracellular ATP levels we wanted to take a more close-up look at ATP production 
and metabolism in Staphylococcus simulans.  

General energy metabolism is a very complex and conserved system involving 
many different metabolites. Figure 1 shows a general overview of glycolysis and 
the citric acid cycle, including the net yield of all phases of these pathways.1,2 The 
specific pathways utilized for energy production in Staphylococcus aureus is highly 
dependent on the growth phase. In the exponential growth phase staphylococci 
predominantly produce ATP with glycolysis, which is also called overflow 
metabolism. Overflow metabolism occurs when glucose is abundant in the growth 
medium. In the presence of oxygen, glucose is then metabolized into pyruvate, 
acetyl-CoA and acetyl-phosphate, which during high growth, is used in substrate 
level phosphorylation to produce ATP (acetogenesis).3–7 During overflow metabolism 
acetate is the most prominent excreted metabolite, but also lactate, 2-acetolactate, 
acetoin, 2,3-butanediol and pyruvate itself are overflow metabolites, but, compared 
to acetate these metabolites are excreted in a smaller quantities.3,8 

In total one molecule of glucose yields two molecules of pyruvate, two molecules 
of NADH and two molecules of ATP. In the case of anaerobic growth, pyruvate is 
mainly catabolized to lactate, thereby generating one molecule of NAD+ for the use 
in a new cycle of glycolysis.5 Unlike many other Gram-positive bacteria, S. aureus 
expresses a complete citric acid cycle, but during the exponential growth phase, 
when glucose and glutamine are abundant in the growth medium, the citric acid 
cycle is mostly repressed. Glycolytic intermediates are the major source for energy 
production and metabolites in the citric acid cycle are mostly derived from amino 
acids such as glutamine. When glucose and glutamine start to be depleted from 
the growth medium the bacteria reach the post-exponential growth phase where 
the excreted acetate from the growth media is taken up again. Acetate then enters 
the citric acid cycle in the form of acetyl CoA resulting in the citric acid cycle 
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becoming more active and large amounts of the dinucleotides NADH and FADH2 
being produced. These dinucleotides deliver electrons to the membrane embedded 
quinones in the respiratory chain that are used for increased ATP production during 
oxidative phosphorylation.  

Amino acids fulfill an important role in the metabolism of S. aureus. S. aureus 
encodes all genes for amino acid biosynthesis in its genome but it is not able to 
grow in medium without the supplementation of (some) amino acids.5 This is 

Fig. 1: Overview of glycolysis and the citric acid cycle. 
The amount of ATP, NADH, GTP and FADH2 generated in each step are indicated. Glycolysis 
can be distinguished into 3 stages where in stage 1 glucose is isomerized into fructose and 
(bis-) phosphorylated. These steps do not yield any energy but actually cost two molecules 
of ATP. In the next phase fructose-1,6-bisphosphate is split in two C3-sugars, which after 
isomerization of DHAP, both can be used in the energy generating stage 3. In step 3 each 
molecule of glyceraldehyde-3-phosphate yields two molecules of ATP and one molecule of 
NADH when it is completely metabolized into pyruvate. Acetogenesis of pyruvate via acetyl 
CoA, Acetyl phosphate and acetate results in one molecule of NADH and generation of 
one ATP. Alternative metabolism of pyruvate into lactate results in one molecule of NAD+. 
The citric acid cycle mainly produces dinucleotides such as NADH and FADH2. The steps 
where succinate is metabolized into malate via fumarate in associated with the membrane 
embedded electron transport chain. In the growth phase when the citric acid cycle is largely 
inactive glutamine and glutamate are the main source of carbons in this cycle, which flow into 
the citric acid cycle at alpha-ketoglutarate.1,2 
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because Staphylococcus lacks the glyoxylate shunt, which enables some bacteria 
to metabolize isocitrate into malate and thereby circumventing the loss of carbon in 
the citric acid cycle.7 In a full citric acid cycle for every two carbons that enter the 
cycle, two molecules of CO2 get lost. To make up for the loss of CO2, in staphylococci 
amino acids are utilized to maintain the carbon flow through the cycle.4,9,10

 
The amino acids glutamine, glutamate and to a lesser extent asparagine play an 
important role in metabolism as nitrogen donors in the cell.8 Glutamine and glutamate 
can be formed from, but also generate a-ketoglutarate by transamination. Glutamate 
can be transformed into glutamine by the enzyme glutamine synthase. Due to the 
importance of glutamine in nitrogen metabolism, especially during high growth when 
the production of purine and pyrimidine bases is high, this amino acid is reported to 
be the most abundant in bacteria.8 Therfore its concentration is highly regulated by 
several mechanisms such as intracellular nitrogen levels. Some bacteria excrete the 
residual glutamate, but it is also possible to further metabolize these compounds 
in the urea cycle, purine and pyrimidine biosynthesis, which are closely related 
pathways within the nitrogen metabolism of the cell. 

In energy metabolism, high energetic phosphates play an important role in maintaining 
the cells energy state. High energetic phosphate metabolites are essential for bacterial 
viability and changes in these molecules could indicate a possible shift of metabolite 
concentrations in relevant pathways. In this chapter, we study the effects of Pep5 on 
the metabolism of the bacterium Staphylococcus simulans with respect to the high 
energetic phosphate metabolites using the non-perturbing method NMR. In addition, 
mass spectrometry analysis of the effect of Pep5 on a large number of metabolites 
was performed. These studies were undertaken with the aim of identifying a pathway 
that is targeted by Pep5. We focused on a large set of metabolites involved in 
general (energy) metabolism at the same time, which provides a global overview of 
the metabolic state of the bacterium under the influence of Pep5. 

5.2. Results and discussion

31P NMR
Nuclear magnetic resonance (NMR) is a powerful technique to monitor the metabolite 
pools in whole cells in a noninvasive way. Different phosphate containing compounds 
give a different chemical shift based on their chemical surroundings. The 31P nucleus 
is the only phosphorus isotope in nature and is therefore a powerful tool to monitor 
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intracellular phosphorylated metabolites providing information about the energy 
state of the cell. 31P NMR has therefore been extensively used to image whole cells 
and measure levels of different types of phosphate containing compounds.  (For a 
good review see Neves et al.11) 
A first approximation of the effect of Pep5 on bacterial energy metabolism was done 
by analysis of the phosphate spectrum of a cell pellet from bacteria harvested from 
the exponential growth phase. The red spectrum in figure 2 represents untreated 
bacteria and the green spectrum represents bacteria treated with 5x MIC Pep5 for 
20 min. prior to sample preparation. 

When analyzing the 31P spectrum in the negative ppm region phosphates bound to 
oxidative species and nucleotides are found. For example, ATP gives 3 signals around 
-7 ppm(P-γ), -13 ppm (P-α) and -22 ppm (P-β). UDP linked sugars and NADPH give 
chemical shifts in the region between -12 and -15 ppm. In the region around 0 ppm 
of the spectrum metabolites such as inorganic phosphates are found and in the 
lower positive chemical shift region sugar-phosphates and lipid-phosphates appear. 
The experimental setup in this experiment was optimized for detection of soluble 
compounds. More rigid molecules, such as phospholipids therefore are not detected 
in this spectrum. An overview of chemical shifts by common phosphate metabolites 
such as ATP and NADPH is shown in figure S1.
Analysis of the spectra of the bacteria pellets shows that upon Pep5 treatment of 
the bacteria there are two major changes. An accumulation of some metabolites in 
the lower ppm shift region is visible. The chemical shift between -8 and -9 ppm is 
disappearing, a chemical shift that is common for 31PATP-α and 31PADP -β. The collapse 
of this signal confirms the earlier findings in earlier experiments with bioluminescence 
produced by Luciferase (chapter 4, figure 9) where a drop in ATP levels under the 
influence of Pep5 was observed.
 
A similar experiment was conducted with the bacteriostatic chloramphenicol (5x 
MIC, 2h incubation prior to pelleting) to asses if the alterations are specifically due 
to exposure to Pep5 or just a general shift in the metabolome due to treatment with 
a bacteriostatic agent. After treatment with chloramphenicol no drastic changes in 
phosphates is observed (Fig. S2). High energetic phosphates are essential for the 
viability of bacteria. The change in phosphate metabolites that is visible in the NMR 
spectrum confirms the hypothesis that Pep5 influences something in the energy 
metabolism of the bacteria. Because the setup in intact cells does not allow high 
resolution imaging in which we can identify different chemical species we want to 
take a closer look with a metabolomics approach. NMR can give information about 
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relative quantities of specific metabolites by integrating the area under the peaks in 
a 13C NMR spectrum but this is also possible by mass spectrometry. In this study we 
decided to analyze the metabolome with mass spectrometry.   

Metabolomics studies with MS
The effect of pep5 on nucleotides: The 31P NMR spectra show clear differences 

Fig. 2: 31P NMR spectrum of S. simulans 22 treated with 5x MIC Pep5 (green) and 
untreated (red). 
Differences between the different spectra are observed in the regions of -7 ppm up to -9 ppm 
and around 1 ppm. Indications of the ppm shifts of several common phosphate metabolites 
such as ATP, NADPH and UDP-linked sugars are indicated in the spectrum. The experimental 
spectra of these metabolites can be found in Fig. S1. 

5.2. Results and discussion
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in the ppm region where chemical shifts from nucleotides and oxidative species 
such as nicotinamide-dinucleotides are found. Therefore, in the first metabolomics 
experiment the focus was placed on deciphering the effects of Pep5 on this type 
of metabolites. The samples for metabolomics were prepared from bacteria in the 
exponential growth phase where half of the sample was treated with 5x MIC Pep5 
for 30 min. prior to lysis and sample preparation. 
The data is shown in figure 3 where the metabolites detected in the Pep5 treated 
sample is represented as a fraction from the metabolites in the control sample. Under 
the influence of Pep5 an effect on all of these species is observed, in particular larger 
amounts of uridine-monophosphate and guanine-monophosphate are observed, 
whereas there is some depletion in the nicotinamide-dinucleotide species such as 
NADH. One striking observation is that the effect on ATP alone is not as dramatic as 
observed earlier, but standard deviations in these datasets are relatively large. 

The next objective was to be sure that the effects that we observe are due to the 
specific mode of action of Pep5 and not part of a general stress response as a 
result of an interaction with an antibiotic. Therefore, samples were prepared where 
the bacteria were treated with Pep5, chloramphenicol and vancomycin in TSB. 
Chloramphenicol was used as a control to distinguish between effects due to a 
bacteriostatic mode of action, similarly to the 31P NMR experiments. Vancomycin was 

Fig. 3: Ratios of nucleotides and nicotinamide species in S. simulans in the control 
compared to the same bacterium treated with 5x MIC Pep5 for 20 min.
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chosen as a second control because it interacts on the outside of the membrane with 
the D-Ala-D-Ala-motif in the pentapeptide of lipid II, a mode of action that we know 
is different compared to Pep5. S. simulans bacteria were grown to the exponential 
growth phase followed by treatment with 5x MIC of either Pep5, chloramphenicol or 
vancomycin. Antibiotics were incubated for 30 min. followed by lysis in a buffer that 
precipitates all proteins and keeps the metabolites in solution. Another sample was 
taken where Pep5 was incubated for 2h prior to lysis and sample preparation. 

Figure 4 depicts the ratio of the different metabolites of the antibiotic-treated samples 
versus the control samples. the results show that after treatment with Pep5 for 30 min 
there is an accumulation of phosphoenolpyruvate (PEP) and 2-phosphoglycerate, 
but not of glyceraldehyde-3-phosphate. In the sample of 2h treatment with Pep5 an 
accumulation of glucose-6-phosphate is observed, which can also be seen already in 
the sample taken after 30 min. This might indicate that this is a secondary effect and 
that there is an inhibition somewhere along the glycolysis pathway. Similar results are 
observed for the pentose phosphate pathway, a metabolic pathway that runs parallel 
to glycolysis generating ribose-5-phosphate and erythrose-4-phosphate (Data not 
shown). In the first oxidative steps 6-phosphogluconate is formed from glucose-6-
phosphate. Interestingly we see that the effects of vancomycin and chloramphenicol 

Fig. 4: Heatmap of the general energy metabolism of S. simulans after treatment for 30 
min. with concentrations equal to 5x MIC of Pep5, 2h with 5x MIC chloramphenicol and 
30 min. with 5x MIC vancomycin in TSB.

5.2. Results and discussion
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within the timeframe of 30 min. is very low on these pathways. The accumulation 
of glucose-6-phosphate after 2h of incubation suggests that this metabolite is not 
broken down further, which could be the reason why we observed such drastic 
depletion of ATP under the influence of Pep5 (chapter 4).   

The mode of action of Pep5 is very rapid, therefore for to study the effects on the 
primary mode of action the rapid effects of the peptide on bacteria are of interest. 
Accumulations after 2h as seen in the previous experiment is a long-term result 
related to the mode of action, which clearly show that the energy metabolism of 
the bacteria is highly affected. But these results provide no direct information on 
the primary mode of action of Pep5. Furthermore, these data are obtained in TSB, 
which is a rich growth medium that consists of peptone and soytone extracts. These 
extracts contain other carbon sources apart from glucose that can compensate for 
energy production during glycolysis.12,13 Staphylococcus aureus can adapt in many 
ways to varying nutritional supply8,13 and is for example also able to use glycerol 
and lactate as a carbon source during exponential growth.3 Therefore the next 
experiment was designed using a chemically defined medium, where glucose is 
the only carbon-source for energy production. The effects of Pep5 in this setup are 
analyzed in a shorter timeframe (1 min.; 30 min.) to focus on rapid (primary) effects 
of the mode of action. 

To analyze the effect of Pep5 on the bacterial metabolism and substrate synthesis 
an experiment was conducted where bacteria were grown in M9 minimal media 
supplemented with casamino acids and 13C-labelled glucose. The bacteria were 
first grown in the same chemically defined (CD) medium containing regular glucose 
until they reached exponential growth. Then the cells were suspended in the same 
medium with 13C-labelled glucose. Directly after resuspension the bacteria were 
treated with 5xMIC Pep5 followed by preparation of the first sample. Another sample 
was incubated for another 30 min. before sample preparation. In this setup, different 
absolute abundancies of metabolites in the cells can be analyzed, but the pulse-
chase like character of this experiment provides information as to whether and 
to what extent the metabolites are derived from glucose. (Schematic overview of 
the experimental setup is depicted in Fig. S3). The amount of each metabolite is 
normalized against the total ionization detected per species to account for differences 
in cell count. All the heatmaps described for this experiment are a representation 
of the total amount of each metabolite detected in the control samples versus the 
Pep5-treated samples at each time point, without distinguishing between carbon 
species. An overview of the level of carbon labelling within each metabolite pool in 
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the control- and Pep5 treated samples are provided in Table 2 (Fig. S4). 

Energy production during the exponential growth phase mainly happens via 
glycolysis. The 13C labeling of metabolites in the citric acid cycle as detected in 
the control samples confirm that the bacteria are in the exponential growth phase. 
Only in the first part of the citric acid cycle a significant number of 13C-labelled 
metabolites is detected, which becomes larger over time (% at t=1 min.; % at t=30 
min). Acetyl CoA (75%;84%), citrate (58%;74%) and cis-aconitate (57%;73%), while 
α-ketoglutarate (7%;10%), succinate (7%;10%) and malate (5%;10%) contain very 
little (Fig. 5A). This suggests that the main downstream influx into the citric acid 
cycle comes from glutamine and glutamate taken up from the growth medium. When 
taking a closer look at the distribution of the different metabolites it stands out that 
for the control samples citrate is the most abundant one, while in the pep5 treated 
bacteria α-ketoglutarate is more abundant.(Fig 5C) It is possible that this complete 
drop in activity in the citric acid cycle is due to the lack of influx from glycolytic 
intermediates derived from pyruvate and the subsequent lower abundance of acetyl 
CoA. (Fig. 5A and Fig. 6)  Alternatively, it is also possible that the precursor of Acetyl 
CoA, CoA-SH is the limiting factor in pyruvate metabolism. Biosynthesis of CoA 
from panthothenate requires three molecules of ATP, and one additional nucleotide-

Fig. 5A: Schematic representation of glycolysis and the citric acid cycle. In the citric acid cycle 
the detected percentages of labelled metabolites in the untreated bacteria is indicated. Fig. 
5B: Shows the total amount of detected metabolites in the citric acid cycle. Fig. 5C: Shows 
the distribution of abundancies between the different metabolites in the citric acid cycle.

5.2. Results and discussion
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triphosphate, thus when ATP levels are low biosynthesis of CoA-SH cannot take 
place any more. To summarize, the total number of metabolites detected are a lot 
lower in the citric acid cycle suggesting a general decrease in this pathway under the 
influence of Pep5. (Fig. 5B) This initially would suggest that metabolites are possibly 
leaking out of the cell. However, previous experiments show no effect of pep5 on 
the membrane potential (chapter 4) so therefore the formation of pores to facilitate 
metabolite efflux is unlikely. 

In glycolysis, a rapid accumulation of glucose and pyruvate is observed already 
after 1 min of incubation with Pep5 that becomes even larger over time (Fig. 6). The 
accumulation of glucose does suggest that the lack of energy production in the cells 
is not due to inhibition of the ability of these bacteria to take up glucose and again 
is illustrative the lack of pore formation by Pep5. Most glucose uptake in bacteria is 
mediated by the PTS system where glucose is transported over the membrane and 
directly phosphorylated in the process by transferring a phosphate group from PEP, 
that is also depleted under the influence of Pep5. There are several transporters 
reported in S. aureus and other staphylococci that are able to transport glucose, 
and some of them specifically under non-respiration condition, however S. aureus 
mutants that were unable to import glucose by the PTS system did show growth 
defects.13

The first phase in glycolysis, where glucose is isomerized into fructose and (bis-) 
phosphorylated costs two molecules of ATP. The rapid depletion of ATP in Pep5 
treated bacteria could also decelerate the first, ATP consuming stage of glycolysis, 
resulting the accumulation of glucose. The subsequent steps in phase 3, where 
pyruvate is generated from glyceraldehyde-3-phosphate yields two molecules of ATP 
per glyceraldehyde-3-phosphate molecule. The accumulation of pyruvate suggest 
that pyruvate is not getting metabolized further. This is emphasized by the reduction 
in lactate production, the second most abundant metabolite in overflow metabolism3. 
Carbon labelling shows that there is very little production of lactate and the observed 
difference between the Pep5 and the control samples is due to the production of 
more labeled, glucose-derived lactate in the control samples. The reduced level of 
metabolism of pyruvate might result in the lack of acetyl phosphate for substrate 
level phosphorylation causing the further drop in available ATP levels. 

It is also possible that the bacterium changes its metabolism under the influence of 
Pep5. When bacteria switch to the post-exponential growth phase, which usually 
happens when nutrients such as glucose run low in the growth medium, there is an 
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increase in citric acid cycle activity.4 In this phase biosynthesis of several biosynthetic 
intermediates is increased and for these reactions oxidized dinucleotides such as 
NAD+ and NADP+ are needed. Increased citric acid cycle activity also produces 
more reduced dinucleotides and to reduce these species, in the post-exponential 
the control samples also show that the equilibrium is towards NAD+, which is in 
line with the oxidation state expected in the exponential growth phase where citric 
acid cycle activity is low. In the pep5 treated samples these ratios are a lot higher 
and barely any NADPH and NADH is detected (Fig. 7), which is also indicative for 
the glycolysis being very inactive because also glycolysis and acetate fermentation 
produce NADH. Therefore, it is unlikely that Pep5 induces a (dramatic) shift in the 
overall metabolic state of susceptible bacteria. 

More striking is that there is an overall decrease in abundance of intracellular 
dinucleotides. De novo synthesis of dinucleotides is performed from the amino acids 
tryptophan and/or aspartate, whereas we also detect a very low level of tryptophan 
after Pep5 treatment, but no drastic effect on aspartate levels seen. (Fig. 7) This 
pathway however also requires ATP and metabolites such as glutamine, which are 

Fig. 6: Heatmap representing the ratio of the metabolites detected in the control 
samples versus the pep5 treated samples of glycolysis, the citric acid cycle and the 
pentose phosphate pathway.

Fig. 7: Heatmap of the abundance and ratios of the oxidative species NAD+/NADH and 
NADP+/NADHP

5.2. Results and discussion
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depleted under the influence of Pep5. The reduction in tryptophan levels can also 
be caused by the halt in biosynthesis of metabolites, since carbon labelling showed 
that tryptophan is the only amino acid that is biosynthesized. (Table 2, Fig. S4) This 
is also reflected in the metabolites from the shikimate pathway and the abundance of 
chorismate, which are the precursors for the biosynthesis of all aromatic compounds 

Fig. 8: Heatmaps representing the relative abundance of the control vs. the Pep5 
treated samples of amino acids, the shikimate pathway and metabolites important 
in methylation. Next to the heatmaps there is a schematic representation of the roles that 
different amino acids have in metabolism
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in the cell. The citric acid cycle creates the biggest demand for reduced dinucleotides5, 
so it is also possible that due to the limited need for such electron carriers due to the 
inactivity of the citric acid cycle these metabolites are broken down resulting in the 
decrease of abundance of these  metabolites compared to the control. 

Because of the central role of several amino acids in metabolism bacteria use 
intracellular concentrations of these amino acids as a sensing mechanism. For 
example, The branched-chain amino acids (BCAA) valine, leucine and isoleucine play 
an important role in the regulation of processes such as nitrogen metabolism, carbon 
and sulphur metabolic status in the cell and in gram positive bacteria conserved 
repressor CodY and serves as a measure of carbon and nitrogen availability.5 
The biosynthesis of these amino acids are directly related with glycolysis and the 
citric acid cycle and isoleucine is derived from α-ketobutyrate, which is also a key 
metabolites in Sulphur metabolism.5 Maintaining an equilibrium in these amino acids 
is believed to be important for growth.8 Under the influence of Pep5 a decrease in the 
abundance of all three of these amino acids is observed, which also confirms that 
the bacterium is sensing an imbalance in metabolism. 

On top of the general decrease of metabolites in the citric acid cycle under the 
influence of Pep5 also a rapid depletion of the related amino acids of glutamine, 
glutamate and asparagine is observed. Next to being associated with the citric acid 
cycle these amino acids are also central metabolites in the nitrogen metabolism 
pathways such as the urea cycle, purine and pyrimidine biosynthesis (Fig. 9).8 

Under the influence of Pep5 all metabolites central in the urea cycle are less abundant, 
while the amino acids that play a role in this cycle, arginine and aspartate are still 
abundant.(Fig. 9) The abundance of arginine shows that the bacterium is not utilizing 
the arginine deiminase pathway to produce ATP.14,15 Genes in this pathway were 
found to be upregulated in MenD mutants, lacking a functional respiratory chain.16 
Interestingly, most of these metabolites involved in pyrimidine biosynthesis in the 
Pep5 samples contain no labelled species, except for orotate, dihydroorotate and 
carbamoyl aspartate, where a small amount (>5%) in the control samples contains 
more than one 13C label. (Table 2, Fig. S4) 

These observations could in turn be a result from the decreased citric acid cycle 
activity, since most of these metabolites are closely related with this pathway. But 
this could also point towards halt in respiration because the enzyme dihydroorotate 
dehydrogenase  (PyrD) that produces orotate from dihydroorotate, is membrane-

5.2. Results and discussion
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Fig. 9: Schematic representation and relative abundance of the control and the 
pep5-treated samples of the metabolites in the urea cycle and nitrogen metabolism. 
Both cycles are interrelated with the citric acid cycle and glutamine and glutamate play an 
important role. N-Carbamoyl aspartate is a precursor in both the urea cycle and the pyrimidine 
biosynthesis. Depicted below there are the heatmaps of the metabolites involved in the urea 
cycle, the pyrimidine and the purine biosynthes under the influence of Pep5 compared to the 
untreated control. 
*These metabolites were not detected in the control samples. The control samples were given 
an arbitrary value of 1000 to enable the ratio calculation. 



5

115

associated and uses a quinone as electron acceptor in this reaction. Inhibition of 
the membrane embedded respiratory chain would therefore in turn also inhibit PyrD 
activity.16–18 

In the purine biosynthesis, it is remarkable that in the control samples inosine, 
hypoxantine and guanine are not detected, while in the Pep5 samples a reasonable 
amount is found. There are no drastic differences observed in the derived metabolites 
IMP and GMP except for a reduction of AMP. (Fig 9) Among these metabolites some, 
such as IMP, Inosine, guanosine, AMP contain a large percentage derived from 
glycolytic intermediates in the control samples. However in Pep5 samples the level 
of 13C detected is a drastically lower and does not grow over 30 min., something 
that is observed in the control samples. (Fig. S4) Therefore it is likely that, under 
the influence of Pep5, these metabolites are derived from a different source that 
glycolysis, for example the breakdown of other nucleotides.

To summarize: under the influence of Pep5 nitrogen metabolism and related 
pathways such as pyrimidine and purine biosynthesis from glycolysis is halted 
resulting in the accumulation of purines and the inhibition of pyrimidine synthesis. 
These downstream effects are likely to be a result of the general decrease in the 
citric acid cyle.

Regulation of the central metabolism
Pep5 caused a total reduction of metabolites in pathways downstream of glycolysis. 
Staphylococci are facultative anaerobic organisms and the observed inactivation 
of the citric acid cycle and related pathways could resemble an anaerobic growth 
phenotype. 

The dramatic effects on central (energy) metabolism pathways could suggest 
a (membrane) target for Pep5 that is directly involved in regulation of the central 
metabolism in the bacterium. The regulation of metabolism is closely related to the 
energy state of the cell, of which NAD+/NADH levels are an indication. The Rex-
operon senses NAD+/NADH ration’s thereby activates responsible genes involved 
in anaerobic respiration and nitrate/nitrite respiration.17 For example Rex bound 
to NADH de-represses genes involved in components of the respiratory chain, 
regulators of fermentative metabolism, pyruvate/lactate metabolism and regulators 
of nitrogen and anaerobic metabolism. The low levels of NADH detected under the 
influence of pep5 would repress these genes, but it is unknown how the effect lower 
quantities of these dinucleotides affects the regulation of the Rex-operon. 

5.2. Results and discussion
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Another component that influences metabolism is the availability of oxygen, the 
preferred final electron acceptor in the electron transport chain. S. aureus is able 
to grow under low oxygen conditions by using fermentation or nitrate respiration. 
In the latter nitrate (NO3

-) and nitrite (NO2
-) can be used as the terminal acceptor in 

respiration.14,17 In S. aureus oxygen sensing is regulated via an S. aureus specific 
two-component system SrrAB, of which the Rex-NAD+-complex is a repressor. 
SrrAB inactivation increases the transcription of genes of citric acid cycle enzymes 
and is required for maximum growth and survival under anaerobic conditions.19,20 
It senses the electron flow through the respiratory chain and reduced synthesis of 
menaquinone, which it uses to analyze NO and low oxygen conditions. Something 
that was also illustrated in HemD and HemB mutants that have a defect in menadione 
biosynthesis where genes involved in nitrate respirations get upregulated under low 
oxygen conditions. It has been suggested that menaquinones, just as ubiquinones 
in E. coli 21,22, could have a more regulatory function in metabolism, gene expression 
and redox state of the bacterium.16 

It was previously proposed that the citric acid cycle acts as a signal transduction 

Fig. 10: An overview of citric acid (TCA) cycle mediated regulation of energy metabolism. 
The citric acid cycle is tightly regulated to respond to different environmental conditions. 
Illustration taken from Somerville and Proctor, 2009.5
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pathway for several regulators (CodY, CcpA, Rex, SrrAB, GlnR, fur) in staphylococci 
in order to alter gene expression according to alterations in the environment.5(Fig. 
10) Iron restriction (fur-mediated) has, for example been shown to induce expression 
of glycolytic and lactic acid fermentation genes12

 
The effects on the citric acid cycle make it a possible hypothesis that Pep5 interacts 
with membrane components of these regulators such as with menadione biosynthesis 
or the membrane component SrrB of the two-component system.  In this way it fools 
the bacterium to believe that it needs alter citric acid cycle activity and/or to switch 
to anaerobic metabolism. However, this hypothesis does not take into consideration 
the rapid inhibitory effects on glycolysis and the observed accumulation of glucose 
and pyruvate. But alternatively, it makes sense that SrrAB gets activated in Pep5 
treated cells because we already showed an effect on the respiratory chain (chapter 
4). Either way, it is difficult to distinguish between primary and secondary events of 
the mode of action in a system that is so interrelated as energy metabolism. 

5.3. Conclusion
Pep5 influences the central metabolism pathways in S. simulans, which results 
in alterations of high energetic phosphates, as seen with NMR, and alterations in 
important metabolites of the central energy metabolism. 

Experiments conducted in the rich culture media illustrate that the drastic metabolic 
changes are a specific effect due to Pep5, since none such effects are observed 
after treatment with the other antibiotics chloramphenicol and vancomycin. Long 
term incubation with the peptide in TSB showed an accumulation of glucose-6-
phosphate and 6-phosphogluconate, that could be consistent with the accumulation 
observed in the 31P NMR spectrum around the ppm shifts expected for phosphate-
linked glycans. 

Staphylococcus can utilize a variety of carbon substrates to sustain rapid growth. 
To limit the results to fermentation of glucose, bacteria were grown on 13C glucose 
specific media. In this system rapid accumulation of pyruvate and glucose is observed, 
as well as the related amino acids serine and glycine. We also see that very little 
glycolytic metabolites are entering the citric acid cycle under the influence of Pep5. 
A general depletion of citric acid cycle metabolites is observed, with a particularly 
large decrease in citrate abundance. Subsequently a depletion of metabolites in 
downstream pathways such as in nitrogen metabolism is observed as a possible 
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result of citric acid cycle inactivity. 

In general, in most downstream pathways of glycolysis, metabolites are depleted, 
which is already observed within a very short timeframe (<1 min.) of exposure to 
Pep5. The drastic effects confirm that the mode of action of Pep5 is closely related 
to the energy metabolism of the cell, but the results do not specifically point to 
interference in one specific pathway or target. 

5.4. Material and Methods

Bacterial strains and culturing conditions
The Pep5-producing strain Staphylococcus simulans 22 was cultivated in Tryptic 
Soy Broth (TSB) (Sigma-Aldrich), in Chemically defined medium (CDM) or on Tryptic 
soy agar (TSA) (1.6%(w/v) agar, Sigma-Aldrich) at 30oC. 

The chemically defined medium is a modified M9 medium supplemented with 2% 
(w/v) Bacto™ Casamino Acids and has a total content of 0.2% (w/v) carbon. The 
composition is depicted in tables 2A and 2B. The medium was made filter sterile 
using a disposable Sartolab RF/BT Filter System (Sartorius).

Table 2A: Ingredients of the modified M9 minimal medium. 
The quantities are for the preparation of 1L medium.
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Table 2B: Ingredients for the micronutrients and vitamin supplements stock 
solutions. 
The quantities for the vitamin solutions are for the preparation of 100mL of each 
stock solution

NMR studies
Reference samples of 10mM the following common phosphate metabolites were 
prepared in 50mM Tris buffer: Uridine 5’-monophosphate (UMP) (Sigma-aldrich), 
Adenosine 5’-triphosphate (ATP) (Sigma-aldrich), Adenosine 5’-diphosphate 
(ADP) (Sigma-aldrich), Adenosine 5’-monophosphate (AMP) (Sigma-aldrich), 
Uridine 5’-diphosphate N-Acetyl glucosamine (UDP-GlcNAc) (Sigma-aldrich), 
Phosphocreatine (Sigma-aldrich). Also, a phosphate sample was prepared by 
preparing a phosphate buffer at pH=7.

Bacteria samples for 31P NMR were prepared from bacteria in the exponential growth 
phase. An overnight culture of S. simulans 22 in TSB was diluted in fresh TSB to 
an OD600 of 0.05A and grown for 5h at 30oC while shaking. After 3h the culture was 
divided in three equal aliquots of 25mL and 5x MIC Chloramphenicol was added 
to one of the samples. The samples were incubated for another 2h and then Pep5 
was added. The cultures were placed on ice for 20 mins. To prepare the samples 
the pellet was washed 2x in a 10mM TrisHCl buffer, pH 7.5 to get rid of the excess 
of phosphates from the culture media. The samples were kept at 4oC, transferred to 
the rotor and frozen. 

Experimental conditions NMR
Reference 31P spectra were recorded on samples with 10mM concentration. The 

5.4. Material and Methods



Chapter 5: Energy metabolism as target for antibiotics

5

120

temperature was set to 277K and 4 kHz MAS was used. A 78 kHz 90 degree excitation 
pulse was used on 31P and 32 scans were accumulated with and acquisition time of 
130ms and a recycle delay of 2s. Spectra were processed with 10Hz line-broadening.

Control and Pep5 treated cells were pelleted and transferred to a 3.2mm rotor, which 
was stored at -20oC prior to the ssNMR measurements. ssNMR measurements were 
recorded at a Bruker 500 MHz wide-bore spectrometer equipped with a 3.2mm MAS 
probe. The temperature was set to 265K and 5 kHz MAS was used. A 78 kHz 90 
degree excitation pulse was used on 31P and 3584 scans were accumulated with 
and acquisition time of 43ms and a recycle delay of 2s. Spectra were processed with 
25Hz line-broadening.

Metabolomics sample preparation with different antibiotics in TSB. 
Overnight cultures (n=3) of S. simulans 22 were diluted in fresh medium and grown 
during the day.  After 3.5h aliquots of 2mL were prepared and chloramphenicol 
(7.5μL, 10mg/mL stock solution in EtOH was added to one of the aliquots of each 
culture. After an additional hour 0.25μM Pep5 and vancomycin were added to the 
different aliquots of each culture. The samples were incubated for 20 mins. The 
pellets were spun down and washed with 50mM TrisHCl pH=8 (1mL) and finally 
lysed in 400μL of lysis buffer (MeCN:MeOH,mQ-H20, 2:2:1). During the lysis step 
the cells were vortexed and cooled on ice for 10 mins. Samples were spun at 16.000 
x g for 15 minutes at 4°C and supernatants were collected for LC-MS analysis.

Metabolomics sample preparation in CDM on 13C-glucose as primary carbon 
source
Overnight cultures (n=3) of S. simulans 22 were diluted in fresh medium and grown 
during the day. After 5h the samples were spun down and the growth media was 
removed. The pellets were suspended in fresh CDM containing 13C-glucose and 
divided over 2mL aliquots. To half of the tubes already 0.25μM Pep5 was added, 
the other samples were left untreated. To prepare the t=1 min. sample half of the 
samples was directly spun down, washed with 50mM TrisHCl pH=8 (1mL) and finally 
lysed in 400μL of lysis buffer (MeCN:MeOH,mQ-H20, 2:2:1). The 30 min. sample 
was incubated for 30 min. at 37oC followed by the same procedure for washing and 
lysing for sample preparation. During the lysis step the cells were vortexed and 
cooled on ice for 10 mins. Samples were spun at 16.000 x g for 15 minutes at 4°C 
and supernatants were collected for LC-MS analysis.
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Experimental conditions metabolomics 
LC-MS analysis was performed on an Exactive mass spectrometer (Thermo 
Scientific) coupled to a Dionex Ultimate 3000 autosampler and pump (Thermo 
Scientific). The MS operated in polarity-switching mode with spray voltages of 4.5 kV 
and -3.5 kV. Metabolites were separated using a Sequant ZIC-pHILIC column (2.1 
x 150 mm, 5 μm, guard column 2.1 x 20 mm, 5 μm; Merck) with elution buffers 
acetonitrile and eluent A (20mM (NH4)2CO3, 0.1% NH4OH in ULC/MS grade water 
(Biosolve)). Flow rate was set at 150 μl/min and gradient ran from 20% A to 60% A in 
20 minutes, followed by a wash at 80% eluent A and re-equilibration at 20% eluent A. 
Metabolites were identified and quantified using LCquan software (Thermo Scientific) 
on the basis of exact mass within 5 ppm and further validated by concordance with 
retention times of standards. Peak intensities were normalized based on median 
peak intensity. 

5.4. Material and Methods
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5.6. Supplemental data

Fig. S1: 31P NMR spectrum of different 31P metabolites.

Fig. S2: 31P NMR spectrum of S. simulans 22 treated with 5x MIC chloramphenicol 
for 2h.

5.6. Supplemental data
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Fig. S3: Experimental setup sample preparation for the metabolomics 
experiment in CDM with 13C-glucose 

Fig. S4: Table with 13C labelling of all metabolites at t=1 min. and t=30 min. 
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5.6. Supplemental data
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Abstract:

Whole genome sequencing of Pep5 resistant mutants of S. simulans yielded 
two candidate genes that can be involved in the generation of the resistance 
phenotype. The first mutation was found 22bp before YlaN, a protein with unknown 
function involved in Fe-S cluster biosynthesis and isoprenoid biosynthesis. 
No connection between the mutation and gene activation could be found. The 
second mutation was found in a membrane embedded zinc protease, where the 
mutation is expected to disrupt the last TM helix. Knocking out this gene results in 
bacteria that are more susceptible to Pep5 and show growth defects. The higher 
susceptibility suggests that the frameshift does not inactivate the protein and this 
protein is a candidate for being involved in the development of resistance. More 
research is needed to understand the mechanism of resistance and the (possible) 
relation to the mode of action of Pep5. 
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6.1. Introduction

When a microorganism is exposed to an antimicrobial substance natural selection 
occurs for individual bacteria that are less affected. The coping mechanism of these 
bacteria can be caused by an adaptation on the expression level of genes or a mutation 
in the DNA. In the latter, the development of resistance can provide information about 
the possible target or target pathway that an antibiotic interferes in. This approach 
already proved useful in a study into the mode of action of diarylquinolines against 
Mycobacterium tuberculosis. The isolation and subsequent sequencing of resistant 
mutants showed that this antibiotic inhibits the ATP synthase in this bacterium.1,2 
The antibiotic is on the market since 2012. Using whole-genome sequencing is 
gaining popularity mode of resistance studies3, especially because whole genome 
sequencing is becoming a more affordable resource for many laboratories. 

This chapter describes the approach taken to isolate Pep5-resistant mutants and 
sequence their whole genome in an attempt to find single nucleotide polymorphisms 
(SNPs). SNPs between Pep5-resistant bacteria and wild type bacteria from the 
same strain of Staphylococcus simulans possibly contribute to resistance in these 
bacteria. To aid mutation and thus the development of a resistant phenotype, 
bacteria can be exposed to ethyl methane sulfonate (EMS), a chemical mutagens. 
It is known that EMS alkylates the nitrogen atoms in the DNA bases and induces 
point mutations in the DNA by specific alkylation of guanine and sometimes also 
adenine. This results in O-6-ethylguanine, which is transcribed as adenosine, 
placing thymine on the complementary strand instead of cytosine.6 In this chapter 
the generation of resistant mutants by Pep5 exposure of bacteria that either were 
or were not pretreated with EMS is decribed. Their genomes were sequenced and 
analysis of the candidate genes was performed to asses possible influence on these 
mutations on the resistant phenotype of the bacteria. The identification of SNPs in 
those strains was then expected to provide insight into genes that are involved in 
resistance development. In doing so a better understanding of the mode of action 
as well as the mode of resistance in S. simulans and their possible relation can be 
achieved. 

6.2. Results 

Screening and analysis of Pep5-resistant colonies
In order to select for resistant colonies a dense culture of bacteria was be exposed 

6.2. Results
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to a high concentration of Pep5. In this way only the bacteria that have the ability to 
withstand a high Pep5 concentration will grow. In this experimental setup the colonies 
were isolated from plates containing 5mg/L Pep5. To ensure that the mutants will 
have the same genetic background compared to the wild type one colony is picked 
from a feshly prepared plate and spread on a new plate. The following day a single 
colony is inocculated from this plate for the experiment. This culture was spread over 
Pep5 selection plates of which a part was treated with EMS to aid mutation. 

To analyze the ease of resistance development a dilution series was prepared from 
same culture to asses the mutation frequency when S. simulans was exposed to 
a high concentration of Pep5. From these plates it can be estimated that roughly 
1 in 107 bacteria is able to adapt or mutate to withstand high concentrations of the 
peptide (Fig 1), which is comparable to a similar study with an anti-tuberculosis 
compound.1 After 24h of incubation on all plates colonies had grown. Analysis of 
several colonies yielded mutants that have a MIC value >3.5μM, which is >70x 
MIC of the wild type (Fig. 1). At these concentrations peptides such as Pep5 also 
cause non-specific pore formation. We also examined whether these mutants were 
sensitive to other antibiotics that work via different modes of actions to determine if 
resistance to Pep5 also confers resistance towards other antibiotics. None of these 

Fig. 1: Isolation and analysis of the Pep5 susceptibility of mutant colonies. 
The two plates on the left are regular TSA plates with the O/N culture of S. simulans that was 
diluted 100 000x. On the right are the plates containing 5mg/L Pep5 inoculated with the same, 
but undiluted overnight culture for 24h instead of 16h for the bacteria on regular TSA plates. 
On the top two plates 250µL was spread and on the lower plates 125µL of the culture was 
spread. The graph show the optical density after 8h of the isolated mutants and the wild type 
strain in the presence of increasing concentrations of pep5. Mutant 3 and 4 are exposed to 
EMS prior to incubation on Pep5 containing TSA plates.  
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colonies showed cross resistance to antibiotics of any of the major antibiotic classes: 
chloramphenicol, bacitracin, vancomycin, daptomycin, erythromycin and ampicillin 
(data not shown). Resistance against an antimicrobial substance can be caused 
by a genetic alteration, but also by an adaptation in gene expression. Therefore, 
we tested if these isolated mutants remain resistant after 10 serial passages (7 
generations/passage) in the absence of Pep5 and found that they were still equally 
resistant, so it is likely that the gained resistance is due to a mutation in the DNA. All 
isolated mutants showed the same phenotype and grew to the same optical density 
after overnight incubation, however, the EMS treated mutants grew slightly slower 
than the untreated mutants that ‘naturally’ gained resistance upon exposure to Pep5. 

The wild type and the resistant mutants were sequenced to asses if (a) specific 
mutation(s) could be found that point(s) in the direction of a specific target for Pep5 
or the involvement in a certain pathway. The genomic DNA was isolated from the wild 
type and all the mutants and this was used to make DNA libraries. The analysis of 
the DNA libraries is shown in figure S1.  The insert size for sequencing was chosen 
as 550bp to ensure that a reference genome could be assembled.  All samples were 
sequenced in one run using an Illumina MiSeq.

At the time of analysis two genomes of S. simulans were published in the Ensembl 
Genomes database: Staphylococcus simulans ASC-120-V-Sch1 and Staphylococcus 
simulans UMC-CNS-990.7 However mapping against these genomes showed very 
low coverage of the wild type genome. Therefore a de novo assembly was done for 
the wild type sequencing data. When doing a de novo assembly overlaps between 
the different fragments are found and assembled in small parts of the genome called 
contigs. The assembly of the wild type data resulted in 22 contigs to which the 
mutant sequencing data could be mapped with a coverage of 92%. Table 1 shows 
an overview of all mutations found in the genome of the mutants compared to the 
wild type. An indication of 0 shows that the DNA is the same at that position and a 
1 indicates a difference compared to the wild type. It can be clearly seen that more 
mutations are found in the genomic DNA of the resistant mutants pretreated with 
EMS, and most of the mutations are only found in one mutant. Two mutations could 
be identified that were shared in all four mutant genomes (marked in table 1). In 
addition to that these two mutations are the only ones with an alteration involving 
an adenosine base. The other mutations that are exclusively found in the EMS 
pretreated bacteria involve a change of cytosine or guanine bases, as would be 
expected after EMS treatment. It is therefore probable that these latter mutations 
are not contributing to the developed resistance. Therefore the focus was laid on 

6.2. Results
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the two mutations found in the genomic DNA of all the bacteria that acquired Pep5 
resistance.

A de novo assembly is necessary to generate a genome when a reference sequence 
is not available, however the downside of this method is that there is no information 
on the position of genes in the genome. Therefore the data generated was loaded 
into Rapid Annotation using Subsystem Technology (RAST) annotation server, which 
marks the location of possible genes in the genomic sequence based on available 
data from other bacterial and archaeal genomes.8–10 The annotation of the gene 
clusters that flank both mutations is shown in figure 2.

The mutation found in contig 9 is an insertion of a cytosine base pair into an unconfirmed 
gene which, based on the sequence, might be a metal-dependent peptidase or 
metalloprotease. A nucleotide BLAST shows high similarity in the sequence of this 
peptide in several S. aureus strains and predicts it to be a possible membrane 
associated zinc dependent peptidase belonging to the subfamily pfam04298. 
This family is characterized by the zinc binding motif HEXXH. The peptide is on 
the same operon with another hypothetical transmembrane protein called YpjA.11–13 

Table 1: An overview of the point mutations found in all four mutants compared to the 
wild type. 
The mutants are numbered 1 to 4 where mutant 1 and 2 are bacteria that acquired the 
resistance by exposure to a high concentration of Pep5. Mutants 3 and 4 are bacteria that 
were pretreated with EMS before being exposed to a high concentration of Pep5.
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The gene is located in a gene cluster of proteins involved in the shikimate pathway 
and a possible component of the menaquinone cytochrome reductase (Fig. 2) It is 
possible that in some staphylococci these genes are in the same operon as the zinc 
dependent peptidase and YpjA and their expression is regulated by CodY.14 
The gene encodes a protein of 232 amino acids in length and the insertion of a 
cytosine is likely resulting in a shift of the open reading frame altering the sequence 
from this position. The encoding region ends in a stop codon that is six base pairs 
further than the original. (Fig 3) The gene in S. simulans UMC-CNS-990 (in Uniprot: 
SSIM_04005 (U7PGCO_STASI), 100% sequence alignment) was predicted encode 
for a membrane protein that possesses three or four transmembrane (TM) sequences. 
The sequence in S. aureus has 6 more hydrophobic amino acids on the N-terminal, 
which are part of the first TM helix. It is unclear if the lack of these amino acids in the 

Fig. 2: Gene clusters of the genes where mutations were found in the Pep5 resistant 
colonies. 
Top: gene cluster of the probable-metal dependent peptidase (Indicated as the arrow with 
the number 1 above) Bottom: gene cluster of YlaN (Indicated as the arrow with the number 1 
above). The gene clusters depicted are taken from the RAST annotation server.

6.2. Results
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sequence of S. simulans MDP results in the absence of the first N-terminal TM helix, 
as the TMHMM server predicts only three TM helices. The identified mutation likely 
disrupts the fourth (third), C-terminal TM helix (Fig. 3) as the frameshift mutation 
makes the sequence much more hydrophilic.15–17 Comparing the sequence of the 
MDP gene against 500 related MDP genes in several cocci and bacilli strains resulted 
in an overview of the most conserved amino acids in this protein. (Fig. 3) It shows 
that many of the residues in the C-terminal helix are conserved, indicating that the 
frame shift could have a dramatic impact on the activity of this protein. However, the 
effects on these changes on the protein stability/activity remains unclear so far. 

Fig. 3: Alignment of the wt and mutated MDP gene from S. simulans, the same gene 
from S. aureus subsp. Aureus N315 and an overview of the most conserved amino 
acids in the sequence based on a BLAST alignment of 500 bacilli and cocci genes with 
high homology. 
The zinc binding motif: HEXXH, as is found in this family of proteins is indicated with a box. 
The predicted TM helices according to the TMHMM server 2.0 are indicated in blue. The 
amino acids that are altered in the mutated MDP gene are indicated in red.
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The other mutation is found in contig 14 and is a mutation of adenosine to cytosine. 
This mutation is located 22bp away from the gene YlaN (or sometimes indicated 
as SA0961 in S. aureus). The close proximity of the mutation to this gene might 
indicate that it is in the promotor region of this protein. YlaN is a 92 amino acid 
cytosolic peptide with unknown function. This gene is reported essential in firmicutes 
but it also has been reported that it is not essential in S. aureus. There is only 57% 
sequence identity between YlaN in Bacillus subtilis compared to the same gene in 
S. aureus. In the genomic DNA of S. aureus this gene is located upstream of ftsW, 
however it is not part of the same operon. The region between the YlaN and ftsW 
encodes for a sRNA fragment with unknown regulatory function that accumulates 
in the stationary growth phase.18 The function of YlaN is still largely unknown but 
it is believed to be involved in cell shape because YlaN depletion in B. subtilis 
resulted in a non-uniform cell shape (Fig 4, top left).19 Attempts to visualize YlaN cell 
localization were unsuccessful because GFP linked to the C-terminus of YlaN makes 

Fig. 4: Summary of data that is available about the possible structure and function of 
the gene YlaN.  
Top left: Placing the gene YlaN under a xylose promoter shows that when depleting Bacillus 
subtilis from YlaN expression the cells have a non-uniformal cell shape. Illustration taken 
from Hunt et al, 2006.13 Top right: The crystal structure as reported by Xu et al., 2007.15 
Lower left: A functional analysis experiment using CRISPR into essential genes in B. subtilis 
show connections between genes in different operons and within operons. Illustration taken 
from Peters et al, 2016.16 Lower right: Growth of LB containing 0.5mM Fe3+ makes YlaN not 
essential in B. subtilis. Illustration taken from Peters et al. 2016. 16 
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the protein inactive and GFP labeling on the N-terminal site resulted in localization 
in inclusion bodies.19 A crystal structure has been reported which indicates that the 
protein has 3 α-helices and exists as a dimer (Fig 4, top right).20,21 There seems to 
be no well-defined active site, so it was assumed that this protein has a binding 
role rather than a catalytic. There is some electron density detected in the crystal 
structure suggesting that there is a cofactor or substrate bound.21 A more recent 
paper found a correlation between YlaN and the biosynthesis of FeS-clusters and 
isoprenoid biosynthesis (Fig. 4, lower left), possibly suggesting an involvement in the 
biosynthesis of components of the respiratory chain.22 In the same paper it was also 
shown that YlaN is non-essential when the growth medium is supplemented with 0.5 
mM Fe3+(Fig 4, lower right), confirming a possible role for YlaN in iron metabolism. 
The gene cluster in which this mutation is found contains several genes involved in 
the biosynthesis of respiratory chain components hemeA/O, which are respiratory 
chain associated isoprenoid-linked iron-sulfur clusters. (Fig. 2)   

Next, we analyzed if one or two of the mutations are responsible for the generation of 
the resistance phenotype. Not a lot is known for genetic modification of S. simulans, 
therefore for the analyzing the effects of the mutations is done in Staphylococcus 
aureus Newman. Analysis of the sequence identity showed that the MDP gene has 
81% sequence alignment with the same gene (Fig S2A) in S. simulans. The gene 
YlaN has 84% sequence alignment with the same gene in S. aureus Newman (Fig 
S2B).  

Does the mutation alter the expression of YlaN?
Inducing genetic alterations in a (possibly) essential gene is complicated, because 
it poses some difficulties when making a knockout of this gene. In addition, the 
mutation found in contig 14 is not in the actual gene, but 22bp upstream of the gene 
YlaN and therefore it could be part of the promotor region on this gene. Therefore, 
we hypothesized that the mutation might have influence on the expression level of 
this protein. To test whether this was the case the wild type and the mutated gene 
sequences were constructed into the GFP reporter plasmid pCM29.23 (Fig S3) The 
gene fragments were amplified directly from the purified DNA of S. simulans wild type 
and the DNA from mutant 1. After ligation of the sequences in pCM29 the plasmid 
was transformed into E. coli DC10b, which is a cytosine methyltransferase mutant 
and therefore a universal cloning host for the production of plasmids compatible 
with S. aureus.24 After the transformation the correct construction of the plasmid 
and the presence of the point mutation in the desired sequence were confirmed by 
sequencing. 
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The correctly constructed plasmids were transferred into competent S. aureus 
Newman. The GFP expression of S. aureus Newman strain containing the wild type 
and the mutant sequence was measured throughout the growth curve but did not 
show any abnormalities in GFP expression (Fig. 5). If Pep5 resistance could occur 
by adjusting expression of a gene the treatment of these cells might have an effect 
on this particular promotor region. Therefore we also tested if GFP expression was 
altered when the cells were treated with Pep5, however he addition of Pep5 did not 
affect the amount of GFP expressed (data not shown).

Putative metal dependent peptidase
To investigate the mutation in the putative metal dependent peptidase the original 
gene was knocked out in S. aureus Newman. A knockout was prepared using a 
modified pKOR1. This vector is an E. coli/S. aureus shuttle vector that enables 
targeted deletion in chromosomal DNA of S. aureus without the need for an antibiotic 
marker.25 The original plasmid contains a attP/attB lambda recombination cassette26, 
which did not work well in our hands. Therefore, we used a modified pKOR1 plasmid, 
which has a multiple cloning site introduced27. Bacteria containing pKOR1 are grown 
at 43oC, this temperature shift does not allow plasmid replication and forces the 
integration of the desired fragment into the genomic DNA. Subsequent selection with 

Fig. 5: Growth curve (top) and GFP expression throughout the growth curve(bottom) 
in S. aureus Newman with pCM29-wild type sequence and pCM29-mutant sequence in 
TSB. 
Of each transformation two individual colonies were picked and tested, indicated here as 
(1) and (2). Growth curve and GFP expression were measured at the same time points in a 
Clariostar plate reader. GFP expression was measured after excitation at 480nm.

6.2. Results
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anhydrotetracycline (ATc), which induces the Pxyl/tetO promotor and activates the 
antisense SecY cassette. SecY is a protein involved in translocation of proteins over 
the membrane and is essential for bacteria to grow. In that way selection is done for 
colonies where allelic replacement has happened and ensures that the bacteria get 
rid of the plasmid.25 A schematic representation of pKOR1 and the modified pKOR1-
MCS plasmids are depicted in figure S4.
 
To make the knockout ~1000bp before and after the MDP gene were amplified 
from the genomic DNA of S. aureus Newman, followed by another PRC to fuse the 
fragments. To enable easy production of a large quantity of fusion construct the DNA 
fragment was ‘stored’ in a pJet blunt-end cloning vector that was transformed into E. 
coli TOP10F’. The plasmid was purified and digestion and ligation of the construct 
into pKOR1-MCS was done directly from pJet. The plasmid was transferred into E. 
coli DC10b followed by transformation into S. aureus Newman. Allelic replacement 
was done induced by a temperature shift and knock out confirmation was done by 
PCR (Fig 6). The confirmed knockouts were numbered 1 to 4 from left to right.

If the mutation in the S. simulans mutants results in an altered version of the protein, 
a likely effect would be that this would render the protein inactive. Therefore, a 
knockout of the gene possibly has the same phenotype compared to the Pep5 
resistant mutants. The knockouts were tested for Pep5 susceptibility. The bacteria 
were diluted from overnight cultures and treated with different concentrations of 
Pep5 (12.5nM to 500nM) during the day, but after 8 hours the knockouts had barely 

Fig. 6: PCR confirmation of the knockout of the putative metal dependent peptidase. 
Amplified DNA fragment in the wild type is 1206bp. In the knockout, where the MDP gene is 
knocked out the size of the amplified fragment should be 515bp. (size of the MDP gene in 
691bp). 
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grown, whereas the wild type S. aureus Newman culture already grew into a dense 
culture. The cultures were left in at 37oC and in the morning growth inhibition in 
the knockout strains was visible from a concentration of 50nM. Whereas the wild 
type strain only showed growth inhibition at concentrations >200nM. Analysis of the 
growth phenotype showed that the knockouts take longer to get into the exponential 
growth phase compared to the wild type strain. When the bacteria finally reach 
exponential growth their growth rate is comparable to the wild type, resulting in a 
similar final optical density. (Fig. 7)  

6.3. Discussion

Resistant mutants were selected derived from a single colony of S. simulans by 
exposing them to a high concentration of Pep5. Pretreatment of bacteria with 

EMS, as expected yielded more mutations, but no mutations that were found in 
both EMS pretreated mutants. Whole genome sequencing resulted in two mutations 
that are found in all mutants, also in the ones that were solely exposed to a high 
concentration of Pep5. One of the mutations is located right before the gene YlaN, 
which led us to speculate that it may have something to do with promotor activity of 
this gene. However, no differences could be observed in GFP expression as a result 

Fig. 7: Pep5 susceptibility and growth behavior of the MDP knockout strains.
Top: Pep5 susceptibility of S. aureus Newman wt and the knockouts KO1-4 after 20h of growth 
in the presence of an increasing concentration of Pep5. Bottom: Growth curve of S. aureus 
Newman wildtype and the knockout strains.

6.3. Discussion
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of the specific gene fragments. The other mutation was found in a metalloprotease, 
where the insertion causes a frameshift resulting in a slightly longer, but highly 
positive C-terminus in the mutated protein. A BLAST alignment of 500 related protein 
sequences showed that there are several conserved (>90%) amino acids in this 
family of proteins, which are not only found in the staphylococci genus but also among 
other cocci and bacilli. This alignment also showed that there are several conserved 
amino acids in the C-terminal helix, suggesting that this part is important for protein 
function and/or regulation. Knocking this gene out results in growth defects in the 
lag phase of the growth curve and an increased susceptibility towards Pep5. This 
suggests that the mutation does not just inactivate the protein whereas an inactive 
protein would likely resemble a knockout. It is unlikely that the protein itself is the 
target because in that scenario the knockouts should show a lower susceptibility to 
Pep5. This part of the C-terminus where the insertion was found is predicted to be 
part of a TM helix,15 which due to the frameshift probably gets disrupted. Even though 
it is unlikely that the protein is a direct target for Pep5, it is tempting to speculate 
that the positive charges that are introduced in the mutant protein disable Pep5 
binding to a nearby membrane target due to electrostatic repulsion. Alternatively, 
it is possible that both mutations need to co-occur to obtain the resistance against 
Pep5, because in all mutants we find the same mutations. The sequence of the 
DNA fragment before S. simulans YlaN is different compared to S. aureus Newman 
and the negative findings can be a result of the different genetic background that 
was used in this experiment. The gene clusters in which these mutations are found, 
in combination with the functional analysis connections found in B. subtilis YlaN 
and isoprenoid biosynthesis and Fe-S cluster biosynthesis22 do in turn suggest the 
involvement of (one of) these genes in respiratory pathways. An observation that is 
particularly interesting because of the dramatic effect on energy metabolism under 
the influence of Pep5 as is described in chapter 5.  

A different set of Pep5 resistant mutant derived from S. simulans was sequenced to 
analyze if an independent experiment would yield similar results. In that screen, also 
one mutant was identified that had a deletion of 12 base pairs in the same gene, 
10bp before as where the insertion in the MDP gene was found in the first screen. 
This deletion likely results in the deletion of conserved amino acids in positions 195 
to 198 and substitution of asparagine for alanine in position 199 of the protein. (data 
not shown) In addition to that, different mutations in the gene coding for ornithine 
carbamoyltransferase and mutations in another hypothetical protein were identified. 
Further studies are needed into the function and relation of these genes to resistance 
development. It needs to be assessed if supplementation of the knockouts with the 
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mutated gene renders the bacteria more resistant to Pep5. But even in that case it 
still is difficult to establish a model in which the metalloprotease plays a role in the 
susceptibility of staphylococci towards Pep5. For this more information is needed 
about the structure and function of this protein.
    

6.4. Materials and methods

Bacterial strains and culturing conditions
Staphylococcus simulans was cultivated in Tryptic Soy Broth (TSB) (Sigma-Aldrich) 
or on Tryptic soy agar (TSA) (1.6%(w/v) agar, Sigma-Aldrich) at 30oC. Staphylococcus 
aureus Newman was cultivated in TSB and on TSA (Sigma-Aldrich) or on Todd Hewett 
broth (THb) or on Todd Hewett agar (THA) at 37 oC. When stated growth media were 
supplemented with 10μg/mL or 20μg/mL chloramphenicol (Duchefa Biochemie, 
Haarlem). Escherichia coli DC10b and TOP10F’ were cultivated in Lysogeny broth 
(LB) or agar (LA) at 37 oC, and when stated supplemented with 100μg/mL ampicillin 
(Sigma-aldrich) for the maintenance of plasmids. Agar plates made fresh every two 
weeks from stocks containing 20% glycerol maintained at -80oC. 

Isolation of resistant mutants 
One colony was picked from an agar plate and was streaked on another fresh agar 
plate to ensure that the isolated mutants originated from the same wild type strain. 
S. simulans grown overnight was diluted 4x followed by treated with EMS (2%v/v) 
for 30 min at 30oC. The bacteria were pelleted and the EMS was washed with 5% 
Na2S2O3 and 0.15M NaCl (2x). The pellet was resuspended in 1mL TSB and mixed 
with 0.6% TSA. The agar was poured on top of TSA containing 5μg/mL Pep5. The 
plates were incubated for 24h at 30oC. The same was done for the untreated culture.

MIC value determinations
MIC values for Pep5 were determined in glass tubes with increasing concentrations 
of pep5. The MIC determination were conducted in glass tubes because Pep5 has 
a high affinity for plastic, which affects the final concentration in the growth medium. 
An overnight culture of the specific staphylococcus strain was diluted (1:100) in fresh 
TSB. 500μL was added to each tube and to each was added a different amount of 
Pep5 from stock solutions in mQ-H2O. The OD600 of all samples were measured after 
6h-8h of growth at 30oC. 

MIC values for chloramphenicol, bacitracin, vancomycin, daptomycin, erythromycin 
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and ampicillin were determined using microdilution in a 96-wells plate. The TSB 
was supplemented with Ca2+ in the case of daptomycin because the activity of 
daptomycin is Ca2+ dependent. The activity of bacitracin is zinc dependent, but the 
bacitracin is supplied as a zinc salt, so no extra zinc is supplemented to the culture 
broth.  An overnight culture of bacteria was diluted to an OD600 of 0.05A and added 
to the plates. The plates were incubated overnight at 30oC while shaking. Bacterial 
growth was analyzed visually.   

Serial passage 
Glass vials were prepared with 10mL of TSB medium and sterilized. Of the wild 
type and each isolated Pep5-resistant mutant a culture was inocculated and grown 
overnight at 30oC. The next day 30μL of the culture was added to fresh TSB medium 
and grown under the same conditions. This was repeated 10 times. After 10 times 
the MIC of all strains against Pep5 was tested as described above. 

Growth curve 
Growth curves were recorded in 96-wells plates in a CLARIOstar (BMG Labtech) 
plate reader. Bacteria were diluted 1:100 from an overnight culture and incubated at 
37oC while shaking. Every 10 min for 10h one measurement was taken. 

Isolation of the genomic DNA
The genomic DNA was purified from 1mL of bacteria culture according to Pitcher et 
al.28, with some adjustments. After the addition of CHCl3-isoamyl alcohol (24:1) and 
separation of the layers the top layer was taken and 2μL of protease K (20 mg/mL) 
and 2μL of RNAse (20 mg/mL) were added. The tubes were incubated for 30 mins at 
37oC. Then CHCl3-isoamyl alcohol (24:1) was added to each eppendorf tube followed 
by vortexing and phase separation in an eppendorf centrifuge at 14000 rpm for 5 
mins. The DNA was precipitated in 1mL cold EtOH, the supernatant was discarded 
and the DNA was redissolved in TE-buffer (400 μL). Final concentrations of genomic 
DNA were determined by Qubit (Qubit dsDNA HS Br Assay kit, Life Technologies) 
Yield: WT: 185 ng/uL; Mutant 1: 121 ng/µL; Mutant 2: 34.5 ng/µL; Mutant 3: 243 ng/
µL; Mutant 4: 110 ng/µL

Preparation of the DNA libraries and sequencing
The DNA libraries were prepared using the Illumina Truseq Nano DNA sample 
preparation kit following the low sample (LS) protocol.  Four additional PCR steps 
were done instead of eight as is recommended in the protocol. 200ng of DNA of each 
sample was taken for each library. The insert size of DNA fragments is 550bp.
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Plasmids used in this study
pCM29 was used a a GFP reporter plasmid and is maintained at 100μg/mL ampicillin 
for E. coli and 10μg/mL chloramphenicol for S. aureus.  pJet was used as a shuttle 
vector and is maintained at 100μg/mL ampicillin for E. coli. The allelic replacement 
plasmid pKOR1-MCS was maintained at 100μg/mL ampicillin for E. coli and 10μg/
mL chloramphenicol for S. aureus prior to allelic replacement.  

Plasmids were purified from 5mL of an overnight culture of the appropriate E. coli 
strain using the ThermoScientific plasmid miniprep kit according to the manual. 
The pJet blunt cloning vector including all enzymes is commercially available from 
ThermoFisher Scientific. (CloneJet, PCR cloning kit). 

PCR procedures and analysis of DNA samples
PCRs were done with either Phusion HF polymerase mastermix (2x, ThermoScientific) 
or DreamTaq green Mastermix (2x ThermoScientific, for analysis purposes only) with 
0.5μM primer concentration and 50nmol of insert DNA in a 20μL reaction. 

* Annealing temperature dependent on the Polymerase and the Tm of the used         
primers
** Extension time dependent on the length of the DNA fragment (~20s/1kb)
Analysis of DNA amplification products and digestion reaction was done on 1% 
agarose gels in Tris/Borate/EDTA (TBE) buffer using CYBR® Safe (Thermo Scientific) 
stain for visualization of DNA. 

Purification of PCR products and digestion products was done using the Thermo 
Scientific PCR cleanup kit. Gel purifications were done with the Thermo Scientific 
Gel purification kit. All kits were used according to the manual. DNA concentrations 
were determined using Nanodrop.
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Preparation of competent S. Aureus Newman cells
5 ml of THB medium was inoculated with S. aureus Newman and grown during the 
day. At the end of the day 30μL of this culture was added to 25 mL of BHI medium 
(in a 50mL tube) supplemented with 100mM sucrose and 1%, 2% or no glycine. The 
cultures were grown overnight. In the morning, the OD660 was measured and there 
was continued with the culture that had grown 30% less than the culture without 
glycine (usually 1% glycine). The culture was spun down (5 min, 4500rpm) and 
resuspended in the same BHI buffer with the corresponding concentration of glycine 
and incubated for 1h at 37oC. The bacteria were pelleted and resuspended in 10mL 
cold washing buffer (0.5M sucrose, 10% glycerol). The suspension was divided over 
eppendorf tubes and pelleted for 1 min at 13500 rpm. The pellets were washed two 
more times with an equal volume of cold washing buffer. Finally, each pellet was 
resuspended in 200μL ice-cold washing buffer. The cells were divided in aliquots of 
100μL and stored at -80oC until use. 

Transformation of plasmids
E. coli DC10b and E. coli TOP10F’ - 100μL of competent E. coli was thawed on ice 
and the plasmid of choice (7.5µL of a 10µL ligation reaction) was added and left 
to rest on ice for an additional 30 mins. The bacteria were heat shocked for 45s at 
42oC and then left to rest on ice for 2 mins. The bacteria were added to 900uL of LB-
medium and incubated at 37oC for 1h. 
20μL and 100μL were spread on LA plates supplemented with 100μg/mL ampicillin 
and incubated overnight at 37oC. The day after colonies were picked, spread on a 
new LA plates supplemented with ampicillin and incubated overnight at 37oC.

The presence of the right assembled plasmid was tested by a colony PCR. A sample 
was prepared with Dreamtaq Polymerase mastermix and the primers to a total 
volume of 20µL. To each sample some E. coli DC10b were added with the tip of a 
pipet. The standart PCR protocol was used.  
S. aureus Newman – 100μL competent S. aureus Newman was thawed on ice and 
5-10μL concentrated plasmid (>1 μg/μL) was added. The cells were kept on ice for 
30 min. prior to electroporation (Bio-rad, 0,2 cm cuvet, potential 2.5 kV, capacity 25 
μF, shunt resistance 200 Ω). Directly after electroporation the cells were mixed with 
1 mL of prewarmed BHI supplemented with 0.5M sucrose and incubated at 37oC 
for 2h. After 2h the bacteria were spun down and suspended in 200μL that was left 
in the tube. The cells were spread over THA plated supplemented with 10 μg/mL 
chloramphenicol and incubated up to 4 days at 37oC. When colonies appeared, they 
were picked and spread on new THA plates supplemented with chloramphenicol and 
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incubated overnight at 37oC. This was done one more time. 

A direct colony PCR on S. aureus is not possible, therefore prior to PCR analysis a 
crude DNA extract was prepared. A loop of bacteria was resuspended in 100μL lysis 
mix (10mM Tris 50mM NaCl supplemented with 0.1 mg/mL lysostaphin and 0.1 mg/
mL achromopeptidase). The mixtures were incubated for 30 min. at 37°C followed 
by incubation at 100oC for 5 min. The samples were spun down to remove insoluble 
particles and 400μL of TE- buffer (10mM Tris-HCl, pH 8, 1mM EDTA) was added. 
2μL of the crude DNA was used in a PCR reaction using the same conditions as 
described above. The amplified DNA fragment of the positive samples were purified 
and send to Macrogen for sequencing. 

Purification of plasmids
E. coli – 5 mL of the desired colony was grown overnight in LB at 37oC. In the 
morning the bacteria were peleted and the plasmids were purified using the Thermo 
Scientific Plasmid purification kit. 
S. aureus newman – 3 colonies of the same isolate were inocculated in 5mL TSB and 
grown overnight at 37oC. The bacteria were pelleted and resuspended in 750μL TE-
buffer (10mM TrisHCl, 1mM EDTA, pH=8). 500μL of cold acetone was added. The 
bacteria were pelleted again and washed an additional time with 500μL of TE buffer. 
After centrifugation (13500 rpm) the pellet was resuspended in 250μL resuspension 
buffer from the Thermo Scientific plasmid miniprep kit. 10μL of lysostaphin (10mg/
mL) was added and incubated for 30 min-1h at 37oC. The 3 colonies of each isolate 
were put on one miniprep column and further purified according to the manual. The 
plasmids were eluted in 25μL of MQ-H2O. 

Construction of the YlaN-GFP constructs
Amplification of the YlaN promotor sequences: Genomic DNA was isolated from 
S. simulans strain 22 wild type and the from the same wild type derived mutant 1. 
The DNA was isolated using the same method as for the DNA libraries for genomic 
sequencing. 

The promotor region of YlaN was amplified from the genomic DNA using the same 
forward primer for both sequences (primer 1) containing a PstI restriction site and 
different primers for the wild type (primer 2) and mutant DNA (primer 3) and mutant 
with a KpnI restriction site. The DNA fragments were amplified with an annealing 
temperature 62oC followed by purification. YlaN promotor fragment wild type: 79 ng/
uL; YlaN promotor fragment mutant: 69 ng/uL
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Double digest pCM29: A double digest of pCM29 (2μg, 26μL, 77 ng/L) was 
done using KpnI (2μL, FastDigest, Thermo Scientific) and PstI (2μL, FastDigest, 
Thermo Scientific) restriction enzymes in 10x FD buffer (6μL, Thermo Scientific) 
in a total volume of 60 uL. The solutions were incubated at 37oC for 2h. After two 
hours rAPid alkaline phosphatase (Thermo Scientific) was added to catalyze the 
dephosphorylation of the 5’ ends of the DNA to ensure that recombination of the 
plasmid with the cut out fragment is not possible. Two control reactions were done 
where pCM29 was digested with only KpnI or PstI to test the activity of the restriction 
enzymes.  The (double) digests were analyzed on agarose gel followed by gel 
purification. pCM29 double digest: 26.5 ng/μL

Double digest of YlaN promotor wild type and mutant: A double digest of the YlaN-
promotor wt sequence (1μg, 12.6μL, 79 ng/μL) and YlaN-promotor mutant sequence 
(1μg, 14.5μL, 69ng/μL) was done using KpnI (1μL) and PstI (1μL) restriction enzymes 
in 10x FD buffer (3μL) in a total volume of 60μL. The solutions were incubated at 
37oC for 2h.

The (double) digests were analyzed on agarose gel followed by PCR purification. 
YlaN wt double digest: 22.3 ng/μL; YlaN mutant double digest:25.3 ng/μL

Ligation of the pCM29-YlaN contructs: The ratio of insert vs. linear plasmid should 
be 3 > 1. 

pCM29:  2μL x 26.5 ng/uL =  53 ng

YlaN wt:  6.5μL x 22.3 ng/uL =  145 ng
YlaN mutant: 6.5μL x 25.3 ng/uL =  164.5 ng

To both reactions were added T4 ligase (0.5μL, Roche) and T4 ligase buffer (1μL, 
Roche) in a total volume of 10μL and incubated overnight at room temperature. The 
plasmids were transformed into E. coli DC10b using heat shock using the previously 
described protocol.

Analysis of the sequences 
E. coli DC10b: The gene fragment was amplified using a colony PCR. A PCR mixture 
was prepared with Phusion polymerase pCM29 specific primers 4 and 5. PCR was 
done with an annealing temperature of 64.5oC. 5μL of the reaction was analyzed 
on agarose gel and, of the positive colonies the other 15μL was purified using the 
Thermo Scientific PCR cleanup kit. The sequence was analyzed by sequencing 
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(Macrogen).   
After transformation of the pCM29 plasmids into S. Aureus Newman PCR and 
sequencing analysis was done using the same conditions as for E. coli DC10b, 
exept that the crude DNA was isolated prior to PCR, as was stated earlier.  

GFP-expression during growth 
Growth curves and GFP expression (exitation at 480 nm, emission at 509 nm) were 
recorded in 96-wells plates in a CLARIOstar (BMG Labtech) plate reader. Bacteria 
were diluted 1:100 from an overnight culture and incubated at 37oC while shaking. 
Every 10 min for 10h one OD600 and one GFP measurement was taken. 

Construction of the Metal dependent Proteinase (MDP) knock-outs (KOs).
Amplification of the up and down fragments and the fusion construct: 1000bp 
upstream of MDP were amplified using primer 6 and 7 at an annealing temperature 
of 58oC and purified with the PCR cleanup kit. 1000bp upstream of MDP were aplified 
using primers 8 and 9 at an annealing temperature of 53oC and purified with the PCR 
cleanup kit. These two DNA fragments were fused by PCR using primers 6 and 8 at 
an annealing temperature of 58oC and an elongation time of 1 min.  

Blunt end cloning into pJet vector: Due to the low yield of the fusion construct the 
fragment was cloned into the pJet blunt-end vector according to the manual except 
that the ligation time was extended overnight. After the ligation reaction the plasmid 
was transformed into E. coli TOP10F’. Analysis of the right gene insert was done 
by colony PCR using the previously described protocol for E. coli. The same PCR 
conditions were used as for the formation of the fusion construct. 
 
Double digest, ligation and transformation:
A double digest of the 2000 bp DNA fragment (10μL, 441ng/μL, FastDigest, Thermo 
Scientific) was done directly from the purified pJet vector using the EcoRV (1μL, 
FastDigest, Thermo Scientific) and NotI (1μL, FastDigest, Thermo Scientific) 
restriction enzymes in 10x FD buffer (2μL, Thermo Scientific) in a total volume of 
20μL. The solutions were incubated at 37oC for 2h.

The (double) digests were analyzed on agarose gel followed by gel purification of the 
double digest samples with the Thermo Scientific gel purification kit. The DNA was 
eluted in 10μL demineralized water. Yield : 51.3 ng/μL (10μL)

pKOR1-MCS (391 ng/μL, 4μL) was digested with EcoRV (0,5 μL) and NotI (0,5 μL) 
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in 10x FD buffer in a total volume of 10μL. After 2h incubation at 37oC rApid Alkaline 
phosphatase (0,5 μL, Roche) was added and the samples were incubated for an 
additional 30 min. before purification with the Thermo Scientific PCR cleanup kit.  
Yield: 18 ng/μL (30μL)

Ligation was done using a 3-fold excess of DNA insert in T4 ligase buffer (1μL, 
Roche) and T4 ligase (1μL, Roche) in 10μL. The ligation reaction was incubated 
overnight at room temperature.

 3 μL pKOR1-MCS = 3μL x 18ng/μL = 54ng
 3 μL Insert DNA = 3μL x 51,3 ng/μL = 153,9 ng

After incubation the plasmid was transformed into E. coli DC10b. The presence of 
the plasmid was checked by selecting for ampicilin resistance. A colony PCR was 
performed as described previously using Dreamtaq green polymerase mastermix 
with primers 10 and 11 and annealing temperature 50oC. From the positive colonies 
plasmids were isolated and send to Macrogen for sequencing with the same primers. 

Allelic replacement and analysis of the KO
The transformed S. aureus strain was grown overnight in 5 ml TSB supplemented 
with 10μg/mL chloramphenicol at 37°C with vigorous shaking. 100μL of the o/n culture 
was diluted in 10 mL of fresh TSB supplemented with 10μg/mL chloramphenicol and 
incubated overnight at 43°C with vigorous shaking. This step was repeated the day 
after. 
The culture was diluted 10 000x and 100 000x times in sterile PBS and of each 
dilution 20μL and 100μL was spread on pre-warmed (43°C) TSA plate supplemented 
with 10μg/mL chloramphenicol and incubated overnight at 43°C. A large, well isolated 
colony was inoculated into 5 ml TSB and incubated o/n at 30°C. The resulting culture 
was diluted 10 000x and 100 000x times in sterile water and 100 μL of the diluted 
culture was spread over TSA plates containing 1 μg/mL anhydrotetracycline (ATc) 
and incubated overnight at 37°C.
Colonies were picked from the ATc plates and streaked on both TSA and TSA plates 
supplemented with 20μg/mL chloramphenicol and incubated overnight at 37°C. The 
colonies that only grew on the TSA plates were inoculated in plain TSB and grown 
overnight at 37°C.
The crude DNA of these colonies was purified using the previously described 
protocol for S. aureus colony PCR. PCR was done with the crude DNA and S. Aureus 
Newman specific primers 12 and 13 with dreamtaq polymerase annealing at 50oC. 
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As a positive control S. aureus Newman wt gDNA was used. Wild type PCR product 
size: 1206 bp; MDP-KO PCR product size: 515 bp.

6.4. Material and Methods
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6.6 Supplemental data

Fig. S1: Size distribution and final concentrations of the samples of the DNA 
libraries for whole genome sequencing. 
The DNA was sheared to DNA fragments of an average size of 500bp. To identify the 
DNA belonging to each colony a tag of 200bp was added at the end of each fragment 
resulting in an average size of 700bp. 

Fig S2A: Sequence alignment of MDP from S. simulans and S. aureus Newman 
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Fig S2B: Sequence alignment of YlaN from S. simulans and S. aureus Newman

Fig. S3:  Schematic representation pCM29 
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Fig. S4: Schematic representation of pKOR1 and pKOR1-MCS

Structure of pKOR1 with the AttP/AttB recombination sites and the antisense SecY 
expression cassette. Illustrations taken from Bae et al., 2006.25

Structure of the modified pKOR1-MCS with the introduced multiple cloning site.27  
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Fig S5: Primers used in this study

1. YlaN promotor Forw (pstI)
CGCCTGCAGGGTTGGAGGATTCGTTTGTC

2. YlaN promoter Rev (KpnI)-WT
CGCGGTACCTTTTTTGTCATATTAAAAATTTTAGCCTAC

3. YlaN promoter Rev (KpnI)-resistant
CGCGGTACCTTGTTTGTCATATTAAAAATTTTAGCCTAC

4. pCM29 Forw
GTGATGACGACGATAAACGATTATC

5. pCM29 Rev
GCATCACCTTCACCCTCTCC

6. MDP down rev

7. Down Forw+ up part NM1371
GGGGACCACTTTGTACAAGAAAGCTGGGTGACGGGTAACATGTTATACC

8. MDP up Forw

9. Up Rev+down part NM1371
TAAGTTAATTGTTAATCTATAAGAAGTAAAAATTGAAGACAATAAACTCACTCTCC

10. pKOR1 forw-2
AGCTCCAGATCCATATCCTTC

11. pKOR1 rev-2
CACACAGGAAACAGCTATGAC

12. NM1371 KO confirm For
GATTGGAATCAGTGTAGCGATG

13. NM1371 KO confirm Rev
GCAATCTACTGACTCTAGCTAAACTAG

6.6. Supplemental data





Chapter 7

Summarizing discussion and 
concluding remarks



Chapter 7: Summarizing discussion and concluding remarks

7

158

Antibiotics are among the most frequently prescribed medications in current 
medicine, however there is an increasing resistance emerging against our current 
arsenal of antibiotics. Therefore, it is important that we do research into antimicrobial 
substances that uniquely work on essential pathways to make it difficult for bacteria 
to develop resistance. Chapter 1 gives an overview of a very important target for 
antimicrobials in Gram positive bacteria: the peptidoglycan and its precursor lipid 
II. This pathway is a good target for antibiotics because it is readily available on 
the outside of the Gram-positive bacterium, whereas they lack the protective outer 
membrane. In addition to that the cell wall, of which the peptidoglycan makes up a 
large part, is essential for the bacterium to withstand the turgor pressure difference 
between the interior of the cell and its environment, making it the Achilles’’ heel 
of the bacterium. Something that was already illustrated by the famous discovery 
of the penicillins, which inhibit the activity of the penicillin binding proteins that 
are responsible for the polymerization of the glycans that make up the growing 
peptidoglycan. Also antimicrobial peptides from different organisms ranging from 
lantibiotics produced by several other bacteria to defensins from invertebrates and 
even from humans are targeting the peptidoglycan precursor. Each of these species 
has a lipid II specific binding motif that is found among species belonging to these 
specific classes. 

The essentiality of lipid II and the fact that it is not a protein target, which makes it 
difficult to mutate, make lipid II a good, validated target for an antibiotic. Thus we 
aimed to look for novel compounds that specifically interact with lipid II. This was 
done by using the principle of antagonism. If an antibiotic specifically interacts with 
the lipid II in bacterial membranes we can antagonize this activity by adding external 
lipid II. The antibiotic will bind to the external lipid II instead of the membrane-bound 
lipid II, which enables the bacteria to grow. Such a screening brought our attention 
to the red-pigment producing fungus Talaromyces atroroseus that produces a 
metabolite that is active against a set of Gram positive bacteria including clinically 
relevant Staphylococcus aureus and Enterococcus faecium strains. In chapter 2 we 
show that the inhibition of bacterial growth by the antibiotic is suppressed by addition 
of lipid II. Growth experiments in the presence of different lipid II intermediates 
showed that addition of lipid I can also diminish activity, but other precursors 
such as undecaprenyl phosphate, UDP-MurNAc-pentapeptide and UDP-GlcNAc 
could not. Experiments with lipid II-DOPC vesicles loaded with the self-quenching 
carboxyfluorescein fluorophore showed that it competes with nisin for lipid II binding 
disabling it to perform lipid II-dependent pore formation. 

Analysis of the chemical/structural properties have indicated that the 
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molecule is a small molecule with a molecular weight of 505, that shows some 
resemblance to a family of structures with a polyketide backbone and a (decalin) 
fused ring system. The bioactivity of these type of compounds are described in 
literature in a wide variety of applications.1–5 A structure like this might be interesting 
for activity based development to optimize a small molecule antibiotic that specifically 
binds lipid II. Especially because small molecules usually have a better chance of 
being developed into an oral antibiotic. However, many of these compounds show 
cytotoxicity, as was the problem in the development of another synthetic lipid II 
binding molecule.6 However, active analogues that showed low cytotoxicity could be 
found in a structure based screening.7 

Currently one of the last resort antibiotics in severe Staphylococcus infections is 
the lipopeptide daptomycin. Daptomycin is part of the family of cyclic lipopeptides 
that need calcium for activity. There are several other structurally related peptides 
belonging to this family such as Laspartomycin C8 and Friulimicin.9 In chapter 3 we 
describe a similar approach using antagonism that was taken to study the mode 
of action of laspartomycin C. Antagonism growth experiments indicated that the 
lipopeptide interacts with the lipid carrier undecaprenyl phosphate. During lipid II 
synthesis the undecaprenyl phosphate is recycled after the glycosylation steps. An 
in vitro lipid II synthesis showed that lipid II synthesis was indeed inhibited when the 
lipid was pre-incubated with >1 eq. of laspartomycin C. Incubation with only lipid II 
and undecaprenyl phosphate under the same conditions showed that laspartomycin 
C only interacts with the lipid-phosphate and forms a rather stable complex that can 
even be visualized on TLC. 

This in turn highlights again that there are antimicrobial compounds produced 
in nature that target peptidoglycan synthesis and illustrates that this does not only 
happen at the level of lipid II. 

Pep5: the outlier of the common lantibiotics
The activity of antibiotics that work via a specific target is usually lower than that of 
general membrane active substances. A good example of this is the lipid II binder 
nisin, which shows minimal inhibitory concentrations in the low nanomolar range. As 
described in chapter 1, many lantibiotics bind lipid II and each specific class contains 
a binding motif that interacts with the peptidoglycan precursor. 

Chapter 4 introduces the unique antimicrobial nature of lantibiotic Pep5. 
Unlike many lantibiotics, the mode of action of this peptide does not interfere with 
peptidoglycan synthesis, which can also be seen of the lack of any of these commonly 
found lipid II binding motifs. The thing that fascinates us is that this peptide is active 
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in the low nanomolar concentrations, and even has lower MICs compared to nisin 
against Staphylococcus simulans, the indicator organism that was used in many of 
our experiments. 

We show that the mode of action of Pep5 is fundamentally different compared 
to nisin, whereas it does not depolarize the membrane or cause cell lysis. It rather 
acts as a bacteriostatic pushing bacteria in a dormant state. But the most striking 
effects we found was that the mode of action was very rapid. This peptide stops 
bacterial growth almost instantaneously, which could be explained by the drastic 
drop of ATP levels that we observed shortly (<1 min.) after incubation with Pep5. 

In addition to that, concentration dependent effects on the cross-membrane 
DpH are observed, which, when looking at the timeframe and extent of the effect, are 
likely to be a secondary effect of the mode of action. 

The speed in which Pep5 influences intracellular ATP levels and rapidly stops 
bacterial growth made us explore the effects of Pep5 on the energy metabolism 
more extensively in chapter 5. Treating cells with Pep5 and carrying out 31P NMR on 
the whole cell pellet we observed signals disappearing in the region where we would 
expect nucleotides and oxidative species ATP and NADHP. Furthermore, a large 
peak shows up in the region where we expect sugar phosphates. 

To further investigate what causes these changes a metabolomics approach 
was taken in which a large set of metabolites from the general metabolism was 
analyzed. We see that Pep5 causes accumulation of glucose and pyruvate on a 
very short time scale (within minutes). In addition, we derive from the distribution 
of the glycolytic intermediates that the bacteria mainly utilize glucose from the 
growth medium for energy production while only a very low percentage ends up 
in the citric acid cycle. The overall quantities of metabolites in the citric acid cycle 
are dramatically reduced. This is also reflected in the depletion of glutamine and 
glutamate, metabolites that feed the citric acid cycle in the growth phase where 
ATP production mainly occurs via glycolysis and substrate level phosphorylation.10–14 
We also see a dramatic drop in abundance of metabolites associated with nitrogen 
metabolism. Clearly illustrating that Pep5 has a dramatic effect on the bacterial 
energy metabolism.

Another way to gain knowledge about the mode of action of an antimicrobial peptide 
is through genetic alterations that decrease susceptibility. Bacteria can develop 
resistance towards a specific antibiotic and these acquired mutations can possibly 
tell something about the target or the target pathways that the antibiotic interferes 
in. In chapter 6 we selected for resistant strains by exposing them to high levels 
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(30x MIC) of Pep5. The whole genome of these colonies that picked up a resistance 
(>70x MIC) was sequenced to identify differences at the DNA level. 

Two genes were identified that were present in all resistant colonies, but not 
in the wild type. The first mutation was found 22bp before the ‘possibly’ essential 
gene YlaN15–17 The proximity to the gene might indicate that this is the promotor 
region, therefore we made a construct with this gene fragment with and without the 
point mutation before a gene encoding GFP and inserted this in wild type S. Aureus 
Newman. So far there has not been a difference in GFP expression throughout the 
growth curve of the bacterium. But this could also be due to the genetic background 
in which the promotor activity was tested. The second gene that was picked up 
encodes a putative metal-dependent protease. A knockout was made of this gene in 
wild type S. Aureus Newman where we observe growth defects and an increasing 
susceptibility towards Pep5. The insertion of a base pair in this gene results in a 
highly positively charged C-terminus, which probably disrupts the 4th helix of this 
predicted transmembrane protein.18 

The possibility exists that the bacterium needs both mutations for resistance, 
because all the resistant colonies had both mutations. 

A possible target for Pep5
It is interesting to speculate about a possible target for Pep5. Pep5 is a positively 
charged peptide and it is expected to exert its mode of action from interacting with 
a membrane component. One of the first things that come to mind for a membrane 
target that is involved with energy metabolism is the membrane embedded respiratory 
chain. We observe differences in electron conductivity and a slight (secondary) 
effect on the DpH. The metabolome under the influence of pep5 shows a decrease 
in citric acid cycle metabolites, whereas the citric acid cycle is the main producer of 
dinucleotides that carry the electron to the electron transport chain. The observed 
effects on the DpH could be a result of the decrease of metabolites in the citric 
acid cycle, but we see more drastic results on metabolism, also in glycolysis where 
glucose and pyruvate accumulate. 

The genes in which we find mutations in the isolated pep5 resistant strains are 
in close proximity to genes coding for components of the respiratory chain, and a 
recent study linked the essential gene YlaN to be involved in isoprenoid and Fe-
S-cluster biosynthesis, both involved in respiration.19 But the biosynthesis of these 
respiratory chain components is not only of interest because of the observed effects 
on the respiratory chain and the citric acid cycle. In E coli biosynthesis of ubiquinone 
was reported to have a regulatory effect as well20–22 and also the citric acid cycle is 
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a regulon for several sensing systems that analyze the environment.23 For example, 
interaction with the membrane embedded SrrB or menaquinone biosynthesis could 
alter metabolism, but it is difficult to say to what the extend of this is in a complex 
system such as energy metabolism. 

Further studies should be done into the function of the putative (membrane) 
metal dependent protease, since knockouts of this gene render the bacteria more 
susceptible. Due to the increase in sensitivity of these strains it is unlikely that this 
protein is a direct target. The increase in positive change, do however give rise to 
speculation that the mutation disables binding of Pep5 to a target in close proximity 
to this protein.  

The rapid timeframe in which it exerts its effect on susceptible bacteria, together 
with the MIC in the nanomolar concentration and specific activity towards (clinically) 
relevant Staphylococci suggest an interaction with an as yet unidentified membrane 
target. This holds a promise for interesting findings in future antibiotic research.

Outlook
Many currently used antibiotics are produced by microorganisms and fungi and 
therefore screening for novel antimicrobials from fungal and bacterial sources that 
specifically target an essential structure such as lipid II is valuable. However, to 
battle antimicrobial resistance, it is not only important to find new antibiotics but it is 
also important to understand the molecular basis of their mechanism of action. In this 
way, we can understand in detail how they work and learn about the development 
of resistance. On top of that these studies provide a better insight into the complex 
metabolism, functioning and survival of these fascinating microorganisms and 
might reveal new, unexploited targets that then in turn can be used in antibiotic 
development.   
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Het onderzoek dat beschreven is in dit proefschrift is erg fundamenteel. Dat wil 
zeggen we doen onderzoek om meer te leren over bacteriën en antibiotica op een 
moleculair niveau. Dat wil ook zeggen dat de resultaten beschreven in dit proefschrift 
niet direct zullen leiden tot een nieuw antibioticum dat op de markt zal komen, daar 
gaan nog jaren overheen. Echter, fundamenteel onderzoek vormt wel de basis 
geneesmiddelonderzoek, want zonder kennis is dit niet mogelijk. 

Antibiotica zijn tegenwoordig een van de meest gebruikte medicijnen. Echter, veel 
bacteriën beginnen resistentie te ontwikkelen tegen de meest gebruikte antibiotica. 
Daarom is het erg belangrijk om onderzoek te doen naar antimicrobiële substanties 
die werken tegen deze resistente bacterie stammen. Een goede aanpak daarvoor is 
het zoeken naar moleculen die een specifieke interactie aangaan met een essentieel 
onderdeel van de bacterie. 

Bacteriën kunnen grofweg worden onderverdeelt in twee groepen gebaseerd op 
hun buitenste structuur, een structuur die ook wel de bacteriële celenvelop genoemd 
wordt. De bacteriële celenvelop is onderverdeeld in een vettige laag (de membraan), 
die als functie heeft een scheiding te maken tussen de waterige binnen- en buitenkant 
van de bacterie, en de celwand, een netwerk van gelinkte suikers en korte peptiden 
(ook wel peptidoglycaan genoemd) met als functie om stevigheid te geven aan 
de cel. De celwand is essentieel voor bacteriën omdat zonder deze structuur de 
membraan alleen de druk van het interieur van de bacterie (sacculus) niet kan 
weerstaan. Dit heeft als gevolg dat veel antibiotica aangrijpen in het essentiële 
proces om de celwand op te bouwen, want als een bacterie niet meer in staat is die 
complexe netwerk te bouwen dan kan deze ook niet meer delen. Ook wordt op die 
manier de celwand verzwakt en zal op den duur de druk van de sacculus te groot 
worden waardoor de membraan openbreekt en de bacterie dood gaat. 

Zoals als eerder aangegeven, kunnen we bacteriën classificeren aan de hand van 
de kenmerken van de celenvelop. Gram positieve bacteriën hebben enkel een 
membraan en een dikke celwand. Gram negatieve bacteriën hebben naast het 
binnen membraan ook nog een buitenmembraan. In dit geval bevindt de celwand 
zich dus tussen deze twee membranen, wat als consequentie heeft dat deze niet 
zo makkelijk te bereiken is voor antibiotica. Daarom ligt de focus in dit proefschrift 
antibiotica tegen Gram positieve bacterie. In hoofdstuk 1 van dit proefschrift 
wordt een overzicht gegeven van een aantal antimicrobiële stoffen die specifieke 
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interactie aangaan met lipide II. Lipide II wordt gevormd aan de membraan en is de 
belangrijkste bouwsteen van de celwand. Deze bouwsteen wordt gevormd aan de 
membraan door enzymen die zich in de membraan bevinden en is geankerd in de 
membraan met een vetstaart. Op het moment dat de hele bouwsteen gevormd is 
wordt deze losgekoppeld van de vetstaart en ingebouwd in de groeiende celwand. 
Het eerste antibiotica dat aan bod komt in dit hoofdstuk is vancomycine, een 
antibiotica dat tegenwoordig vaak gebruikt wordt als laatste optie tegen resistente 
bacteriën zoals MRSA. Ook wordt een focus gelegd op de groep lantibiotica, deze 
peptiden danken hun naam aan het niet-natuurlijke aminozuur lantionine. Van 
deze groep is het peptide nisine het meest bekende voorbeeld. Nisine wordt van 
nature geproduceerd door bacteriën in melk en is een van de eerste antimicrobiële 
stoffen die al in de jaren ’30 werd ontdekt en wordt al sinds tientallen jaren gebruikt 
als conserveringsmiddel. Verder kijken we ook nog naar een klasse peptiden die 
behoren tot het immuunsysteem, want ook mensen en andere hogere organismen 
produceren substanties die specifieke interacties aangaan met de celwand synthese 
in bacteriën. Aan dit overzicht kunnen we dus al zien dat er heel veel antibiotica 
werken op de bacteriële celwand, iets dat dus al aangeeft dat dit een goede “target” 
is voor antibiotica. Daarom zijn we in hoofdstuk 2 verder gegaan met het vinden van 
nieuwe moleculen die een specifieke interactie aangaan met lipide II. Veel antibiotica 
die we tegenwoordig gebruiken worden geproduceerd door schimmels, denk 
bijvoorbeeld aan penicillines, deze worden bijvoorbeeld geïsoleerd uit de schimmels 
van de klasse penicillium. In dit hoofdstuk werken we met een schimmelstam die 
heet Talaromyces atroroseus, een stam die bekend is voor de productie van rode 
pigmenten (mooie dieprode samples). Hiervoor gebruiken we een principe dat we 
antagonisme noemen. Dat komt erop neer dat als een antibioticum bacteriën dood 
door een interactie aan te gaan met lipide II we extra lipide II gaan toevoegen aan 
ons antibioticum. Op deze manier moet het antibioticum “kiezen” of het bindt aan het 
bacteriële lipide II of het extra toegevoegde lipide II. Het toegevoegde lipide II vangt 
dan in feite het actieve antibioticum weg, met als gevolg dat de bacteriën kunnen 
overleven. Op deze manier hebben we een nieuw molecuul ontdekt dat effectief 
werkt tegen verschillende stammen van de superbugs MRSA en VRE en dat een 
potentieel nieuw antibioticum zou kunnen zijn. 

In hoofdstuk 3 gaan we in op een heel nieuwe klasse antibiotica, deze antibiotica zijn 
cyclische peptiden met een vetstaart. Het bekendste antibioticum uit deze klasse is 
daptomycine, dat tegenwoordig ook wordt gebruikt als een laatste redmiddel tegen 
infecties met resistente bacteriën. De chemische structuur van deze moleculen 
lijkt erg op elkaar, maar in dit hoofdstuk kunnen we laten zien, wederom met het 
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principe van antagonisme, dat het peptide laspartomycin C specifiek bindt aan de 
vetstaart die nodig is voor het ankeren van de bouwstenen van lipide II aan de 
membraan.  Na het inbouwen van de bouwstenen in de celwand wordt dit lipide 
gerecycled en dient het als een anker voor het bouwen van een nieuwe bouwsteen. 
In een bacterie is dus maar een beperkte hoeveelheid van deze speciale vetstaart 
aanwezig dus op den duur kan de bacterie onder de invloed van laspartomycin C 
dus geen nieuwe celwand meer vormen. Ook konden we laten zien dat de binding 
tussen laspartomycin C en de vetstaart erg sterk is en moeilijk is te verbreken.

In hoofdstuk 4 kijken we naar het werkingsmechanisme van een ander lantibioticum. 
Dit peptide heet Pep5 en wordt geproduceerd door een bacterie die op de huid 
voorkomt. We kunnen laten zien dat het geen effect heeft op de celwand synthese 
en ook zien we dat de bacteriën intact blijven. Dit peptide is erg interessant omdat 
het heel effectief bacteriën stopt met delen en dat al bij erg lage concentraties. Het 
lijkt er bij wijze van spreken op alsof de bacteriën direct in slaap vallen als ze in 
aanraking komen met Pep5. Dit is iets wat we nog nooit hebben gezien bij een ander 
bekend antibioticum en daarom lijkt het erop dat dit peptide werkt via een nieuw 
mechanisme. 
Omdat Pep5 zo snel werkt was onze eerste gedachte om te kijken naar de 
energiehuishouding in de cel. Dit met het idee dat als de bacterie geen energie meer 
kan produceren zal het stoppen met alle essentiële processen. In cellen wordt energie 
overgedragen via een molecuul dat ATP heet, en als we naar de concentraties van 
dit molecuul kijken onder de invloed van Pep5 dan zien we dat deze dramatisch naar 
beneden gaan.  

Daarom besloten we verder te kijken naar het effect dat Pep5 heeft op het centrale 
metabolisme van bacteriën in hoofdstuk 5. Processen voor de productie van energie 
(ATP) in de cel zijn erg geconserveerd, en gebeurd op bijna dezelfde manier als 
in humane cellen. Via glycolyse, waar suikers zoals glucose afgebroken worden 
in kleinere moleculen, welke vervolgens in de daaropvolgende citroenzuurcyclus 
volledig afgebroken kunnen worden tot CO2 en water. Deze laatste cyclus produceert 
heel veel precursors die gebruikt kunnen worden in de ademhalingsketen. De 
ademhalingsketen bevindt zich bij mensen in de mitochondriën (ook wel de 
energiefabriek van de cel genoemd), maar bij bacteriën in de (binnen-) membraan. 
In de ademhalingsketen kunnen onder invloed van zuurstof grote hoeveelheden ATP 
geproduceerd worden. In samenwerking met een groep die gespecialiseerd is in 
het tegelijk bestuderen van een grote selectie moleculen die belangrijk zijn in het 
centrale metabolisme hebben we gekeken naar het directe effect van Pep5 hierop. 
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Daar zagen we dat Pep5 vrijwel direct (> 1min blootstelling) de citroenzuurcyclus plat 
legt, en ook zagen we effecten in de glycolyse. Resultaten die inderdaad aantonen 
dat Pep5 een direct effect heeft op de energiehuishouding van deze bacteriën. We 
verwachten dat Pep5 ergens bindt aan een eiwit of molecuul zoals lipide II, dat 
verbonden is aan de celwand of de cel membraan. De resultaten in hoofdstuk 4 
en 5 waarin we effecten zien op het energiehuishouding kunnen nog niet helemaal 
verklaren hoe Pep5 dit effect veroorzaakt. Daarom hebben we ook nog op een 
andere manier geprobeerd wat meer informatie te krijgen over hoe Pep5 werkt. 
We hebben bacteriën blootgesteld aan een hoge concentratie Pep5 en op deze 
manier bacteriën geïsoleerd die hogere concentraties Pep5 kunnen verdragen dan 
de zogenaamde wild type stam. Vervolgens hebben we de exacte DNA-sequenties 
van deze bacteriën bepaald om te kijken of we mutaties konden vinden tussen de 
resistente bacteriën en de gevoelige bacteriën. Op deze manier hoopte we een 
beter inzicht te krijgen in eiwitten die een rol spelen in het werkingsmechanisme van 
Pep5. Daaruit kwamen twee genen die veranderd waren in de resistente stammen. 
Een van deze genen codeert voor een eiwit dat zich bevind is in de membraan. 
Dit gen hebben we in het lab selectief verwijderd uit het DNA van de bacterie en 
daaruit bleek dat de bacteriën zonder dit gen minder goed tegen Pep5 kunnen, 
iets wat een indicatie is dat dit gen inderdaad een rol speelt in de het mogelijke 
werkingsmechanisme van Pep5. Helaas is er nog weinig bekend over de functie van 
dit gen dus is er nog meer onderzoek nodig om werkelijk te kunnen begrijpen wat de 
rol is van dit eiwit in het werkingsmechanisme van Pep5.



Acknowledgments 

170

Acknowledgements

In de afgelopen 5 (!) jaren heb ik heel veel steun gehad van verschillende mensen 
en ook veel nieuwe mensen leren kennen die allemaal op hun eigen manier een 
bijdrage hebben geleverd aan de totstandkoming van dit proefschrift. 

Allereerst mijn directe begeleider, Eefjan. Toen ik vijf jaar geleden begon bij MBB 
was een van de eerste dingen die jij tegen mij zei dat je het kon waarderen als 
iemand een beetje koppig is, ik weet niet of dat nog steeds zo is. Ik vind het erg fijn 
dat je me altijd de vrijheid hebt gegeven om me op mijn eigen manier mijn dingen 
te laten doen. Bedankt voor alle kansen die je me hebt gegeven de afgelopen jaren 
zoals het bijwonen van de GRCs in Toscane en Ventura, California, ook al kon je 
zelf niet mee naar de laatste. Ik denk dat van alle conferenties en meetings waar 
we naartoe zijn geweest ons bezoek aan Prof. Qing Gu in Hangzhou, China (en 
Shanghai, Beijing, etc.) wel het meest memorabel was. 
Antoinette, ik ben blij dat jij toch op het laatste moment mijn promotor bent 
geworden, dat voelt goed nadat ik al die tijd bij MBB, de groep waar jij prof van bent, 
heb gewerkt. Bedankt voor het vertrouwen dat je me hebt gegeven tijdens de laatste 
loodjes van het afronden van mijn boekje. Then I would like to thank my second 
supervisor Nathaniel, I think I partly owe it to you that I was so quickly hired on this 
PhD project. As my co-promotor I was often very happy with your ‘Organic Chemist’ 
way of thinking during our (monthly) work discussions. Jeroen, bedankt voor het 
kritisch doorlezen van mijn manuscript. Also a thanks to my reading committee and 
opponents for taking the time to critically read my work and giving me the opportunity 
to defend it in public. 

Ik zou niet met zoveel plezier terugkijken naar mijn tijd bij MBB als ik niet zulke 
leuke collega’s had gehad. Allereest Eefjan’s Angels: Lisette, roomie, we hebben 
een leuke tijd samen gehad op kantoor en met al die lab activiteiten die we samen 
hebben georganiseerd. Ook al was de onderzoekswereld niet echt jouw ding, ik 
ben blij dat je je passie voor onderwijs hebt ontdekt. Menig leerling mag blij zijn met 
een docent met passie voor het vak als dat jij hebt. Inge, bedankt voor alle steun 
en een luisterend oor onder het genot van al die (speciaal) biertjes. Ik vind het erg 
leuk dat we een traditie hebben gemaakt van die jaarlijkse wintersport vakantie ;-). 
Het was een ervaring om jouw promotie als jouw paranimf mee te maken en ik ben 
blij dat je ook de mijne wilt zijn. Yao, my best memories with you are from our trip 
to China. I enjoyed it a lot to visit your home country with you, that is an experience 
that I will never forget. I enjoy our occasional coffee and dinners, also with the rest of 
the girls, let’s make sure to continue having those. Remko, al hebben we niet heel 
lang samen gewerkt bij MBB, ik vind het erg leuk dat we de afgelopen jaren zulke 
goede vrienden zijn geworden. Bedankt voor al je goede advies de laatste maanden 



Acknowledgements

1

171

tijdens het zoeken naar een nieuwe baan. Ik hoop dat er nog vele gezellige spelletjes 
avonden/ zondag middagen kunnen volgens samen met Loes en Sophie in jullie 
mooie nieuwe huis. Xiaoqi, my other ‘roomie’ for the past 1.5 years, good luck with 
your Epilancin 15x and Lactocin S, and thanks for taking over some of the unfinished 
Pep5 projects, I am sure you will do a great job finishing up this story. Meanwhile, 
don’t forget to take a break sometimes, and keep up the weekend trips! Paulien, 
succes met de laatste loodjes voor het afronden van jouw PhD. 

Mike, je was al bij MBB toen ik begon, en je bent er nog steeds nu ik afscheid 
neem. Bedankt voor al je harde werk om het lab werkbaar te houden en bedankt 
voor de gezelligheid tijdens de laatste maanden! Juan, the guy from the good food 
(which does not include the inside of tomatoes or buns...), thanks for bringing up 
all these ‘interesting’ topics during lunch and in our WhatsApp group. The paella 
Sundays were memorable. Jonas, it was nice to have someone around that is such 
a perfectionist and a true reasercher, try to not let it take the best of you. Thank 
you for inviting us to your party in Saarland, I enjoyed seeing the farm where you 
grew up. Keep me updated when you’re around Utrecht! Xue, you just started in 
MBB when I arrived. It was good to see you feeling more and more at home here. It 
was fun learning how to make real dumplings from you and Xiaoqi. Good luck with 
finishing your PhD! Dr. Furse, thanks for all the lessons in proper English and the 
refreshing chemistry talks from time to time. Maarten, Bedankt voor alle advies en 
het meedenken met mijn projecten. Daar heb ik erg veel steun aan gehad in mijn 
laatste jaar. Ik vind het erg leuk dat je tijdens mijn promotie mag optreden als het 
hoofd van de commissie. Ruud en Martijn, de Cie, bedankt voor het in goede banen 
leiden van het lab, en natuurlijk het organiseren van de wekelijkse borrel.

During my PhD I had the joy to supervise several students. Merel, jij was mijn 
eerste student in 2013 en tijdens jouw stage zijn we begonnen met werken aan 
het Pep5 project. Het werk wat jij hebt gedaan is niet direct terug te vinden in dit 
proefschrift, maar is wel de basis geweest voor de methoden die we ontwikkelden 
voor de selectie van resistente bacteriën tegen Pep5 die we hebben gebruikt in 
hoofdstuk 6. Marta, you contacted me last-minute that you needed a position for a 
9-month master internship and you started a week later. During the time in our lab 
you have done a lot of work on fluorescently labelling Pep5, which unfortunately we 
could not get to work. Next to that, you optimized the respiratory chain experiments 
in chapter 4. Your hard work and endless motivation are a remarkable quality and 
I am sure that you will do great when you find a PhD position. Rossella, when you 
came from Italy for your exchange you told me that this was the first time that you 
lived on your own. In those months you grew from a shy, insecure girl to a fun, 
confident person. You learned first-hand that lab work can be frustrating, but you 
never gave up and contributed a lot tot the characterization and purification of our 



Acknowledgments 

172

fungal compound. Thank you for all your hard work and good luck with your PhD! 
En ook alle andere studenten die elk op hun eigen manier hebben bijgedragen aan 
dit manuscript, Carmelita, Marion, Praew, Fatima en alle tweedejaars studenten 
bedankt voor jullie inzet! 

To all the other group members of MBB: Yang, Saran, Joost, Stefan, Tine, Toon, 
Greg, Patricia, Tami, Kees, Marre, Michal, Monica, Hannah, Amrah, Gabi, 
Margriet, Joanna, Mariette and the many other students that spend time in our lab:  
thanks for contributing tot the great atmosphere in the group!

Dan ook nog een bedankje voor alle secretaresses die we in de afgelopen jaren bij 
MBB versleten hebben, Cecile, Marjolein, Carolien, Noortje en in het bijzonder 
Linda, voor het helpen tijdens de laatste fase van mijn PhD. Bedankt voor al jullie 
goede werk. 

De vele samenwerkingen waren essentieel voor de totstandkoming van dit proefschrift. 
Allereerst Laurens, bedankt voor de samenwerking op het Laspartomycin C project, 
dat was erg leuk om te doen en heeft een mooi paper opgeleverd. Bedankt voor al 
je hulp met HPLCs en andere apparatuur op het MedChem lab. Peter, het was altijd 
gezellig om naast jou te werken op het lab. Thanks voor alle discussies en hulp. 

Alex, bedankt voor al jouw harde werk en het analyseren van al die samples op 
de LCMS. Samen hebben we aardige voortgang gemaakt in het zuiveren van ons 
schimmelextract. Met jouw motivatie om te leren heb ik er het volste vertrouwen in 
dat je je nieuwe opleiding tot laborant succesvol af zal ronden en nog ver zal komen 
in de onderzoeks wereld. En ook Jan en Jelmer bedankt voor de eerste screenings 
van al die schimmels wat de basis is geweest van het project over het talaromyces 
extract in hoofdstuk 2. 

Klaartje, de eerste NMR-experimenten met Pep5 hebt jij voor ons uitgevoerd. Jouw 
expertise met NMR heeft ons heel veel geholpen, ook tijdens de 2D experimenten 
voor het schimmelextract uit hoofdstuk 2 en in latere experimenten met Pep5, die 
helaas niet in mijn boekje zijn gekomen. Esther en Celia, bedankt voor het doen 
van de metabolomics experimenten, deze waren een mooie aanvullig op de NMR-
experimenten en hebben een hele nieuwe kijk gegeven op het werkingsmechanisme 
van Pep5. Jullie kennis en expertise op dit gebied was onmisbaar. 

Nina, bedankt voor alle hulp, advies en ideeën. Ik kwam in het UMC zonder enige 
ervaring met kloneren en jij hebt me daar zeker het een en ander van bijgebracht. 
Het zou in eerste instantie een kort project worden, maar uiteindelijk ben ik bijna 2 
jaar regelmatig bij jullie op het lab geweest. Zonder jouw input zou hoofdstuk 6 niet 



Acknowledgements

1

173

tot stand gekomen zijn. Samantha en Rob, ook jullie bedankt voor alle hulp op het 
lab en het helpen met analyseren van sequencing data.

Ewart de Bruin, Mark Verheul, Ies Nijman en Joep de Ligt van de sequencing 
groep in het Hubrecht, bedankt voor het helpen met het maken van de DNA libraries 
voor het sequencen en het analyseren van de data tot een voor mij bruikbare dataset.  

Hans-Georg Sahl, all papers in literature about Pep5 have your name on it. Thank 
you for inviting us to visit you in Bonn to discuss all our, and your (unpublished) data 
on Pep5. I am honored to have you sit in my opposition during my defense. 

Reinout, bedankt voor de bijdrage vanuit het Bijvoet om de ACSB Biotech cursus en 
de daaropvolgende conferentie te kunnen bijwonen in San Francisco. Deze meeting 
heeft voor mij een heel duidelijk beeld geschetst wat ik na mijn PhD kan en wil gaan 
doen. 

Prof. Qing Gu, thank you for inviting us to visit your lab in Hangzhou. Also a a big 
thanks to all the other people from your lab that showed us around in Hangzhou, 
Shanghai and Beijing.  

Tijdens deze jaren waren er natuurlijk ook nog vele vrienden die voor de hard nodige 
afleiding hebben gezorgd. Nadia, we kenner elkaar al lang. Soms hebben we veel 
contact, dan weer wat minder. Het is fijn om te weten dat je altijd voor me klaar staat. 
Jana, ooh wat worden we volwassen… van vroeger avonden wijntjes drinken tot 
diep in de nacht naar wekelijks samen sporten. In het eerste jaar van mijn PhD 
zijn we voor het eerst samen op wintersport geweest. Die wintersport is inmiddels 
uitgegroeid naar een jaarlijkse vakantie ook met Marieke, Maarten, Nando, Hidde, 
Heiko en Inge waar bijna het hele jaar al naar wordt uitgekeken. Ook mijn andere 
oud-collega’s van mijn tijd bij de Colonie, al beginnen we dat stappen wel een 
beetje te ontwennen de etentjes blijven altijd gezellig. Dan komt er nu toch eindelijk 
een eind aan de steeds terugkerende vraag: ‘maar ben je nou nog niet klaar bij de 
Universiteit?’

Sam and Jamie, I am happy that we had you as neighbors when we moved into our 
current apartment. The trips we took to visit you guys back in NY were memorable. 
I guess thanksgiving is a tradition for us as well now.  And also a thanks to all other 
friend that probably are not able to attend my defence because they live too far away, 
Dennis, Lucian, Sara, Jelmer and Alycia. I enjoy it that inspite of the distance we 
still stay in contact and actually get to see each other relatively otften. 

En natuurlijk ook bedankt aan alle vrienden die ik hier vergeet te noemen! 



Acknowledgments 

174

Chris, Paul, Daan, Robin en Emma, lief bestuur, nog steeds heb ik goede 
herinneringen aan ons bestuursjaar bij Proton. Ik vind het erg gezellig dat we zo nu 
en dan nog bestuursetentjes hebben, wellicht iets wat weer wat makkelijker is nu 
iedereen in ieder geval weer in Nederland woont. 

Dan wil ik nog graag Ton, Winnie, Tiemen, Rosalie, Janne-Mieke, Tim, Marjan, 
Lore en Martijn bedankten voor alle steun, liefde en afleiding tijdens de afgelopen 
jaren. Martijn, lief broertje, ook al heb je te midden van al die chemici misschien toch 
het minste begrepen waar ik me al die jaren mee bezig heb gehouden, ik vind het 
toch heel tof dat je naast me wil staan als mijn paranimf tijdens mijn promotie. 

Brigitte and Werner, thank you for so warmly welcoming me into your home, even 
though I don’t speak your language that well. Visiting you always feels like a little 
holiday.  

Mama, dankjewel voor jouw eeuwige steun en dat je altijd de moeite neemt om te 
begrijpen waar mijn onderzoek over gaat. Je bent voor mij het beste voorbeeld dat 
ik me kan wensen van een sterke en zelfstandige vrouw. Papa, bedankt voor alle 
steun en het altijd laten merken dat je trots op me bent. Als ik naar jou kijk weet ik 
wel waar ik die passie voor reizen vandaan heb. Wilma, Het voelt nog steeds raar 
dat jij nooit aanwezig zal zijn tijdens belangrijke momenten zoals deze. Toch hoop ik 
dat je vanaf een afstand ergens nog toe zal kijken. 

Heiko, life with you is never boring. I enjoy that we share the love for travelling 
and adventure and your open attitude to never say no to anything. I could not have 
wished a better partner to support and challenge me when necessary. Thank you 
for al your support and patience, especially during these last stressfull months. I am 
looking forward to starting a new chapter in my life with you.  



Curriculum Vitae

Sabine Oppedijk was born on October 23rd 1987 in 
Utrecht, The Netherlands. After graduating from high 
school at St. Bonifatiuscollege in Utrecht in 2006 she 
continued with studying Chemistry at Utrecht University. 
During her bachelor in 2009 she did a full-time year in 
the board of U.S.S. Proton, the student organization for 
chemistry students. She finished her bachelor with a bachelorthesis “Synthesis for 
new possible inhibitors for Galectin-1” at the Medicinal Chemistry and Chemical 
Biology group.
Then in 2010 she continued with the master Drug Innovation where she did her major 
research internship on the mode of action of Daptomycin at Medicinal Chemistry 
and Chemical Biology group under the supervision of Dr. Nathaniel Martin. For her 
minor internship she moved to Singapore to work in the Organic Chemistry lab of 
the A*Star Institute for Chemical and Engineering Sciences. For this internship she 
received a financial contribution from the kfHein foundation. 

In November 2012 she started her PhD project into the identification and studying 
novel antibiotics from fungal sources, which quickly developed into a project also 
focused on the mode of action of other antimicrobials. The results of these projects 
are described in this thesis. Parts of these projects were presented at the AMP 
symposium, Lorient, France (2013), the KNVM Spring Meeting, Papendorp (2015), 
the Gordon Research conferences on Antimicrobial Peptides in Lucca, Italy (2015) 
and Ventura, CA, USA (2017) and the Bacterial Cell Envelope Meeting, Amsterdam 
(2017). As well as on several Bijvoet symposia, AiO evenings and the IB graduate 
student day. 
During her PhD she attended the BioBusiness Summerschool, Amsterdam (2016) 
for which she received a scholarship from the Graduate School of Life Sciences, and 
the ACSB Biotech course (2016) in San Fransisco.

Curriculum Vitae




