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Abstract

Abstract

The need for new compounds, which can be used as antibiotics is rising. Antimicrobial peptides
are excellent candidates to fulfill this. The subclass of lantibiotics contain unusual amino acids
and lanthionine rings, which ensure their high stability and high potency. They are active in
the nanomolar range and exhibit two main modes of action: Binding to the cell wall precursor
lipid II as well as in some cases pore formation within the bacterial membrane, which leads to
cell death. Commercial usage is, however hampered by the presence of genes in human
pathogenic strains which, when expressed, confer resistance. The human pathogen
Streptococcus agalactiae COH1 for example is resistant against different lantibiotics due to
the nsr-operon encoding a two-component system NsrRK, the nisin resistance protein (NSR)
and a BceAB-type ABC transporter NsrFP (1). Interestingly, this operon appears to be
evolutionary conserved in several other human pathogenic bacteria.

The nisin resistance protein SaNSR is a C-terminal processing peptidase (CTP) and has a
specific catalytic dyad mechanism consisting of a serine and a histidine residue (2, 3). It was
shown that SaNSR confers resistance against nisin by degrading the lantibiotic at its C-
terminus resulting in a 100 fold less active nisin fragment (4, 5). The crystal structure of SaNSR
was solved and shows a 10 A width tunnel, which is hydrophobic, negatively charged and
binds the last two (methyl-) lanthionine rings D and E of nisin (3). In this thesis I discovered
how to overcome the resistance mediated by SaNSR by two approaches. The first approach
was to bypass the protein by a nisin derivate, which is still active but the serine protease is not
able to cleave this variant in vivo. The second approach was based on molecular modelling and
revealed a small molecule which specifically inhibits SaNSR.

The ABC transporter NsrFP from Streptococcus agalactiae belongs to the BceAB-type
transporters (6). Several BceAB-type transporters are known which confer resistance against
more than one antimicrobial peptide (7-10). In this thesis I elucidated the mechanism of
SaNsrFP and demonstrated that the BceAB-type transporter flips the cell wall precursor lipid
IT inside of the cytoplasm. Further a specific inhibitor of the transporter was detected by

screening of natural compounds and their derivatives.



Zusammenfassung

Zusammenfassung

Der Bedarf an neuen Wirkstoffen, die als Antibiotika eingesetzt werden konnen, steigt.
Antimikrobielle Peptide sind ausgezeichnete Kandidaten, um dies zu erfiillen. Die Unterklasse
der Lantibiotika enthdlt ungewohnliche Aminoséuren und Lanthioninringe, die fiir ihre hohe
Stabilitdt und hohe Wirksamkeit sorgen. Sie sind im nanomolaren Bereich aktiv und weisen
zwei Hauptwirkungsweisen auf: Bindung an die Zellwandvorstufe Lipid II, sowie in manchen
Féllen Porenbildung innerhalb der Bakterienmembran, die zum Zelltod fiihrt. Die
kommerzielle Nutzung wird jedoch durch das Vorhandensein von Genen in humanpathogenen
Stammen behindert, die, wenn sie exprimiert werden, Resistenz verleihen. Der humane Erreger
Streptococcus agalactiae COHI ist beispielsweise resistent gegen verschiedene Lantibiotika,
da das nsr-Operon fiir ein Zweikomponentensystem NsrRK, das Nisin-Resistenzprotein (NSR)
und einen BceAB-Typ ABC Transporter NsrFP kodiert (1). Interessanterweise scheint dieses
Operon evolutiondr in mehreren anderen humanpathogenen Bakterien konserviert zu sein.
Das Nisin-Resistenzprotein SaNSR ist eine C-Terminal verarbeitende Peptidase (CTP) und
weist einen spezifischen katalytischen Paar-Mechanismus auf, der aus einem Serin- und einem
Histidinrest besteht (2, 3). Es wurde gezeigt, dass SaNSR Resistenz gegen Nisin vermittelt,
indem es das Lantibiotikum an seinem C-Terminus abbaut, was zu einem 100-fach weniger
aktiven Nisinfragment fiihrt (4, 5). Die Kristallstruktur von SaNSR wurde geldst und zeigt
einen 10 A breiten Tunnel, der hydrophob, negativ geladen ist und die letzten beiden
(Methyl-) Lanthioninringe D und E von Nisin bindet (3). In dieser Arbeit habe ich entdeckt,
wie man die von SaNSR vermittelte Resistenz durch zwei Ansétze iiberwindet. Der erste
Ansatz bestand darin, das Protein durch ein Nisinderivat zu umgehen, das noch aktiv ist, aber
die Serinprotease ist nicht in der Lage, diese Variante in vivo zu spalten. Der zweite Ansatz
basierte auf molekularer Modellierung und zeigte ein kleines Molekiil, das SaNSR spezifisch
hemmt.

Der ABC Transporter NstFP von Streptococcus agalactiae gehort zu den Transportern vom
Typ BceAB (6). Es sind mehrere Transporter vom Typ BeceAB bekannt, die Resistenz gegen
mehr als ein antimikrobielles Peptid verleihen (7-10). In dieser Arbeit habe ich den
Mechanismus von SaNsrFP aufgeklirt und gezeigt, dass der Transporter vom Typ BceAB die
Zellwandvorstufe Lipid II in das Zytoplasma umdreht. Weiterhin wurde ein spezifischer
Inhibitor des Transporters nachgewiesen indem Naturstoffe und deren Derivate iiberpriift

wurden.
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1. Introduction

1.1. Antibiotics

Nearly one century ago the first antimicrobial substance penicillin was discovered (11), which
drastically changed our era. Life expectancy increased due to antibiotic treatments, which cure
bacterial infections (12). In the following decades several antibiotics and antibiotic classes
were discovered, subdivided due to their mechanism of action (12, 13). The four main targets
of antibiotics are nucleic acid synthesis, protein synthesis, the metabolic pathway and the cell
wall synthesis.

Inhibiting the nucleic acid synthesis is the mechanism of, for example, quinolones, which target
the enzymes DNA gyrase and topoisomerase IV. DNA gyrase and topoisomerase IV are
responsible for untwisting of double stranded DNA and relaxing of positive supercoils,
allowing DNA polymerase to continue. Consequently, bacteria cells were killed by the

antibiotic quinolone due to prevented DNA replication (14-16).

Another mechanism of antibiotics is the inhibition of protein synthesis. Here, antibiotics target
the 30S or 50S subunit of the bacterial ribosome, thereby circumvent the translation of the
mRNA (17, 18). Antibiotics targeting the 30S subunit are aminoglycosides, causing misreading
of the mRNA and preterm termination of the translation, and tetracyclines, preventing the
binding of tRNA (17, 19). Inhibitors of the 50S subunit are chloramphenicol, macrolides and
oxazolidinones (19). Chloramphenicol prevents binding of tRNA to the ribosome, whereas
macrolides cause early detachment of uncompleted peptide chains (17, 19, 20). Oxazolidinones
are synthetic antibiotics and impede the formation of the 70S ribosome (21).

The metabolic pathway is target of sulfonamides and trimethoprim, which inhibit the folic acid

metabolism, essential for nucleotide synthesis those antibiotics disturb cell replication (17, 19).

Cell wall synthesis targeting antibiotics

Glycopeptides, lipodepsipeptides and B-lactam antibiotics target the cell wall synthesis of
bacteria. The cell wall of all bacteria is composed of the peptidoglycan, a polymer of
N-acteylmuramic acid (MurNAc) and N-acetylglucosamine (GIcNAc) cross-linked by a
pentapeptide. Briefly, lipid I is built in the cytoplasm by MraY attaching UDP-MurNAc-
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pentapeptide to the lipid carrier undecaprenyl phosphate (UP), sequentially UDP-GIcNAc is
attached through MurG resulting in lipid II. The peptidoglycan precursor is afterwards flipped
to the extracellular space (or periplasm in Gram-negativ bacteria), still anchored to the
membrane via undecaprenyl. Subsequently the GIcNAc-MurNAc-pentapeptide subunit is
incorporated into the peptidoglycan by penicillin-binding proteins (PBP), which catalyze the
transpeptidation, remaining undecaprenyl pyrophosphate (UPP). This UPP is then
dephosphorylated to UP, which can be flipped back into the cytoplasm to reenter the
peptidoglycan synthesis cycle (Figure 1).
60
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Figure 1: Schematic view of peptidoglycan synthesis.

Synthesis of Lipid II in the cytoplasm and incorporation into the peptidoglycan. Phosphate atoms are marked with
a P, undecaprenyl as a black curved line, uridine phosphate (UDP) in blue, GIcNAc in red, MurNAc in green and
aminoacids of the pentapeptide in orange (Adapted from (22)).

Glycopeptide antibiotics are synthesized by non-ribosomal peptide synthase (NRPS) assembly
lines in actinomycetes (23). The glycopeptide antibiotic vancomycin, produced by
Streptomyces orientalis, is active against Gram-positive bacteria (24). Vancomycin binds to
the D-Ala-D-Ala sequence of the pentapeptide of lipid II (25-27), thereby inhibiting the
crosslink of the peptidoglycan (Figure 2A).

The best-known exemplar of lipoglycodepsipeptide antibiotics is ramoplanin, which is
produced by Actinoplanes sp. ATCC 33076. Ramoplanin A2, which only differs in the N-
terminal part to ramoplanin A1 and A3, was found to be the most abundant variant and is active
against Gram-positive bacteria (28, 29). It was shown to bind the pyrophosphate and the
muramic acid moiety of lipid IT as a dimer (30-32) (Figure 2A).
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A member of the acylcyclodepsipeptides is lysobactin, also known as katanosin B. The
antibiotic lysobactin was first isolated from a Lysobacter species and is active against several
Gram-positive bacteria (33, 34), inhibiting the peptidoglycan synthesis by binding lipid I in a
1:1 ratio (35). Lysobactin was shown to bind to the reducing end of lipid-linked cell wall
precursors (35) (Figure 2A).

In 2015 a novel depsipeptide antibiotic named teixobactin was discovered, which is produced
by Gram-negative Eleftheria terrae. Teixobactin was shown to bind to the phosphate moiety
and the MurNAc of lipid II and shows antimicrobial activity against human pathogens like
M. tuberculosis, methicillin resistant S. aureus and vancomycin resistant Enterococci (36)

(Figure 2A).
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Figure 2: A) Lipid II and B) Peptidoglycan with targets of antibiotics.

A) Lipid II with target of vancomycin (black circle) and ramoplanin, lysobactin and teixobactin (dashed circle).
B) Peptidoglycan with target of B-lactams (black circle) and bacitracin (dashed circle). Phosphates are marked
with a P, undecaprenyl as a black curved line, GIcNAc in red, MurNAc in green and aminoacids of the

pentapeptide in orange.

The first discovered antibiotics are 3-lactams, which characteristically contain a B-lactam ring.
The most prominent B-lactam antibiotic is penicillin, but also cephalosporin and carbapenems
belong to this subclass of antibiotics. B-lactam antibiotics inhibit the cell wall synthesis by
binding to the PBP, thereby preventing the cross-linking of the peptidoglycan (11, 37, 38)
(Figure 2B).

10



Introduction

In addition also other components of the peptidoglycan synthesis were shown to be effective
targets for antibiotics. One of those targeting antibiotics is the cyclic peptide bacitracin.
Produced by some Bacillus species bacitracin is used in medicinal treatments since decades
(39-42). The target was shown to be undecaprenyl-pyrophosphate (UPP) and further a high-
resolution crystal structure demonstrated that bacitracin sequesters this and thereby prevents
the recycling of the lipid carrier resulting in an interrupted peptidoglycan synthesis (43, 44)
(Figure 2B).

1.2. Antimicrobial peptides

Antimicrobial peptides (AMPs) are found in all organisms as a conserved part of the innate
immune response (45, 46). The first discovered AMP is lysozyme, found by Alexander
Flemming in 1922 followed by hundreds of other AMPs in the last century (47). Antimicrobial
peptides are relatively short (< 60 amino acids), amphipathic molecules with a positive net
charge of +2 to +9 but differ in their antimicrobial activity and modes of action (48-50). They
have an antimicrobial effect against Gram-positive and Gram-negative bacteria, fungi,
parasites and also against viruses (49). The effect of most AMPs is given by an interaction with
the cellular membrane or cell surface, subsequently permeation of the membrane, resulting in
loss of cellular integrity. Here the effect can be either given by disruption of the cell membrane,
leading to cell lysis, or due to interaction with the membrane, resulting in pore formation (51).
Furthermore, those small peptides also have intracellular targets, like nucleic acids, cell wall
synthesis, protein synthesis and proteins (52, 53).

AMPs can be classified due to several properties like their biological source or function, their
net charge, size and hydrophobicity, their molecular targets or most likely their three-

dimensional structure, which can be linear, a-helices, B-sheet and loop-like (45, 48, 54).
Bacteriocins

Bacteriocins are ribosomally synthesized AMPs produced by bacteria, which have a broad
activity spectrum and kill related bacteria or non-related bacteria (55). The group of

bacteriocins are differentiated between those produced by Gram-negative bacteria and those

produced by Gram-positive bacteria (56).

11
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Bacteriocins produced by Gram-negative bacteria

The bacteriocins produced by Gram-negative bacteria are called colicins and microcines.
Colicins have an antimicrobial effect against host related bacteria, which is mediated due to
pore-formation, nuclease activity or peptidoglycanase activity (56, 57). They are relatively
large and contain three domains, an N-terminal translocation domain, necessary for the
transport to the extracellular space, a receptor-binding domain and a C-terminal cytotoxic
domain, responsible for the antimicrobial activity (56-58). Microcins are small (< 10 kDa)
ribosomally synthesized AMPs with a broad bactericidal activity including pore-formation,
nuclease activity, inhibition of protein synthesis and inhibition of DNA replication (56).
Microcins are hydrophobic peptides and can either be post-translationally modified or not,

since they are transported as core peptides with a leader peptide (59) (Figure 3A).

Bacteriocins produced by Gram-positive bacteria

Bacteriocins produced by Gram-positive bacteria can be subdivided in three classes: The class
I are lantibiotics, class II are non-lantibiotics and class III are bacteriolysins (60, 61).
Lantibiotics are post-translationally modified small (< 5 kDa) antimicrobial peptides, which
contain lanthionine or methyl-lanthionine rings. Lantibiotics interact with bacterial membranes
and show their activity in a low nanomolar range (62-64). The best known lantibiotic is nisin,
produced by Lactococcus lactis and Streptococcus uberis strains (61, 65, 66) (Figure 3B).
Class II bacteriocins are non-lantibiotics, which do not undergo post-translational
modifications and do not contain lanthionine rings. They contain 30 to 60 amino acids (<10
kDa), are positively charged and share a distinct heat tolerance. These peptides are active in a
nanomolar range and induce membrane permeabilization due to insertion into the membrane
(56, 60, 61). Class II bacteriocins can have a cyclic structure, like the non-lantibiotic
gassericin A, or can be pediocin-like, like leucocin A (Figure 3C). Further two peptides can
combine their activity which can be enhanced or synergistic (60, 67-69).

Class III bacteriocins are large (>30 kDa), thermolabile antimicrobial proteins, which are
named bacteriolysins or non-bacteriocin lytic proteins. Bacteriolysins, like enterolisin A,
catalyze cell-wall hydrolysis, resulting in cell lysis, whereas some class III bacteriocins, like

caseicin 80 are non-lytic proteins (56, 60, 61).

12
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Figure 3: Structure of representatives for bacteriocins.

Structure of representatives for bacteriocins produced by Gram-negative bacteria A) Microcin J25 in green
(PDB:1pp5) and bacteriocins produced by Gram-positive bacteria B) nisin A in red (Adapted from PDB: 1wco)
and C) leucocin A in blue (PDB:1cw6).

1.3. Lantibiotics

Lantibiotics are small, ribosomally synthesized and post-translational modified antimicrobial
peptides, mostly produced by Gram-positive bacteria (55, 64). They are produced as
prepeptides and mature in the cytosol of the bacteria. Specific amino acid residues, serine and
threonine, in the core peptide get intrinsically dehydrated and form the amino acids
2,3-didehydroalanine (Dha) and 2,3-didehydrobutyrine (Dhb). Those formed amino acids are
subsequently covalently linked with a neighbored cysteine side chain, due to a Michael-type
addition. Those originated thioether bridges are called (methyl-)lanthionine rings and are
eponymous for the lamthionine containing antibiotics (70-72). The family of known
lantibiotics is steadily increasing, mainly due to the opportunity to detect encoding genes by
computational techniques such as BAGEL4 (73). They can be subdivided in four classes
depending on their post-translational modification enzymes (70, 74, 75).

Class I lantibiotics are peptides with a small size of less than 5 kDa and are post-translationally
modified by two enzymes, LanB and LanC (Figure 3). The dehydratase LanB dehydrates serine
and threonine residues and therefore generates the amino acids Dha and Dhb (76, 77). The
cyclase LanC, which forms thioether bridges between Dha/Dhb and the thiol of the neighbored
cysteine (71, 72), has a characteristic zinc binding motif (78, 79). After maturation the modified
prepeptide is secreted by the transporter LanT and activated by cleaving off the leader peptide
by a specific protease LanP (80, 81). The fully modified peptides, like nisin, gallidermin
(Figure 4) and subtilin, possess antimicrobial activity in a low nanomolar range against mainly

Gram-positive bacteria (71, 74).

13
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Class II lantibiotics are bigger in size (5-10 kDa) than class I lantibiotics and are maturated by
a single enzyme LanM (Figure 3). This bifunctional synthetase consists of an N-terminal
dehydratase and a C-terminal cyclase domain and therefore combines the dehydration and
cyclization reaction (70, 74). LanM shows no homology with LanB but low sequence
homology with the class I cyclase LanC, including the zinc binding motif (70). After
maturation by LanM the enzyme LanT exports the prepeptide and cleaves off the leader peptide
(82). Prominent class II lantibiotics are lacticin 481 (Figure 4) and mersacidin, showing

antimicrobial activity against Gram-positive bacteria (74).

The class III lantibiotics contain a tri-functional synthetase LanKC (Figure 3), which is
composed of an N-terminal lyase domain, a central kinase domain an C-terminal putative
cyclase domain. Latter lacks the zinc binding motif, the active site, found in class I and class
IT cyclase enzymes and domains, respectively (74). Class III lantibiotics are for example sapB
(Figure 4) and sapT, which do not possess any antimicrobial activity (70).

A fourth class of lantibiotics was discovered in 2010 and includes the peptide venezuelin
(Figure 4). Those lantibiotics are also matured by a tri-functional synthetase, consisting of a
lyase, a kinase and a cyclase domain (Figure 3). Latter contains, unlike class III, the zinc

binding motif (70, 75, 83).

Class I N— Lan B —C N— Lan C —
Class II N— Lan M —C

Class III N—] Lan KC —C
Class IV N— Lan L —C

Figure 3: Lanthionine modification enzymes.
The four classes of lanthionines and their modification enzymes with dehydratase domains (blue), cyclase

domains (orange), lyase domains (green) and kinase domains (yellow) (Adapted from (70)).

14
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class | — gallidermin from S. gallinarium class Il — lacticin 481 from L. lactis

Figure 4: Representative lantibiotics and their classes.
Schematically view of structural examples for class I: gallidermin, Class II: lacticin 481, class III: sapB and
classI'V: venezuelin. Dehydrated amino acids as well as cysteines are highlighted in grey, (methyl-) lanthionine

rings are shown in red.

Nisin

The best studied bacteriocin is nisin, produced by Lactococcus lactis and Streptococcus uberis
strains, which was discovered 1928 and is used in the food and dairy industry since decades
(61, 65, 66). Nisin is an amphipathic, 34 amino acids long peptide, consisting of a hydrophobic
N-terminus and a hydrophilic C-terminus (84, 85). It has a broad antimicrobial activity against
Gram-positive bacteria like staphylococci, streptococci, bacilli and enterococci. The structure
of nisin was solved in 1991 with NMR spectroscopy (86) and shows it can be subdivided in
three parts. The N-terminal region of nisin is composed of three (methyl-)lanthionine rings A,
B and C, followed by flexible hinge region and the C-terminal region consisting of two
intertwined (methyl-)lanthionine rings D and E and the last 6 amino acids (86-88) (Figure 5A).
Nisin has, at least, a dual mode of action. First the N-terminal part of nisin binds to the
pyrophosphate moiety of the cell wall precursor lipid I, detected via NMR in 2004, and thereby
inhibiting peptidoglycan synthesis (89, 90) (Figure 5B). Secondly, nisin forms pores of 2-2.5
nm diameter into the membrane which leads to rapid cell death due to the efflux of nutrients
and ions and subsequently to a collapse of the membrane potential. This complex, consisting

of eight nisin and four lipid IT molecules, is built if the concentration of nisin reaches a certain

15
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threshold (91). When nisin binds to lipid II via the first two (methyl-)lanthionine rings the
flexible hinge region between the rings C and D mediated the pore formation by flipping the
last two rings D and E inside of the membrane (87, 90, 92, 93) (Figure 5C). Due to this dual
mode of action nisin is active in a low nanomolar range (94). A putative third mode of action

for nisin was discussed in 2006, proposing a sequestration of lipid II (95).

Figure 5: Nisin and its dual mode of action.

A) Nisin with the N-terminal rings A, B and C and the C-terminal intertwined rings D and E. Dehydrated amino
acids as well as cysteines are highlighted in grey, (methyl-) lanthionine rings are shown in red. B) Nisin binding
lipid II via the first two rings A and B. C) Pore formation of nisin by binding lipid II and flipping the hinge

region inside of the membrane. Pores have a diameter of 2 — 2.5 nm (96).

1.4. Lantibiotic resistance

The bacteriocin subgroup lantibiotics are active in the nanomolar range and target the bacterial
cell wall and membranes of mainly Gram-positive bacteria, including multi-drug resistant
pathogenic bacteria (97, 98). Pharmaceutical usage of lantibiotics is however hampered by
resistance mechanisms against lantibiotics. Those resistance mechanisms could be
modifications in the cell membrane or in the cell wall, but also resistance operons containing

a two-component system and an ATP-dependent transporter are known (51, 99-102).
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Modifications of the cell membrane

Changes in the composition of the bacterial membrane, which consists of different
phospholipids, can lead to lantibiotic resistance. Cell membrane composition differs between
species and growth phases. Although the total amount is variable per species, most bacterial
membranes contain phosphatidylglycerol (PG), a phospholipid with a negatively charged head
group (103). Resistance against lantibiotics can occur by an increase or decrease of the PG
levels in the membrane (104-106). Besides PG membranes contain lipids like cardiolipin (CL),
phosphatidylethanolamine (PE) and phosphatidylcholine (PC). It was shown that the lantibiotic
nisin is able to penetrate membranes with a higher concentration of CL more effectively than
PG, PE or PC high concentrated membranes (99). Furthermore, it could be shown that resistant
cells contain more saturated fatty acids than unsaturated and rather long chain fatty acids.
Those modifications lead to a decreased membrane fluidity and a more rigid conformation of

the membrane, thereby hindering the lantibiotics to access the membrane (51, 107-109).

Additionally, some Gram-positive bacteria developed the ability to modify the negative charge
of the phospholipid PG. Those cells express the integral lysyl-phosphatidylglycerol synthetase
multipeptide resistance factor (MprF), which synthesizes one of the hydroxyl groups of PG
via a lysine esterification. Subsequently the originated lysyl-phosphatidylglycerol (L-PG) is
translocated to the external membrane layer, decreasing the total negative charge of the
membrane due to the positive charge of the free amino group (51, 110-112). Lantibiotic
resistance mediated by MprF has been observed in several Gram-positive bacteria like
Staphylococcus aureus (112, 113), Bacillus subtilis (114), Enterococcus faecalis (115),
Enterococcus faecium (116) and Mycobacterium tuberculosis (117).

Furthermore, a mechanism to obtain resistance against lantibiotics is provided by the
fabDG1G2Z1Z2 (fab) operon, present in some Gram-positive bacteria. Fab is involved in the
membrane synthesis steps of saturation and elongation of phospholipids. It was shown that a
decreased expression results in lantibiotic resistance due to a less dense packed membrane

which has an impact of lantibiotic interaction (118, 119).

Modifications of the cell wall

The cell wall of Gram-positive bacteria is composed of the peptidoglycan (PGN) and teichoic

acids, which are polymers of alternating phosphate and alditol groups. Those teichoic acids are

17
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either wall teichoic acids (WTA), which are covalently linked to the MurNAc of the PGN due
to phosphodiesters or lipoteichoic acids (LTA), which are linked to the membrane glycolipids
(120, 121). Since the phospholipids and teichoic acids include anionic components the cell
wall is negatively charged, which attracts the positively charged lantibiotics (122). Therefore,
changing the negative charge of the cell wall by changing its composition is a strategy to
prevent the lantibiotics from interaction with the cell wall, hence to gain resistance against
lantibiotics. A method to change the net charge is the D-alanylation of the teichoic acids
mediated by the dlitABCD operon, which has been found in many different bacteria like
Staphylococcus, Listeria, Enterococcus, Bacillus, Clostridium, Streptococcus, Lactobacillus
and Lactococcus (123-130).

Bacteria can also gain resistance against lantibiotics by increasing the expression of the
penicillin-binding protein (PBP). This bifunctional enzyme catalyzes the glycosyltransfer to
the PGN and the transpeptidation between the PGN subunits (131). PBP related resistance

could be observed in Listeria and Lactococcus (119, 132).

Lantibiotic resistance operon

Lantibiotic resistance can be mediated by resistance operons, which consist of a two-
component system (TCS), with a histidine kinase and a response regulator, and an ATP-

binding cassette transporter (ABC transporter) (Figure 6).

Two-component system

The histidine kinase of the TCS is anchored to the membrane and acts as a sensor for the
lantibiotic, activated by the histidine kinase the response regulator mediates the signal
intracellular which leads to expression of corresponding genes (133, 134). Lantibiotic
resistance related TCS can be subdivided into two groups, the BceRS-like and the LiaRS-like.
The BceRS-like TCS was first discovered in B. subtilis and is involved in resistance against
actagardine and mersacidin (7). The BceS-like kinase is an intermembrane sensing kinase,
since it lacks the characteristic large extracellular sensor domain (134-136). Therefore those
kinases are functionally linked to BceAB-type ABC transporters (134, 137). Other examples
for the BceRS-like TCS are BraRS from S. aureus and NsrRK from S. agalactiae (138). The

structure of the response regulator NsrR has been solved and it was classified as a member of
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the OmpR/PhoB subfamily. Further conserved amino acids in lantibiotic resistance regulators
were found to be involved in posphorylation, dimerization and DNA-binding (139).

The LiaRS-like TCS was first discovered in B. subtilis and contains three proteins, the kinase
LiaS, the response regulator LiaR and additional LiaF, which acts as a negative regulator of
the LiaR mediated gene expression (140). Examples for this type of TCS are LiaRS from
L. monocytogenes, VraRS from S. aureus and CeaRS from L. lactis (141-144) .

ABC transporter

ABC transporters of lantibiotic resistance operons in Gram-positive bacteria mediate an active
resistance by transporting or effluxing lantibiotics. ABC transporter consist of a
transmembrane domain (TMD) with a permease function and a nucleotide binding domain
(NBD), which is able to hydrolyze ATP to generate the energy for the transport (145). For
lantibiotic resistance two main classes of ABC transporter are known, the homodimeric and

the heterodimeric (51, 137).

The homodimeric resistance ABC transporter are BceAB-type transporter, the bagcitracin efflux
transporter, which was first discovered in B. subtilis (146). Those transporter are encoded on
one operon with the BceRS-like TCS and confer resistance against more than one substrate.
BceAB of B. subtilis confers resistance against bacitracin, actagardine and mersacidin (7, 8),
whereas VraDE of S. aureus together with the TCS BraRS mediates resistance against
bacitracin, daptomycin and nisin (9, 10). The S. agalactiae resistance transporter NsrFP confers
resistance against the lantibiotics nisin and gallidermin (1, 147). Those transporter contain a
large (620-670 aa) TMD with ten transmembrane helices (TMH) and a characteristic large
extracellular domain (ECD) between TMH VII and VIII, as well as an NBD of 225-300 amino
acids (1, 137, 148, 149). Although it has been assumed that BceAB-type transporter are
involved in antimicrobial peptide removal from the membrane (150), operate as an exporter
(147) or flip undecaprenyl pyrophosphate (151) the resistance mechanism of the ABC

transporter family remains unsolved.

Heterodimeric lantibiotic resistance transporter consist of two TMDs and one NBD (145), and
are rather immunity than resistance transporter since they are mostly found in lantibiotic
producing strains. Those transporter are named LanFEG-like and are found in the nisin

producing strain L. lactis (NisFEG), in the epidermin producing strain S. epidermidis (EpiFEG)
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and in the subitilin producing strain B. subtilis (SpaFEG) (137, 152-154). Till date the only
known cationic antimicrobial peptide resistance transporter, not used as a self-protection
mechanism in producer strains, is CprABC from C. difficile, which confers resistance against

nisin, gallidermin and subtilin (99, 137, 155).

CprABC-system

coraBCkR - C e EN-URENEEN. e H ek —/—
IcrSR-ICtFEG - S. mutans

BceAB system

bceRS-AB - B. subtilis beeB J

braSR-vraDE - S. aureus /_- vrak H vraH ]
nstFP-RK - S. agalactiae [ it M. nsrp

Figure 6: Overview of lantibiotic resistance operons.

Three operon structures for the cprABC system and the BceAB system as well as the NisFEG system as a
representative for LanFEG are shown. For CprABC system cprABCK-R from C. difficile, nstFE1E2G-XRK and
lerSR-ICtFEG from S. mutans are shown. The nisRK-FEG system from L. lactis involved in nisin immunity is
also highlighted. For BceAB system bceRS-AB from B. subtilis, braSR-vraDE from S. aureus and the nsrFP-RK
system from S. agalactiae are shown. The size of the genes corresponds directly with the gene length as deposited
in the NCBI database. The TCSs with response regulator (dark green) and histidine kinase (light green); and the
ABC transporters are shown in different shades of blue. In the bceAB system, the NBD is dark blue while the
TMD is shown in light blue. The additional TMD present in the cprABC systems is shown in cyan. The proteins,
which are part of the operon but the function has not been determined so far are shown in grey. In case of the nis
and nsr operons, an additional membrane associated protein is present which is colored in red. Taken from
Clemens et al. (138).
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Other lantibiotic resistance proteins

In almost all lantibiotic producing strains a Lanl protein is found, which confers self-immunity
(156). This membrane associated protein is on one operon with the LanFEG transporter,
together those proteins protect the producer strain from the produced lantibiotic. In the nisin
producer strain L. lactis the Nisl protein together with NisFEG is expressed to gain immunity
against nisin (152, 157, 158). Further this protein is found in the subtilin producer strain
B.subtilis (Spal), the gallidermin producer strain S. gallinarium (GdmH) and the epidermin
producer strain S. epidermidis (EpiH) (153, 154, 159). A well-known Lanl protein is NisI from
L. lactis, which confers resistance against nisin and held two different immunity systems. Nisl
is able to bind nisin to protect the cell from pore formation mediated by nisin (152, 157). The
other mode of action of Nisl is clustering the cells in the presence of nisin, thereby forming
long cell chains and prevent the cell from nisin. This process is reversible, if nisin is removed
from the cells they start to behave normal again (157).

Some Gram-positive bacteria, which contain the BceRSAB-type operon additionally contain a
gene on this operon responsible for degrading lantibiotics. One of those proteins is the nisin
resistance protein NSR produced by S. agalactiae. The membrane associated serine protease
SaNSR confers resistance against nisin by cleaving off the last 6 amino acids of nisin and
thereby decreasing its activity 100 fold (4, 157).

Further the protein MIbQ is known, which is produced by Microbispora and confers resistance
against NAI-107- like lantibiotics (160, 161).

Additionally some Gram-positive bacteria are able to express a nisinase, which is a nisin
inactivating enzyme. This enzyme is produced by E. faecalis but also by some Bacillus,
Lactobacillus, Lactococcus, Enterococcus, Leuconostoc, Staphylococcus and Streptococcus

specia and is supposed to reduce the C-terminal dehydroalanyl-lysine of nisin (99, 162-164).

1.5. NSR operon

Like described in 1.4.3. some strains confer resistance against lantibiotics due to an lantibiotic
resistance operon, composed of four or five genes, which encode for a two-component system,
an ABC transporter and some operons additionally hold a gene for a serine protease or a protein
of unknown function (1, 138, 155, 165). These operons are often found in human pathogenic
bacteria like S. aureus and S. agalactiae (138). Latter confers resistance against nisin via the
nisin resistance protein operon (nsr operon), which is composed of a serine protease, an ABC

transporter and a two-component system (1) (Figure 6 & 7).
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The Nisin resistance protein

The 36.2 kDa NSR protein of S. agalactiae is anchored to the membrane with the N-terminal
part and has a high hydrophobicity (Figure 7). The hydrophobic N-terminus holds a
transmembrane sequence of 21 amino acids (166). NSR belongs to peptidases of the S41
family, further to the C-terminal processing peptidases (CTPs) and has a specific catalytic dyad
mechanism consisting of a serine and a histidine residue (2, 3). NSR confers resistance against
nisin by degrading the lantibiotic via cleavage between MeLan28 and Ser29 of nisin (4).
Although it still contains the five characteristically (methyl-) lanthionine rings the originated,
reduced nisinj.2g has a 100 fold less antimicrobial activity due to a reduced affinity for the cell
membrane as well as a decreased effective pore formation (4, 5). If NSR is expressed in a nisin
sensitive L. lactis strain a 18-20 fold resistance against nisin can be observed (1). The crystal
structure of NSR was solved and shows three domains: An N-terminal helical bundle, the
protease cap and a core domain. Those domains form a 10 A width tunnel, which is
hydrophobic, negatively charged and binds nisin (3). It was shown that the catalytic dyad is in
the protease core domain and further that the last two (methyl—) lanthionine rings D and E of

nisin are necessary for the interaction of the lantibiotic and the protease (3).

The ABC transporter NsrF'P

The ABC transporter NsrFP from Streptococcus agalactiae consists of a nucleotide binding
domain NsrF and a transmembrane domain NsrP (1) (Figure 7). NsrFP belongs to the BceAB-
type transporter and has a high sequence similarity (45 %) to MbrAB from S. mutans (6). The
NBD NsrF has a size of 28 kDa, whereas the TMD NsrP has 74 kDa, including ten
transmembrane helices and a characteristic large extracellular domain of 220 amino acids (1,
138). Like described before several BceAB-type transporter are known which confer resistance
against more than one antimicrobial peptide (1.4.3.2.). If expressed in a nisin sensitive L ./actis
strain NsrFP was shown to confer a 16 fold of resistance against nisin A and 12 fold of
resistance against another natural nisin variant nisin H and the lantibiotic gallidermin. As nisin
and gallidermin are similar in the N-terminal part it was assumed that NsrFP also recognizes
the N-terminal part of nisin. Further it was shown that NsrFP prevents the cells from pore
formation mediated by nisin and an efflux mechanism of the transporter was postulated based
on an peptide release assay (147). Despite this the mechanism and the structure of NsrFP from

S. agalactiae remain elusive.
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The Two-component system NsrRK

In all lantibiotic immunity and resistance operons genes encoding a TCS are present. In
S. agalactiae the TCS of the nsr operon is composed of the response regulator NsrR (25 kDa)
and the histidine kinase NsrK (31 kDa) (1) (Figure 7).

The response regulator NsrR belongs to the OmpR subfamily and its structure was solved with
X-ray crystallography. This structure postulates a DNA-binding response regulator and shows
the typical helix-turn-helix motif which is characteristic for OmpR type response regulators.
Although the putative residues responsible for the DNA binding were identified, the distinct
promoters for the nsr operon remain unknown (139).

The histidine kinase NsrK belongs to the intermembrane sensing kinase (IMSK) family and is
composed of a short sensory domain and a characteristic kinase domain (167). NsrK lacks
additional domains which would be needed for cytoplasmic signal detection, so it is assumed

that the ABC transporter NsrFP is necessary to gain full resistance against nisin (1).

NsrP ECO NsrK

NsrF NsrR ,C'Qé\"
m R :’f?c;
b >
ATP ADP ﬁ.\‘:'\:) N )
B

Figure 7: Proteins of the nsr operon.
The structure of NSR in purple (PDB: 4Y68), the ABC transporter NsrFP with the TMD in blue and the NBD in
orange, the histidine kinase in red and the response regulator in green (PDB: SDCM).
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2. Aims

Elucidating and overcoming the nisin resistance mediated by the proteins NSR and NsrFP of
S. agalactiae was the overall aim of this thesis.

Since antibiotic resistance has become a great challenge in our era, it gets more and more
important to overcome the evolved resistance mechanisms. One of those evolved mechanisms
are the serine protein NSR and the ABC transporter NsrFP of the human pathogenic strain S.
agalactiae.

The nisin resistance protease SaNSR is a C-terminal processing peptidase (CTP) and has a
specific catalytic dyad mechanism consisting of a serine and a histidine residue (2, 3). It was
shown that NSR confers resistance against nisin by degrading the lantibiotic at its C-terminus
resulting in a 100 fold less active nisin fragment (4, 5) . The crystal structure of SaNSR was
solved and shows a 10 A width tunnel, which is hydrophobic, negatively charged and binds
the last two (methyl-) lanthionine rings D and E of nisin (3). Since the structure and the
mechanism of SaNSR are known the first aim of this thesis was to overcome this nisin
resistance by finding inhibiting compounds: Those compounds either derived from natural
sources or virtual screenings, further effective nisin derivatives to bypass this resistance were
investigated.

The ABC transporter NsrFP from Streptococcus agalactiae belongs to the BceAB-type
transporter (6). Several BceAB-type transporter are known which confer resistance against
more than one antimicrobial peptide (7-10). The second aim of this thesis was to clarify the
resistance spectrum of SaNsrFP.

Although there have been a lot of studies about BceAB-type transporter and it has been
assumed that they are involved in antimicrobial peptide removal from the membrane (150),
operate as an exporter (147) or flip undecaprenyl pyrophosphate (151) the resistance
mechanism of the ABC transporter family remains unsolved. The third aim of this thesis was
to elucidate the mechanism of SaNsrFP as a model system for BceAB-type transporter.
Additional several rational designed nisin variants as well as natural compounds and their

derivatives were tested to subsequently overcome the resistance mediated by SaNsrFP.
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The N-terminal Region of Nisin Is
Important for the BceAB-Type ABC
Transporter NsrFP from
Streptococcus agalactiae COH1

Jens Reiners?, Marcel Lagedroste?, Katja Ehlen, Selina Leusch, Julia Zaschke-Kriesche
and Sander H. J. Smits*

Institute of Biochemistry, Heinrich Heine University Disseldor, Disseldorf, Germany

Lantibiotics are {methyl-lanthionine-containing antimicrobial peptides produced by
several Gram-positive bacteria. Some human pathogenic bacteria express specific
resistance proteins that counteract this antimicrobial activity of lantbiotics. In
Streptococcus agalactiae COH1 resistance against the well-known lantibiotic nisin is
conferred by, the nisin resistance protein (NSR), a two-component system (NsrRK)
and a BeceAB-type ATP-binding cassette (ABC) transporter (NsrFP). The present
study focuses on elucidating the function of NsrFP via its heterologous expression in
Lactococeus lactis. NsrFP is able to confer a 16-fold resistance against wild type nisin
as determined by growth inhibition experiments and functions as a lantibiotic exporter.
Several C-terminal nisin mutants indicated that NsrFP recognizes the N-terminal region
of nisin. The N-terminus harbors three (methyl)-lanthionine rings, which are conserved
in other lantibiotics.

Keywords: ABC transporter, lanthionine ring, lantibiotic, nisin, resistance

INTRODUCTION

Lantibiotics are ribosomally synthesized antimicrobial peptides of approximately 19-38 amino
acids, which are mainly produced by Gram-positive bacteria (Klaenhammer, 1993). They are
characterized by extensive post-translational modifications, which result in the presence of
dehydrated amino acids, lanthionine and methyl-lanthionine rings (Chatterjee et al,, 2005).
Lantibiotics are considered to be promising candidates as antibiotic alternatives due to their
capability to inhibit various multidrug-resistant pathogenic bacteria such as Staphylococci,
Enterococci, Streptococci and Clostridia species (Dischinger et al., 2014). Several lantibiotics are
also effective against Gram-negative bacteria like species of the Neisseria and Helicobacter genus
(Mota-Meira et al., 2000). The pharmaceutical potential of lantibiotics has been extensively studied
and some are already in the preclinical and clinical phases of development (Yang et al., 2014).
Lantibiotics exhibit different modes of action including binding to the cell wall, which results in
growth inhibition, as well as subsequent pore formation leading to immediate cell death (Brotz
et al., 1998a; Hasper et al., 2004, 2006; Islam et al., 2012).

Some bacteria, however, are inherently resistant against lantibiotics due to the expression of
various protein systems that can detect and subsequently respond to the presence of lantibiotics in
the extracellular medium (reviewed in Draper et al,, 2015). These broad range resistance systems
can either be unspecific such as changes in bacterial cell wall and membrane (Nawrocki et al., 2014;
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de FPreire Bastos et al., 2015; Draper et al, 2015) or more
specific by proteolytic degradation of the lantibiotic itself
(Sun et al., 2009).

In the present study, we focused on the lantibiotic nisin, which
is produced by some Lacfococcus lactis and Streptococcus uberis
strains (Klaenhammer, 1993; Chatterjee et al., 2005). Nisin has
a broad antimicrobial spectrum against a wide range of Gram-
positive bacteria and exhibits several different modes of action
(Ruhr and Sahl, 1985; Brdtz et al., 1998b; Hsu et al., 2004; Hasper
et al, 2006). One dominant activity is the binding to lipid II, a
precursor molecule of peptidoglycan, thereby inhibiting cell wall
synthesis (Wiedemann et al, 2001). Secondly, nisin is able to
insert into the membrane to form pores (Hasper et al.,, 2004),
which leads to the efflux of ions, nutrients, and subsequently to
cell death. This last activity is a very rapid process and occurs
almost instantly. Nisin can be structurally dissected in the N-
terminus (containing the (methyl)-lanthionine rings A-C), a
hinge region with the amino acids NMK and the C-terminus
containing rings D and E (Van de Ven et al,, 1991) (Figure 1).
These rings are crucial for the nM activity and deletion of for
example only ring E reduces the activity about eightfold (Alkhatib
et al., 2014b).

Within the human pathogen Streptococcus agalactiae COHI
the expression of a proteogenous resistance system comprising of
NSR (nisin resistance protein; a serine protease), an ATP-binding
cassette (ABC) transporter (NsrFP) and a two-component
system (TCS) (NstRK) confers resistance against nisin (Khosa
et al., 2013). Recently, this NSR operon has been characterized
biochemically and structurally. In vitro studies showed that
NSR expressed in L. lactis confers 20-fold resistance against
nisin. This is mediated by cleaving off the last six amino
acids from nisin, thereby lowering its activity (Sun et al,
2009; Khosa et al., 2013, 2016a). Another component of this
nisin resistance operon is the BceAB-type ABC transporter
NstFP. BeeAB-type ABC transportets, are putatively involved
in antimicrobial peptide (like lantibiotics) removal from the
lipid membrane (Gebhard and Mascher, 2011). They have been
named after the BeceAB transporter system from Baciflus subtilis
conferring resistance against the antimicrobial peptide bacitracin
(Ohki et al.,, 2003; Rietkdtter et al., 2008). Interestingly, within
the genomes the lantibiotic BeceAB-type ABC transporter are
encoded in close proximity to a TCS (Khosa et al, 2013)
which senses the presence of the lantibiotic and subsequently
up-regulates the expression of the ABC transporter (Dintner
et al., 2011). The BceAB from B. subtilis has been shown
to form a multicomponent complex with its designated TCS
BceRS upon binding of bacitracin (Dintner et al, 2014).
This highlights that the BceAB transporter from B. subtilis
is directly involved in bacitracin sensing and consequently
triggering the up-regulation of its own gene by the TCS
BeeRS.

Within NsrFP from S. agalactiaze COH1, the transmembrane
domain NstP contains 10 predicted transmembrane helices and
harbors a 212 amino acid large extracellular domain (ECD) in
between helices VII and VIII (Khosa et al., 2013; Figure 2). NsrF
is the nucleotide-binding domain delivering the energy for the
transport by ATP hydrolysis.

In this study, we determined the function of NsrFP
from S. agalactiae COH1 in conferring nisin resistance. We
expressed only the NsrFP transporter without the corresponding
NsrR/NsrK TCS and observe that NstFP can confer resistance
up to 80 nM nisin. In comparison to this, a strain lacking this
transporter can only survive a nisin concentration of 5 nM.
Above this concentration the cells are suffering from pore
formation mediated by nisin. Furthermore, we could show that
NsrFP works as a lantibiotic exporter by a peptide release assay.
Additionally several mutants of nisin were used to investigate the
substrate specificity, which highlights that NsrFP recognizes the
N-terminal region of nisin. This was confirmed by the observed
resistance against nisin H (O’Connor et al., 2015) and gallidermin
(Kellner et al., 1988), which both contain a similar N-terminus
but differ in the C-terminal part of the peptide.

MATERIALS AND METHODS

Cloning of nsrip

The nsrfp gene from S. agalactinze COHI1 was amplified from
the chromosomal DNA using two primers (NstFP_for 5-CA
TCACCACCACCACTTATTAGAAATCAATCACTTAG-3 and
NstFP_rev 5 -GTGGTGGTGGTGGTGCATATAATTCTCCTTTA
TTTATTATAC-3) and ligated into pIL-SV (E. celi-L. lactis
shuttle vector) (Alkhatib et al, 2014b). The point mutation
NstFipoza  was  introduced by a standard mutagenesis
protocol using the following primers: forward: 5-GATGGT
AACCGCTTCAGCAAATGCTG-3; reverse: 5-CAGCATTTGC
TGAAGCGGTTACCATC-3'. The resulting plasmid was verified
by sequencing and transformed into the L. lactis strain NZ9000
for expression (Holo and Nes, 1989) and the corresponding
strains were termed NZ9000NstFP and NZ9000NstFipgaP. An
empty vector pIL-SVCm was also transformed into the NZ9000
strain and was used as a control (that excludes any possible
effect of induction of the plasmid), and this strain was called
NZ9000Cm. The expression of the nsrfp gene is regulated by the
TCS NisR/NisK present in the NZ9000 strain genome.

Expression of NsrFP and NsrFyopoaP

The NZ9000NsrFP and NZ900ONsrFramaP strains were grown
in GM17 media supplemented with 5 j1g/ml chloramphenicol.
By the addition of nisin (final concentration of 1 ng/ml, which
is equivalent to 0.3 nM), the expression was induced and the
culture was further grown overnight. To analyze the expression,
the cells were harvested at ODgy of 2.0 by centrifuging at
5000 x g for 30 min. The resulting pellet was resuspended
with R-buffer [50 mM HEPES pH 8.0, 150 mM NaCl, 10%
(w/v) glycerol] to an ODggg of 200. Then 1/3 (w/v) glass beads
(0.3 mm) were added and cells were lysed. A cycle of 1 min
disruption and 2 min cooling on ice was repeated five to
six times. A low centrifugation step at 10,000 x g to collect
the cytoplasmic part was performed. Followed by a high spin
step (100,000 x g) to harvest the membranes. To collected
cytoplasmic and membrane fractions SDS-loading dye [0.2 M
Tris-HCL, pH 6.8, 10% (w/v) SDS, 40% (v/v) glycercl, 0.02% (w/v)
bromophenol and B-mercaptoethanol] was added, samples were
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further used for SDS-PAGE and Western blot analysis (20 |11
loaded). To detect NsrFP and NsrFizooa P a polyclonal antibody
against the large extracellular loop of NsrP was used (Davids
Biotechnologie, Regensburg, Germany).

Cloning of the Nisin H and CCCCP

Variant

The wused variants (CCCCA, CCCAA, nisinj_s3 and
nisinj_33) were previously described in Alkhatib et al
(2014b). Nisin H (O’Connor et al, 2015) was created by
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FIGURE 1 | Schematic overview of nisin, the variants of nisin, nisin H, and gallidermin used in this study. Introduced mutations in CCCCA, CCCAA, CCCCP, and the
natural variants in nisin H are highlighted in blue. The (methyl)-lanthionine rings (labeled with A, B, C, D, and E) are formed by a dehydrated amino acid residue and a

introducing five point mutations into the pNZ-SV-nisA
vector (Alkhatib et al, 2014b). For the I;F-L¢M point
mutations we used the following primers (forward: 5-GTG
CATCACCACGCTTTACAAGTATTTCGATGTGTACACCCGG
TTG-3; reverse: 5'-CAACCGGGTGTACACATCGAAATACTT
GTAAAGCGTGGTGATGCAC-3). The Gi5T-Mz; Y mutations
were introduced with the primers (forward: 5-GTAAAAC
AGGAGCTCTGATGACATGTAACTATAAAACAGCAACTTGT
CATTG-3;reverse: 5'-CAATGACAAGTTGCTGTTTTATAGTT
ACATGTCATCAGAGCTCCTGTTTTAC-3') and the last
mutation H3K with the primers (forward: 5-CTTGTCATTG
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which is a characteristic for the BceAB-type of lantibiotic resistance transporters.

TAGTATTAAAGTAAGCAAATAAGCTTTC-3'; reverse: 5'-GA
AAGCTTATTTGCTTACTTTAATACTACAATGACAAG-3').
The CCCCP variant, were the last cysteine was exchanged
by a proline was created into the pNZ-SV-nisA vector with
the primers (forward: 5-CAGCAACTTGTCATCCAAGTA
TTCACGTAAG-3; reverse: 5-CTTACGTGAATACTTGGA
TGACAAGTTGCTG-3').

The resulting plasmids were verified by sequencing and
transformed into the L. lactis strain NZ9000 (already containing
the pIL3-BTC vector; Rink et al, 2005) for expression by
electroporation as described above.

Expression, Purification of Prenisin
Variants

Prenisin was purified as described in Alkhatib et al. (2014b).
Activation of purified prenisin was done by overnight cleavage
at 8°C with purified NisP (Abts et al., 2013). The efficiency of
the reaction was monitored and the concentration of active nisin
was determined by RP-HPLC as previously described (Abts et al.,
2013). The activated nisin variants were then directly used for
ICsq assays. Gallidermin is commercially available (Enzo Life
Sciences).

Purification of Nisin

Nisin was purified as described in Abts et al. (2011). The
concentration of nisin was measured by using RP-HPLC as
previously described (Abts et al., 2013).

Determination the Activity of Nisin by
Growth Inhibition (1Csp)

Cells from the different expressing strains were grown overnight
in GM17 supplemented with 5 jg/ml chloramphenicol in
presence of 1 ng/ml nisin. The diluted cells (final ODsg4 was 0.1)
were incubated with a serial dilution of nisin in a 96-well plate.
The total volume in each well was 200 1, consisting of 50 il
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FIGURE 2 | Schematic representation of NsrFP from S. agalactiae COH1. NsrFP is an ABC transporter consisting of NsrF (highlighted in green), which hydrolyses
ATP and NsrP (highlighted in orange). NsrP is a membrane protein consisting of 10 predicted transmembrane halices with an extracellular domain (depicted in red),

nisin and 150 ;11 GM17 containing the corresponding L. lactis
strain. The highest concentration of nisin used was adapted to
the corresponding maximum resistance displayed by each strain.

The plate was incubated at 30°C. After 5 h, the optical density
was measured at 584 nm via 96-well plate reader BMG. The
normalized optical density was plotted against the logarithm of
the nisin concentration in order to calculate the ICsq of nisin and
the data was evaluated using the following equation (Eq. 1):

ODjax — ODpyin

y= ODpin + W

The ODyyax value describes the normalized optical density value
where no nisin was added, while the OD i, value corresponds to
the normalized optical density of the cells grown in the highest
nisin concentrations. The y represents the resulted normalized
optical density value and x represents the logarithmic of the nisin
concentration added. The ICsp value is the concentration of nisin
where the growth of the L. lactis strain is inhibited by 50% (Abts
etal., 2011).

Calculation of the Fold of Resistance

We determined the ICsp value of nisin against the NZ9000Cm
sensitive strain as well as the strain NZ9000NsrFP and
NZ9000NsrFp024P. By dividing these two values the fold of
resistance is obtained. For example wild type nisin displayed
an ICsp of 4.9 nM against NZ9000Cm and 82.2 nM against
NZ9000NsrFP. Dividing these two values results in a fold of
resistance of 16.7. We used this fold of resistance to obtain a
quantitative, comparable value for the nisin variants.

Dependency of Nisin Variants on Induced
Expression of NsrFP

We verified the expression level of NstFP in the corresponding
strain NZ9000NsrFP by inducing expression with the different
nisin variants. Here, we used half the ICs5, value, which
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was determined for each nisin variant against the sensitive
NZ9000Cm strain, to exclude an effect on the expression level
of NsrFP. The initial ODgg of the NZ9000NsrFP strain was 0.1
and we induced each sample with the half ICsy value of the
corresponding nisin variants. The strains were further grown
for 5 h at 30°C. After harvesting the cells, SDS-PAGE samples
were prepared as describe above. The expression of NstFP was
analyzed by Western blot using a polyclonal antibody directed
against the extracellular loop.

SYTOX Green Nucleic Acids Binding

Assay

SYTOX green nucleic acids binding dye possesses a high binding
affinity toward nucleic acids. It enters cells, which contain a pore
in the plasma membrane and never crosses the intact membranes
of living cells (Roth et al.,, 1997). The cells of NZIOOONsrFP
were grown overnight in GM17 supplemented with 5 pg/ml
chloramphenicol in presence of 1 ng/ml nisin. The next day, the
overnight culture was diluted to an ODggg of 0.1 in fresh media
supplemented with 5 pg/ml chloramphenicol. The cultures were
grown until the ODggo reaches 0.5, the SYTOX green dye was
added at a final concentration of 2.5 pM and incubated for
5 min according to the manual of the manufacturer (Invitrogen).
The fluorescence signal, which was measured at an excitation
and emission wavelength of 504 and 523 nm, respectively, was
monitored. After a stable baseline is reached, nisin was added
and the fluorescence was monitored over an additional time
period.

Nisin Transport Assay

To answer the question whether NsrFP is an importer or exporter
we performed a well-known nisin transport assay (Stein et al.,
2003, 2005).

We grew the cells of NZ9000NstFP, NZ9000NstFpal
and NZ9000Cm in GMI17 supplemented with 5 g/ml
chloramphenicol in presence of 1 ng/ml nisin. We harvested
the cells and washed them with 50 mM HEPES, pH 7, 500 mM
NaCl, 10 % (v/v) glycerol. The cell density was adjusted to an
ODgoo 0of 10 in 1 ml of the corresponding strain and incubated
with 8 pg nisin at 30°C for 30 min under gently shaking. After
centrifugation at 10,000 x g for 10 min the supernatant was
collected and applied to RP-HPLC for the quantification of nisin
as described above.

RESULTS

IC5p Determination of NZ900ONsrFP and
NZ9000NSTFy2024P

We cloned NstFP and NsrFrpgzaP in a pIL-SVCm shuttle
vector and induced the expression with a sublethal amount
of nisin (0.3 nM). To ensure, that there were no side effects
from induction with nisin, we compared all experiments with
a control strain. This strain was transformed with an empty
plasmid and was treated exactly the same. We observed
that the induction using 0.3 nM had no influence on the

morphology or growth behavior of the L. lactis strains. This
expression system has been used in the past for several
proteins involved in nisin modification as well as immunity
and resistance (Kuipers et al.,, 2004; Plat et al., 2011; AlKhatib
et al, 2014a; Khosa et al., 2016a). Nisin was purified as
previously described (Figure 3; Abts et al., 2011). To address
the activity of nisin against the NZ9000Cm, NZ9000NsrED, and
NZ9000NsrFrra02 4P strains, growth experiments were performed
using an increasing concentration of nisin. From these the ICsp
values were determined, which reflects the growth inhibition of
the corresponding strain by 50% using Eq. 1.

Nisin is highly active against the NZ9000Cm strain, as
observed by the ICso value of 4.9 + 04 nM (Figure 4 and
Table 1). The NZ90OONsrFP strain exhibited a higher ICsy value
of 82.2 4+ 6.7 nM (Figure 4 and Table 1). By dividing the two
values a 16.7-fold of resistance was calculated (see Materials
and Methods). This highlights that NsrFP expressed in L. lactis
confers resistance against nisin. We cloned a variant of NsrFP
termed NsrFro2aP, where the histidine at position 202 of NsrF
is mutated to an alanine. By sequence alignments this histidine
residue was identified as the catalytically important residue for
ATP hydrolysis, generally termed as H-loop (Zaitseva et al,
2005). The corresponding NZ9000ONsrFraoaaP strain displayed
a lower ICs value of 5.1 + 0.8 nM, which within experimental
error represents the same value as obtained for the NZ9000Cm
strain (Figure 4 and Table 1). This suggests that NsrFP relies
on ATP hydrolysis to confer resistance against nisin. Here, we
have to note that the expression of NstFingaP led to a reduced
final OD (0.8 compared to 1.1 for the wild type strain) in our
growth experiments. The observed difference does not rise from
different expression levels of NsrFP and the NsrFigpaP variant
as shown by Western blot analysis using a polyclonal antibody
directed against the large ECD of NsrP (Davids Biotechnology,
Regensburg, Germany) (Figure 3A).

Pore Formation of Nisin in the
NZ9000NsrFP Strain

Nisin is able to form pores in the membrane of Gram-
positive bacteria initiated by the initial binding to lipid II and
subsequently reorientation of the C-terminal part of nisin into the
membrane (Hasper et al., 2004). This leads to membrane leakage
and rapid cell death. We monitored this pore formation using a
SYTOX green nugcleic acid dye (Roth et al., 1997). When pores
are formed in the membrane the SYTOX dye enters the cells
and binds to the DNA, resulting in an increased fluorescence
signal. This is an almost instant effect, which can be monitored
in real time. We monitored the pore forming action of nisin
against the NZ900ONsrFP, using different nisin concentrations,
which were based on the ICsq values of the corresponding strains
determined above. As a control, we added only buffer without
nisin, which resulted in no increase of the fluorescence signal
as observed by the black line in Figure 5. This control indicates
that no cells are spontaneously lysed under this experimental
setup.

‘When 40 nM nisin (corresponding to half the ICsy value
determined for the NZ900ONsrFP strain) was added to the
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FIGURE 3 | Expression of NsrFP and NsrFzo2aP in L. lactis and purification of nisin variants. (A) The expression of NsrFP and NsrFio2aP was monitored by
Western blot using a polyclonal antibody against the extracellular domain. As observed both proteins are expressed at a similar level in L. factis NZ9000. (B) Nisin
and its variants were purified and activated by using a standard procedure (see Materials and Methods). All substrates display a similar purity, judged by a 20%
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FIGURE 4 | Activity of nisin against the NZ3000Cm, NZI000NsIFP, and NZI00ONsrFHzozaP strains. (A) The ICsp of nisin against the NZ9000Cm (@), NZ900ONsrFP
(a), and strain NZSOOONsFpo24P (M) was determined. As observed the curve shifted to higher nisin concentration indicating that the NZ90OONSsrFP strain is more
resistant toward nisin. (B) The calculated ICsp values of nisin against the NZ9000Cm, NZS0OONsrFP, and the NZIOOONsrF2goaP strain are highlighted.

100

NZ9000NsrFP strain, no increase of the fluorescence signal
was observed (Figure 5, green line). This indicates that the
NZ9000NsrFP strain can survive a nisin concentration of 40 nM.
Only a small linear increase was visible after 400 s, which reflects
to a less extent cell lysis after some time. A nisin concentration
equivalent to the ICsy value (80 nM) resulted in a slightly stronger
increase of the signal after a delay time (Figure 5, blue line).
Finally, after adding a nisin concentration of two-times the
ICsp value (e.g., 160 nM to the NZ90OONsrFP strain) a rapid
increase of the fluorescence signal was observed and reaches a
stable plateau already after a couple of seconds. This shows that
NsrFP is not able to confer resistance above the determined ICsg
concentration (Figure 5, red line).

Frontiers in Microbiology | www.frontiersin.org

Nisin Transport Assay-Peptide Release
Assay

We performed a peptide release assay to verify the transport
direction of NsrFP. Previously, the same assay was used to
characterize NisFEG and SpaFEG, two exporting systems from
lantibiotic producing strains (Stein et al., 2003, 2005). Here,
we incubated the NsrFP expressing strain with 8 jug nisin for
30 min. After centrifugation of the cell, the supernatant was
analyzed via RP-HPLC to determine the amount of nisin. From
8 |Lg nisin, 4.3 |Lg nisin was recovered from the supernatant
(Figure 6). As a control, we used the NsrFyjz024 P and the sensitive
NZ9000Cm strain. There only ~2 j1g nisin was recovered from
the supernatant (Figure 6). This shows that NsrFP is able to
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TABLE 1 | IG5 values of nisin and its variants against the NZ9000Cm, NZ9O0ONsrFP, and NZ90OONSIFggeaP strains.

NZ9000Cm NZ3000NsrFP NZ9000NSIFiiz008 P
Nisin variant ICsp (nM) ICsq (nM) Fold of resistance 1Csp (NM) Fold of resistance
Wild type 49+04 822+67 16.7 51+08 1.1
CCCCP 39715 2384 £ 11.7 6.0 37839 09
CCCCA 64,4 £84 2023 £ 143 314 38959 06
CCCAA 278.6 £ 188 36346 + 3632 130.5 154.6 £ 30.8 0.5
Nising —28 167.0+£8.7 5243 + 1226 334 653114 04
Nising _22 300.9+514 12220 + 804 394 209.0 + 39.9 0.7
Nisin H 7.0+£04 865+ 3.7 12.3 7.5+08 1.1
Gallidermin 67.1+9.1 840 + B87.0 1256 507 +73 09

Besides the ICsq values also the fold of resistance against the nisin variants mediated by NsrFP are shown. The fold of resistance is calculated by the division of the ICsq
value obtained of the NZ9GOOONSsrFP by the value for the NZG000Cm strain. The values represent the average and standard deviation of at least four different experiments.
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FIGURE 5 | SYTOX green assay to visualize pore formation mediated by nisin.
The NZQ00ONSsrFP strain was grown until ODggp of 0.5 and then incubated
with the SYTOX dye. After a stable baseline was reached nisin (indicated with
an arrow) was added at various concentrations: 40 nM (green line), 80 nM
(blue ling), and 160 nM (red ling). As a control only buffer was added (black
ling). The fluorescence signal was monitored online using a fluerolog (Horiba
IIl} and the rapid increase indicates pore formation. The curves are

representatives of at least four biological replicates.

export nisin from the cellular membrane. Our results are similar
to the results found for the NisFEG and SpaFEG transporters
leading to the same conclusion that NsrFP is exporting nisin from
the cellular membrane as well.

Substrate Specificity of NsrFP

In order to investigate the substrate specificity of NsrFP we used
a set of nisin variants. Here, the nisin variants CCCCA, CCCAA,
nisinj _»g, and nisin; 57 were used (Khosa et al., 2016a). These
variants are lacking the last or last two lanthionine rings or
display deletions at the C-terminus of nisin, respectively. CCCCP
is a variant, where the cysteine at position 28 (important for ring
E formation) is exchanged to a proline (for a schematic view see
Figure 1).

Frontiers in Microbiology | www.frontiersin.org
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FIGURE 6 | Nisin transport assay. The NZ9000Cm, NZ9000ONsrFP, and
NZIOOONsIFzopaP strain were incubated with 8 g nisin. After incubation for
30 min the cells were spun down and the amount of nisin in the supernatant
was determined using RP-HPLC. The NZ9000Cm and NZQ00ONSIFaoaP
strain showed similar nisin amounts. The NZ00ONsrFP strain revealed a
~2-fold increased nisin amount, highlighting that NsrFP exports nisin from the
L lactis membrane.

Expression and purification were performed as previously
described (Alkhatib et al, 2014b), resulting in high purity
(Figure 3B). The activities of these variants were determined
against the nisin sensitive NZ9000Cm strain and the strains
expressing NsrFP or NsrFianaP, respectively (Table 1). By
comparing these values the fold of resistance was obtained
(Figure 7) as determined for the wild type nisin (see above and
Materials and Methods).

For CCCCP, the fold of resistance was determined to
be 6.0 (IC5 against NZ9000Cm was 39.7 + 1.5 nM and
against NZ9000NsrFP was 238.4 + 11.7 nM). For CCCCA,
the fold of resistance was determined to be 31.4 (ICsy against
NZ9000Cm was 644 £+ 84 nM and against NZ900ONsrFP
2023 + 143 nM). The CCCAA variants displayed a 130.5-fold
of resistance (ICsp against NZ9000Cm was 278.6 + 18.8 nM
and against NZ900ONsrFP 36346 % 3632 nM). The two deletion
mutants displayed a 33.4 (nisin; _g) and 39.4 (nisin; ;) fold
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FIGURE 7 | Substrate specificity of NsrFP. Graphical representation of the fold
of resistance exhibited by NsrFP with nisin and different nisin variants
(CCCCA, CCCAA, CCCCP, nising —22 and nisiny —zg) as well as nisin H and
gallidermin. The NZ9000Cm and NZ9000NsrFP strains were used to
determine the activity of all tested lantibiotics. The error bars indicate the
standard error of at least three independent experiments.

of resistance, almost five times higher when compared to
wild type. Here ICs5; were determined to be 157 £ 8.7 nM
against NZ9000Cm and 5243 £ 1225 nM against NZ9000NsrFP
strain for nisinj_;g and 309.9 & 51.4 nM against NZ9000Cm
and 12,220 £+ 804 nM against NZ9000NsrFP for nisinj_2,
respectively.

These results revealed that NsrFP is able to be active as
long as the N-terminal region of nisin is present, and since
this part is highly conserved in several other lantibiotics, we
hypothesized that the NsrFP transporter can besides nisin also
recognize other lantibiotics. To test this, we used two other
lantibiotics: nisin H (O’Connor et al.,, 2015) and gallidermin
which is produced by Staphylococcus gallinarum T3928 (Kellner
etal, 1988) (schematically shown in Figure 1). The latter contains
a similar N-terminal part but has in comparison to nisin a
structurally non-related C-terminus.

We determined the fold of resistance mediated by NsrEP for
these lantibiotics (Table 1 and Figure 7). Here, it was observed
that nisin H as well as gallidermin are also recognized and
NsrFP confers resistance to these lantibiotics. Our calculated
fold of resistance is 12.3 for nisin H and 12.5 for gallidermin
(Table 1). This strengthens the observation that the N-terminal
region plays a predominant role in substrate recognition, since
nisin H and gallidermin are recognized as well with similar
efficiencies.

We were wondering whether the effect of a higher fold of
resistance actually was a result of an increased expression
of NsrFP in the membrane. Therefore, we incubated
NZ9000NsrFP cells with the corresponding nisin variants
(note: the concentration is 1/2 ICsq value of each nisin variant)
and visualized the expression of NsrFP by Western blot. Here,
we observed that the expression levels of NsrFP were similar
for each strain and thereby cannot be the reason for the higher
increased fold of resistance (Figure 8).

Frontiers in Microbiology | www.frontiersin.org

FIGURE 8 | Dependency of nisin variants on induced expression of NsrFP.
The expression of NsrFP was monitcred by Western blot using a polyclonal
antibody against the extracellular domain. As observed, the expression of
NsrFP was similar in all cases, independent of the used nisin variant.

DISCUSSION

Lantibiotics possess antimicrobial activity against various
bacteria including the well known MRSA, VISA, and VRE
strains (Piper et al., 2009). However, various bacteria, especially
human pathogens are actually inherently resistant against
lantibiotics, which they do not produce themselves. Interestingly,
this resistance is often arising from the expression of one or
two membrane embedded proteins. Here, one belongs to the
BceAB-type ABC transporter family and confer resistance
against antimicrobial peptides including lantibiotics (Kallenberg
et al., 2013; Kingston et al., 2014). Genetically the BceAB-type
transporters are often located next to a TCS in the genome, which
regulates the expression of the genes encoded (Dintner et al.,
2011). It is thought that especially the ECD, which is a hallmark
of BceAB-type ABC transporters is involved in lantibiotic sensing
and transferring the signal to the corresponding histidine kinase
(Staron et al., 2011; Kallenberg et al., 2013). We focused on
the nisin resistance operon from the S. agalactiae COH1, more
specifically the BceAB-type ABC transporter NstFP (Khosa et al.,
2013). This transporter is localized on a gene operon together
with the membrane associated protease NSR and the TCS
NsrR and NsrK (Khosa et al., 2013, 2016b). We heterologously
expressed the transporter in L. lactis, which lacks the NsrR/NsrK
TCS and observed that NsrFP is able to confer resistance by
itself. The fold of resistance, which we used as a measure of the
activity, revealed that the L. lactis cells are able to deal with a
16-fold higher nisin concentration when compared to the same
strain lacking NsrFP. The fold of resistance of an ATP hydrolysis
deficient mutant of NsrFP is reduced to levels observed for the
nisin sensitive NZ9000Cm strain. Like NisFEG (Stein et al., 2003)
and SpaFEG (Stein et al., 2005), NsrFP acts as an lantibiotic
exporter, which so far has not been conclusively shown for an
lantibiotic resistance ABC transporter.

Intriguing is the observation that the N-terminal part of
nisin appears to be important for NsrFP. By using C-terminal

August 2017 | Volurme 8 | Article 1643

34



Chapter I

Reiners et al.

Lantibiotic Resistance by the ABC Transparter MNsrFP

variants and deletions of nisin the fold of resistance increased
in comparison to the wild type nisin. Only the variant CCCCP
displayed a reduced fold of resistance. The recognition of the
N-terminal region was further underlined by the observation that
nisin H as well as gallidermin were also recognized as substrates.
Here, especially the latter is containing a similar N-terminal
region but differs structurally completely at the C-terminus
(Figure 1).

Previously, the recognition of ring A and B was observed
for the lantibiotic resistance ABC transporter CprABC from
Clostridium difficile, which recognizes multiple lantibiotics: for
example, nisin, gallidermin, subtilin, and mutacin 1140 (McBride
and Sonenshein, 2011; Sudrez et al., 2013).

Within the nisin resistance operon in S. agalactiae COHI two
proteins, namely the membrane associated protease NSR and
NstFP, are present (Khosa et al., 2013, 2016b). NSR is cleaving
off the last six amino acids of nisin resulting in nisin; g, which
has a 32-fold lower activity. This product of NSR (nisinj_»g),
however, is still well recognized by NstFP, as shown by an even
increased fold of resistance. This suggests that both proteins atre
working together to obtain full resistance in S. agalactiae. The
first line of defense would be NSR and the resulting processed
product nising_2g, is transported by NsrFP, once it reaches the
membrane with high efficiency. This type of cooperativity would
be similar to the natural immunity system observed in the nisin
and subtilin (auto) immunity systems from L. lactisand B. subtilis,
respectively. There, a cooperative mode ofaction of the immunity
proteins Lanl and LanFEG have been observed by which only full
immunity was displayed when both protein are simultaneously
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Insight into Two ABC Transporter
Families Involved in Lantibiotic
Resistance

Rebecca Clemens, Julia Zaschke-Kriesche, Sakshi Khosa and Sander H. J. Smits*

Institute of Biochemistry, Heinrich-Heine-University Dussssldorf, Dussseidorf, Germarny

Antimicrobial peptides, which contain (methyl-lanthionine-rings are called lantibiotics.
They are produced by several Gram-positive bacteria and are mainly active against
these bacteria. Although these are highly potent antimicrobials, some human pathogenic
bacteria express specific ABC transporters that confer resistance and counteract their
antimicrobial activity. Two distinct ABC transporter families are known to be involved in
this process. These are the Cpr- and Bee-type ABC transporter families, named after their
involvement in cationic peptide resistance in Clostridium difficile, and bacitracin efflux
in Bacillus subtilis, respectively. Both resistance systems differentiate to each other in
terms of the proteins involved. Here, we summarize the current knowledge and describe
the divergence as well as the common fealures present in both the systems to confer
lantibiotic resistance.

Keywords: lanthionine ring, lantibiotic, nisin, resistance, antimicrobial peptide, L. factis

INTRODUCTION

The urging need for novel antibiotics has put small antimicrobial peptides (AMPs) into a particular
focus. Especially, a large group of peptides called bacteriocins have been extensively studied for an
application purpose as novel antibiotics. Bacteriocins are small, ribosomally-synthesized peptides
of which some display a high potent antimicrobial activity (Tagyg et al., 1976; Cotter et al., 2005b)
and have been already used since decades as food preservatives or as antibiotic alternatives in
biomedical applications (Cleveland et al., 2001; Cotter et al., 2012).

A large group within the bacteriocin family, are lanthionine containing antibiotics
termed lantibiotics. These lantibiotics are post-translationally modified peptides that contain
dehydrated amine acids (Dehydrobutyrine and/or Dehydroalanine) and other unusual amine acid
modifications (Jung. 1991; Willey and van der Donk, 2007; Bierbaum and Sahl, 2009; Alvarez-Sieiro
etal, 2016). The Michael addition of a neighboring cysteine side chain residue to these dehydrated
amino acids results in the formation of characteristic thioether bridges called lanthionine rings.
These rings are primarily crucial for their high antimicrobial activity against mainly Gram-positive
bacteria. The well-known lantibiotics nisin, gallidermin, and subtilin are highlighted in Figure 1.
Lantibiotics are highly potent and nanomolar concentrations are already enough to fulfill their
antimicrobial activity as observed for example for nisin produced by Lactococcus lactis species or
subtilin produced by Bacillus subtilis (Delves-Broughton et al., 1996; Chatterjee et al., 2005).

In comparison to their high antimicrobial activity against Gram-positive bacteria, lantibiotics
display a reduced effectiveness against Gram-negative bacteria. Many lantibiotics bind to lipid II
or other peptidoglycan precursor inducing inhibition of cell wall synthesis. Some lantibiotics can
subsequently form pores which lead to membrane leakage and rapid cell death (Héchard and Sahl,
2002; Bierbaum and Sahl, 2009). Due to their nanomolar activity, in combination with high stability
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FIGURE 1 | Selected presentation of the lantibiotics nisin, gallidermin and subtilin as well as the bacteriocin bacitracin. The dehydrated amino acids and the cysteines
of the lantibiotics are highlighted in yellow and orange. The (methyi-Jlanthionine rings are visualized in orange and red.
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against proteolytic digestion, lantibiotics are considered potential
compounds for novel medical treatment.

A well-studied member of lantibiotics is nisin, which is
produced by some L. lactis strains. It was shown that it is effective
against the treatment of bacterial mastitis, methicillin-resistant
Staphylococcus aureus (MRSA) and enterococcal infections
(Brumfitt et al., 2002). Gallidermin and epidermin, produced
by Staphylococcus gallinarum and Staphylococcus epidermidis,
respectively, are some other examples of lantibiotics (Cotter et al.,
2005a) and are associated with the treatment of acne, eczema,
folliculitis, and impetigo.

The lantibiotic producer strains with a few exceptions, usually
contain a single gene cluster, on which the structural genes
for the lantibiotic itself, as well as for the modification and
transport across the cellular membrane are located (Chatterjee
et al, 2005; Willey and van der Donk, 2007; Alkhatib et al,,
2012; Singh and Sareen, 2014). In many gene clusters, these
genes are upregulated via a distinct two-component system (TCS)
consisting of a histidine kinase (HK) and a response regulator
(RR), which are located on the same gene cluster (Qiao et al.,
1996). The upregulation is auto induced by its own lantibiotic
(Kuipers et al., 1995).

Due to the high convergence of these gene clusters, it
has been possible to detect potential lantibiotic gene clusters
within newly sequenced genomes using in silico techniques
(van Heel et al, 2013a). Such genome mining approaches
have identified novel lantibiotic gene clusters in several species,
such as the genes encoding for maddinglicin from Clostridium
maddingley, agalacticin from Streptococcus agalactiae, bagelicin
from Streptococcus suis and moraviensicin from Enterococcus
moraviensis (van Heel et al, 2013b; Tracanna et al., 2017).
These novel and mostly exotic lantibiotics can be expressed,
modified and secreted by L. lactis using the well-characterized
nisin biosynthetic machinery (van Heel et al., 2013b).

In order to prevent the activity of the secreted lantibiotic
against their own membrane, the lantibiotic gene cluster contains
additional genes (lanl and IanFEG), which form a lantibiotic

(auto-)immunity system (Alkhatib et al., 2012). The lanl and
lanFEG genes are conserved to a certain extent throughout
the lantibiotic expressing bacteria (Alkhatib et al., 2012). Here
Lanl is a membrane-associated lipoprotein, which binds to the
lantibiotic and thereby lowers the concentration of the lantibiotic
reaching the membrane. Additionally, LanFEG forms an ABC
transporter localized in the cellular membrane which effluxes
the lantibiotic prior to pore formation (Stein et al., 2003, 2005;
Draper et al., 2008, 2015).

Despite the odds, resistance against lantibiotics does exist
and different resistance mechanisms have been unraveled
so far. Resistance mechanisms comprise of modification in
peptidoglycan or the cellular membrane (e.g., changes in
phospholipid or fatty acid composition) as well as cell membrane
modifications, such as lipopolysaccharides which are attached
to the outer layer of the outer membrane of Gram-negative
bacteria (Draper et al., 2015). Furthermore, some TCSs could be
linked to lantibiotic resistance by upregulating the transcription
of resistance-associated genes upon the presence of lantibiotic
within the habitat of the bacteria. Other mechanisms resulting
in resistance are the assembly of biofilms or the expression
of resistance proteins such as the nisin resistance protein
(NSR) found to be upregulated in nisin non-producing strains,
inactivating nisin by specific proteolytic degradation (Sun et al.,
2009). The lantibiotic resistance mechanisms have been nicely
reviewed in detail in Draper et al. (2015).

Recently, several gene clusters were identified in various
human pathogenic bacteria, which encode a lantibiotic resistance
system based on the overexpression of membrane embedded
proteins, that includes the presence of an ABC transporter
(Khosa et al., 2013).

The expression of proteins within these gene clusters result
in a detectable lantibiotic resistance. For example, resistance
against nukacin ISK-T and lacticin 481 in Streptococcus mutans
is mediated by the expression of IcrSR-IctFEG genes (Kawada-
Matsuo et al., 2013a), while the expression of cprABCK-R
operon in Clostridium difficile results in resistance against
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different lantibiotics. Here, nisin, mutacin 1140, subtilin, and
gallidermin were tested and resistance was observed (McBride
and Sonenshein, 2011; Sudrez et al., 2013). Furthermore, the
proteins located on the nsr operon from S. agalactiae are together
conferring resistance against nisin A, nisin H, and gallidermin
(Khosa et al., 2016a,b; Reiners et al., 2017). All these resistance
operons are characterized by the presence of a TCS consisting of
a HK and a RR; as well as a membrane-embedded ATP-binding
cassette (ABC) transporter (Gebhard, 20125 Khosa et al., 2013;
Sudrez et al., 2013). In some cases, an extra gene encoding a
membrane-associated lipoprotein or a specific serine protease is
present.

Upon examining these operons in detail, it was observed that
the ABC transporters are responsible for lantibiotic resistance
and can be divided into two groups: the CprABC-type and the
BceAB-type ABC transporter family, both conferring resistance
against lantibiotics and/or antimicrobial peptides in general.

Within this review, we will highlight these two lantibiotic
resistance ABC transporter families and their corresponding gen
clusters.

GENE CLUSTER ORGANIZATION OF ABC
TRANSPORTERS INVOLVED IN
LANTIBIOTIC RESISTANCE

The common feature of both operon types is the presence of a
TCS, which upregulates the other genes by an external stimulus
via binding of the lantibiotic. Furthermore, they both consist of
an ABC transporter, which is thought to expel the lantibiotic once
it has reached the bacterial membrane (Figure2). In general,
ABC transporter comprises of a transmembrane domain (TMD)
and a nucleotide-binding domain (NBD). The NBD dimerizes
upon binding of ATP, which is subsequently hydrolysed
and the energy released is used to induce a conformational
change within the TMD allowing substrate export or import.
Furthermore, in some of these operons there is also the presence
of either a lipoprotein or a membrane-associated specific
protease.

CprABC-TYPE RESISTANCE OPERONS

Lantibiotic resistance operons belonging to the Cpr group
contain three different genes encoding for an ABC transporter
(one for the NBD and two different TMDs; highlighted in blue,
Figure 2) and genes encoding a HK and RR, which build up the
TCS. These transporters belong to the ABC-type 2 sub-family
and on a genetic level closely resemble the immunity systems
found in lantibiotic producing strains. This group is named
after the most prominent member, the CprABC transporter from
C. difficile, which confers resistance against nisin and gallidermin
(McBride and Sonenshein, 2011; Sudrez et al., 2013). Here, the
NBD is encoded by cprd while ¢prB and cprC encode the two
TMDs. CprB and CprC are of similar size and are predicted to
contain six transmembrane helices each. Both CptB and CprC
form a functional transporter together in the membrane as a
heterodimer (Figure 3).

Other members of this group are IrSR-ItFEG and
nstFE1E2G-XRK, both present in the genome of S. mutans
(Figure 2). The encoded TMDs of this group contain six
predicted transmembrane helices. They are upregulated via
one promoter suggesting that they are expressed in equal
stoichiometry. These ABC transporters, are closely related to the
immunity ABC transporter LanFEG family, which consists of the
NBD LanF and two TMDs LanE and LanG (as an example, the
nisin immunity system called NisFEG is highlighted in Figure 2).
These LanFEG ABC transporters are co-expressed in lantibiotic
producer strains and have been shown to expel lantibiotics
from the membrane preventing a suicidal effect (Stein et al,
2003, 2005; Alkhatib et al., 20123 AlKhatib et al., 2014b). The
LanFEG genes are, in contrast to the Cpr group, encoded in
a larger operon which also include genes for biosynthesis and
transport machinery of the produced lantibiotic. Due to the
operon similarity, one can assume that the cpr operons are
evolutionary linked to the producing strains. Here however,
only the genes for the resistance proteins are present and none
of the biosynthetic machinery. Next to the ABC transporter
genes, a TCS is present which consists of the HK and RR, which
are distantly located on the chromosome (Sudrez et al, 2013)
(highlighted in green, Figure 2). These TCSs transfer the stimuli
provided by the externally present lantibiotic into the cell and
induce transcription of the genes.

BceAB RESISTANCE OPERON

Lantibiotic resistance operons belonging to the Bee group contain
genes encoding for an ABC transporter, ie., two different
genes encoding one NBD and one large TMD (highlighted in
blue, Figure2). Additionally, a TCS is present consisting of
a histidine kinase and response regulator. BceAB-type (ABC)
transporters are putatively involved in antimicrobial peptide as
well as lantibiotic removal from the lipid membrane (Gebhard
and Mascher, 2011). They have been named after the transporter
system from B. subtilis, which till date is the best characterized
representative of Bacitracin efflux (Bce) transporters, conferring
resistance against the antimicrobial peptide bacitracin (Ohki
et al., 2003; Rietkotter et al., 2008).

Based on the Transport Classification Database (TCDB),
BceAB-type transporters belong to the peptide 7 exporter family
(Saier et al., 2009). The BceAB-type transporters are composed
of two components, a NBD (BceA) and a single TMD (BceB)
(Figure 2). The TMD consists of ten predicted transmembrane
helices (TMHs) and contain a large, extracellular domain (ECDy,
where L stands for lantibiotic) between transmembrane helices
VII and VIII (Figure 3). This extracellular domain appears to
be the hallmark of BeeAB-type transporters and consists of
~200-250 amino acids (Ohki et al., 2003; Rietkotter et al., 2008;
Khosa et al., 2013; Figure 3).

Bioinformatically, ECDy are easy to detect and have been
for example identified in the TMDs of the bacitracin resistance-
associated ABC transporter BeeAB in Bacillus species (Rietkttter
et al., 2008), in the bacitracin and nisin resistance-associated ABC
transporter VraDE in S. aureus (Hiron et al., 2011) and the nisin
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CprABC-system

cprABCK-R - C. difficile

lerSR-ICtFEG - S. mutans

nsrFEE,G-XRK - 5. mutans

nisl-RK-FEG - L. lactis

BceAB system

bceRS-AB - B. subtilis

nsrfP-RK - S. agalactiae

inred.

braSR-vraDE - S. aureus -_//_-L‘_ [ﬂ]

FIGURE 2 | Overview of the lantibiotic resistance operons belonging to the Cpr- and Bee- type systems. Three operon structures, each are highlighted as
representatives for the Cpr and Bce group. For Cpr-type these are cprABCK-R from C. difficile, nsrFE1ExG-XRK and lerSR-IctFEG from S. mutans. Additionally, the
nisRK-FEG system from L. /actis involved in nisin immunity is also highlighted. For Bee-type, the three representatives comprise of bceRS-AB from B. subtilis,
braSR-vraDE from S. aureus and the nsrFP-AK system from S. agalactiae. The size of the genes corresponds directly with the gene length as deposited in the NCBI
database. The TCSs with RR (dark green) and HK (light green); and the ABC transporters are shown in different shades of blue. In the bceAB system, the NBD is dark
blue while the TMD is shown in light blue. The additional TMD present in the corABC systems is shown in cyan. The proteins, which are part of the operon but the
function has not been determined so far are shown in gray. In case of the nis and nsr operons, an additional membrane-associated protein is present which is colored

resistance-associated NsrFP in S. agalactiae (Khosa et al., 2013).
These ECDy, are found to be crucial for resistance determinants
as they are supposed to recognize the lantibiotic extracellularly
and subsequently induce the TCS-dependent signal transduction
within the cell (Rietkotter et al., 2008; Hiron et al, 2011).
Initial substrate binding usually occurs via these ECDy, however,
experimental evidence for this only has been indirectly proven
via knockout studies (Falord et al., 2012).

In the Bce group, a BceRS-type TCS has co-evolved
(Heijenoort, 1994; Dintner et al,, 2011) composed of a response
regulator (BceR) and a histidine kinase (Bce$S). The latter consists
of two transmembrane helices with a short extracellular located
loop of ~25 amino acids. Such a small loop is unusual for
HKs, which normally consists of roughly 115-125 amino acids.
This suggested that the TCS lacks an extracellular domain
normally present to detect an external stimulus and is therefore,
categorized as a member of the intramembrane-sensing histidine
kinase family (Mascher et al., 2003; Mascher, 2006). Members
of this family have been shown to be responsible for the
upregulation of the corresponding ABC-transporter in the
presence of its specific lantibiotic (Staron et al., 2011).

In summary, three CprABC-type as well as BceAB-type
ABC transporters are mentioned in detail, which are all well
studied so far in order to highlight both their functional
properties and the differences between these two groups.
Within the CprABC group, we have included the NisFEG

ABC transporter, which confers immunity against nisin in
the producer strains. General characteristics including protein
sequence, size, and function of these systems are listed in
Tables 1, 2.

CprABC RESISTANCE SYSTEMS
The CprABCK-R System from C. difficile

The operon of the cpr (cationic antimicrobial peptide resistance)
system from C. difficile consists of an ABC transporter and a
TCS. The genetic organization of the Cpr system resembles the
immunity system found in lantibiotic producing strains (see
above).

The CprABC transporter from C. difficile is encoded by three
different proteins: a nucleotide binding domain called CprA (26
kDa) and the two transmembrane domains called CprB and
CprC (27 and 29 kDa, respectively; Figure 3 and Table 1). Both
of the TMDs have six predicted transmembrane helices and form
a functional heterodimer (Table 1).

The TCS is composed of a RR ¢prR (CD3320) and a HK cprK
(CD1352). The histidine kinase of the Cpr system contains an
extracellular loop (113 aa) (Table 1), which has been proposed
to be involved in sensing. Such a loop is a general feature of
histidine kinases. The regulator does not directly belong to the
cpr operon and is distantly located on the chromosome (McBride
and Sonenshein, 2011; Sudrez et al., 2013).
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A Mode of action
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FIGURE 3 | Schematic representation of the two resistance systems of C. difficile and S. agalactiae. (A) The lantibiotic nisin A (see Figure 1) binds to the cell wall
precursor lipid Il, depicted with the N-acetyl glucosamine colored in red, the N-acetyl muramic acid shown in green and the pentapeptide presented in orange. The
binding via the first two lanthionine rings of nisin to lipid Il results growth inhibition and subsequently in pore formation. This results in rapid cell death already at
nanomolar nisin concentrations. (B) The proteins encoded by the cpr operon are shown with the ABC transporter CprABC (depicted in blue) and the two-component
system CprRK (depicted in green). The extracellular loop of the histidine kinase has also been shown. The lipoprotein adjacent to CprABC is depicted in gray. (C) The
Nsr systern of S. agalactiae is highlighted. The two-component system NsrRK and an efflux ABC transporter NsrFP are depicted in green and blue, respectively. The
ECDy present in the ABC transporter in between transmembrane helices seven and eight is indicated in cyan. Furthermore, an extra membrane-associated serine
protease SaNSR present in this system is shown in red. SaNSR is a serine protease, which cleaves the last six amino acids of nisin off.
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Within C. difficile, the cpr system has been shown to confer
resistance against several lantibiotics such as nisin A, gallidermin,
and subtilin. Although these lantibiotics are quite different in
their amino acid composition, however the first two lanthionine
rings are structurally conserved in their tertiary structure (Sudrez
et al, 2013), suggesting the importance of this region for the
cpr genes to recognize lantibiotics. It was proposed that the
lanthionine ring along with the proline and glycine residues form
the sequence motif recognized by CprK resulting in signaling of
the TCS CprK-CprR (Sudrez et al,, 2013).

The genes encoding the ABC transporter cprABC are
regulated by cprK-cprR and are found adjacent to ¢prK in
the genome. Insertional disruption of one of the transporter
genes resulted in significant decrease in resistance against both

nisin A and gallidermin. Hence, this TCS and ABC transporter
pair contributes to the resistance of C. difficile toward many
lantibiotics (Sudrez et al., 2013). It has been shown that the
addition of nisin induced the expression of CprABC, so it could
be proven that the CprR is responsible for the upregulation
(McBride and Sonenshein, 2011; Suérez et al., 2013).
Additionally, adjacent of the c¢prABC gene cluster, a
lipoprotein is present (CD1348). Although, no involvement
in lantibiotic resistance has been described so far, the genetic
context resembles the BceAB system found in S. agalactiae,
which contains the SaNSR protein, a membrane associated
resistance protein (see below). Interestingly, the lipoprotein is
not upregulated by the presence of a lantibiotic or antimicrobial
peptide and displays a basal expression level (Sudrez et al., 2013).
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TABLE 1 | Comparizon of the different Cpr-type resistance systems with the TCS
and the ABC transporter.

CprABCK-R LerSR-LolFEG  NSIFE{EoG-XRK NiSRK-FEG
Crganism C. difficile 8 mutans 8 mutans L fectis
(Strain630) (UATEG) (UATEG) (NZOT00)
Defense Resistance Resistance Resistance Irarnunity
category
Resistance nisin A, subtiing - lacticin 481, nisin A nisin A
against gallidermin, nukacin 15K-|
rmutacin 1140,
cinnarmycin
TWMD [aa] 238 (B) 246 (B) 82 (E1) 242(B)
252 (C) 242 (@) 171 (E2) 214 (G)
248 (@)
Cligomesric Dirner Dirner Trimer Dirner
state (B+C) (E+3) [G+E1+E2) (E+G)
TMHs 6+6 6+6 6+2+4 6+6
NBD [a4] 235 256 254 225
Response 219 229 219 229
regulator [aa]
Histicline 462 437 460 447
kinase [aa]
Loop-ceont, Kinase Kinase Kinase Kinase
protein
Loop size [ag) 113 117 116 112

TABLE 2 | Comparizon of the different Bee-type resistance machineries with the
TCS and the ABC transporter.

BeeRS-AB BraSR-VraDE NsiFP-RK
Organism B subtilis S aureus S agalactiae
(Strain 168) (USA300) (COH1)
Defense category Resistance Resistance Resistance
Resistance against bacitracin, bacitracin, nisin A,
actagarding, nisin A, nisin H,
mersacidin daptornycin gallidermin
™D 646 626 651
Cligomeric state Monomer Monomer Monamer
ThHs 10 10 10
NBD [aa] 253 252 250
Response regulator [aa] 231 221 222
Histidine kinase [aa] 324 296 282
ECD| cont. protein ™D ™D T™D
ECD|_sizelag] 216 185 220

The LcrSR-LetFEG and NsrFE{E2G-XRK
Resistance Systems

S. mutans (UA159) has two resistance systems, namely, the
LerSR-LetFEG and NsrFEE,G-XRK. Both consist of a TCS and
an ABC transporter.

The LerSR-LetFEG system confers resistance against lacticin
481 and nukacin ISK-I as determined with growth inhibition
analyses (Kawada-Matsuo et al., 2013a,b).

Within this system, LerR (26 kDa) is the RR and the LerS (50
kDa) is the HK, which also contains an extracellular sensing loop

(117aa) (Table 1). The ABC transporter consists of three different
domains, The NBD LctF (29 kDa), which is important for the
ATP binding and hydrolysis, and two transmembrane domains,
LctE (28 kDa) and LetG (27 kDa), which each consist of six
transmembrane helices each (Kawada-Matsuo et al., 2013b).

The NsrFE; E;G-XRK system contains a TCS NstRK with the
NsrR (25 kDa) as RR and the NstK (53 kDa) as HK containing
an extracellular loop of 116 amino acids. The ABC transporter
system contains four proteins: the NBD NstF (26 kDa) and
the three TMDs NstEjE;G. Here, the NstG (28 kDa) has six
transmembrane helices, the NsrE; (10 kDa) has two and NsrE;
(20 kDa) has four transmembrane helices, so in total 12, which
is similar to the other known ABC transporters. However, for
NsrFE| E) G resistance against only nisin A was observed, which
was examined using deletional mutants within the NstRK system.
For other tested lantibiotics like nukacin ISK-1, no resistance
could be observed (Kawada-Matsuo et al., 2013b).

The NisFEG Immunity Transporter from

L. lactis

In the self-immunity system of nisin producing strains, the
cytoplasmic NisF (25 kDa) is composed of 225 amino (Siegers
and Entian, 1995). Additionally, NisE (28 kDa) and NisG
(24 kDa) are predominantly hydrophobic proteins, that form
together an integral membrane part of the ABC transporter and
are composed of six transmembrane helices each (Siegers and
Entian, 1995). Using sequence similarity searches NisFEG likely
exhibits a 2:1:1 stoichiometry to form a functional lantibiotic
immunity LanFEG transporter (Siegers and Entian, 1995).
Various gene knockout studies have shown that out of all the
three genes of the ABC transporter, deletion of #isE gene has the
most detrimental effect on immunity (Siegers and Entian, 1995).

The primarily function of NisFEG in providing immunity
to the producer strain is the efflux of nisin molecules from
the membrane before they can form pores (Stein et al., 2003;
AlKhatib et al., 2014b). A similar function has been identified for
the subtilin immunity ABC transporter SpaFEG, which is able to
transport subtilin from the cytoplasmic membrane directly back
into the exterior (Stein et al., 2005).

‘When expressed in the nisin sensitive L. lactis strain NZ9000,
which does not carry the immunity genes #isf and #isFEG within
its genome, NisFEG confers seven to eight fold of immunity when
expressed alone (AlKhatib et al., 2014b).

The substrate specificity of NisFEG has been extensively
studied. It has been shown that NisFEG recognizes the C-
terminally located lanthionine ring and the last six amino acids
of nisin as a reduction of 50% in the immunity provided by
NisFEG was seen upon deletion of either of them (AlKhatib et al.,
2014b).

THE Bce RESISTANCE SYSTEMS

BceRS-AB System from B. sublilis

The BceRS-AB system from B. subtilis consists of the ABC
transporter, with NBD BceA (28 kDa) and TMD BeeB (72 kDa),
and the TCS with the response regulator BeeR (27 kDa) and the
histidine kinase BceS (39 kDa) (Figure 3 and Table 2). Various

Frontiers in Molecular Biosciances | www.frontiersin.corg

January 2018 | Volurne 4 | Article 91

43



Chapter II

Clemens et al,

Lantbictic Resistance by Protein Machineries

growth inhibition assays of strains expressing BceRS-AB and
several deletion mutants have shown, that this system mediates
resistance against actagardine, mersacidin, and bacitracin (Ohki
et al., 2003; Staron et al., 2011).

For signal transduction purposes, both the BceAB ABC
transporter as well as the TCS need to be present to confer a
signal transduction inducing upregulation of the genes encoded
on the operon. This is an unusual mode of signal transduction, as
the HK cannot sense bacitracin alone, and needs the presence of
the ABC transporter to sense the substrate in the surrounding.
Furthermore, an ATP hydrolysis deficient transporter mutant
highlighted that hydrolysis is required for this signaling process
(Rietkstter et al., 2008). Based on random mutagenesis studies it
was shown that the C-terminal part of the TMD BeeB, specifically
up to helix VIIT is important for signaling and resistance of the
BceAB-RS systern in B. subtilis (Kallenberg et al., 2013).

The BceAB from B. subtilis has been to the best of our
knowledge, the only system which has been purified and shown
to form a multicomponent complex with its designated TCS
BceRS upon binding of bacitracin (Dintner et al., 2014). These
biochemical analyses of the BceAB and BeeRS proteins showed
that the TCS, more specifically the BceS module, and the
transporter form a so-called sensory complex in the cytoplasmic
membrane, where the kinase activity is relying on the BceAB
transporter (Dintner et al., 2014). This further underlines the fact
that the BeceAB transporter from B. subtilis is directly involved
in bacitracin sensing and consequently triggers the upregulation
of its own gene by the TCS BceRS. This was further highlighted
by mathematical modeling response dynamics of the Bee system,
which suggested a direct correlation between the transport
activity of BceAB, and the Bce$ kinase signaling activity (Fritz
et al., 2015).

BeeAB-like transporters are thought to recognize the target-
peptide complex within the membrane and not the peptide as
such (Bernard et al., 2007; Rietkodtter et al., 2008). This idea
is further strengthened by experiments suggesting that BceAB
of B. subtilis does not export bacitracin, but instead acts as
a flippase of the target molecule undecaprenyl pyrophosphate
(UPP) to the cytoplasmic side of the membrane (Kingston
et al., 2014), thereby removing the target of bacitracin. However,
Surface Plasmon Resonance (SPR) spectroscopy studies of Bce AB
have shown that the TMD BceB binds bacitracin with a high
affinity (Kp of 60 nM) in detergent solution and appears to be
specific for the active bacitracin-Zn*" -complexed form (Dintner
et al., 2014). Although these results do not rule out that a
bacitracin-UPP complex is recognized by BceAB, it suggests
an effluxing mechanism for bacitracin. Random mutagenesis
studies further highlighted, that the C-terminal part of the TMD
BceB up to helix VIII is important for the signaling and the
resistance of the BceRS-AB system in B. subtilis (Kallenberg et al.,
2013).

The VraDE-BraRS from S. aureus

The VraDE-BraRS system of S. aureus is a systern composed of
the NBD VraD (28 kDa), the TMD VraE (70 kDa), the response
regulator BraR (25 kDa), and the histidine kinase Bra$ (34 kDa).
This system has been identified in S. aureus since only two of the

16 TCSs present have been linked to the Bee family. Here, the
TCS GraRS (Meehl et al., 2007) and the VraDE-BraRS system,
mediate cationic antimicrobial peptide resistance (Hiron et al.,
2011).

The VraDE-BraRS system of S. aureus confers resistance
against bacitracin, nisin A and daptomycin as determined via
growth inhibition experiments of S. aureus (Hiron et al., 2011;
Popella et al., 2016). Transcriptional fusions using the operon
promoter revealed increased expression when induced with
increasing sub-lethal bacitracin and nisin concentrations as
previously observed for the BceRS/BceAB module of B. subtilis
(Ohki et al., 2003; Hiron et al., 2011), The TCS BraRS$ activates
transcription of the BraDE and VrvaDE operons, encoding
two ABC transporters, which play distinct and original roles
in bacitracin and nisin resistance. Here, VraDE is a specific
detoxification system and is sufficient to confer resistance against
bacitracin and nisin when expressed alone (Hiron et al., 2011)
whereas BraDE and BraRS$ are involved in antibiotic sensing and
signaling, respectively.

The ABC transporter VraDE is directly involved in bacitracin
resistance. By using chimeric ABC transporter and domain-
swapping variants, where the extracellular loop of VraD was
exchanged by the one of VraE, it was observed that the
extracellular domain of VraE is the determinant for bacitracin
specificity (Hiron et al., 2011; Popella etal., 2016). Furthermore, it
was shown that VraH, a small transmembrane protein, is further
an essential component of the VraDE complex to form the
functional VraDEH complex. VraH of §. aureus JE2 isa positively
charged C-terminus containing a conserved YYKRREEKGK
motif. The cytoplasmic VraD interacts with the transmembrane
protein VraH. This complex however is formed only in the
presence of VraE (Popella et al., 2016). Interestingly, VraH is
only important for resistance against gallidermin. Nisin and
bacitracin resistance appears to be independent of VraH. This
is rather unexpected since gallidermin and nisin share the
same structural and mechanistic features, whereas bacitracin is
structurally unrelated. Additionally, gallidermin does not form
pores in the membranes of most bacteria in contrast to nisin,
indicating another mode of action (Popella et al., 2016).

The BraRS TCS has been shown to be specific for nisin
and no upregulation occurred when using other antibiotics
like vancomycin, fosfomycin, oxacillin, colistin, capreomycin,
viomycin, or daptomycin (Hiron etal., 2011).

The NsrFP-RK System from S. agalactiae

The NstFP-RK system from S. agalfactiae is composed of the
NBD NsrF (28 kDa), the TMD NsrP (74 kDa), the RR NsrR
(25 kDa), and the HK NsiK (31 kDa) (characteristics of the
proteins are listed in Table 2; Khosa et al., 2013). Further, the
NsrFP-RK system includes an additional serine protease SaNSR,
which inactivates nisin by cleaving off the last six amino acids.
SaNS8R is anchored in the membrane via a single transmembrane
segment (Khosa et al., 2016a). This system confers resistance to
multiple lantibiotics such as nisin A, nisin H, and gallidermin
as determined with growth inhibition experiments in L. lactis
(Khosa et al., 2013; Reiners et al., 2017). Furthermore, it was
shown by SYTOX-green assay, that the resistance conferred
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by the ABC transporter NsrFP is imparted by the inhibiting
pore formation in the cell membrane and similar to the
CprABC system (see above), it also recognizes specifically the
N-terminal part of lantibiotics (Reiners et al., 2017), suggesting
a common substrate specificity between these systems. For
NstFP, this was shown by a comprehensive mutational analysis
of nisin and comparison of the fold of resistance (Reiners
et al, 2017), thereby sensitively quantifying and comparing
the growth inhibition studies between lantibiotics and their
variants (AlKhatib et al., 2014a,b; Reiners et al., 2017). An
advantage of the NsrFP system is their heterologous expression
in L. factis, which allows a mutational analysis, and holds
true for the predominant substrate nisin A. Furthermore, the
corresponding NstR (RR) and NsrK (HK) are not present,
which allowed the characterization of the NsrFP ABC transporter
alone.

For NsrFP, an efflux transport activity has been reported
(Reiners et al., 2017). Here, a peptide release assay revealed the
transport direction of NstFP. The efflux of nisin was shown
by the amount of nisin present in the supernatant of the cell
culture in comparison to a strain harboring an empty plasmid
as well as a transport deficient mutant of NsrFP. Furthermore,
NstFP is the BceAB-type transporter that actually suggests an
efflux transport direction using a peptide release assay. These
results are similar to those previously obtained for the lantibiotic
immunity transporters NisFEG and SpaFEG from L. Jactis and
B. subtilis, respectively, which have been shown to export their
corresponding lantibiotics (Stein et al., 2003, 2005).

On the contrary, the TCS NsrRK of the Nsr system has
been poorly described so far. Here, NstR belongs to the large
OmpR/PhoB subfamily of response regulators. The structure of
the regulator NstR has been solved by X-ray crystallography and a
model in active dimeric DNA-bound state was postulated (Khosa
et al., 2016b). This model revealed that the amino acids involved
in phosphorylation, dimerization, as well as DNA-binding are
conserved on sequence level throughout the family of regulators
found in the BeeAB resistance systems identified, so far. This
suggests that other Bce AB-type response regulators will probably
have a similar tertiary structural arrangement.

An extra feature of the NsrFP-RK system is the presence
of a membrane-associated serine protease in the operon called
SaNSR, which cleaves nisin at its C-terminus and the product
nising _»g has been shown to be 20-100 fold less effective against
Gram-positive bacteria membranes (Sun et al., 2009; Khosa et al.,
2016a).

The structure of SaNSR was solved at 2.2 A resolution and
displays an N-terminal helical bundle, a protease cap and core
domain. Within the latter, the highly conserved TASSAEM
region is present. This region contains the active site and lies
in a hydrophobic tunnel. Extensive computational modeling
of the SaNSR/nisin complex revealed that SaNSR specifically
recognizes the C-terminus of nisin, more specifically the last two
lanthionine rings of nisin ensuring the exact coordination of the
nisin cleavage site at the TASSAEM region (Khosa et al., 2016a).
This clearly indicates that in contrast to the efflux mechanism of
the ABC transporter NsrFE, SaNSR is highly specific to confer
resistance solely against nisin A.

FUTURE DIRECTIONS

Since (multi-) antibiotic resistant bacteria have rapidly evolved
during the last decades, the urgent need for novel compounds
is increasing. The secretion of antimicrobial peptides by
microorganisms represent a giant pool of novel compounds,
which can be used as initial lead structures to develop novel
antibiotics.

Here, lantibiotics as small ribosomally-synthesized
antimicrobial peptides became relevant and due to genome
sequencing the number of identified lantibiotics is rapidly
growing. Lantibiotics bind to the essential pyrophosphate-
sugar moiety of the cell wall precursor lipid II. This is in
contrast to well-known glycopeptide antibiotics vancomycin and
teicoplanin, which bind to the D-Ala-D-alanyl group of lipid II
(Draper et al., 2015). Due to this, it is believed that new resistance
mechanisms against lantibiotics are hard to establish for bacteria.

However, inherent resistance against lantibiotics and
antimicrobial peptides are already present and are mediated
by ABC transporters, Cpr- and Bee-type transporter, which
are present in most human pathogenic bacterial strains. This
hampers a wide usage of lantibiotics against severe bacterial
infections.

The Cpr ABC transporters resembles the known LanFEG
transporter found in lantibiotic producer strains, involved in
(auto-)immunity suggesting an evolutionary link. In contrast,
the Bce-type ABC transporters appear to be a novel and
unique transporter family, interacting directly with the TCS
in the presence of the lantibiotic (Khosa et al., 2013; Dintner
et al., 2014). Mechanistically, both families are not very well-
understood. For the Cpr systems, it has been observed that
they are able to expel the lantibiotic from the membrane back
into the extracellular media. This would suggest that inhibiting
the transporter would allow the lantibiotic to penetrate the
membrane again. Therefore, a compound specifically targeting
the Cpr transporters would be ideal to use as a lead compound
ensuring the potent activity of the lantibiotic itself. To achieve
this, more knowledge has to be gained about the exact mechanism
of these transporters. Although studies have been performed
in vivo, the understanding of binding affinities of the lantibiotic
toward the transporter as well as some structural studies will
clearly be needed in future. Structurally, the Cpr transporter
appeats to be a different class of ABC transporter since none of
known ABC transporter structures seems to be an useful template
for molecular modeling approaches using available computer
tools, which suggest that structural studies will be needed.

The mechanism of the Bce-type transporters is poorly
understood. Recently, for the NsrEP system from S. agalactiae,
an export function was reported using a peptide release assay
(Reiners et al., 2017). Nevertheless, also a flippase activity of
the target molecule lipid II of the ABC transporters would fit
to the published studies, since the amount of the lantibiotic
in the supernatant would also increase, if the target of the
lantibiotic is not present anymore. This hypothesis is also in
line with the studies of the BceAB transporter of B. subtilis by
Kingston et al. (2014). This flippase activity would also explain
why these Bee-type transporters appear to have a large substrate
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spectrum and are able to confer resistance against structurally
different lantibiotics as well as some antimicrobial peptides. Here
a special focus might be present for the uncharacterized ECDyz,
the hallmark of BceAB transporters. The function of this ECDy,
is unknown, the structure remains elusive so far and further it is
not proven that it interacts with the lantibiotic. Therefore, studies
revealing function of this ECDy, would likely give a starting point
for studies toward the identification of an inhibitor. Remarkable
is the complex formation of the BceAB transporter with the
TCS. This unusual partnership within the membrane results in
a macromolecular complex, which is induced by the presence
of the lantibiotic. A pioneering study of the BceAB system from
B. subtilis suggests that a bacitracin-UPP complex is recognized
by BeeAB, recognized by the C-terminal part of the TMD BceB
up to helix VIII (Kallenberg et al., 2013). Also the complex
with the TCS has been shown to be at least stabilized via the
TMD. Therefore, studies on the exact function of the ECDyp,
both biochemically and structurally, will be needed to gain a full
understanding of the BceAB system.

Both transporters (BceAB and CprABC) have in common that
they are upregulated by a specific TCS induced by the peptide in
the medium. Inhibiting the histidine kinase would therefore, be
an excellent target for novel drugs, which then in combination
with lantibiotics would be a treatment procedure.

Since lantibiotics are active in the low nanomolar range
against strains without resistance mechanisms, their potential
is clearly demonstrated. If the resistance mechanisms of both
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within the target membrane, it is plausible that these resistance
mechanisms will be similar to the Cpr and Bee systems, therefore
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ARTICLEINFO ABSTRACT

Keywords: The need for new antibiotic compounds is rising and antimicrobial peptides are excellent candidates to fulfill this
Lantibiotic object. The bacteriocin subgroup lantibiotics, for example, are active in the nanomolar range and target the
Nisin resistance protein membranes of mainly Gram-positive bacteria. They bind to lipid 11, inhibit cell growth and in some cases form
Activity

pores within the bacterial membrane, inducing rapid cell death. Pharmaceutical usage of lantibiotics is however
hampered by the presence of gene clusters in human pathogenic strains which, when expressed, confer re-
sistance. The human pathogen Streptococcus agalactiae COH1, expresses several lantibiotic resistance proteins
resulting in resistance against for example nisin.

This study presents a highly potent, pore forming nisin variant as an alternative lantibiotic which bypasses the
SaNSR protein. It is shown that this nisin derivate nisincagp keeps its nanomolar antibacterial activity against L.
lactis NZ900O cells but is not recognized by the nisin resistance protein SaNSR.

Nising,sp is cleaved by SaNSR in vitro with a highly decreased efficiency, as shown by an cleavage assay.
Furthermore, we show that nising,sp is still able to form pores in the membranes of L. lactis and is three times

more efficient against SaNSR-expressing L. lactis cells than wildtype nisin.

1. Introduction

Many efforts are currently taken to combat multi-drug resistant
bacterial pathogens, which cause serious problems in hospital and
health care settings. New antibiotics or new derivatives are required to
fight against these bacteria. The difficulty in developing new antibiotics
is that they have to bypass already known resistance systems in order to
be highly active and to be considered for treatment. The family of an-
timicrobial peptides and here especially the subgroup of lantibiotics are
very promising.

Lantibiotics are small antimicrobial peptides of 19-38 amino acids
in size, ribosomally synthesized as prepeptides and mainly produced by
Gram-positive bacteria.'** They mature in the cytosol of these bacteria,
where serine and threonine residues within the core peptide are spe-
cifically dehydrated and covalently linked with a neighbored cysteine
side chain” forming so- called (methyl-)lanthionine rings. After ma-
turation the modified prepeptide is secreted into the extracellular space
and activated by cleaving off the leader peptide by a specific pro-
tease.® The family of lantibiotics is steadily increasing mainly due to
the possibility to detect the encoding gene clusters by bioinformatical

tools such as BAGEL4.” Most characterized lantibiotics are highly po-
tent and display activities in the nM range,” '* and due to their low
toxicity and high potency they are considered as potential novel anti-
biotics for the usage in the mammalian as well as veterinary medical
treatment.' " This is reflected by the fact that several lantibiotics like
mutacin 1140, microbisporicin (also known as NAI-107) and acta-
gardine have entered the state of clinical trials for the treatment of a
variety of life-threatening diseases caused by human pathogenic bac-
teria,'*17

Importantly, lantibiotics are able to inhibit the growth of various
multi-drug resistant pathogenic Gram-positive bacteria.'™'? The mode
of action of lantibiotics varies from binding to the bacterial cell wall
precursor lipid II inducing growth inhibition to directing pore forma-
tion in the bacterial membrane, which leads to immediate cell
death.?***

The best characterized lantibiotic is nisin produced by several
Lactococcus lactis (L. lactis) and Streptococcus uberis (S. uberis) strains and
was discovered in 1928 by L. A. Rogers.”*“° It has a broad anti-
microbial spectrum against a wide range of Gram-positive bacteria in-
cluding staphylococci, streptococci, bacilli and enterococci and has

* Corresponding author at: Institute of Biochemistry, Heinrich-Heine-University Duesseldorf, Universitaetsstrasse 1, 40225 Duesseldorf, Germany.
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Fig. 1. Schematic view of nisin A wildtype and nising,gp. Introduced mutation at position 28 is highlighted in blue. The (methyl-)lanthionine rings, formed by a
cysteine residue sidechain and a dehydrated amino acid residue are highlighted in orange and yellow (rings A, B, C, D and E) (adopted from Reiners et al.**).

therefore been used for food preservation for more than 60 years.””

Nisin is composed of 34 amino acids and contains five (methyl-)lan-
thionine rings (ring A-E) (Fig. 1). With the N-terminal rings A and B it is
able to bind to the pyrophosphate moiety of the cell wall precursor lipid
1T and thereby hampers the cell wall synthesis, which consequently
inhibits cell growth,””**?° By binding lipid II, the C-terminal part of
nisin is able to flip into the membrane and to form pores composed of
eight nisin and four lipid 1T molecules.”***" This induces the rapid
diffusion of essential ions, causing a collapse of the vital ion gradients
across the membrane, thereby leading to cell death.

The modification of the nisin precursor peptide in the cytosol has
been very well understood, and numerous variants of nisin have been
characterized with respect to their activity and the possibility to act
against different species like Gram-negative bacteria.”" “ Interestingly,
although these lantibiotics use two simultaneous modes of action, some
targeted bacteria escape the treatment by inducing changes in the cell
wall composition, the induction of biofilm formation or by the ex-
pression of specific resistance proteins.™

In the case of nisin resistance, the latter is mediated by the so-called
nisin resistance protein NSR encoded on the nsr gene cluster.” This
gene was originally identified in Smreptococcus lacts subsp. diacetylactis
DRC3% and encodes a nisin resistance protein (NSR) which is mem-
brane-associated via its strongly hydrophobic N-terminus.”® NSR be-
longs to the $41 family of peptidases, specifically the C-terminal pro-
cessing peptidases.”®

An nsr gene has also been identified in S, agalactiae ATCC 13813,
encoding a protein of 320 amino acids and a molecular weight of
26,2 kDa.”” Heterologous expression of NSR from $. agalactiae, termed
SaNSR, in I. lacds NZ9000 was shown to confer a 20-fold increase in
resistance against nisin. Genomic data and comparative sequence ana-
lysis using nsr from S. agalactiae as the query sequence revealed that nsr
is found within an operon, which contains five different proteins and is
very similar to the immunity system present in the producer strains.”%"
The nisr operon consists of NSR and the ABC transporter NstFP as well as
a two-component system consisting of the response regulator NsrR and
the histidine kinase NstK. This operon was identified in different
genera, more specifically in various strains of Corynebacterium, En-
terococcus, Letconestoe, Staphylococcus and Sweprococcus.™

In vive and in viro studies have shown that SaNSR proteolytically
inactivates nisin by cleaving the peptide bond between MeLan28 and
Ser29, i.e. cleaving off the last 6 amino acids of nisin. Sun et al. found
that the resulting truncated nisin (nisin;_og) displays reduced affinity
for the cell membrane, a significantly diminished effectiveness in pore
formation and a 100-fold reduction of bactericidal activity against L.
lactis MG1363 compared to that of intact nisin,

Many studies are known about nisin variants. However, in most
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cases they display a reduction of the activity and, more importantly,
cannot bypass the NSR protein since they comprise modifications at the
N-terminus of nisin. Recently, a nisin derivative was reported which
bypasses the NSR protein by substituting the serine 29 at which clea-
vage takes place by a proline. However, the activity of this variant also
dropped significantly.” We chose a different and rational approach for
a mutation as we replaced the last cysteine residue by a proline, leading
to a variant lacking the last lanthionine ring and thereby introducing a
small ring-like structure which sterically is rather rigid (Fig. 1). We
termed this variant nisingogp.

Interestingly, nisincogp is highly active compared to wildtype nisin
and is still able to induce pores in the membrane. The nisin resistance
protein, however, is not able to cleave this variant efficiently.
Altogether, this nisin variant appears to be a good candidate to bypass
the known resistance systems while still displaying low nanomolar ac-
tivity.

2. Material and Methods
2.1. Cloning and purification of the nisin variant nising,gp

Cloning of the nisin variant nisinc,gp was performed as described in
Reiners et al.** The plasmid pNZ-SV-nisAcygp Was co-transformed into
the pIL3-BTC-containing I. lactis NZ9000 strain®® by electroporation as
described by Holo and Nes. ! Briefly, electrocompetent L. lactis NZ9000
pIL3-BTC cells were incubated for 30 min on ice with the plasmid pNZ-
SV-nisAcoge. The cells were exposed to a pulse setting of 1kV, 25 pF,
200Q, for 4.5-5.0ms and afterwards incubated with 950 pul of M17
medium with 0.5% glucose (GM17) for 3h at 30 °C. Then cells were
plated on SGM17-agar plates (M17 agar, 0.5% glucose, 0.5 M sucrose)
with the appropriate antibiotics (5 pg/ml Cm/Erm), and a single colony
was used for expression.

The prenisin variant nisingr was expressed and purified as de-
seribed in Alkhatib et al.“® though the expression time was changed
from 24 h to 6 h. After harvesting the cells, lactic acid was added to the
supernatant to a final concentration of 50 mM, and it was filtered with
0.45 yum filters. A cation exchange chromatography was performed, and
nisingygp was eluted by adding a buffer containing 1 M NaCl. The pre-
nisin variant was activated by cleavage with purified NisP at 8°C
overight as described by Abts et al.*® For this, the endopeptidase NisP
was expressed in L lactis NZ900O cells and purified from the super-
natant by an immobilized metal affinity chromatography (IMAC). The
pure protein was desalted and stored at —80 °C. The concentration of
the active nisin variant was determined by RP-HPLC,** using a water/
acetonitrile gradient (from 10% to 64% acetonitrile) acidified with
0.1% TFA and Tricine-SDS-PAGE."” The activated nisincgp was directly
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used for further assays.

Nisin was purified as previously described"” with a cation exchange
chromatography similar to the nisin.gp purification. The concentration
was measured with RP-HPLC as described above and in Abts et al.*

The modification status of nisin-;zp was analyzed using MALDI-TOF
MS analysis, which was performed with an UltrafleXtreme, Bruker
Daltonics, Software: Compass 1.4 in positive mode.**

2.2. Cloning and purification of the NSR protein

Cloning of the nsr gene from Swreptococcus agalactiae COH1 was done
as previously deseribed® to obtain the plasmids pNZ-SV-SaNSR and
PNZ-SV-SalNSRsz364 for studies with recombinant L. lactis cells, as well
as the plasmid pET-28b-SaNSR30-N8His and pET-28b-8aNSR30s2364-
N8His accordingly to Khosa et al. (2015) and Khosa et al. (2016) for in
vitro studies.””*®

The plasmids pNZ-SV-SaNSR and pNZ-SV-SaNSRgpq:, were trans-
formed into electrocompetent L. lactis NZ9000 by electroparating™ the
cells, using a pulse setting of 1 kV, 25 pF, 200 Q, for 4.5-5.0 ms. After
pulsing, 950 pl GM17 medium was added, the cells were incubated for
3h at 30 °C and finally plated on SMGG-agar plates containing 5 pg/ml
erythromycin.

The plasmids pET-28b-SaNSR30-N8His and pET-28b-SaNSR30s,3¢ 4-
N8His were transformed into chemocompetent E. coli BL21 (DE3) cells
for expression via a heat shock for 60 s at 42°C. Afterwards 950 pl LB
medium was added and the cells were incubated for one hour at 37 °C.

Expression and purification of SeNSR30-N8His and 5aNSR30g5364-
N8His was performed like described in Khosa et al.*® Briefly, the ex-
pression was induced with 1mM IPTG at an ODggo of 0.8-1.0 and
grown at 18 °C with 160 rpm shaking overnight. After harvesting the
cells and adding buffer containing 10% glycerol (50 mM TRIS, pH 8.0,
50 mM NaCl, 10% glycerol), the cells were disrupted with a homo-
genizer (Microfluidics) five times at 1.5 kbar. The cell suspension was
centrifuged 45 min at 42,000 rpm, and the supernatant was loaded onto
a HiTrap Chelating HP 5 ml column with immobilized nickel. The elu-
tion was performed with a 1-150 mM histidine gradient, and the con-
centrated protein fractions were further purified using a Superose 12
10/300 GL column for the size exclusion chromatography (SEC). The
purified proteins were directly used for further assays since freezing of
the protein resulted in a reduced activity. Further, the SEC buffer
(25 mM MES, pH 6, 150 mM NaCl) was used for all in vitro assays unless
stated otherwise.

2.3, Antimicrobial activity of nisin and nisincogp

The plasmids pNZ-8V-SaNSR and pNZ-8V-SaNSRszz¢s were trans-
formed into L lactis NZ900O cells like described above. A plasmid
named pNZ-SV-Erm, representing an empty vector, was also trans-
formed into L. lacts NZ9000 and used as a control. In the following,
these bacterial strains are referred to as NZ9000SaNSRsozes,
NZ9000SaNSR and NZ9000Erm. Growth inhibition assays with L. lactis
NZ9000 pNZ-SV-Erm, L lactis NZ9000 pNZ-SV-5aNSR and L. lactis
NZ9000 pNZ-SV-SaNSRgosss were performed to determine the half
maximal inhibitory concentration (ICsq) as previously deseribed.*” The
nisin variant was diluted into a 96-well plate and the cells were added.
After 5h of incubation at 30 °C, the optical density was determined and
the ICsy values were calculated. The fold of resistance was obtained
based on the ICs; values according to Reiners et al.#2 There, the values
from the NSR-expressing strains were compared to the values of the
control strain (NZ9000Erm).

For the in viro determination, the cleavage efficiency assay with
freshly purified SeNSR30-N8His, diluted in 256 mM MES, pH 6, 150 mM
NaCl buffer was performed. The reaction was started by adding nisin or
nisineep, respectively.

The cleavage reaction was performed under varying conditions to
obtain the best cleavage efficiency by $aNSR30-N8His. The incubation
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time was varied from 5 to 30 min, the temperature from 20°C to 40 °C.
Further, the pH of the assay buffer was varied from 5.5 to 7.5.

For determination of the kinetics for the substrates nisin and
nisincygp, the assay was performed for 10min at 20°C with 1uM
NSR30-N8His at pH 6 and 7.5, respectively.

The cleavage reaction was stopped by adding 0.2% trifluoroacetic
acid (TFA) and analyzed by RP-HPLC as modified from Abts et al.
(2013).%° The measurement was performed with solvent A consisting of
water/0.1% TFA (v/v) and solvent B acetonitrile/0.1% TFA (v/v). After
the sample was injected into the LiChrospher RP-18 HPLC column
(Merck), the elution was performed by a linear gradient over 60 min
from 90% solvent A and 10% solvent B to 36% solvent A and 64%
solvent B at a flow rate of 1 ml/min. The elution of the peptide was
monitored by absorption at 205nm. The cleavage efficiency of
SaNSR30-N8His was determined by integrating the peak of the cleaved
last 6 amino acids.

Minimal inhibitory concentration (MIC) against nosocomial bacteria
S. aureus ATCC 29213 and E. faecalis ATCC 29212 were determined
according to the Clinical and Laboratory Standards Institute (CLSI)
guidelines” in 96-well round bottom microtiter plates using Mueller
Hinton broth. Briefly, precultured cells were seeded at a density of
5% 10* colony forming units per well in a total volume of 100 pl
containing twofold serial diluted compounds nisin or nisinggp, Te-
spectively. Protein buffer and Moxifloxacin were used as controls.
Plates were incubated aerobically at 37 °C overnight. MIC values were
determined macroscopically by identifying the concentration of tested
compounds that led to complete inhibition of visual growth.

2.4. Pore formation of nisin atd nisingogp

To visualize the pore formation mediated by nisin, the SYTOX green
dye was used, which binds nucleic acid but is not membrane perme-
able.”” The SYTOX Green Nucleic Acids Binding Assay was performed
as deseribed in Reiners et al.”*> We used L. lactis cells, with one of the
described plasmids, at an ODgqg of 0.3 and added 1 uM SYTOX dye. The
fluorescence signal was measured at an excitation and emission wave-
length of 504 and 523 nm, respectively. During the whole assay the cell
suspension was stirred and heated at 30 °C. After reaching a stable
baseline the nisin variant was added and the changing fluorescence
intensity could be observed.

3. Results
3.1. Expression and purification of nisingzse

We were interested in the ability to characterize a nisin variant
which I) still is highly active like wildtype nisin, II) is able to form
pores, and III) most importantly is not recognized by the nisin re-
sistance protein. A nisin variant lacking the last ring (ring E) already
showed that any adjustment leads to the result that the NSR protein
from S. agalactiae is not able to cleave off the last six amino acids.””
However, also the replacement of cysteine by alanine caused a 13-fold
reduced activity. Whereas the ICgo of wildtype nisin was determined to
be 3.3 = 0.1nM, the nisingg, variant displayed 42.2 + 0.7 nM.
Consequently, by introducing a proline residue, we designed a new
variant termed nisine;gp which lacks the last lanthionine ring but still
has a ring-like structure at this position.

The nisin variant nisinq;gp was expressed in L lactis NZ9000 con-
taining a plasmid with the nisin modification and secretion system
NisBTC as previously described for many other nisin variants.>>*"*" We
could express and purify nearly 6 mg nisincogp per liter of cell culture
similar to the yields described for wildtype prenisin expressed via the
same procedure “1. After purification via cation exchange chromato-
graphy, the prenisin leader peptide was cleaved by the purified leader
peptidase NisP™* resulting in active nisincogp with a theoretical mole-
cular weight of 3348 Da with eight dehydrations. The analysis of the
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Fig. 2. Prenisin variant nisinczsp (1) and nisin variant nisingzsp (2) analyzed by
a 16% Tricine-SDS gel with Precision Plus Protein Dual Xtra Standard (Bio-Rad)
(left).

nisin variant with a 16% Tricine-SDS gel (Fig. 2) indicates the cleavage
of the leader peptide with a mass difference of approximately 2kDa.
Since the peptidase NisP cleaves off the N-terminal leader sequence, no
differences were observed in terms of cleavage efficiencies (92%) as
determined by RP-HPLC analysis.

In addition, we tested the effect of the mutation on diffusion
property via agar diffusion assay and could not detect a significant
change for nisincogp compared to wildtype nisin (data not shown).

The nisincyse prenisin variant eluted between 18 and 21 min
(Fig. 3a, blue trace). After cleavage the leader peptide eluted at
14-15 min (Fig. 3a, black trace) and the core peptide eluted between 22
and 24 min.

The nisingygp core peptide is clearly visible and the concentration
can be determined by peak integration using different insulin con-
centrations as a standard. We used the RP-HPLC measurements to
analyze the purity and concentration of the nisin variant, however for
further antimicrobial studies we used the total batch of nisincoep.

Furthermore, the nising,gp core peptide was analyzed with MALDI-
TOF MS to identify its modification status (Fig. 3b). Here, we observed
that nisinegp mainly exhibits 7-8 dehydrations as observed for wild-
type nisin. Also, some nisincygp species were present with nine dehy-
drations, which occurred due to the lack of the last lanthionine ring
thereby allowing the dehydration of Ser29, which in the wildtype
system is not possible due to sterical hindrance provoked by the lan-
thionine ring E (as previously described °1).

3.2. Activity of nising,gp

The activity of nisincogp was determined by ICgq studies against
three different recombinant strains derived from I. lactis NZ9000,
which is intrinsically highly sensitive towards nisin. The NZ9000 strain
was transformed with the empty pNZ-Erm vector control or with either
the plasmid pNZ-3aNSR or pNZ-S5aNSRsys¢s, which, when induced,
express the wildtype nisin resistance protein (5aNSR) or an inactive
variant (SaNSRgp344), respectively.” The only difference between the
latter strains is therefore the presence or absence of an active SaNSR
protein.

The expression of both SaNSR proteins was induced with a sublethal
amount of nisin (0.3 nM), which has been shown to not interfere with
the ICgo determination,*">4552:5%

To determine the activity of nisinogp against the NZ9000Erm,
NZ90008aNSR and NZO000SaNSRsyzcs4 strains, cell growth was
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Fig. 3. RP-HPLC chromatogram and MALDI-TOF MS spectrum from nisinc.gp.
RP-HPLC chromatogram of prenisinggap (blue) and activated nisin variant
nisingzzp (black) (a). MALDI-TOF spectrum from activated nisinezep ().

monitored at different nisin concentrations. From these experiments,
growth inhibition of 50% of the cells was calculated, which is reflected
in the ICgq value.

Nisinqgp was highly active as displayed by the ICsy value against
the NZ9000Erm strain of 5.5 + 0.8nM (Fig. 4 (black curve) and
Table 1). This is comparable with the value obtained by wildtype nisin
of 3.3 = 0.1 nM. Against the L lacris NZ9000SaNSR (Fig. 4, green
curve) and NZ9000SaNSRszz¢4 (Fig. 4, red curve) strains, an [Cgg value

Normalized ODggg [%]

log [Nisingagp(nM)]

Fig. 4. Determination of the ICs, values of nising;sp. The normalized measured
ODsos in percent against the logarithmic concentration of nisinegp.
NZ9000Erm in black, NZ9000SaNSRg236, in red and NZ9000SaNSR in green.
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Table 1
I1C5, values of nisingg against NZ9000Erm, NZ90005aNSR, and
NZ9000SaNSRgoass strains. By dividing the ICso values of the NZ9000SaNSR
and NZ9000SaNSRs2364 strains by the ICsq value obtained for the NZ9000Erm
strain, the fold of resistance is obtained. *, Data for nisin taken from Khosa
etal””

NZ9000Erm  NZ9000SaNSR NZ9000SaNSRsoaea.
1Cgp nisingzzp [NM] 55 = 08 225 + 42(35) 241 + 2335
(fold of resistance)
1Cso nisin *[nM] (fold 33+ 01 66.4 = 21{20.1) 12.6 = 0.7 (3.8)

of resistance)

Table 2

MIC values of nisin and nisinggp against S. aureirs ATCC 29213 and E. faecdlis
ATCC 29212. The MIC data are expressed as the mean (range) obtained from at
least three independent repetitions for each strain.

Nisin [uM] Nisincosp [UM]

S. aureus ATCG 29213
E. faecalis ATCC 29212

1.35 (0.937-1.875)
1.35 (0.937-1.875)

10.63 (9.375-12.5)
10.63 (9.375-12.5)
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Fig. 5. Detection of pore formation. NZ9000S5aNSR strain with SYTOX green
nucleic acid dye measured at 30 °C. Buffer (black), 30 nM nisin (green) and
30 oM nisingzgp (blue) added after 100 s (dashed line), respectively.
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of 22.5 = 4.2nM and 24.1 *+ 2.3 nM was determined, respectively.

These ICsp values indicate that SaNSR in vive does not properly
cleave nisinggp; as a consequence, No resistance against nisincogp is
observed compared to SaNSRsyzes. Wildtype nisin displays an ICsq
value of 66.4 = 2.1 nM against the NZ9O00SaNSR and 12.6 + 0.7 nM
against NZ90005aNSRgosea.””

The fold of resistance values of wildtype nisin against the strains
NZ9000SaNSRg23¢, and NZ9000SaNSR were determined pl’eviously.37
For the L. lactis strain NZ9000SeNSR, a fold of resistance of 20 can be
observed whereas for the SaNSRg,3¢, mutant, unable to cleave nisin,
the value for the fold of resistance is 3.8. Regarding the nisin derivate
nisincosp, the fold of resistance value was determined to be 3.5 for both
strains, the NZ90005aNSR and the mutant NZ9000SgNSRszzes, Te-
spectively (Table 1).

In addition the minimal inhibitory concentration (MIC) of nisin and
nising;gp were determined, according to the CLSI guidelines, against the
nosocomial strains 3. aureus and E. faecalis (Table 2). Wildtype nisin
showed the same inhibitory activity (1.35 pM) against S. awreus and E.
faecalis with a range of 0.937-1.875 uM. The assays with nisingpgp re-
sulted in a MIC value of 10.63 pM (range from 9.375 pM to 12.5 pM) for
S. auwreus and E. faecalis, respectively, which is 7.8-fold decreased
compared to wildtype.

3.3. Pore formation of the nisincogp variant

Nisin is able to form pores in the membrane of Gram-positive bac-
teria by binding to lipid II and reorientation of the C-terminal part into
the membrane.”! This leads to membrane leakage, thus pore formation
can be monitored using the SYTOX green nucleic acid dye.”* If pores are
formed, the dye is able to bind to the DNA and the fluorescence signal is
increased. Since this is a rapid process, pore formation can be mon-
itored in real time using fluorescence. We determined the pore forma-
tion capability of the nisin variant nising,gp against the NZ9000SaNSR
strain.

The relative fluorescence is plotted against time and shown for
different assay set ups (Fig. 5). First, the fluorescence is monitored until
a stable baseline is reached (here 100 s) before nisincsp was added,
which is marked by the dashed line. We monitored the influence of
30 nM nisincese on the NZ9000SaNSR strains (blue line). Here, it can be
observed that the fluorescence highly increases after adding nisincgp,
indicating that nising,gp is able to form pores. This shows that SaNSR is
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Fig. 6. Detection of nisin cleavage by SaNSR. Analysis of in virre samples via RP-HPLC. a) Relative absorbance spectrum of synthetic last 6 amino acids (blue) and
pure nisin (black). b) spectrum of performed cleavage efficiency assay with SaNSR and nisin in 1:10 ratio.
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Fig. 7. In vitro characterization of SaNSR. The amount of cleaved off last 6 amino acids of nisin is shown against different conditions. a) Varied incubation times
between 5 and 30 min. b) Cleavage efficiency at different pH values from 5.5 to 7.5. ¢) Effect of different temperatures from 25 to 40 “C on cleavage efficiency (values

were determined by at least three independent experiments).

not able to confer resistance and that nisincpgp bypasses the SaNSR
protein.

As a control, the assay was performed with buffer to ensure the
buffer conditions did not influence the integrity of the L lactis cells
(Fig. 5, black line). No increase in fluorescence intensity was observed,
indicating that no cells were permeabilized. Additionally, we checked
for pore formation by adding 30 nM nisin, which is indicated by the
green line. Since SaNSR is able to confer resistance against nisin up to
60-70 1M, no pore formation was observed as previously reported.”
Importantly, we used the same culture for these experiments so that the
expression level of SaNSR was the same, ensuring comparability of the
experiments (see Section 2).

3.4. In vitro characterization of SaNSR30

Since we have observed that SaNSR was not able to confer re-
sistance against nisinc;gp in recombinant L. lacts, we were wondering
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whether the cleavage of nisincgp was inhibited and therefore tested
SaNSR’s in vitro activity. To characterize the SaNSR protein of 5. aga-
lactiae, it was heterologously expressed in Escherichia coli and purified
via an N-terminal His-Tag using an immobilized ion metal affinity
chromatography (IMAC) column followed by a size exclusion chroma-
tography (SEC).*® To monitor the cleavage efficiency of the purified
protein towards nisin, an in vitre assay was performed and analyzed via
RP-HPLC. Fig. 6 shows a representative chromatogram of the cleavage
efficiency experiment.

A synthetic peptide composed of the C-terminal last 6 amino acids of
nisin (Fig. 6a, blue spectrum) leads to an elution peak at 6 min, whereas
the full-length nisin elutes as a broad peak at 22-23 min (Fig. 6a, black
spectrum). The cleavage experiment shows a peak for the SaNSR pro-
tein (26 min) as well as for nisin (22-23 min) and the C-terminally
cleaved off 6 aa-peptide (6 min) (Fig. 6b). Additionally, two peaks with
retention times of 7 and 8 min were detected in the chromatogram
(Fig. 6b), those peaks were analyzed via mass spectrometry but could
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Fig. 8. SaNSR cleavage of nisin and nisingzep. The cleaved off last six amino
acids against the used amount of nisin (black) and nising,gp (blue), respectively.

not be related to our protein or nisin, likely those peaks result from
buffer conditions. The amount of the C-terminally cleaved off 6 aa-
peptide of nisin was determined by integrating the peak and calculated
based on a calibration with insulin.*®

To establish the cleavage efficiency assay of SaNSR, different con-
ditions were tested. For all assays a protein-to-substrate ratio of 1:10
was used. The cleavage efficiency, indicated by the measured con-
centration of the cleaved off last 6 amino acids, was plotted against
varying incubation times (pH 6, 30°C) (Fig. 7a). There, the efficiency
shows linearity between 10 and 15 min. Thus, for further studies an
incubation time of 10 min was chosen to eptimize the validity of the
measurements. Next, the pH-dependency of nisin-cleavage by SaNSR
was investigated (Fig. 7b), using pH values from 5.5 to 7.5 at 30 °C with
a 1:10 5aNSR to nisin ratio. The optimal pH value for nisin cleavage
seems to be 7.5. Higher pH values were not tested because nisin is
unstable at basic pH. Instead of the optimal pH value of 7.5, the fol-
lowing assays were performed at pH 6 due to stability reasons of the
substrate. Furthermore, different assay temperatures were tested to find
the optimal temperature for the cleavage efficiency {1:10 ration, 30 °C,
pH 6) (Fig. 7c). The temperature with the highest SeNSR cleavage ef-
ficiency was found to be at 35 °C. The assays performed at 30 °C showed
a similar cleavage efficiency. Due to protein stability (SaNSR) the fol-
lowing assays were performed at 30 °C.

Considering these parameters, the cleavage of nisin and nisingygp at
different concentrations was examined. Fig. 8 shows an almost linear
increase of cleaved product correlating with the amount of nisin var-
iant. For nisin the highest detected amount of cleaved product is 10 pM
(Fig. 8, black dots), for nisingpgp only an amount of 3pM can be
monitored (Fig. 8, blue squares). Further, it can be observed that the

N-terminus
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slope of the nisin assay is 3 times higher than the one of the nisingep
assay.

4. Discussion

Antibiotics are essential for the prevention, control and treatment of
infectious diseases in humans and animals. However, antibiotic re-
sistance has increased drastically, so that it became crucial to find al-
ternatives.”® One alternative could be the treatment with lantibiotics,
which exhibit antimicrobial activity against different human patho-
genic bacteria.”” Nevertheless, some human pathogens are resistant
against lantibiotics, such as Streptococcus agalactiae, which expresses
two resistance proteins. One is the BeeAB-type transporter NstFP°® and
the other is the nisin resistance protein NSR,*

We focused on a rational approach to design a nisin variant which
bypasses the latter resistance protein.

The growth inhibition studies with the nisin variant nisingygp re-
vealed an ICgg of 22.5 nM for the NZ9000SaNSR strain, which is almost
similar to the ICg, value for the mutant NZ9000SaNSRg2z6, (24.1 nM)
(Fig. 4, Table 1).

In comparison to the values for nisin from Khosa et al.™" (Table 1),
the nisincep fold of resistance of NZ9000SaNSR as well as of
NZ9000SaNSRs2z¢, against the sensitive strain are similar to the nisin
fold of resistance of the NZ9000SaNSRsyz6s. Considering that the
8aNSRg, 364 mutant is able to bind nisin but not to cleave off the last six
amino acids, it is suggested that SaNSR is also still able to bind the nisin
variant in vivo but is not able to cleave it. This fits to the molecular
dynamic studies which showed the interactions between the catalytic
domain in SeNSR and the rings D and E of nisin.””

The determination of the minimal inhibitory concentration {MIC)
for nisincoep revealed in a 7.8-fold decreased antimicrobial activity
when compared to nisin for both tested strains, S.aureus and E, faecalis
(Table 2).

The nosocomial strain 8. awreus was found to hold a gene encoding
for the BeeAB-type transporter VraDE.®® Besides bacitracin this trans-
porter confers resistance against nisin A.**°" One could conclude that
the variant nisinegp is a more efficient identified substrate of VraDE,
which would explain the decreased MIC value compared to nisin. Ad-
ditional to the ABC transporter a small transmembrane protein VraH of
8. aureus forms a complex with VraD, in the presence of VraE."”

The resistance against nisin and bacitracin appears to be in-
dependent of VraH, however, gallidermin resistance is based on VraH."”
As gallidermin and nisin have a structural similar N-terminus and only
differ at the C-terminal part, it is very likely that nisincesp, with the
mutation at the C-terminus, is recognized by the transmembrane pro-
tein VraH, whereas wildtype nisin remains unaffected, which would
result in a higher MIC value for the nisin variant.

Similar MIC results were obtained for E. faecalis, which is bacitracin
resistant due to the BerAB-type transporter BerAB.°%52 Till date not

C-terminus

hinge

Nisin A

Fig- 9. Schematic view of nisin A with C-terminal variants and mutations. Highlighted view of the C-terminus of nisin A with natural variants and single mutations
(grey) as well asring disrupting mutations (blue). Mutations which result in a diminished SaNSR resistance are highlighted as green letters. The (methyl-)lanthionine
rings, formed by a cysteine residue side chain and a dehydrated amino acid residue are highlighted in orange and yellow (rings A, B, C, D and E) (41, 42, 45, 65-69).
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much is known about this type of resistance ABC—[I'anSporters,63
nevertheless for bacteriocin resistance associated transporters it is
common, that they confer resistance against several bacteriocins.****
Supposable the BcrAB transporter of E. faecalis confers resistance
against nisin and, in a greater extent, to the nisin variant investigated in
this study. Former studies also reported a nisinase activity connected to
E. faecadlis, which is supposed to reduce the C-terminal dehydroalanyl-
lysine of nisin.’*** This part of nisin could be more accessible for the
enzyme in nisingogp due to the smaller ring-like structure at the C-ter-
minus.

Summarized for both investigated nosocomial strains knock-out
mutants for every petential target protein must be examined to eluci-
date the reason for different antimicrobial effectiveness of nisinczse
compared to nisin. However, the nisin variant is active against 8. awreus
and E, faecalis, although 7.8-fold decreased, leading to the assumption
that the modification of the last ring in nisin conserves the overall
antimicrobial activity but specifically influences the recognition by
SaNSR.

Further, we demonstrated that the nisin variant nisingogp is still able
to form pores in the L lactis cells, even at concentrations (30 nM) were
nisin does not affect the SaNSR-expressing cells. In addition, we ob-
served that the increase of fluorescence intensity appears with a delay
of about 100 s after addition of nisingp, indicating that pore formation
starts slowly. This result is in line with studies showing that the rings D
and E of nisin are, together with the hinge region, responsible for the
flipping inside the membrane to form the pores.*

The nisin cleavage assay showed a decreased efficiency by SaNSR to
cleave the variant nisingygp compared to nisin (Fig. 8). This cleavage is
likely possible since this nisin variant is still able to bind to the SaNSR
protein. Although ring E is a major determinant for stable SaNSR
binding and cleavage the proline in this variant will allow more flex-
ibility within the binding site, thereby adopting slightly different or-
ientations. Since the exact orientation is needed for cleavage this will
ultimately result in less cleavage efficiency.

Previous nisin variant studies showed diverse outcomes of muta-
tions at the C-terminus. On the one hand, mutations of ring E, where the
last cysteine residue was substituted by an alanine, resulted in a lack of
the last ring E. This led to a clear drop of the activity compared to the
wildtype nisin A.“>* On the other hand, a mutation within the last ring
E from Asn27 to Lys resulted in no change of the activity of nisin.®®
Latter is comparable to the natural nisin variants A and Z, which differ
in the position 27 with a histidine residue and an asparagine residue,
respectively, and have similar activities as well."®""

The natural variant nisin Q also possesses an asparagine residue at
position 27, like nisin Z, and additionally the isoleucine at position 30 is
substituted by a valine residue, which leads to a drop of the activity
against L. lactis cells.”” Surprisingly, nisin F, another natural nisin
variant which differs to nisin A only in position 30 with a valine residue
similar to nisin Q, has an activity against L. lactis similar to nisin A%7
(Fig. 9).

Previous studies showed that mutations in Ser29, the amino acid
directly after ring E, result in activities against L. lactis strains that are
comparable to nisin A wildtype.'>“" Interestingly, the substitution of
this serine by a proline led to an increased activity of the lantibiotic
against the nisin resistance protein NSR." Contradictory, further mu-
tations within the last 6 amino acids after ring E, like His31 and Val32,
and the complete deletion of these last 6 amino acids of nisin caused
diminished antibacterial activity*>*>¢5%? (Fig. 0).

Comparing those previous results, the only known mutations
leading to a decreased resistance of the NSR protein against a nisin
variant are the Ser29Pro mutations by Field et al.** and the results of
the nisincogp variant depicted here (Fig. 9, green letters).

This study presents a highly potent, pore forming nisin variant as an
alternative lantibiotic to bypass the nisin resistance protein of S, aga-
lactiae. We showed that SaNSR indeed displayed a decreased cleavage
efficiency in vitro but conferred no resistance against nisineogp in vive.
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Compared to the SaNSR mutant and the previous data for nisin, it can
be assumed that SaNSR is still able to bind nisincgp in vive, which
however revealed in low ICgy values. In summary, we detected a lan-
tibiotic with a three times higher activity against SaNSR-expressing L.
lactis cells than nisin.
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ARTICLEINFO ABSTRACT

The rising existence of antimicrobial resistance, confirms the urgent need for new antimicrobial compounds.
Lantibiotics are active in a low nanomolar range and represent good compound candidates. The lantibiotic nisin
is well studied, thus it is a perfect origin for exploring novel lantibiotics via mutagenesis studies. However, some
human pathogens like Sireptococcus agalactiae COH1 already express resistance proteins against lantibiotics like
nisin.

This study presents three nisin variants with mutations in the hinge-region and determine their influence on
both the growth inhibition as well as the pore-forming activity. Furthermore, we analyzed the effect of these
mutants on the nisin immunity proteins Nisl and NisFEG from Lactococcus lactis, as well as the nisin resistance
proteins SaNSR and SaNsrFP from Streptococcus agalactiae COH1.

We identified the nisin variant ;,oNMKIV,4 with an extended hinge-region, to be an excellent candidate for
further studies to eventually overcome the lantibiotic resistance in human pathogens, since these proteins do not
recognize this variant well,

Keywords:

Lantibiotic

Nisin immunirty

Nisin resistance protein
Antimicrobial activity

1. Introduction

Antimicrobial resistance (AMR) is a severe danger to human health
across the world. Many compounds, which were blockbuster in phar-
maceutical sales, are nearly ineffective due to AMR.

Therefore, it is of fundamental importance to explore the wide
biological landscape for new compounds, that exploit new anti-
microbial mechanism, or to re-design existing compounds such that
resistance mechanisms are bypassed. To achieve the latter, an under-
standing of the exact mode of action of the compound is the first
priority, as well as the resistance mechanism, which was developed by
the threated bacteria.

One large class of potentially antimicrobial compounds are anti-
microbial peptides (AMPs), secreted by bacteria for quorum sensing and
surviving purpose. There, one extensively studied class of AMPs are
lantibiotics, which are classified in different classes (class I-1V). e They
are expressed and secreted by numerous bacteria and can be discovered
in genome sequences by new genome mining tools like for example
BAGEL4." Lantibiotics are expressed as a precursor peptide inside the
cell and are post-translationally modified by specific enzymes, which
are all localized on a single operon.” “ The modifications are installed in
the core peptide by the modification enzymes LanB and LanC (lanti-
biotics class I). LanB dehydrates specifically serine and threonine

* Corresponding author.
E-mail address: sander.smits@hhu.de ($.H.J. Smits).

https://doi.org/10.1016/j.bme.2019.07.014

residues, whereas LanC catalyzes the crosslink of cysteine residues to
the dehydrated amino acids, to subsequently form (methyl-)lanthionine
rings.'""'® These rings are characteristic for lantibiotics and cause high
heat stability, resistance to proteolytic cleavage and are most im-
portantly crucial for their high antimicrobial potency. el

Nisin is one of the best studied lantibiotics, produced by Lactococcus
lactis and is considered as a model system for lantibiotics as well as the
maodification and secretion of lantibiotics. The whole nisin biosynthesis
is well understood and the modification enzymes NisB and NisC have
been successfully employed to install (methyl-)lanthionine rings in
unrelated targets like angiotensin and several unrelated lantibio-
tics, 225

Nisin consists of 34 amino acids and five (methyl-)lanthionine rings
(Fig. 1), which can be subdivided in three parts. An N-terminal part
harboring ring A, B and C, where it was shown that ring A and B bind to
the cell wall precursor lipid 11°° and results in cell growth inhibition.””
Next is a flexible hinge-region, consisting of three amino acids (NMK),
which allow the third part (C-terminal) to reorient after lipid II binding
and penetrate into the target cell membrane.”* ™’ Once four lipid II
molecules and eight nisin molecules come together, the C-terminal part
of the nisin molecules form a stable pore in the membrane. This pore
induces leakage and efflux of vital ions, vitamins and other substances
of the cell, which subsequently leads to rapid cell death.””*" There,

Received 2 May 2019; Received in revised form 6 July 2019; Accepted 9 July 2019
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Fig. 1. Schematic representation of nisin. The (methyl-)lanthionine rings, formed by a cysteine residue side chain and a dehydrated amino acid residue are high-
lighted in yellow and green. The (methyl-)lanthionine rings A, B, C, D and E are depicted in red (adopted from (49)). Introduced mutations are indicated in green
(extension inside hinge-region), red (extension after hinge-region) and blue (partially deletion of the hinge-region).

pore formation is a very rapid process and cell lysis occurs already
within seconds after addition of nanomolar concentration of nisin to a
cell culture.”"**

Although impressive progress has been made in to use of lantibiotics
as medical treatment compounds there are some drawbacks.**** Lan-
tibiotics are used for decades as food-preservatives (e.g. nisin®®) and
bacterial resistance seldom occurred. Nevertheless, some mechanisms
are described, which mainly involve proteins conferring resistance
against lantibiotics.”” First of all, the lantibiotic producing strains ex-
press two proteins Lanl and LanFEG, which prevent a suicidal ef-
feet,”%" Secondly, some human pathogenic strains that do not produce
lantibiotics express proteins, causing resistance to lantibiotics. This
resistance is often conferred by a membrane-anchored peptidase and an
ABC transporter belonging to the BceAB-type superfamily.”®*" Both
systems are able to confer resistance even up to high nanomolar con-
centration.">%4

Several variants of nisin have been made and characterized.*>*”
Here, we focus on the hinge-region of nisin and made three variants.
First a partially deletion in the hinge-region (A;;MK2) and two ex-
tended hinge-regions by introducing extra amino acids either at the C-
terminus of the hinge-region, or within the hinge-region, and named
them after their sequence (;0NMKIV-4 and 2oNIVMK24). It was shown
that the hinge-region of nisin is predicted to be a pharmaceutical hot-
spot. Some variants of this region were characterized and showed im-
proved activity against used indicator strains.””“"*® We characterize
these variants with respect to their growth inhibition ability, as well as
for their pore forming efficiency.

Furthermore, we extended this study on these variants by analyzing
whether the immunity proteins NisI and NisFEG from L. lactis, as well as
the resistance protein SaNSR and SaNsrFP from Streptococcus agalactiae
COH1 are still able to confer resistance.

2. Material and methods
2.1. Cloning and purification of the nisin hinge-region variants

The insertion of the amino acids IV and the deletion of the amino
acids MK were achieved by PCR, using the primer pairs (forward:5"
ATTGTTATGAAAACAGCAACTTGTCATTGTAGY’, reverse 5°GTTACAA
CCCATCAGAGCTCC3) for the hinge-region sequence 2oNIVMKz4, the
primer pairs (forward: 5’ATTGTTACAGCAACTTGTCATTGTAGS', re-
verse 5 TTTCATGTTACAACCCATCAG?3") for the insert ;o NMKIV24 and
the primer pairs (forward: 5’ACAGCAACTTGTCATTGTAGY’, reverse 5°
GTTACAACCCATCAGAGC2?) for the partially deleted hinge-region

3948

variant, named delta hinge (A;MK3;). Therefore, oligonucleotides
were 5 phosphorylated. After successful PCR-reaction the template
pNZ-SV-nisA was digested with Dpnl. The amplified PCR products were
gel-extracted, ligated and transformed into E coli DH5a. Sequence
analysis verified the new plasmids.

The hinge-region variants were expressed and purified as previously
described. "% After harvesting the cells, 50 mM lactic acid was
added to the supernatant before filtering through 0.45 pm filters. An
ion-exchange chromatography was performed and by adding a buffer
containing 1 M NaCl the hinge-region variants were eluted. The pre-
nisin variants were activated using purified NisP at 8 °C overnight to
cleave off the leader peptide, as described.”> Therefore, the en-
dopeptidase NisP was expressed in L. lactis cells and purified by an
immobilized metal-ion affinity chromatography (IMAC). After desalting
the pure NisP protein was stored at —80°C upon further usage. The
concentration of the active hinge-region variant was determined by RP-
HPLC, using a gradient from 90% water and 10% acetonitrile con-
taining 0.1% TFA to 36% water and 64% acetonitrile.”” The activated
variants were directly used for further analysis.

Wild-type nisin was purified as previously described,” using an ion-
exchange chromatography step. The concentration was measured with
RP-HPLC as described above.

The modification state of the nisin hinge-region variants were
analyzed using MAIDI-TOF analysis, which were performed as de-
scribed elsewhere.™*

2.2, Expression of resistance and immugiity proteins

The used L. lactis strains were previously described.®**!“**% The
strains containing the plasmid for the nisin resistance protein (3aNSR)
is termed NZ9000NSR, for the ABC transporter NisFEG the strain is
called NZ900ONisFEG. The strain containing the lipoprotein Nisl is
termed NZ9000NisI and with the Bee-AB-type transporter SaNstFP is
called NZ9OOONsrFP. A nisin sensitive control strain NZ9000 without
any resistance proteins, called NZ9000Cm, is however transformed with
an empty plasmid and threatened the same as the other strains used.

2.3. Pore formation of nisin hinge-region vari@ts

The SYTOX Green dye was used to visualize pore formation medi-
ated by wild-type nisin or the variants. This dye binds nucleic acid
without crossing intact membranes of living cells.”® The SYTOX Green
Nucleic Acids Binding Assay was performed as deseribed.”>"*° Here,
we used L. lactis cells, containing the described empty plasmid, at an
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ODggp of 0.3 and added 1 pM SYTOX dye. The fluorescence signal was
detected at an excitation and emission wavelength of 504 and 523 nm,
respectively. The cell suspension was stirred and heated at 30 °C during
the whole assay. After reaching a stable baseline, the nisin variants
were added (final concentration was three times the determined ICgq
value) and the change of fluorescence intensity was monitored online.

2.4, Activity of hinge-region variants against sensitive and resistant strains

As described in Reiners et al. (2017)*° growth inhibition assays
were performed to determine the half-maximal inhibitory concentra-
tion (ICsp). In a 96-well plate the nisin variants were diluted and the
different L. lactis NZ900O cells were added. The plate was incubated at
30°C for 5h and afterwards the ODsgs was measured to finally de-
termine the ICsg values.

3. Results
3.1. Expression and purification of nisin hinge-region variants

Here, we cloned and expressed three different variants of nisin in-
side the hinge-region. We extended the hinge-region (in wild-type nisin
the amino acids are NMK) by the amino acids isoleucine and valine in
the beginning (,oNIVMK,4) and at the end of the hinge-region
(20NMKIVs,). Furthermore, we created a mutant where the hinge-re-
gion was parttially deleted (A;;MKs5). These nisin variants were ex-
pressed using the L. lactis NZ9000 strain transformed with a plasmid
with the nisin modification and secretion system NisBTC,”” as well as
the plasmid with the modified nisin gene. As a control we used the same
system expressing the wild-type nisin. We could express and purify
nearly 4.4mg of all three nisin variants per liter of cell culture, which is
70% of the yield described for wild-type prenisin plasmid based ex-
pression system (Fig. 2D).°% After purification, the prenisin leader
peptide was cleaved off by the purified peptidase NisP™* resulting in

A
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Table 1

Nisin variants with percentage of cleavage by NisP, detected dehydrations with
MS, installed lanthionine rings and protein yield per liter culture. Main species
found in MS analysis are marked in bold.

Nisin variant Cleavage [%] Dehydrations  Lanthionine Yield [mg/L
rings culture]
wild-type nisin  94.0 = 1.8 87 5 6.04 = 0.26
2oNIVMK, 4 812+ 4.9 087654 543 4.38 = 0.66
20NMKIV,, 743 = 3.8 9, 87,65 54 4.42 = 0.45
A5 MKso 48.1 = 3.5 987,654, 54,3210 4.34 = 0.56
1,0

activation of the nisin variants. Although the peptidase NisP cleaves off
the N-terminal leader peptide sequence, some differences were ob-
served in terms of cleavage efficiencies as determined by RP-HPLC
analysis. The core peptide for all three variants was clearly visible and
by peak integration the concentration was determined using different
insulin (chain B) or nisin concentrations as a standard.”* Whereas under
these experimental conditions the efficiency of wild-type prenisin was
neatly 94%,54 the cleavage efficiency for the poNIVMKs., 2oNMKIVo4
and A ;MK;, variants were determined to be 81.2 + 4.9 %,
74.3 £ 3.8 % and 48.1 + 3.5 %, respectively (Fig. 2A-C). This in-
dicates that the flexibility of the hinge-region influences the binding to
or the cleavage by NisP.

Furthermore, the core peptides of the 2oNIVMKz4, 20NMKIV24 and
A1 MKy, variants were analyzed with MAIDI-TOF MS to determine
their modification state. Here, we observed that the variants exhibit a
wider spectrum of dehydrations then observed for wild-type nisin
(Table 1). Whereas wild-type nisin exhibits seven to eight dehydrations
and five installed lanthionine rings, the amount of dehydrations found
in the nisin variant ,oNIVMK;4 ranges from four to nine. Similarly, the
number of free thiol-groups from cysteine residues, which are not in-
volved in (methyl-) lanthionine rings vary from three to five. In the
nisin variant ,(NMKIV,, the number of dehydrations is five to nine with

Absorbance at 205 nm [mAU]

13 14 15 16 17 18 19 20 21 22 23 24 25 26
time [min]

Yield
[mg / L culture]

B M 0 2
& :S‘"‘ \\bﬁ""
;5‘ LA

Fig. 2. RP-HPLC chrematogram of the nisin variants. Shown are the elution profiles of the prenisin variants (blue) and the nisin variants after cleavage by NisP
(black) A) Az; MK, B) 2oNIVMKz4 ©) 2oNMKIV.,4. D) Yield of the prenisin variants as determined by HPLC analyses using an insulin chain B standard.
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Fig. 3. ICs, measurements and SYTOX green assay A) Determination of the ICs,
values of nisin and the nisin variants. The normalized ODsgs in percentage was
plotted against the logarithmic concentration of nisin variants. The measure-
ments were performed using the sensitive L. lactis NZ9000Cm strain. B)
NZ9000Cm strain with SYTOX green nucleic acid dye measured at 30 °C. The
nisin variants, were added at a final concentration of three times the de-
termined ICso value. The addition of nisin is indicated by the vertical dotted
line. Shown are the curves for wild-type nisin (black) Az MK, (blue)
2oNIVMK 4 (red) and soNMKIV;, (orange) and buffer (black dots).

four to five installed (methyl-) lanthionine rings. The variant Ay MKso
has zero to eight dehydrations with zero to five installed (methyl-)
lanthionine rings. However, the main species contained eight dehy-
drations, with five installed (methyl-) lanthionine rings. In summary,
one can observe that the hinge-region influences the modification ma-
chinery, resulting in less dehydrated species. Clearly, the main species
in all variants were fully modified (Table 1).

3.2, Activity of nisin hinge-region variants

We tested the activity of the different nisin variants using a growth
inhibition assay, resulting in an ICs; value against the L. lactis
NZ9000Cm strain, which is highly sensitive to nisin.*® As a control we
used freshly purified wild-type nisin, which was purified similarly to
the nisin variants. Here, wild-type nisin displayed an ICsq value of
7.13 + 0.35nM, which is in-line with previous studies.”>*-4%"% The
variants displayed a lower antimicrobial activity, which was also ob-
served previously. 47 Here, the variant A>1MK»» displayed an ICgo value
of 43.44 + 13.98 nM (Fig. 3a and Table 2), which leads to a six-fold
increase compared to wild-type nisin. The activity of the variant
20NIVMK,, was the same as wild-type nisin within experimental error

3950

Bioorganic & Medicinal Chemistry 27 (2019) 3947-3953

and resulted in an [Cgg value of 8,17 + 1.23nM (Fig. 3A and Table 2).
This is in contrast to Zhou et al. (2015), where a four-fold decreased
antimicrobial activity was determined for this variant.’” The nisin
variant ;,0NMKIV,, showed a medium antimicrobial activity with an
IG5y value of 22.26 = 5.93nM, which implies a three-fold reduction
(Fig. 3A and Table 2). Summarized, the mutation of the hinge-region
influences the antimicrobial activity. Especially, deletions of amino
acids in the hinge-region lead to significantly drop in antimicrobial
activity.””

Further, we tested whether the nisin variants are still able to form
pores in the membranes of bacterial cells using the well-established
SYTOX Green assay.”’“’49 Here, we used the L. lactis NZ9000Cm
strain, where the addition of three times the measured ICsq value of
wild-type nisin resulted in an almost immediate increase of the fluor-
escence signal. This indicates a rapid pore formation within the mem-
brane (Fig. 3B black line). As a control, we added buffer to the cells,
which resulted in no fluorescence increase over the measured time in-
terval.

For the hinge-region variants, we also used a final concentration of
three times the previously determined ICgy value. The variant
20NMKIV, still displayed the ability to form pores in the membrane of
L. lacts, nevertheless the pore formation is slower in comparison to
wild-type nisin as depicted by a less steep increase of the fluorescence
signal (Fig. 3B orange line). For the variant ;,oNIVMK,, an even slower
pore formation and only 15% of the fluorescence signal increase were
observed (Fig. 3B red line).

Interestingly, the variant Apy MKy, displayed no pore formation
under this experimental setup (Fig. 3B blue line), indicating that the
flexible hinge-region indeed is crucial for the insertion of nisin into the
lipid bilayer as previously shown.®® The results of the SYTOX green
assay in combination with the determined antimicrobial activities (ICco
values of the variants) allow the connection of a decreased activity with
an altered pore forming ability of the nisin variants.

3.3. Activity against immunity and resistance proteins

Lanl and LanFEG are the immunity proteins expressed in some
lantibiotic producers, to circumvent a suicidal effect of lantibiotic. For
the nisin producer L. lactis these proteins are Nisl and NisFEG. Whereas
Nisl seems to recognize the full nisin molecule, the ABC transporter
NisFEG recognizes the C-terminus.’! We tested whether the hinge-re-
gion variants effect the immunity system of L. lactis by expressing each
protein using a plasmid-based system,?>“! where the strains are termed
NZ9000NisI and NZ90OONisFEG. By determining the ICso value and
compatison of the [Cso with the sensitive strain a fold of resistance (FR)
can be calculated. The FR value of wild-type nisin for NZ900ONisI is
6.91 = 0.65 and 7.43 * 0.74 for NZ9OOONisFEG (Table 2, Figs. 4A
and 5).

For the variant o NIVMK,, the determined ICsy values were
77.35 + 3.82nM and 106.73 = 2.37nM against NZ900ONisI and
NZ9000NisFEG, respectively. This corresponds to FR values of
9.46 = 0.98 for NZ90OONisl and 13.06 + 1.72 for NZ9OOONisFEG
reflecting a better recognition of this variant by the immunity proteins.

For the variant ,oNMKIV,4 the ICsy values were determined to be
73.16 + 7.71nM and 36.89 = 7.17 against NZ90OONisI and
NZ9000NisFEG, respectively. This resulted in FR values of 3.29 = 0.57
for NZOOOONisI and of 1.66 + 0.13 for NZ900ONisFEG, which re-
present a decreased immunity potency against this variant. Thus, this
nisin variant, although slightly lower in antimicrobial activity is not
recognized by the immunity proteins anymore.

The variant Ay;MK»> displayed [Cgg values of 108.70 + 5.77 and
72.11 * 2.57 against the NZ9000NisI and NZ900ONisFEG, respec-
tively. This results in a reduction of the FR value to 2.50 + 0.75 for
NZ9000NisI and 1.66 = 0.53 for NZ90OONisFEG. This suggests that
the flexible linker needs to be present for the recognition of nisin by the
immunity protein (Table 2, Figs. 4B and 5).
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1C5, values of nisin wild-type and hinge-region variants as well as calculated fold of resistance (FR) values for the strains NZ9000Cm, NZ9000NisI, NZ900ONisFEG,

NZ9000NSR and NZ90OOONsrEP.

Nisin variant NZ9000Cm NZ9000Nisl

NZO000NisFEG NZO000NSR NZ9000NsrFP
IC50 {nM} 1C50 (nM) FR IC50 (nM) IR 1C50 (nM) FR IC50 (nM) FR
Wild-type nisin  7.13 + 0.35 49.32 = 7.02 6.91 + 0.65 53.03 x 7.84 743 + .74 76.04 = 5.75 10.66 = 0.28 8229 + 511 1154 = 0.15
20NIVMKy4 817 = 1.23 77.35 = 3.82 9.46 + 0.98 106.73 = 237 13.06 = 1.72 101.80 = 1.67 1245 + 1.71 121.43 = 3.06 14.85 = 1.91
20NMKIV 54 22.26 = 5.93 7316 = 7.71 3.29 + 057 36.89 = 7.17 166 = 0.13 64.76 = 3.10 2,01 = 4435 = 2115 1.99 = 0.
Ay MKy, 43.44 = 1398 108.70 = 577 250 + 0.75 7211 + 257 1.66 += 053 22113 = 1095 5.09 + 212.80 = 11.26  4.90 + 1.47

We also tested the nisin hinge-region variants against strains of L.
lactis, which are transformed with a plasmid encoding SaNSR and
SaNstFP, respectively. Both proteins originate from an operon in the
human pathogen S. agalactiae and it has been shown that they confer
resistance against nisin when expressed in L lactis.*>*° The variant
AynMK,s displayed an ICgp value of 221.1 + 10.95nM and
212.80 = 11.26 nM against NZOOOONSR and NZ900ONstFP, respec-
tively. This represents a lower FR value of 5.09 + 1.55 for NZ900ONSR
and 4.90 = 1.47 for NZ900OONsrFP when compared to wild-type nisin
(see Table 2).

The variant 59NIVMK34 is in contrast similarly recognized by the
resistance proteins as observed by the ICgo values of 101.80 + 1.67 nM
(FRof12.45 + 1.71)and 121.43 = 3.06 (FRof14.85 + 1.91) for the
NZ9000NSR and NZ900ONstFP strains, respectively (Table 2, Figs. 4C
and 5).

However, the highest decrease of FR mediated by the resistance
proteins was observed for the variant oo NMKIV,,, which displayed low
ICso values. Here, the ICsy values were 64.76 = 3.10nM (FR of

%]

dop_ [
g 8

Normalize
a
5

595

g

Normalized OD
8

3

10g (2oNIVMK,, [nM])

2.91 + 0.68) against NZ90OONSR and 44.35 = 2.15nM (FR of
1.99 + 0.47) against NZ9OOONsrFP bypasses the resistance mechanism
and might be a less suitable substrate for the resistance proteins
(Table 2, Figs. 4C and 5).

I+

4. Discussion

In this study, we focused on three nisin hinge-region variants in-
cluding their property in expression and activation along with in-
vestigating their effect on antimicrobial activity. Here, we especially
focused on their impact to immunity and resistance proteins compared
to wild-type nisin. The two variants ,pNIVMK;,4 and ,;1MK;; were
previously partly characterized”” and we extended these studies by the
immunity and resistance proteins.

The nisin variant 5,0NIVMK;, showed four to nine dehydrations,
which leads to the assumption that the dehydratase NisB either has a
reduced recognition of this variant or the variant itself somehow hin-
ders the dehydration reaction sterically. The cleavage efficiency of NisP
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Fig. 4. ICs, measurements of the nisin variants against the L. lactis NZ9000 strain expressing the immunity and resistance protein respectively. A) nisin wild-type B)
nisin Ap; MKy, ©) nisin ,oNIVMK,, and D) nisin 5oNMKIV,,. L. lactis NZ9000Cm (black), NZ900ONisI (blue), NZ900ONISFEG (green), NZ90OONSR (brown) and

NZ9OOONSIFP (red).
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Fig. 5. Calculated fold of resistance values against of NZ900ONisI (blue),
NZ9000NIsFEG (green), NZ900ONSR (brown) and NZ900ONsrFP (red) against
NZ9000Cm for nisin wild-type, nisin Ag3MKy,, nisin 5 NIVMK,, and nisin
20NMKIV 24

for ,oNIVMK;4 (81.2 = 4.9 %) is slightly reduced compared to wild-
type nisin, suggesting a reduced binding affinity of NisP. Nevertheless,
the extended hinge-region influences the antimicrobial activity against
L. lactis NZ9000Cm marginal, but strongly inhibits the pore-forming
activity. This is in contrast to previous studies, where the same variant
showed an highly decreased activity compared to nisin wild-type
against L lactis'”.

Higher folds of resistance of 5,0NIVMK>4 for the immunity proteins
Nis[ (9.46 = 0.98) and NisFEG (13.06 = 1.72) compared to wild-type
nisin (6.91 =+ 0.65 for Nisl and 7.43 + 0.74 for NisFEG) indicate an
increased recognition of the nisin variant by the nisin immunity pro-
teins. There, the mutation inside the hinge-region seems not to influ-
ence the recognition or affinity of the resistance proteins SeNSR and
SaNstFP. Furthermore, due to the extended flexible hinge-region of the
nisin variant ;o0NIVMKs, the binding of lipid II seems not influenced but
the insertion into the cell membrane and thereby pore formation is
malfunctioning.

The nisin variant ;,)NMKIV,, has two additional amino acids at the
end of the hinge-region, which shows five to nine dehydrations and a
cleavage efficiency of NisP of 74%, leading to the assumption that also
for this variant the NisB and NisP recognition might be affected.

In view of the antimicrobial activity against NZ9000Cm a drop is
observed (22.26 = 5.93 nM), whereas the fold of resistance for the
immunity transporter NisFEG and the resistance transporter SaNsrFP
remains very low (Table 2). Besides, the FR values for NisI and SaNSR
are reduced, compared to wild-type nisin.

Furthermore, this nisin variant showed an almost similar increase of
the fluorescence signal in the SYTOX assay, suggesting it is still able to
form pores.

This nisin variant with an extended hinge-region seems not to be
recognized by the resistance and immunity proteins, although it ex-
hibits a slightly lower antimicrobial activity. The antimicrobial activity
is slightly decreased by this mutation, which can be explained by a
broadened dehydration pattern. The pore forming ability seems not to
be influenced, compared to the decreased recognition of immunity as
well as resistance proteins this implies an improved flexibility of nisin
20NMKIVo,.

Thus, it appears that this variant might be a less suitable substrate
for the resistance proteins. This characteristic could be utilized as a new
starting point to discover a new lantibiotic derivative, to overcome the
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nisin resistance in human pathogens such as S. agalactae.

Nisin variant A;; MK, with a radical shortened hinge-region shows
an extended dehydration pattern and surprisingly a drastically reduced
cleavage efficiency (49.6 = 3.57 %). Additionally, the formation of the
lanthionine rings was hindered, resulting in less amount of active nisin
variant. Hence, this indicates that the flexibility of the hinge-region not
only influences the binding to the dehydratase NisB and the protease
NisP but also might hinder the effectiveness of the cyclase NisC.
Continuative the antimicrobial activity of nisin Ay MKy, is six times
reduced compared to wild-type nisin, which is in-line with the results of
Zhou et al. (2015)47_ This observation is confirmed by the SYTOX assay,
which reveals almost no pore formation for the shortened nisin variant.

However, the fold of resistance of the immunity proteins against
nisin A1 MK, suggests that the flexible linker needs to be present for
the recognition of nisin by them. Additionally, the resistance proteins
also showed a decreased FR value compared to wild-type nisin, in-
dicating the limited flexibility influences the recognition by SeNSR and
SaNsFP.

The immunity protein NisFEG, as well as the resistance protein
SaNSR recognize the C-terminal part of nisin, whereas Nisl and SaNsrFP
seem to perceive nisin N-terminus®"‘>**% leading to the assumption,
that not a sterically hindrance of the accessibility of one of the termini
is responsible for a loss of recognition by the immunity proteins but the
restricted flexibility.

Comparing the results for the three nisin hinge-region variants it can
be combined that not the extension of the hinge-region in nisin variant
20NIVMKs 4 is responsible for the decrease in pore-forming activity but
the interruption of the wild-type hinge-region due to the fact that the
mutation of nisin variant ;o)NMKIVo4 does not influence the pore
forming process, whereas the nisin variant 5,o0NIVMK>4 showed drasti-
cally reduced pore formation.

Moreover, it can be assumed that the wild-type hinge-region of nisin
is essential for the recognition by the immunity protein Nisl, but
especially by NisFEG, as we see a drop in immunity when reducing the
length of the hinge-region as well as extending it.

Although, preceding mutagenesis studies showed an enhanced ac-
tivity of nisin hinge-region variants against 8. agalactiae*®, this study
exhibits a promising nisin variant (;oNMKIV,,), bypassing this lanti-
biotic resistance of the human pathogen, while showing just a slight
decrease of antimicrobial and pore forming activity. These results can
be used as a basis for further investigations on the recognition me-
chanism of the nisin modification enzymes and immunity proteins as
well as for profound studies of the nisin resistance proteins of S, aga-
lactiae.
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ARTICLE INFO ABSTRACT

Keywords: Lantibiotics are antimicrobial peptides produced by Gram-positive bacteria and active in the nanomolar range.

Antibiotic resistance Nisin is the most intensely studied and used lantibiotic, with applications as food preservative and recognized
Lé“_mﬁ"‘ifs potential for clinical usage. However, different bacteria that are pathogenic for humans and do not produce
SN’““ . nisin, including Streptococcus agalactiae, show an innate resistance that has been related to the nisin resistance
Creening

protein (NSR), a membrane-associated protease. Here, we report the first-in-class small-molecule inhibitors of
SaNSR identified by virtual screening based on a previously derived structural model of the nisin/NSR complex.
The inhibitors belong to three different chemotypes, of which the halogenated phenyl-urea derivative NPG9 is
the most potent one. Co-administration of NPG9 with nisin yields increased potency compared to nisin alone in
SaNSR-expressing bacteria. The binding mode of NPG9, predicted with molecular docking and validated by
extensive molecular dynamics simulations, confirms a structure-activity relationship derived from the in vive
data, Saturation transfer difference-NMR experiments demonstrate direct binding of NPG9 to SaNSR and agree
with the predicted binding mode. Our results demonstrate the potential to overcome SaNSR-related lantibiotie
resistance by small molecules.

Small-molecule inhibitors

1. Introduction thermostability and general stability against proteolytic degradation.

Specifically, the enzymatic dehydration of Ser and Thr results in the

Without doubt, antibiotic resistance is one of the greatest health
threats of our time. Misuse and overuse of antibiotics have accelerated
the evolutionary selection process, which led to resistance against es-
sentially all approved antibiotics.' Hence, there is an urgent need for
antimicrobial compounds that can be used as alternatives to the clas-
sical antibiotic treatment. In this context, lantibiotics, a class of anti-
microbial peptides, are attractive candidates due to their high activity
against a wide range of Gram-positive human pathogenic bacteria.””
Peculiar post-translational modifications are contributing to the high
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formation of 2,3-dehydroalanine (Dha) and 2,3-dehydrobutyrine (Dhb)
residues. Nucleophilic addition of the thiol group of a neighboring Cys
residue then yields distinctive lanthionine (Lan from Dha) and me-
thyllanthionine (MeLan from Dhb) rings, the presence of which is es-
sential for the high antimicrobial potencyf‘

Nisin is the most-studied lantibiotic and produced by a group of
Gram-positive bacteria belonging to Lactococcus and Streptococcus spe-
cies.” This 34 amino acids long cationic peptide is constituted of five
lanthionine rings named A to E successively from the N- to the C-
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terminus. Since it was discovered in 1928,5 it is one of the oldest known
antibacterial agents. Nisin has been used widely as a food preservative,
and initial therapeutic applications include human ulcer therapy and
mastitis control in cattle.” Studies have reported that nisin can prevent
the growth of drug-resistant bacterial strains, such as methicillin-re-
sistant Staphylococcus awreus and Closwidium difficile. Increasing evi-
dence indicates that nisin can also exhibit selective cytotoxicity towards
cancer cells (for more details see review"). Its modes of action are re-
lated to the interaction with cellular membranes: for example specific
binding of lipid II,” thus inhibition of cell wall synthesis by interrupting
peptidoglycan production,” and formation of pores within the cell
membrane that are made up of lipid II and nisin molecules,” "

Due to their multiple modes of action, hardly any resistance against
lantibiotics has developed over the past decades. However, different
bacteria that are pathogenic for humans and do not produce nisin, in-
cluding Streptococcus agalactige, show an innate resistance that has been
related to the nisin resistance protein (NSR), a membrane-associated
protease.' % Specifically, NSR is a C-terminal processing protease be-
longing to the S41 family, as classified by MEROPS, the peptidase da-
tabase.'” The resistance mechanism involves enzymatic inactivation of
nisin by cleavage of the last six residues. The resulting nisin fragment
displays a up to 100-fold lower antibacterial efficacy and reduced af-
finity towards cellular membranes.

The crystal structure of NSR from Sweptococcus agalactiae (SaNSR)
was solved.'® It contains an N-terminal helical bundle, and protease cap
and core domains. The latter displays a region with the highly con-
served TASSAEM sequence, with the previously identified catalytically
active Ser236.'" The other residue constituting the catalytic dyad is
His98, located between the helical bundle and the cap domain. Overall,
the three domains constitute a hydrophobic tunnel of ~10A width, and
the protease cap forms a lid-like structure above it. By integrative
modeling and mutagenesis studies a structural model of a nisin/SaNSR
complex was generated that reveals that SaNSR recognizes the last C-
terminal lanthionine ring of nisin, ring E.'® This recognition determines
the substrate specificity of SeNSR and ensures the exact coordination of
the nisin cleavage site (peptide bond between MeLan28 in ring E and
Ser29).

The identification of small-molecule inhibitors that interfere with
SaNSR function is of utmost importance for making a therapy with nisin
most effective. Here, we identified, by repetitive rounds of ligand- and
structure-based virtual screening (Fig. 1A), analogs search, and in vivo
testing, inhibitors of SaNSR with different chemotypes. In order to
prioritize molecules that resemble the recognition fragment of nisin and
can inhibit SeNSR function, both shape matching and molecular
docking were performed. In vivo validation of selected compounds re-
vealed a selective functional inhibition towards SaNSR-expressing
bacteria. To investigate NPG9 binding to SaNSR at the atomistic level,
and further validate its binding mode, extensive molecular dynamics
(MD) simulations of free ligand diffusion {(fldMD) were performed. Fi-
nally, saturation transfer difference (STD) NMR experiments on NPG9
provide an additional validation of the binding mode from the bio-
physical point of view.

2. Materials and methods
2.1. Preparation of nisin and SaNSR structures

The structures of nisin (extracted from PDB ID: 1WCO') and SaNSR
(PDB ID: 4Y68'%) were used for this study. In nisin, Asn27 was sub-
stituted by His to obtain a suitable nisin A structure from the crystal-
lized nisin Z variant. SaNSR is a monomer in solution, 15 therefore, only
chain A was considered for further steps. Both structures were pre-
processed with the Protein Preparation Wizard'® of Schrédinger’s
Maestro Suite. Bond orders as well as missing hydrogen atoms were
assigned, and the H-bond network was optimized. Finally, the systems
were energy-minimized using the OPLS 2005 force field,’” resulting in a
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root mean square deviation (RMSD) of 0.3 A with respect to the initial
structure.

2.2. Query generation

To screen for molecules with similar shape properties as the re-
cognition region of nisin, we built a query for ligand-based virtual
screening. To do so and to consider structural mobility, the nisin
structure was subjected to all-atom MD simulations in explicit solvent,
as reported previously,'® using Amber 16.'° Three independent tra-
jectories of 500 ns length were analyzed with the epptraj software.'” To
extract relevant conformations explored by nisin in solution, the MD-
derived structural ensemble was clustered applying a hierarchical ag-
glomerative approach. Prior to the clustering, conformations extracted
every 5ns were fit on the D ring region, using the first frame as re-
ference, in order to remove global translation and rotation. As distance
metric, the RMSD of backbone atoms was used, with a cutoff value for
forming clusters of 4.5 A. From the representative structures of the five
most populated clusters, three different multi-conformation queries
were built (Fig. 1B) using ROCS™: I) based on rings DE, Ser29 and
Te30; 1) based on rings DE only; IIT) based on ring E, Ser29 and N1e30.

2.3, Virtual screening

A general workflow of the protocol used is reported in Fig. 1A.
Compounds were collected from ZINC15?' and eMolecules (https://
www.emolecules.com) databases, which together contain over 20 mil-
lion molecules. For database preparation, including filtering and gen-
eration of up to 200 conformations per ligand, Omega® was used. In
order to filter out compounds with unwanted pharmacokinetics, a drug-
like filter was applied, and only compounds with logP < & and mole-
cular weight (MW) between 200 and 600 Da were retained. A shape-
based similarity search was then performed with the three shape
queries generated above. Only the best fitting conformation for each
compound was saved. The top 500 molecules for each query (1500 in
total) were then docked into the SaNSR pocket using Glide*® im-
plemented in the Schrédinger’s Maestro Suite 2017-1 (ILC, New York,
NY, USA). A cubic grid of length 20 A was centered on the catalytic
residues His98 and Ser236. Compounds were first docked using Glide-
SP (standard precision) protocol, and the 50% best-ranked were sub-
sequently re-docked using Glide-XP (extra precision) protocol, which
does more extensive sampling and uses a more sophisticated scoring
function than the Glide-SP protocol. The best-ranked 750 compounds
were then clustered with Canvas® based on 2D similarity (Tanimoto
index calculated on MACCS keys fingerprint) and visually inspected, in
order to select compounds with high diversity. At the end of this run, 11
compounds were purchased and tested.

The same protocol was applied a second time with additional fil-
tering steps, in order to filter out structures with high complexity and
those exhibiting non-lead-like properties: the first filter excluded com-
pounds with more than five rings (RNG) and more than one chiral
center (STER); the second is based on molecular descriptors related to
lead stmctmres,25 namely =10 rotatable bonds (RTB) and a
MW < 460Da. This resulted in 23 compounds being purchased and
tested.

Finally, considering preliminary in vivo data, a third group of
compounds was selected based on the similarity with NPG9. An analogs
search was performed focusing mainly on bioisosteric replacements of
halogen atoms or variations of the two hydroxyl groups, resulting in the
acquisition and testing of 12 derivatives.

2.4. Molecula dynamics simulations
In order to investigate the recognition process and validate the

predicted binding mode of inhibiters with SaNSR, a set of MD simula-
tions was performed considering NPG9 as model inhibitor. NPG9 was
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Fig. 1. Virtual screening for SaNSR inhibitors. (A) Workflow for compound selection applied in this study. Shape-based matching followed by molecular docking and
2D clustering plus visual inspection led to the selection of in total 46 compounds for testing, 11 in the first round, additional 23 in the second round applying further
filter criteria, and 12 more based on similarity to NPG9. These compounds were tested for growth inhibition in SeNSR-expressing cells and/or reduced nisin IGso. On
the left, the number of compounds considered in each step is indicated (K: indicates thousands; M: indicates millions). (B) Three queries generated for shape
matching, based on varying nisin fragments including rings D and E, Ser29, and I1e30. For reasons of clarity, just one out of the five representative structures each is
overlaid as sticks. The molecular shape is represented as a grey surface, while the chemical features are shown as spheres: H-bond acceptors as red grid, H-bond
donors as blue grid, hydrophobic centers in yellow, rings and cations in green and blue, respectively. (C) Representation of the SaNSR structure used for docking (PDB
1D: 4Y68) and the cubic grid centered on the catalytic dyad His98 and Ser236 (green sticks). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

optimized with Gaussian®® at the Hartree-Fock level with the 6-31G*
basis set. Partial charges for each atom were derived with the RESP
pracedure,”” as implemented in Antechamber,?” by fitting to electro-
static potential grids generated by Gaussian. Different simulation sys-
tems of SauNSR and NPG9 were prepared for MD simulations with the
LEaP program.” In particular, both the docking pose (PO, later referred
to as “bound simulations”) and ten random configurations of NPG9
relative to SeNSR (P1-P10, later referred to as “free ligand diffusion
simulations”, fldMD) were considered. In the first case, the structural
stability of the complex and the diffusion of the ligand within the tunnel
were analyzed. In the latter cases, the diffusion of the ligand was in-
vestigated aiming for reconstructing of the binding pathway of the
SaNSR inhibitor. The ten random configurations were generated with
packmol®® with a minimum distance between NPG9 and SaNSR of 15 A
Sedium counter ions were added to establish charge neutrality. Each
system was placed in a truncated octahedral box of TIP3P water”! with
a minimum distance to the border of the box of 11 A, resulting in a
NPG9 concentration of ~1.4 mM. Structural relaxation, thermalization,
and production runs of MD simulations were conducted with
pmemd.cuda®® of Amber 16'° using the ff14SB force field>® for the
protein, GAFF force field™ for the ligand, and Joung-Chetham para-
meters for ions.”" For each starting complex five independent replica of
500 ns length each were performed, resulting in a total of 50 simula-
tions with a cumulative simulation time of 25 ps. Additionally, we
performed MD simulations starting from the docked binding mode of
NPGO9 bound to $aNSR. Again, five independent replicas of 500 ns
length each were performed. In order to set up independent replicas
and obtain slightly different starting structures, the target temperature
was set to different values during thermalization (299.8K, 299.9K,
300.0K, 300.1K, 300.2K and 300.3K). A description of the thermali-
zation protocol can be found elsewhere.>®

The analysis of the MD trajectories was carried out with cpptraj'® on

snapshots extracted every 1ns. To measure structural mobility, we
computed the residue-wise root mean square fluctuations (RMSE) of
backbone atoms of SaNSR relative to the starting structure. To evaluate
opening and closing of the cap domain, the distance between the cen-
ters of mass of the B-hairpin (262-TVNETFMLYDGARLALTTGIV-282)
and the short loop regions of the protease core facing the tunnel (133-
ISKL-136 and 135-TGGN-171) was computed. To investigate the mo-
lecular recognition of NPG9, the all-atom RMSD with respect to the
ligand docking pose (RMSDg4) or the pre\ﬂ/ious frame (RMSDDQ were
computed. Cutoff values of RMSD4 < 2.5A and RMSD, < 2.5A were
used respectively to define binding on the protein surface (unspecific)
and within the SaNSR tunnel (specific). Bound conformations were then
clustered applying a hierarchical agglomerative approach and an RMSD
cutoff value of 1.5 A. Prior to the clustering, conformations were fit on
the 10% least mobile residues of SaNSR, located in the protease core
domain.

2.5. Compound acquisition

The 46 selected compounds were either custom-synthetized or
purchased from different suppliers as powder (Table S1). To ensure that
there was no degradation of the compounds during the study, purity
was re-assessed in a semi-quantitative way with LC-MS (exemplary
cases are shown in Figs. $4-88; see also next chapter).

2.6. Purity assessment with LC-MS

The compounds’ stock solutions (~1 mg/ml in DMSO) were diluted
with methanol hypergrade to concentrations of ~0.1-0.2mg/ml. A
volume of 2 pl was injected for each measurement. Relative purity of
the compounds was determined as ratio of the area under the curve. LC
system: Elute SP LC System (Bruker Daltonics, Bremen, Germany) with
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vacuum degasser, binary pump, autosampler, column oven. Celumn:
Intensity Solo 2 C18 (100 mm * 2.1 mm); Temperature: 50° C; Mobile
phase: A. water hypergrade with 0.1% formic acid (v/v) (Merck); B.
Acetonitrile hypergrade (Merck); Flow Rate: 0.2ml/min. Method 1:
0-4min 95% A, 4-16 min gradient 95% to 5% A, 16-17 min gradient
5% to 0% A, reconditioning: 17-18 min gradient 0% to 95% A,
18-21 min 95% A. Method 2: 0—4 min 98% A, 4-5 min gradient 98% to
95% A, 5-9 min 95% A, 9-16 min gradient 95% to 5% A, 16-17 min
gradient 5% to 0% A, reconditioning: 17-18 min gradient 0% to 98% A,
18-21 min 98% A. MS-System: amaZon speed ETD ion Trap LC/MSn
System (Bruker Daltonics, Bremen, Germany); lonisation: electro-
nspray; Polarity: positive; Alternating ion-polarity: on; Scan range: m/#
80-1200; Nebulizer: Nitrogen, 15 Psi; Dry Gas: Nitrogen, 81/min,
200 °C; Massrange mode: UltraScan.

2.7. Cloning of the SaNSR protein

For studies in recombinant Lactococcus lactis cells, the plasmid pNZ-
SY-SaNSR was obtained by cloning the gene nsr from S. agalactiae as
previously described.’’ The plasmid was transformed using electro-
competent L. lactis NZ9000 cells. Therefore, a pulse setting of 1kV,
25 uF, 200%, for 4.5-5.0 ms was used to electroporate the cells.””
Afterwards, 950 pl GM17 media was added, and the cells were in-
cubated for 3h at 30°C. At last, the cells were plated on SMGG-agar
plates containing 5 pg/ml erythromycin. For STD-NMR studies, the
plasmid pET-28b-8aNSR30-N8His was cloned as reported previously™®
and transformed into chemocompetent E. coli BL21 (DE3) cells using a
42 °C heat shock for 60 s. After 1 h incubation at 37 °C, the cells were
finally plated on LB-agar plates containing 30 pg/ml kanamycin.

2.8, Expression and purification of the SaNSR protein

SaNSR30-N8His was expressed and purified as previously de-
scribed.*® Therefore, in E. coli BL21 (DE3) pET-28b-8¢NSR30-N8His at
an ODg¢gp of =0.8-1.0, the expression was induced with 1 mM IPTG and
the cells were incubated overnight at 18°C with 160 rpm shaking.
Subsequently, the cells were harvested and homogenized five times
using 1.5 kbar (Microfluidics Homogenizer). After harvesting the cell
debris at 42,000 rpm for 45 min the supermatant was used for an ion
metal affinity chromatography, using a HiTrap Chelating HP 5ml
column and an elution buffer containing 150 mM histidine. The eluted
protein was further purified with a Superose 12 10/300 GL column,
25 mM MES pH 6 buffer with 150 mM NaCl.

2.9. Purification of nisin

Nisin was purified with cation exchange chromatography as pre-
viously described.*” To determine the concentration, the peptide was
analyzed with RP-HPLC as previously described.™

2.10. Growth inhibition assay

In vivo validation of selected compounds was performed to test their
ability to specifically inhibit the growth of SaNSR-expressing strains. To
do so, L. laciis cells grown in GM17 medium with 5 pg/ml erythromyecin
and 1 ng/ml nisin overnight. The cells were diluted in fresh media to an
ODsgos of 0.1 and incubated for 30 min at 30 °C. In a 96 well plate, 50 pl
of the selected compounds and the DMSO control (20%) were added.
150 pl of L. luctis NZ9000 pNZ-SV-Erm and L. lactis NZ9000 pNZ-SV-
SaNSR cells supplemented with 30 nM nisin, respectively, were added.
After 5h at 30°C the optical density was measured, and the relative
growth inhibition was calculated by comparing the normalized values
for L. lactis NZ900O pNZ-SV-SaNSR.

Bioorganic & Medicinal Chemistry 27 (2019) 115079

2.11. Measurement of reduced nisin IC s, values

In order to evaluate the inhibitory effect of the compounds, the
reduced nisin ICs, was measured as previously described.”’ In 96 well
plates, a serial dilution of nisin was mixed with 150 pl of preincubated
cells (ODggs 0.1) containing 120 pM or 300 pM compound. The optical
density was measured after 5h incubation at 30 °C and the ICg; values
were calculated. Reduced nisin ICgy values were determined based on
ICgq values of the SaNSR-expressing strain (L. lactis NZ9000 pNZ-SV-
SaNSR) with inhibitory compound compared to the same strain without
compound and expressed as ratio of the two ICsq values given in per-
cent.

2,12, Saruration wansfer difference (8TD) NMR experiments

As a biophysical validation of direct binding, STD NMR measure-
ments were performed for the model inhibitor NPG9. This method al-
lows identifying the binding of small ligands to macromelecules with
dissociation constants Kp in the nM to mM range and characterizing the
binding epitopes on the ligands.*>** NMR experiments were recorded
on a Bruker Avance ITTHD* 600 MHz spectrometer at 298K in 100 mM
sodium phosphate, 150 mM sedium chloride, 5% (v/v) DMSO, and 10%
(v/v) Do0O. Trimethylsilyl propionate (TSP) was used as an internal
standard. STD NMR was performed with on-resonance protein satura-
tion at 0.9 ppm using 2 s saturation time. Subtraction of the 1D STD
spectrum was performed internally via phase cycling after every scan to
minimize artefacts arising from temperature and magnet in-
stability.*>** The STD NMR experiment was carried out using 18 uM of
SaNSR protein and 1.8 mM of NPG9 compound. All NMR spectra were
processed and analyzed with TOPSPIN 3.2 (Bruker).

3. Results and discussion
3.1. Compounds selection

A hierarchical virtual screening protocol was applied to find small-
molecules that inhibit SeNSR (Fig. 1). Starting from a subset of drug-
like molecules, using the free databases of commercially available
compounds ZINC15 and eMolecules, 1500 compounds were selected
based on shape similarity with nisin fragments involved in SaNSR re-
cognition. In order to do so, rapid overlay of chemical structures
(ROCS)*” was applied for the calculation of 3D shape and chemical
similarity. We built three queries, considering rings D and E as well as
residues Ser29 and 1le30 (query I), rings D and E alone (query 1D, and
ring E, Ser29 and e30 (query III) (Fig. 1B). The selections were mo-
tivated by the fact that rings D and E form the recognition element of
nisin at SaNSR and Ser29 and Ile 30 are in close proximity to the
cleavage site (peptide bond between MeLan28 in ring E and Ser29).°
The best fitting compounds were submitted to molecular docking with
Glide® in order to predict their configuration within the SaNSR binding
site and to rank them according to the potential molecular interactions,
as expressed by the docking score. The 750 molecules with the best
docking scores were clustered and visually inspected, leading to the
selection of 11 drug-like compounds for testing (NPG8 — NPG19, Table
§1). In a second virtual screening run, two additional filtering steps
were considered. The first filter excluded compounds with more than
five rings (RNG) and more than one chiral center (STER). The second
filter is based on molecular descriptors related to lead structures,”
namely <10 rotatable bonds (RTB) and a molecular weight
(MW) < 460 Da. After this run, 23 compounds were purchased and
tested (NPG20 — NPG42, Table S1).

3.2. Biological activity

For experimental validation of the two groups of in total 34 com-
pounds, a specific growth inhibition in vive assay was performed, in
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Table 1
Subset of compounds that showed SaNSR inhibitory activity.”
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Fig. 2. Determination of ICs, values of nisin in the presence or absence of a SdNSR inhibitor. Dose-response curves for SaNSR-expressing strain NZ9000SeNSR (in
grey) and for the control strain NZ9000Erm (in black) are reported in comparison to SeNSR-expressing strain NZ9000SaNSR (A) with 120 uM of NPG9 (in cyan), (B)
with 300 uM of NPG13 (in orange) and 300 uM of NPG24 (in magenta), and (C) with 300 uM of NPG46 (in green) and 300 uM of NPG51 (in blue). The normalized
measured ODsgs is shown in percentage against the logarithmic concentration of nisin. Values were determined by at least three independent experiments. (For
interpretation of the references to celor in this figure legend, the reader is referred to the web version of this article.)

which the selective inhibition towards SaNSR-expressing L. lactis cells
over L lactis NZ900OO pNZ-SV-Erm containing an empty plasmid as
control is probed utilizing a specific nisin concentration (30 nM).
Specific growth inhibition is calculated as ratio between measured
optical densities for the two strains and expressed as percentage. This
assay was performed as a screening method, because SaNSR-expressing
bacteria are resistant against the nisin concentration used and growth is
compared to the control strain; hence, only compounds inhibiting
SaNSR activity and making the bacteria more susceptible to nisin are
identified.

Among the 34 compounds, three compounds showed a relevant
inhibitory effect on $aNSR at the tested concentration of 150 uM
(Tables 1 and S1). In particular, NPG9 inhibits bacterial growth by
~58% in the presence of nisin as compared to control bacteria lacking
SaNSR. Based on this, a third group of compounds was searched that
are similar to NPG9 with respect to molecular recognition properties.
For this, an analogs search was performed focusing on the following
substitutions: bioisosteric replacement of halogen atoms with electron-
withdrawing groups (e.g., cyano or trifluoromethyl groups’’), sub-
stitution of the phenyl group with bulky hydrophobic moieties, or
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variations of the two hydroxyl groups. This step resulted in the selection
of 12 derivatives (NPG43 — NPG55, Table 81; NPG53 was excluded from
the study due to chemical stability issues). On this subset, as well as on
NPG9 for comparison, in vivoe validation was performed measuring re-
duced nisin ICsy values. The reduced nisin ICgy values denote nisin’s
potency from dose-response curves for the SeNSR-expressing strain in
the presence of a fixed concentration of inhibitor, compared to the same
strain without inhibitor; reduced nisin ICgo values are expressed as the
ratio between these two ICgy values and given in percent. Hence, a
strongly shifted dose-response curve towards the control strain
NZ9000Erm, which is sensitive to nisin, indicates a higher inhibitory
potency of the compeund (Fig. 2). To determine the inhibitory effect of
the compounds, 120 uM and 300 uM were added to the assay with the
SaNSR-expressing strain. Some compounds (e.g., NPG9) had a SeNSR-
independent inhibitory effect on cell growth and could not be in-
vestigated at the higher concentration of 300 pM. Nisin ICgj values are
reduced by ~50% if NPG9 is used at 120 uM concentration {Table 1,
Fig. 2A), and by ~9 to 32% for NPG13, NPG24, NPG46 and NPG51 if
these compounds are used at 300 pM concentration {Table 1, Fig. 2B-C).

3.3. Swucture activity relationship (SAR) study

Most of the active molecules are linear, with one (e.g., NPG9) or two
(e.g., NPG46) hydrophobic parts separated by an amide or urea linker.
The presence of amide-like groups is not surprising because we sear-
ched for analogs of the peptide nisin. NPG13 displays a branching with
an additional aromatic moiety (catechel) resulting in a T-shaped
geometry.NPG24 is structurally different from the others, with pyr-
azolyl, 1,4-diazepanyl, amide and cyclopropyl groups arranged in a
linear fashion between two methoxyphenyl moieties. It displays weak
growth inhibition and a moderately reduced nisin ICsg, similarly to
NPG13. Finally, NPG46 and NPG51, structural analogs of NPG9, display
only very little reduced nisin ICg values (Tables 1, S1 and Fig. 2). From
the current data, a limited structure-activity relationship (SAR) can be
derived (Fig. 3): the minimal requirement for activity are a linear
molecular shape and one or two hydrophobic regions separated by an
amide-like group.45 In nisin, MeLan and Ile residues represent these
hydrophobic regions. Additionally, a hydroxyl group (e.g., NPG9) oran
aromatic polar group (e.g., NPG13), matching respectively with Ser29
and His28 of nisin, can be present.

3.4. Binding mode prediction

This SAR derived from experimental data can be rationalized in
terms of binding modes generated by molecular docking (Fig. 4). In
general, the binding mode of the compounds is consistent with the
nisin/SaNSR madel previously reported'® in terms of location and

oo
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orientation of the ligand within the SaNSR tunnel. As the binding mode
prediction was done by molecular decking and, thus, independently
from the ligand-based virtual screening, these findings implicitly vali-
date the generated queries (Fig. 1B). Additionally, the amide bond (or
amide-like group™) is placed in-between the catalytic dyad, as found
for the cleavage site of nisin.'® More specifically, the hydrophobic re-
gions of the ligands are consistently located in proximity of two hy-
drophobic patches within the tunnel, one formed by Val264, Tyrl92,
Tle202, Phel190, Met240 and Met173 in the upper region, and the other
by Tyr261 and Ala235 close to the catalytic dyad. In both regions, most
of the ligands (NPG9, NPG13, NPG24, NPG46) can perform favorable
interactions with the m-electron systems of Phe190 and Tyr261 residues
(also termed st-m stacking). In the central portion of the tunnel, hy-
drophilic residues are prevalent instead, matching with the properties
of the amide-like linker of the ligands: the linkers are involved in H-
bond interactions with GIn100, Asn265, His98, Arg275, and Thr267 of
the protease cap domain and Ser236, Ser237, Ser135, Thrl69, and
Gly171 of the core domain. Interestingly, in most of the compounds the
amide-like group performs stabilizing interactions with the catalytic
dyad of SaNSR. However, for NPG51 with a bulkier adamantyl sub-
stituent, there are no such faverable interactions, and s stacking in-
teractions are not possible either. Thus, sterically less demanding
groups in the region mimicking the DE rings of nisin are apparently
more favorable.

In order to investigate the recognition process and validate the
predicted binding mode of $aNSR inhibitors, a set of MD simulations
was performed, considering NPG9 as model inhibitor. In general, all-
atom MD simulations are more detailed than molecular docking in that
they allow to take into account protein mobility and to describe ex-
plicitly water molecules and ions. To ensure robustness of our results,
multiple independent replica MD simulations were performed, for
which NPG9 initially was either placed inside the protein binding site in
the docked pose (five bound MD simulations starting from P0) or at ten
randomly chosen positions in the selvent surrounding SaNSR (50 fldMD
simulations, five replicas from each position P1-P10). In fldMD simu-
lations, protein and ligand molecules interact in an unbiased manner,
allowing to investigate in atomistic detail association and dissociation
processes.

Analysis of SaNSR motions reveals for fldMD simulations that the N-
terminus, helical bundle, and cap domain are most mobile, while the
core domain and C-terminus are rather immobile (Fig. S1A). As the cap
domain constitutes part of the SaNSR tunnel, its movements lead to
SaNSR exploring both open and closed states (Fig. S1D). Still, even for
fldMD simulations, the closed state is present in less than 1/6 of the
cases (Fig. S1-D, two replicas with > 75% and six with 75-50% closed
frames). Thus, even when starting from unbound SaNSR, the tunnel is
frequently accessible for the ligand.

Fig. 3. Chemical structures of the recognition region
of nisin to SgNSR and compounds with SeNSR in-
hibitory activity. Fragments with similar properties
are highlighted, with the nisin cleavage site (or

_f //O amide-like groups) in green, hydrophobic moieties in
I yellow, hydroxyl groups in blue, and polar-aromatic
,Nj groups in grey. (For interpretation of the references
[ ) to ¢olor in this figure legend, the reader is referred to
N Ni the web version of this article.)

[N

NPG24
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Fig. 4. Binding modes generated by molecular docking of the subset of compounds that show SeNSR inhibitory activity (Table 1). Residues located at a dis-
tance = 4 A to the ligand are represented as surface-stick model, and the color seale from white to red represents increasing hydrophobicity of the residue (Eisenberg
hydrophobicity scale*®). The catalytically active His98 and Ser236 are highlighted in bold. H-bonds are shown as dashed lines. In the case of NPG46, only the 3-
sterecisomer with more favorable docking score is shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

To quantify ligand binding, as done previously,*” the RMSD, as
measure of the average distance between atoms of different config-
urations, was calculated (Figs. 5 and S2A). Each frame was therefore
compared with the docked ligand pose (giving a RMSD, value) and with
the previous frame in the trajectory (giving a RMSD;, value) (Fig. S2A).
The first measure indicates (specific) binding to the tunnel (applying an
RMSD, < 2.5 A, meaning high similarity with the docked ligand pose);
if this is not given, the second measure indicates unspecific binding to
the protein surface (applying an RMSD,, < 2.5 A, meaning low varia-
bility in ligand’s coordinates over time). MD simulations originating
from the NPG9 docked pose revealed in general a stable binding mode,
except in two cases where the ligand diffuses in the direction of a hy-
drophebic region formed by Tyrl92, Ile202, and Phe190, which may be
linked to a weak binding affinity; still, the ligand does not leave com-
pletely the tunnel (Fig. S2B-C). During the 50 fldMD simulations, the
ligand is in contact with the protein in ~75% of the frames (unspecific
binding; Fig. 83 and Table S§2). Yet, clusters C3 and Cé, which contain
together 18% of the frames, represent NPG9 conformations that are in
very good agreement with the docked NPG9 pose (Fig. S3), as indicated
by RMSD4 = 2.5A of the cluster representatives. Analysis of the time
series of RMSDg4 values along all 50 fldMD simulations furthermore
shows that such binding events occur across 11 different trajectories
(Fig. $2D): in three of them bound frames represent 10-50% of the total
ones, and in one replica even > 50% (Fig. 5). In some trajectories, the
bound pose (configurations with RMSD3 < 2.5 A) is reached in ~100 ns
of simulation time (Fig. 5, P2-II and P6-II), while in others it is reached
after more than 400 ns (Fig. 5, P4-II and P8-III). In both cases, the li-
gand stays bound for the remainder of the simulation time. Finally, in
three out of the four cases, the ligand enters the tunnel from the en-
trance closer to the catalytic dyad (Fig. 5, P2-1I, P4-II and P6-II), sug-
gesting that this may be the preferential access pathway. Overall, the
fldMD simulations thus confirm the docked binding pose in an in-
dependent manner, which lends support to the above structure-based

rationalization of the SAR.

3.5. Biophysical validation

Finally, for NPG9, STD NMR experiments were performed (Fig. &).
The most intense STD NMR signals are observed for aromatic protons,
and weaker signals for one NH proton and the aliphatic CH» protons are
detected. Due to an experimental artefact, CH; protons were not con-
sidered.“® These results demonstrate that the ligand is binding to SaNSR
and are consistent with our binding mode model according to which the
phenyl ring of NPG9 make interactions with SaNSR (Fig. 4).

4. Conclusions

In conclusion, we identified the first-in-class small-molecule in-
hibitors of SaNSR, belonging to three different chemotypes, of which
the halogenated phenyl-urea derivative NPG9 is the most potent one. So
far, no other biological activities have been reported for these com-
pounds.*” Co-administration with nisin yields increased potency com-
pared to nisin alone in it vive experiments with SaNSR-expressing
bacteria. The minimal requirement for activity are a linear molecular
shape and one or two hydrophobic regions separated by an amide-like
group. STD NMR experiments demonstrate direct binding of NPG9 to
SaNSR and are in accordance with a predicted binding mode. Together,
these findings make these compounds interesting for further in-
vestigations, towards generating more potent inhibitors to overcome
SaNSR-related lantibiotic resistance by small molecules.
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Fig. 6. STD NMR of compound NPGY in complex with SaNSR. (A) Reference 1D
'H NMR (STD-off) spectrum and STD spectrum of a sample containing 1.8 mM
of NPG9 compound (B) without and (C) with 18pM of SaNSR protein.
Assignment of the individual peaks for NPG9 is indicated by numbers from 1 to
8, color-coded according to the relative intensity of the STD signal from NPG9
protons. Strong signals (red) for aromatic (positions 6, 7, and 8) and weak
signals (orange) for one NH (position 5) and aliphatic CH; protons (positions 2
and 3) were detected, which correlate with the proximity to SaNSR. Methyl
protons (position 1) are affected by irradiation power spillover (as visible by
strong signal in the absence of SaNSR protein in panel B), and one NH signal is
notvisible (position 4) (both grey colored). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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Table $1. Details of all the compounds tested for SaNSR inhibitory activity®
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*Values were determined by at least three independent experiments. Measurements not performed are reported as “-”. Specific growth inhibition or reduced nisin [Csg values

lower than 1% are marked as “< 17, In cases where the solubility of the compound was not compatible with the concentration required in the assay, leading to precipitation, or
where the compound was inhibiting the cell growth even without nisin, the measurement was marked as not determinable, “n.d.”. If not reported with explicit stereochemistry
notation, the undefined stereochemical mixture was tested.

*In %,

“Used compound concentration.
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Table S2. Cluster summary of unspecific binding events.

Cluster  Frac™  AveDistP! [A] StDevl [A] AvgCDist! [A] CO Ratio!®

Co 0.19 0.54 0.19 1.78 1.00
C1 0.17 0.51 0.19 1.79 0.92
C2 0.14 0.51 0.19 1.80 0T
C3 0.10 0.45 0.17 1.79 0.53
Cc4 0.10 0.50 0.18 1.78 0.52
Cs 0.09 0.54 0.22 1.87 0.46
C6 0.08 0.52 0.18 1575 0.40
Cc7 0.07 0.54 0.20 1.83 0.39
C8 0.05 0552 0.20 L.76 0.24

lICTuster size as fraction of total frames where RMSD, < 25 A.
PlAverage distance between points in the cluster.

EIStandard deviation of points in the cluster.

[MAverage distance of this cluster to every other cluster.

llC0 ratio represents the fold difference with the most populated cluster.
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Supplementary Figures
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Figure S1. Mobility of the cap domain. (A) SdNSR mobility expressed as RMSF of C« atoms after fitting on
the 10% least mobile residues, averaged over 50 fldMD simulations; in addition to the line plot, the values are
mapped onto the cartoon representation according to the color scale. The helical bundle, cap, and protease core
domains are highlighted, as are the residues of the catalytic dyad. (B) Distance between the center of mass of the
B-hairpin (263-TVNETFMLYDGARLALTTGIV-283) and the short loop regions of the protease core facing the
tunnel (134-ISKL-137 and 169-TGGN-172). This distance was considered to evaluate the opening (when > 11 A)
and closing (when < 11 &) of the cap domain. The B-hairpin and the two loop regions are highlighted in grey, and
their centers of mass are shown in blue. (C) Opening and closing of the cap domain for five bound MD simulations,
started from the docking pose (P0). The distance in the crystal structure (~ 14 A) and the cutoff considered (11 A)
are shown as grey and red dotted lines, respectively. (D) Opening and closing of the cap domain for 50 fldMD
simulations, started from 10 random positions (P1 to P10). Replicas where the cap domain is closed in > 75 % or
50-75 % of the frames are highlighted with full- or half-colored circles, respectively. Each box with a roman
number represents a replica of 500 ns length.
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Figure S2. Analysis of NPG9 binding events. (A) Tllustrative representation of RMSD measurement of NPG9
with respect to the docking pose (RMSDy) and to the previous frame (RMSD,). Conformations with RMSD, < 2.5
A are considered bound to the protein (unspecific binding), while with the ones with RMSDs < 2.5 A are considered
stably bound to the pocket (specific binding). (B) RMSD time evolution of NPG9 during five bound MD
simulations, started from the docking pose (P0). (C) SaNSR depiction showing two groups of representative
ligand conformations inside the tunnel. Conformations of the five bound MD simulations were clustered using 1.5
A as cutoff. The centers of mass of the ligand are shown as blue and red spheres, and residues at a distance <4 A
are depicted as surface. Residues of the catalytic dyad are shown as green sticks. (D) RMSDy time evolution of
NPG? during 50 fldMD simulations, started from 10 random positions (P1 to P10). Replicas where the bound
frames (RMSD; < 2.5 &) represent = 0 %, > 10 % and > 50% of the total are marked with “#”, “+ and “++,
respectively. Dashed lines representing the cutoff values for binding (2.5 A, in black) and for pre-bound states
within the tunnel (4 A, in grey) are given. Each box with roman numbers represents a replica of 500 ns length.
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Figure S3. Unspecific binding events. Unspecific binding events of NPG9 during 50 fldMD simulations, defined
as conformations with RMSD, = 2.5 A. The docking pose is also reported as green sticks. Conformations were
clustered using a cutoff value for forming clusters of 1.5 A (see also Table $2). Clusters containing less than 5%
of the structures were ignored. The nine most populated clusters relate to 97.5%6 of all conformations.
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Figure S4. LC-MS spectra of compound NPG9 (M = 337.60 Da). (A) LC chromatogram. The relative
purity equals 90.90%. (B) MS spectrum, the peaks corresponding to NPG9 (M-+1) are highlighted with an

arrow. Method 1 was used.
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Figure 85. LC-MS spectra of compound NPG13 (M = 402.16 Da). (A) 1.C chromatogram. The relative purity
equals 75.10%, the main peak of the impurity corresponds to a derivative without hydroxyls (M=370.17 Da). (B)

MS spectrum, the peaks corresponding to NPG13 (M+1) are highlighted with an arrow. Method 1 was used.
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Figure 86. LC-MS spectra of compound NPG24 (M = 446.55 Da). (A) 1.C chromatogram. The relative purity
equals 93.51%. (B) MBS spectrum, the peaks corresponding to NPG24 (M+1) are highlighted with an arrow.

Method 2 was used.
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Figure 87. LC-MS spectra of compound NPG46 (M = 281.32 Da). (A) 1.C chromatogram. The relative purity
equals 82.02%. (B) MS spectrum, the peaks corresponding to NPG46 (M+1) are highlighted with an arrow.
Method 2 was used.
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Acquisition Parameter

22

lon Source Type ESI lon Polarity Negative Alternating lon Polarity on
Mass Range Mode UltraScan Scan Begin 80 m/z Scan End 1200 miz
Accumulation Time 2000 ps RF Level 59 % Trap Drive 44.9
SPS Target Mass 350 miz Averages 5 Spectra n/a nla
Intens - R
xingr
15] ? /
10 i
05 \
1
noj,iﬁi;, o s s o e e
0 2 4 6 B 10 12 14
#  RT [min] Area S/N  Area Frac. % Max, m/z
1 15.1 2304874752 14915 8.27 42531
2 16.5 1299167360 15016 522 315.16
3 16.8 21265432576 154967 8551 281.17
Cmpd 1, 15.1 min Cmpd 2, 16.5 min
Intens.{ WS, 14.9-15 6min #3138.3273 Intens. o +MS, 16.3-16.6min #3422-3493
x1071 | %1074
1+ 1+
15 425.31 4 31516
31
1 0]
| 2
i
057 a
| \ i ]
ool o 819.38 7 R || | s ; ;
200 400 600 800 1000 miz 200 400 600 800 1000 miz
mz  z | FWHM miz  z | FWHM
256.89 608871  0.26 21209 415561 028
33620 1+ 854016 029 22511 460054 025
35267 2+ 823742 025 28117 1+ 6801984 028
38165 633303 017 28216 1+ 1442877 026
41019 2+ 4818470 026 31516 1+ 38107664 027
41065 2+ 2848737 017 31614 1+ 7444250 0258
41115 2+ 1086942 018 317.14 1+ 13890192 025
42531 1+ 14071638 030 318.15 1+ 2771121 021
42627 1+ 4272831 026 31918 1+ 342364 026
42727 1+ 781775 022 3311 520844 022
Cmpd 3, 16.8 min
Intens. | i —— +MS, 16 6-18.2min #3498-3824
x108]
14
28117
y
{
2
561.34
5 -
200 400 600 800 1000 miz
mz z | FWHM
90.19 4531992 0.29
281.17 1+ 472549696 0.28
282168 1+ 94754040 027
28317 1+ 12545662 0.23
559.07 5369372 016
561.34 111358696  0.96
56230 1+ 35077892  0.56
56333 1+ 9491555  0.37
583.39 9191644 0.27
58438 3307603  0.40

Figure $8. LC-MS spectra of compound NPG51 (M = 280.41 Da). (A) LC chromatogram. The relative purity
equals 85.51%. (B) M8 spectrum, the peaks corresponding to NPGS1 (M+1) are highlighted with an arrow.
Method 2 was used.
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Abstract

Treatment of bacterial infections are the great challenge of our era due to the evolved resistance
mechanisms against antibiotics. Here we elucidate the mechanism of the BceAB-type transporer NsrFP from
Streptococceus agalactioe COH1, which is encoded on one operon with a two-component system NsrRK and
the nisin resistance protein {NSR).

This study shows an expanded substrate specificity of SaNsrFP not only against lantibiotics, like nisin and
gallidermin, but also against several other antimicrobial compounds suggesting a general transport
mechanism. Interestingly, a remarkable high fold of resistance was detected for bacitracin. Investigation on
the growth behavior, the cell wall composition as well as proteome analysis pointed to the same mechanism
of SaNsrFP, acting as a model system for all BceAB-type transporter. In this study we elucidate this overall
mechanism and demonstrate that SaNsrFP confers resistance due to a flipping of the cell wall precursor

lipid Il into the cytosol.
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Introduction

Bacterial infection cause over 150,000 death every year and are the major threat for humans (1-4).
Treatments have been possible by the development of antibiotics which have been around since 1917
starting with penicillin (5). In recent years however antibiotic resistance has become a great challenge, and
targeted bacteria evolved several different resistance mechanisms (6). The Achilles’ heel of bacteria was
shown to be the essential cell wall precursor lipid Il (7). Besides lipid Il itself also its biosynthesis and recycling
pathway, are potent targets for new antibiotic compounds (8). The bacterial cell wall is composed of
peptidoglycan, a polymer of N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc) cross-linked
by a pentapeptide (9). Briefly, lipid I is built in the cytoplasm by MraY attaching UDP-MurNAc-pentapeptide
to the lipid carrier undecaprenyl phosphate (UP), sequentially UDP-GIcNAc is attached through MurG
resulting in lipid Il. The peptidoglycan precursoris afterwards flipped to the extracellular space (or periplasm
in Gram-negative bacteria), still anchored to the membrane via undecaprenyl. Subsequently, the GlcNAc-
MurNAc-pentapeptide subunit is incorporated into the peptidoglycan (PGN), leaving undecaprenyl
pyrophosphate (UPP) residing in the membrane. This UPP is then dephosphorylated to undecaprenyl
phosphate (UP), which is flipped back into the cytoplasm, and implemented into a new peptidoglycan
synthesis cycle (10). Interrupting this cycle effectively results in inhibition of bacteria growth leading to cell
death (7, 8). Further when lipid Il is targeted the lipid carrier UP is not recycled, conclusively no new lipid Il

can be synthesized within the cytosol.

This lipid 1l cycle has been the target of numerous natural and chemically derived antimicrobial compounds,
for example binding to different moieties of lipid Il like the pyrophosphate moiety (Lantibiotics like nisin and
gallidermin) or the pentapeptide (Glycopeptides like vancomycin) or in the case of bacitracin the target is
UPP. One specific class are small antimicrobial peptides (AMPs), specifically binding to lipid Il called
bacteriocins (11). They target lipid Il like acylcyclodepsipeptides, lipoglycodepsipeptides and glycopeptide
antibiotics. A member of the acylcyclodepsipeptides is lysobactin, also known as katanosin B, first isolated
from a Lysobacter species (12, 13). Lysobactin inhibits the peptidoglycan synthesis by binding lipid [l ina 1:1

ratio (14), further it is shown to bind to the reducing end of lipid-linked cell wall precursors (14) (Figure 1A).
Ramoplanin is a lipoglycodepsipeptide antibiotic, produced by Actinoplanes sp. ATCC 33076 (15, 16).

Ramoplanin was shown to bind the pyrophosphate and the muramic acid moiety of lipid [l however and in

contrast to others it acts as a dimer (8, 17, 18) (Figure 1A).
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The glycopeptide antibiotic vancomycin, produced by Streptomyces orientalis (19) binds to the D-Ala-D-Ala
sequence of the pentapeptide of lipid Il (20-22) (Figure 1A). All three display an highly potent activity in the
nanomolar range.

In 2015 a novel depsipeptide antibiotic named teixobactin was discovered, which is produced by Gram-
negative Eleftheria terrae and was shown to bind to the phosphate moiety and the MurNAc of lipid Il.
Teixobactin shows antimicrobial activity against human pathogens like M. tuberculosis, methicillin resistance
S. aureus and vancomycin resistant Enterococci (23).

In addition to antibiotics specifically binding lipid Il also other parts of the peptidoglycan synthesis cycle have
been proven to be antimicrobial targets. For example, the cyclic peptide bacitracin. Produced by some
Bacillus species bacitracin has been successfully used in medical treatments against bacterial infections since
decades (24-27). The target of bacitracin was shown to be undecaprenyl-pyrophosphate (UPP) thereby
preventing the recycling of the lipid carrier resulting in an interrupted peptidoglycan synthesis (28, 29)

(Figure 1B).

A B

Vancomycin

Ramoplani
Lysobactin

o Bacitracin

Nisin
Gallidermin

Figure 1: Schematic representation of antibiotics targeting lipid Il and UPP. A} Schematic view of lipid Il, anchored to
the membrane (yellow) with its undecaprenyl-pyrophosphate (blue), N-acetyl muramic acid (red), N-acetyl
glucosamine (turquoise) and the pentapeptide Ala-Glu-Lys-(Asn)-Ala-Ala (orange). Highlighted are the target regions
of nisin and gallidermin (bold), ramoplanin and lysobactin (dashed) and vancomycin (plain). B} Schematic view of
undecaprenyl-pyrophoshphate with its phosphates (blue), anchored to the membrane (yellow) and highlighted target

region of bacitracin (bold).
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Lantibiotics represent a subclass of bacteriocins and are ribosomally synthesized and posttranslational
modified peptides (30-32). The best studied lantibiotic is nisin, produced by some Lactococcus lactis and
Streptococcus uberis strains (30, 31), which has a potent antimicrobial effect against several Gram-positive
bacteria due to multiple modes of action (33-35). First the N-terminal part of nisin binds the pyrophosphate
moiety of lipid Il (Figure 1A}, thereby inhibiting the peptidoglycan synthesis cycle (11, 35). Secondly, nisin is
also able to form pores into the membrane with its C-terminus which leads to rapid cell death due to the
efflux of nutrients and ions (36). By genome mining approaches the family of lantibiotics is raising and till
date over 150 lanthipeptides have been identified in the genomes of bacteria, , like virgicin from a
Virgibacillus species, tikitericin from Thermogemmatispora T81 and Z-geobacillin from Geobaccilus species
(37-42).

Hampering the usage of antibiotic bacteriocins as well as lantibiotics in medical treatment is the presence of
resistance mechanisms found in human pathogenic bacteria.

A rather novel family of ABC transporter, the Bacitracin efflux {Bce) type transporter have been identified to
confer high resistance against bacitracin as well as against lantibiotics like nisin and gallidermin in Bacilfus
subtilis, Staphylococcus aureus and Streptococcus agalactice, respectively (43-49). The homo-dimeric
BceAB-type transporter, which were first discovered in B. subtilis (50) are encoded on one operon with the
BceRS-like TCS. All BceAB-type transporter share a common architecture of a nucleotide binding domain
(NBD) and a transmembrane domain (TMD) (51). In the latter a large, characteristic extracellular domain
(ECD) between helices VIl and VIII (43, 45, 50, 51) is found, which however is not conserved on a sequence
level. Interestingly the kinase encoded on the same operon lacks an extracellular sensing domain (43, 45,
50}, suggesting a dual function of the transporter, which putatively on the one hand acts as a sensor and on
the other hand mediates the resistance against AMPs (52). Several putative mechanisms have been assumed
for BceAB-type transporter ranging from antimicrobial peptide removal from the membrane (53), operating
as an exporter (46) or flipping undecaprenyl pyrophosphate, a sub-product of the lipid Il cycle (54). Although
BceAB-type transporters have been intensely studied in the last years and were found in several human

pathogenic bacteria the resistance mechanism of the ABC-transporter family remains unsolved.

Here, we focus on the BceAB-type transporter NsrFP from Streptococcus agalactioe COH1 (SaNsrFP) which
is encoded on an single operon together with a two-component system (TCS) composed of a histidine kinase
NsrK and a response regulator NsrR.

Additionally, the nisin resistance protein (NSR), a serine protease specifically cleaving the last 6 amino acid
of nisin, is encoded on this nsr operon of S. agalactiae (45). Recently, it was postulated SaNsrFP is an exporter
expelling the lantibiotic once it reached the membrane(46).

In this study we use SaNsrFP as a model system to elucidate the mechanism of the resistance transporter.

4
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Material and Methods

Cloning and Expression

Cloning of nsrFP from S. agalactiae COH1 was performed liked described in Alkhatib et al. (2014) (55) and
Reiners et al. (2017) (46) to gain the plasmids pIL-SV SaNsrFP and pIL-SV SaNsrFuz024P, latter containing a
point mutation in the H-loop which is known to be important for the ATP-hydrolysis (56). These plasmids as
well as an empty vector plLl-SVCm were transformed into electrocompetent L. lactis NZ9000 cells (57) and

the generated strains are termed NZ900ONsrFP, NZSOOONSsrFuz024P and NZ9000OCm.

The L. lactis strains NZ9OOONsrFP, NZ900ONsrFu2024P were grown in GM17 medium containing 5 pg/ml
chloramphenicol. The expression was induced by adding 0.3 nM nisin, cultures were grown at 30°C.

For analyzing the expression, cultures were grown for 5 h and afterwards harvested using a centrifugation
step 30 minutes at 5000 x g. The pellets were resuspended with resuspension buffer { 50 mM HEPES pH 8.0,
150 mM NaCl, 10 % glycerol) to an ODggo of 200 and 1/3 (w/v) 0.5 mm glass beads were added. The cells
were lysed and the supernatant was separated by harvesting cell debris as well as glass beads with a 10,000
x g centrifugation step. The membranes were harvested from the supernatant by 100,000 x g centrifugation
step. Membrane fractions were prepared with SDS-loading dye (0.2 M Tris—HCI, pH 6.8, 10% (w/v) SDS, 40%
(v/v) glycerol, 0.02% (w/v) bromophenol and B-mercaptoethanol). These samples were used for SDS-PAGE
and western blot analysis and expressed SaNsrFP proteins detected with a polyclonal antibody against the

large extracellular domain of SaNsrP (Davids Biotechnologie, Regensburg, Germany).

Biological assays

Purification of Nisin

Nisin was purified with an ion-exchange chromatography as previously described (58) and the concentration

determined with RP-HPLC according to Abts et al. (2013) (59).

Determination of the half-maximal inhibitory concentration (ICso)

The half maximal inhibitory concentration was determined according to Abts et al. (2011) (58). Briefly, L.
lactis NZ900OCm, L. lactis NZ9OOONsrFP and L. factis NZ9OOONsrFuz024P cells were grown in GM17 medium
containing 5 pg/ml chloramphenicol and 0.3 nM nisin at 30°C overnight. Fresh GM17Cm medium with
sublethal amount of nisin (0.3 nM) was inoculated with overnight cultures to an ODego 0f 0.1. A 96-well plate

5
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was prepared with a serial dilution of examined antibiotics and subsequent the cell culture was added and
plates were incubated at 30°C for 5h. Afterwards the optical density was measured and the ICsp values for
each strain and antibiotic were calculated (46).To make those values more comparable the fold of resistance
was determined by dividing the 1Cse values of L. Jactis NZ9OOONsrFP and L. factis N2Z90OONsrFu024P with the

corresponding value for L. lactis NZ9000Cm.

Growth curve

To detect the growth behavior of the different strains precultures of [. lactis NZ9000Cm, L. lactis
NZ90CONsrFP and L. Jloctis NZ90OONsrFuapaaP cells were grown in GM17 medium with 5 pg/ml
chloramphenicol and 0.3 nM nisin at 30 °C overnight. Freshly prepared GM17Cm medium with 0.3 nM nisin
was inoculated with overnight cultures to an ODeggo of 0.1 and grown to an ODego of 0.4 - 0.5 at 30 °C. These
steps were repeated and afterwards the cells were diluted to an ODgoo of 0.05 in GM17Cm medium
containing 0.3 nM nisin. Cells were prepared with additional nisin (1 nM - 40 nM) and bacitracin (0.1 pM -
100 uM) concentrations, respectively. Growth was detected at ODsgs every 10 minutes with a FLUOstar

OPTIMA (BMG Lab technology).

Proteom analysis

Sample preparation

The L. lactis strains NZ90OONsrFP, NZ90OONsrF024P were grown at 30 °C in GM17 medium containing 5
pg/ml chloramphenicol and 0.3 nM nisin. Precultures were inoculated to an ODgoo of 0.1 and grown to the
exponential growth phase before a main culture was inoculated to an ODggo 0f 0.1. The cells were harvested
after 5 h at 5000 x g and the pellet was resuspended in phosphate buffer pH 7 to an ODggo of 200 and 1/3
(w/v) 0.5 mm glass beads were added. The cells were lysed and the supernatant was separated by a
centrifugation of 10,000 x g.

Protein concentration was determined by means of Pierce 660 nm Protein Assay (Fischer Scientific,
Schwerte, Germany) and 10 pg protein per sample were loaded on an SDS-PAGE for in-gel-digestion. The
isolated gel pieces were reduced, alkylated and underwent afterwards tryptic digestion. The peptides were

resolved in 0.1 % trifluoracetic acid and subjected to liquid chromatography.
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LC-MS analysis

For the LC-MS analysis a QExactive plus (Thermo Scientific, Bremen, Germany) connected with an Ultimate
3000 Rapid Separation liquid chromatography system (Dionex / Thermo Scientific, Idstein, Germany)
equipped with an Acclaim PepMap 100 C18 column (75 pm inner diameter, 25 cm length, 2 mm particle size
from Thermo Scientific, Bremen, Germany) was applied. The length of the LC gradient was 120 minutes. The
mass spectrometer was operating in positive mode and coupled with a nano electrospray ionization source.
Capillary temperature was set to 250°C and source voltage to 1.4 kV. In the QExactive plus mass
spectrometer for the survey scans a mass range from 200 to 2000 m/z at a resolution of 70,000 was used.
The automatic gain control was set to 3,000,000 and the maximum fill time was 50 ms. The 10 mostintensive

peptide ions were isolated and fragmented by high-energy collision dissociation (HCD).

Computational mass spectrometric data analysis

Proteome Discoverer (version 2.1.0.81, Thermo Fisher Scientific, Bremen, Germany) was applied for
peptide/protein identification applying Mascot (version 2.4, Matrix Science, London, UK) as search engine
employing the EnsemblBacteria database (Lactococcus lactis subsp. Cremoris NZ900; date 03-11-2019). A
false discovery rate of 1% (p < 0.01) on peptide level was set as identification threshold. Proteins were
quantified with Progenesis Ql for Proteomics (Version 2.0, Nonlinear Dynamics, Waters Corporation,
Newcastle upon Tyne, UK). Only proteins containing at least two unique peptides were taken into
consideration. For the calculation of enriched proteins in the groups a 5 % false discovery rate and a

minimum fold change of two was used.

Peptidoglycan analysis

Isolation of peptidoglycan

600 ml main culture of L. Jactis NZ900OCm, [. lactis NZ9OOONsrFP and L. lactis NZ9OOONsrFyz024P were
inoculated to an ODeoo of 0.1 with an overnight culture and grown at 30 °C. After the cells reached the late
exponential growth phase (OD 0.8-0.9) cells were harvested and stored at -20°C. To isolate the peptidoglycan
the cells were thawed on ice and resuspended in 15 ml of 50 mM Tris/HCl pH 7.0 buffer. Cell suspension was
added dropwise to 60 ml of boiling, stirred 4 % SDS solution. After additional 15 minutes of boiling
suspension was cooled to room temperature and centrifuged 10 minutes at 13,000 x g. The pellet was
washed two times with 1 M NaCl and afterwards with water unless no SDS was detectable in the supernatant

7
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(60). Pellet was resuspended in 1 ml water and 1/3 volume glas beads (& 0.5 mm) were added. Cells were
lysed and glass beads were harvested at 2,000 x g for 5 minutes. The supernatant was centrifuged 15 minutes
at 25,000 x g and the cell walls resuspended in 100 mM Tris/HCl pH 8.5 buffer including 20 mM MgSO0a. After
adding 10 pg/ml DNase | and 50 pg/ml RNase the samples were incubated at 37 °C with 180 rpm for 2 hours.
An 18 hours incubation occurred at the same conditions after addition of 10 mM CaCl; and 100 pg/ml trypsin.
Enzymes were stopped by adding 1 % SDS and incubation at 80 °C for 15 minutes. The suspension was diluted
to 20 ml with water and centrifuged at 25,000 x g for 30 minutes the pellet was resuspended and incubated
at 37 °C for 15 minutes with 10 ml 8 M LiCl and 10 ml 100 mM EDTA pH7, respectively. The peptidoglycan

pellet was washed with water, acetone and water before it was lyophilized and stored at -20°C.

The samples were treated with mutanolysin in an enzymatic buffer as follows: 150 plL of resuspended
peptidoglycan was mixed with 60 pL of mQ water and added with 75 pL of TES buffer (200 mM TES, 4mM
MgCl,, pH 7.0 with final concentration in the sample: 150 mM TES, 3 mM MgCly, pH 7.0} and 15 pL (75U) of
mutanolysin (Sigma-Aldrich, 5 kU/mL, dissolved in mQ water). Samples were incubated at 37 °C overnight

and afterwards centrifuged with 14000 rpm for 5 min.

HPLC-MS analysis

90 pl of the sample were injected into a Reprosil-Gold 300 Cis column (5 pm by 250 mm by 4.6 mm internal
diameter) by use of an HPLC-MS instrument (XCT 6330 LC/MSD Ultra Trap system; Agilent Technologies).
The HPLC parameters were as follows: holding with 5% of solvent B (methanol + 0.06% HCOOH) over 5 min
and then start with linear gradient from 30% solvent B against 70% solvent A (water + 0.1% HCOOH}) for 150
min with additional holding with 30% solvent B over 30 min with a flow rate of 500 pL/min. The MS
measurement was performed alternated ionization between positive and negative, with a capillary voltage

of 3.5 kV at 350 °C.

Cell wall precursor analysis

Growth condition and sample preparation

Cells were grown in M17 medium supplemented with 0.5 % glucose and 0.3 nM nisin overnight at 30°C
without shaking. At next day 100 ml with 0.5 % glucose and 0.3 nM nisin were inoculated with overnight
cultures to on ODgoo = 0.1. When ODgop = 1.2 100 pg/ml bacitracin was added to the cultures to enrich cell

wall precursors and cultures were incubated for further 30 min at 30°C. This step was repeated once. (As

8
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control a second culture each was harvested before bacitracin was added at an ODggo=1.2 and cell pellets
were stored at -20 °C) After incubation with bacitracin the cells were harvested and the cell pellets were
stored at -20 °C. At the next day the cell pellets were resuspended in 25 ml water and cooked for 60 min in
boiling water. Cell debris were removed by centrifugation (15 min, 500 x g, 4 °C). The supernatant, containing
the cell wall precursors, was lyophilisized overnight. Cell pellets were resuspended in 150 pl water and used

for LC/MS analysis.

LC/MS analysis of cell wall fragments

5 pl of each sample was injected into XCT6330 LC/MSD ultra trap system (Agilent Technologies) equipped
with a Nucleosil 100 C18 column (3 pm x 100 mm x 2 mm internal diameter, Dr. Maisch GmbH). The column
was used at 40°C. A linear gradient was performed from 0 % up to 10 % eluent B {0.06 % formic acid in
acetonitrile) over 25 min with a flow rate of 400 pl/min. The column was re-equilibrated for 10 min with 100
% buffer A (0,1 % formic acid in water). lonization alternated between positive and negative ion mode with
a capillary voltage of 3.5 kV at 350 °C. Extracted ion chromatograms (EIC) in negative ion mode for UDP-
MurNAc-Ala-Glu-Lys-Ala-Ala (m/z! 1148.34 +/-0.1) and UDP-MurNAc-Ala-Glu-Lys-Asp-Ala-Ala (m/z*!
1263.37 +/- 0.1) were analyzed with Data Analysis (Bruker), exported as .xy files and presented with

GraphPad Prism 6.0.

Analysis of NsrFP with BODIPY™ FL Vancomycin

L. lactis NZ9000Cm, NZ9000ONsrFP and NZ9000NsrFu202aP cells were inoculated to an ODeoo of 0.1 in fresh
GM17 media supplemented 5 pg/ml chloramphenicol and 0.3 nM nisin. Cells were grown at 30°C to an ODsoo
of 0.3 to 0.4 again inoculated to an ODeoo of 0.1. Cells grown again at 30°C and used for further assays at an
ODgqp of 0.3 to 0.4.

The relative fluorescence was measured with a FluorolLog (Horiba) at an excitation wavelength of 480 nm
and an emission wavelength of 514 nm. The cell suspension was stirred at 30°C during the assay. After a

stable baseline was reached BODIPY™ FL Vancomycin was added and the fluorescence intensity observed.
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Results

Recently, we showed that different lantibiotics were recognized by SaNsrFP (46). These were however
structurally related antimicrobial compounds e.g. peptides and we extended this to a structurally divers
rather unrelated group, including ramoplanin, vancomycin and lysobactin as known lipid Il binders, as well
as bacitracin which binds to the lipid carrier UPP.

Although some resistance was observed for the lipid Il binders (2-6-fold), a striking resistance was observed
for bacitracin (see Figure 2A, Sl Figure 1 and Table 1). Here an almost 350-fold of resistance against bacitracin
was observed suggesting that SaNsrFP is not recognizing the lipid Il binders itself (SI Figure 2). It is rather
likely that a different target is recognized by SaNsrFP, which is then transported into the cytoplasm, for
example lipid 1l, UPP or UP which are present at the bacterial membrane exterior. Since the first group of
substrates are all lipid 1l binders and bacitracin is an UPP binder, which is the product of lipid Il after
incorporation of the GlcNAc-MurNAc-pentapeptide subunit into the PGN, this high resistance observed

suggests that SaNsrFP is actively involved somewhere in the step of the recycling of lipid Il

To verify whether the observed resistance occurs from active transport mediated by the SaNsrFP BceAB-
type transporter we also expressed a dead mutant SaNsrFua2aP which displayed similar values as the
sensitive L. lactis strain indicating no resistance. Both, the wildtype and dead mutant SaNsrFP are expressed
at the same level as observed by western blot analysis of the membranes (Figure 2B shows for the SaNsrFP
expressing strain as well as for the dead mutant expressing strain bands with a height of approximately 50
kDa. Both proteins were expressed at the same level, whereas the control cells (NZ9000Cm) show no

expression).

To verify whether SaNsrFP is modulating the cell wall synthesis we investigated the components of the cell
wall. Here we observed components out of the amino sugars and the pentapeptide with an aspartate cross
linking bridge for the sensitive strain and the dead mutant (Figure 2C, highlighted in green), which differ
from the SaNsrFP expressing strain in the cross linking bridge composed of two alanine residues (Figure 2 C,
highlighted in yellow). Interestingly, the SaNsrFuz024P expressing strain also showed some of the double-
alanine PGN species, suggesting that the active transporter somehow causes a modulation of the cell wall

components (Figure 2C, Sl Figure 3).
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Figure 2: A) Fold of resistance of L. lactis NZ900ONsrFP against L. lactis NZ9000Cm calculated with determined ICso of
ramoplanin A2 (yellow), vancomycin (orange), lysobactin (green) and bacitracin (blue). Values for nisin and gallidermin
were taken from Reiners et al. (2017) (46) and marked with an asterisk. Values were calculated from at least 5
independent measurements. B) Expression of SaNsrFP (1) and SaNsrFuz24P (2) in L. lactis NZ9000 as well as the empty
vector plL-SV in L lactis NZ9000 monitored via western blot with a polyclonal antibody against the extracellular
domain of SaNsrP. C) HPLC Chromatogram purified peptidoglycan from L. factis NZ9000Cm (black), L. lactis
NZ9000NsrFP (blue) and L. lactis NZ90OOONSsrFuz0:4P (orange). Marked peaks could be related to the mass of GIcNAc-
MurNAc-Ala-iGlu-Lys-(Asp)-Ala-Ala (green) and GlcNAc-MurNAc-Ala-iGlu-Lys-{Ala-Ala)-Ala-Ala (yellow).

Binding of bacitracin to UPP causes inhibition of the lipid Il recycling, resulting in accumulation of the intra
cellular cell wall precursors (28, 29, 61). We tested whether this accumulation is occurring when SaNsrFP is
expressed in L. factis. As a control we used the non-expressing strain, carrying an empty plasmid, as well as
a strain expressing the SaNsrFP dead mutant. Here we observed the characteristic accumulation of the cell
wall precursors UDP-MurNAc-Ala-Glu-Lys-Ala-Ala (1148.4 m/z't) and UDP-MurNAc-Ala-Glu-Lys-{Asn)-Ala-Ala
(1263.4 m/z?) in the NZ9000Cm strain (SI Figure 4). Intriguingly, in the SaNsrFP expressing strain no
accumulation was observed indicating that the expression of SaNsrFP results in a bypass of this

accumulation, untimely bacitracin cannot bind to UPP. This is underlined with the results that
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NZ9000NsrFu2024P shows a slightly reduced cell wall precursor accumulation when compared to sensitive

cells, mediated by bacitracin, as expected for an inactive mutant (S| Figure 4).

This suggests that lipid Il recycling is still occurring in the SaNsrFP strain however taking a different route.
Since bacitracin does not inhibit the cell growth anymore only two points in the lipid Il recycling might be
the substrate for SaNsrFP, either lipid Il itself or UPP prior to bacitracin binding. UPP normally is not flipped
back and introduced into a new lipid Il synthesis cycle. Rather it is dephosphorylated prior to flipping at the
cytosolic site. Both possibilities however require an adjustment of the cells with respect to the availability of

the enzymes involved in lipid Il synthesis.

To investigate this, we examined a whole proteome analysis of NZ9000ONsrFP, NZ9000Cm and
NZ9000NsrFu2024P L. lactis strains grown under identical conditions. The proteomes of these were analyzed
by mass spectrometry leading to the quantification of 894 proteins (identified by at least two unique
peptides in each strain). The comparison hetween NZ9000Cm and NZ9000NsrFP revealed 315 differential
proteins (Figure 3A). 339 proteins show differential abundances between NZ9000NsrFhz024P and
NZ9000NsrFP (Figure 3B). This implicated that the SaNsrFP expressing strain need to react significantly to
counter act the transport mediated by the BceAB transporter. Further analysis displayed that proteins
involved in cell wall synthesis are downregulated in the proteome resulting from the NZ9000ONsrFP strain
(Figure 3A & B and S| Figure 5). Downregulated proteins in SaNsrFP expressing cells include the
phosphoenolpyruvate-protein phosphotransferase MurA (ADJ59149), UDP-N-acetylmuramate-L-alanine
ligase MurC (ADJ61283), UDP-N-acetylmuramoyl-L-alanyl-D-glutamate synthetase MurD (ADJ59924), UDP-
N-acetylmuramoylalanyl-D-glutamate-2,  6-diaminopimelate  ligase  MurE  (ADJ60966), UDP-N-
acetylmuramoylalanyl-D-glutamyl-2,6-diaminopimelate--D-alanyl-D-alanine ligase MurF {ADJ59382) and N-
acetylmuramic acid-6-phosphate etherase MurQ (ADJ60417). Further several proteins involved in the
synthesis of single components of the lipid Il synthesis, like UDP or the amino sugars are down regulated in

NZ9000NsrFP as well (SI Figure 5).
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Figure 3: A) Volcano plot of the proteome analysis of NZ900ONsrFP against NZ9000Cm and B) NZ9000ONsrFP against
NZ9000NsrFuz024P. Proteins invalved in the cell wall synthesis are highlighted in orange if upregulated in NZS000Cm
(A) and NZ9000ONsrFy2004P (B) as well as highlighted in blue if upregulated in NZ90OONsrFP. C} Growth curve of L. lactis
NZ9000NSsrFP (blue), L. factis NZ9OOONSsIFy,paP (red) and L. /actis NZ9000Cm (black) induced with 0.3 nM nisin. D)
Growth curve of L. /actis NZ900ONsrFP (blue) induced with 0.3 nM nisin and L. lactis NZ900ONsrFP (turquoise), L. lactis
NZ9000NSsrF2024P (0range) and L. /actis NZ9000Cm (grey) induced with 0.3 nM nisin and additionall 100 nM bacitracin.
Our initial ICsp analysis showed that the SaNsrFP strain was still growing under treatment of bacitracin. A
drawback of this analysis is that the OD was measured after a couple of hours by which the initial growth

rate and behavior was not detected.
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Since the major lipid Il cell wall synthesis proteins are down regulated in NZ900ONsrFP and the transporter
confers a high resistance against a cell wall precursor preventing bacteriocins we were interested whether
expression of the transporter also influences the growth behavior of the cells.

After preparing the cells the growth of N29000Cm, NZ9000NsrFP and NZ9000NsrFuz024P was observed over
500 minutes (Figure 3C). All strains were inoculated at an ODggp of 0.05 and induced with 0.3 nM nisin. Here
the NZ9000ONsrFP (blue) displayed a reduced growth in the early stage which appears to be arising from an
adjustment of the cell due to the expression of SaNsrFP. Interestingly this behavior is not observed for the
NZ9000NsrFu2024P ( Figure 3C red), which displayed the same growth behavior as the NZ9000Cm strain (
Figure 3C black).

We repeated these experiments with an additional 100 nM bacitracin. Here a reduction of the growth can
be observed in the NZ9000Cm strain which can be explained by the results found in the 1Cs value. 100 nM
is below the ICso of bacitracin which still allows the cells to grow but a reduction is present due to the binding
of UPP by bacitracin. Not surprising is that the NZ9000NsrFuz24P strain shows a similar behavior and
displayed a reduced growth. Intriguingly is the observation that the NZ90OONsrFP strain shows no reduced
growth (Figure 3D). Meaning that it grows faster under similar conditions. Interestingly the growth curve is
similar to the curve observed for the same strain without bacitracin. This implicates that SaNsrFP is resistant
towards bacitracin. Importantly, the growth curve observed for SaNsrFP is reduced when compared to the
sensitive and the dead mutant of SaNsrFP expressing cells, suggesting that the established recycling of lipid
Ilis bypassed. The new route however required some adjustment within the cells, which explains the delay

in cell growth in the beginning of the curve.

So far all results point to a cell wall precursor related mechanism for the ABC-transporter SaNsrFP. Since all
antibiotics SaNsrFP confers resistance to are either binding the cell wall precursor lipid Il or target another
cell wall synthesis step a lipid Il binding fluorophore BODIPY™ FL Vancomycin was used to investigate on the
functional mechanism of SoNsrFP.

At first the cells were monitored with an excitation and emission wavelength from 480 and 514 nm and the
relative fluorescence was observed over the measuring time. For all concentrations and strains after adding
the dye an fast increase of the fluorescence signal is detectable which than decreases over time till it reaches
an equilibrium. Interestingly this equilibrium is at a lower relative fluorescence intensity for NZ90OOONsrFP
with the concentration 1000 nM and 2000 nM of BODIPY™ FL Vancomycin compared to NZ900ONsrFua024P

and NZ9000Cm (Sl Figure 6). This indicates an effect on lipid Il mediated by the expression of SaNsrFP.
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Discussion

Previous studies showed that the BceAB type ABC transporter SaNsrFP confers resistance against the
lantibiotic nisin and gallidermin (46), both binding to the pyrophosphate of the cell wall precursor lipid 11 (11,
35, 62). As both tested lantibiotics target the same moiety of the cell wall precursor in this study we
addressed the substrate specificity in a brouder context.

It has been determined that SaNsrFP confers a minor resistance against Ramoplanin A2 whereas the
transporter mutant, unable to hydrolyze ATP, showed an almost similar value (Table Y, Figure XB). By
contrast SaNsrFP showed resistance against lysobactin. This results seemed to be inconsistent as both
bacteriocins share the N-acetyl muramic acid (MurNAc) and the pyrophosphate of lipid Il as a target, but it
was shown that ramoplanin A2 binds lipid Il as a dimer whereas lysobactin targets monomeric (8, 14, 17,
18). This results raised the assumption that the mechanism of SaNsrFP is rather lipid Il related than that the
antibiotics itself are affected. To proof this assumption we also tested vancomycin, which in contrast does
not hind to the sugar or phosphate moiety but to the D-Ala-D-Ala sequence of the pentapeptide of lipid Il
(20-22). The results for vancomycin show resistance mediated by the expression of SaNsrFP. This let us to
the expectation SaNsrFP flips lipid Il back into the cytoplasm, resulting in a lower accessibility of the target

for the tested antibiotics.

As a control the cyclopeptide bacitracin, which binds to the pyrophosphate of UPP, was tested (28, 29). UPP
arises as an interstage product in the peptidoglycan cycle. Bacitracin interrupts this cycle by binding to UPP
and therefore preventing the dephosphorylation and translocation. Our investigations with bacitracin
resulted in surprisingly high fold of resistance of 349.15 * 64.9 for L. lactis NZ900ONsrFP and a 25 fold less
value of 13.70 £ 9.1 for L. lactis NZ900ONsrF0:4P. Contemplating the proposed SaNsrFP mechanism this
results could arise if lipid Il is flipped back into the cytoplasm. The peptidoglycan synthesis cycle would be
cut short at this step so UPP would not be present in the extracellular space and bacitracin lacks a target.

Interestingly also other BceAB-type ABC-transporter confer a high resistance against bacitracin. In Listeria
monocytogenes the transporter AnrAB was detected, which was first thought to confer resistance against
nisin. AnrAB was tested against other AMPs and showed resistance also against the lantibiotic gallidermin
and the highest resistance, of all tested substances, against bacitracin (49). The ABC-transporter BceAB of B.
subtilis showed, besides resistance against nisin and gallidermin, the highest resistance against bacitracin as
well (44). Also studies with VraDE of S. aureus showed resistance against nisin and gallidermin and also
against bacitracin mediated by this transporter (47, 48). As all mentioned transporter confer resistance

against the lantibiotic nisin and the cyclic peptide bacitracin, while those share neither structural nor target
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similarities, it can be assumed that the transporters must share a mechanism involving the lipid Il recycling

process.

However, we were concerned about the fact that the dead mutant variant still shows higher 1Csg values than
the control strain with an empty plasmid, nevertheless this observation can be explained. On the one hand
it was shown for several ABC-transporter that variants with mutations of the H-loop still show some rest
activity (e.g. (63, 64)). On the other hand the transmembrane domain SaNsrP is not affected by the NBD
mutation so it is supposable SaNsrP still binds to lipid 1l but is unable to flip it into the cytoplasm due to the

lack of energy.

As a control we checked the peptidoglycan composition of all strains which is altered in the SaNsrFP
expressing strain. Here we could observe a double-alanine cross linking bridge instead of an aspartate in the
sensitive strain. It might be possible that SaNsrFP decarboxylases the aspartate residue by flipping lipid Il
inside of the cell. The resulting, altered lipid Il cross linking bridge is subsequently rather extended by a

second alanine residue than carboxylated back to an aspartate.

A disturbance of the peptidoglycan synthesis due to flipping of lipid Il should result in an altered growth
behavior of the cells so we detected growth curves of L. lactis NZ900ONsrFP and the control strains.
Untreated cells which were only induced with a sublethal amount of nisin showed a decelerated growth of
L. lactis NZ90OONsrFP compared to L. lactis NZ90OONsrFua024P and L. lactis NZ9000Cm (Figure XC). Further
we treated the cells with 100 nM bacitracin which results in a breakdown of the growth of the control cells
but did not influence the growth of L. lactis NZ90OONsrFP (Figure XD). Those results support our hypothesis
since less provided lipid Il results in a slower peptidoglycan synthesis and subsequently in a slower growth
and further treatment with bacitracin does not influence the growth of SaNsrFP expressing cells if the target
is absent.

Based on this it was of major interest to check the proteome of the cells. The cell extract was analyzed and
displayed that proteins involved in cell wall synthesis are downregulated in NZ9OOONsrFP proteome. This
result can be explained if lipid Il is flipped into the cytoplasm by SaNsrFP, subsequently less lipid Il has to be

synthesized which would result in less expression rate of the involved proteins.

Studies with BODIPY™ FL Vancomycin showed a decreased relative fluorescence intensity for NZ900OONsrFP
cells than for the control cells. For fluorophores like BODIPY™ it is known they are quenched concentration
dependent due to a Férster-type inductive resonance transfer (65-67) . A more decreased relative
fluorescence signal would therefore indicate more bound BODIPY™ FL Vancomycin, which could on the one
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hand results from more produced lipid Il in NZ900OONsrFP cells, which is very unlikely due to the
downregulated proteins of the lipid Il synthesis. On the other hand, which is more likely, we found out that
peptidoglycan cross linking bridges in SaNsrFP expressing cells are altered to Ala-Ala, which is the binding
motif of vancomycin. Hence, we have plenty much binding sites for the fluorophore coupled compound
which subsequently results in more Forster-type inductive resonance transfer and consequently to a higher

fluorophore quenching.

Since we postulated a lipid Il flippase mechanism the original flippase in the lipid Il synthesis MurJ should be
considered, which transports the cell wall precursor from the cytosol to the extracellular space. Recently the
mechanism of this protein and its conformations were elucidated (68, 69). Mur] belongs to the
multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) superfamily, composed of 14 TMHs, which are
distinct into the N-lobe (TMH 1-6), the C-lobe (TMH 7-12) and the TMHs 13 and 14, which do not belong to
the core transport domain. It is postulated, that a loop between TMH 6 and 7 has an effect on the inner- and
outward-facing conformation (68). Compared to the BceAB-type transporters no large transmembrane loop
is existent, but a large extracellular domain between TMH 7 and 8, whose function is still unknown. As this
extracellular domain (ECD) is very specific for this kind of transporters it is very likely that it fulfills an
important function, which could be the change of the conformation of the transporter to enable the
transport of lipid Il from the extracellular space into the cytoplasm. Further it is thought that this ECD could
act as a sensor since the extracellular sensing domain in BceAB-type transporter related histidine kinases is

absent.
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Figure 4: Postulated mechanism of SaNsrFP. Schematic view of peptidoglycan synthesis. Phosphates are marked with
an P, undecaprenyl as a black curved line, uridine phosphate (UDP) in light blue, GIcNAc in blue, MurNAc in red and
aminoacids of the pentapeptide in orange. The transporter SaNsrFP is demonstrated in blue with a highlighted arrow

for the postulated flippase mechanism of lipid Il inside of the cytoplasm.
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In Figure 4 the postulated mechanism of SaNsrFP is demonstrated. Based on all results from this study a
flippase activity of the transporter is very likely to prevent the cells from lipid Il targeting antibiotics and
especially from bacitracin. Prior studies postulated an export mechanism of SaNsrFP, based on a peptide
release assay, which results in more nisin in the supernatant of SaNsrFP expressing cells compared to the
control cells (46). Related to the flippase mechanism, this results can also be explained by removing the
target molecule lipid Il from the extracellular space. Subsequently less nisin is able to bind and more nisin
can be detected in the supernatant. This also explains further assumptions of the removal from AMPs from
the membrane (53). A study about the BceAB transporter from B. subtilis postulates a flipping of
undecaprenyl pyrophosphate (UPP) in order to remove the bacitracin target and therefore confers resistance
against bacitracin (54). Other studies about the same transport showed additionally resistance against nisin
and gallidermin, mediated by BceAB, which could not be explained by a UPP flippase mechanism (44). It is
more likely that this type of transporters relocate the cell wall precursor lipid Il and thereby suppress the

formation of UPP, which subsequently results in the bacitracin resistance (Figure 4).
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Sl Table 1: Measured ICso values and calculated fold of resistance for the antibiotics Ramoplanin A2, Vancomycin, Lysobactin and

Bacitracin and for the strains NZ9000Cm , NZ900ONSsrFr2024P and NZ900ONsrFP.

L. lactis L. lactis NZ90OOONsrFP L. lactis NZ900ONsrFuz02aP
NZ9000Cm
Antibiotic 1Cs0 [nM] 1Cs0 [nM] Fold of ICs0 [nM] Fold of
resistance resistance
Ramoplanin 73.00+18.2 120.52+34.2 1.65+0.5 91.67 £ 20.5 1.26£03
A2
Vancomycin 213.57 £ 27.0 1077.92 £ 263.5 5.05+1.2 325.38+117.1 1.52+0.5
Lysobactin 30.77 £ 16.8 181.68+36.5 591+1.2 101.80 £52.2 331+18
Bacitracin 937.64 +£93.9 327500.00 349.15+64.9 12854.8 + 13.70+9.1
60883.9 8517.2
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S| Figure 2: Structures of A) Ramoplanin A2 from AdipoGen life sciences, B) Vancomycin from Fluka Analytical, C) Lysobactin from
Sigma life sciences and D) Bacitracin from Fisher BioReagents.
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Abstract

For pharmaceutical research it is a great goal to elucidate and overcome resistance mechanisms present in
human pathogenic bacteria. In this study natural compounds were screened on their ability to inhibit the
growth of cells expressing the nisin resistance proteins SeNSR and SaNsrFP of the human pathogen
Streptococcus agalactiae. Here we show an assay to elucidate whether natural compounds specifically inhibit
resistance proteins and present some promising candidates, including cyclic peptides, diterpenes and

ceramides, which cause inhibition of the nisin resistance ABC-transporter SaNsrFP.
Introduction

Elucidating and overcoming resistance mechanisms of human pathogenic bacteria is the main goal of
pharmaceutical companies. One strategy to reach this goal is the application of natural compounds, as potential
antimicrobial agents. One group of natural compounds are lantibiotics, produced by mainly Gram-positive
bacteria (1, 2). They are produced as prepeptides and mature in the cytosol of the bacteria, thereby forming
lanthionine rings which are necessary for their stability and activity (3-3). The best studied lantibiotic is nisin,
produced by Lactococcus lactis and Streptococcus uberis strains (6, 7). Nisin has a dual mode of action. First
the N-terminal part of nisin binds to the pyrophosphate moiety of the cell wall precursor lipid II, thereby
inhibiting peptidoglycan synthesis (8, 9). Secondly, nisin forms pores out of eight nisin and four lipid II
molecules into the bacterial membrane which leads to rapid cell death due to the efflux of nutrients and ions
and subsequently to a collapse of the membrane potential (10). Pharmaceutical usage of nisin and other
lantibiotics like subtilin from B. subtilis and gallidermin from S. gallinarium are hampered by the presence of
resistance mechanisms in human pathogenic bacteria (11-15). For example, mediated by the nsr operon in the
human pathogenic strain Streptococcus agalactiae (16, 17). The nisin resistance protein operon (nsr operon)
of S. agalactiae is composed of genes encoding a serine protease NSR, an ABC-transporter NsrFP and a two-
component system NsrRK (16).

SaNSR belongs to the S41 peptidase family and has a specific catalytic dyad mechanism consisting of a serine
and a histidine residue (18, 19). NSR confers resistance against nisin by degrading the lantibiotic via cleavage

between MeLan28 and Ser29 of nisin (17), thereby reducing the antimicrobial activity 100 fold (17, 20). If
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SaNSR is expressed in a nisin sensitive L. lactis strain a 18-20-fold resistance against nisin can be observed
(16).

The ABC-transporter NsrFP from S. agalactiae consists of a nucleotide binding domain NsrF and a
transmembrane domain NsrP and belongs to the BeeAB-type transporter (16). If expressed in a nisin sensitive
L. lactis strain SaNstFP confers 16-fold of resistance against nisin and 12-fold of resistance against the
lantibiotic gallidermin. As nisin and gallidermin are similar in the N-terminal part it was assumed that NsrFP
also recognizes the N-terminal part of nisin. Further it was shown that SaNsrFP prevents the cells from pore
formation mediated by nisin and an efflux mechanism of the transporter was postulated based on an peptide
release assay (21). Despite this the mechanism and the structure of NsrFP from S. agalactiae remains

unknown.

In this study we present a screening of compounds and derivatives from natural source like fungi and marine

organisms on their effect on the nisin resistance proteins SaNSR and SaNsrFP from S. agalactiae.

Material and Methods

Cloning of nisin resistance proteins

For studies in recombinant L. lactis cells the plasmid pNZ-SV-SaNSR was obtained by cloning the gene nsr
from S. agalactiae COHI1 as previously described (16). Cloning of ns#FP from S. agalactiae COH1 was
performed liked described in Alkhatib et al. (2014) (22) and Reiners et al. (2017) (21) to gain the plasmid pIL-
SV SaNsrFP. Briefly, the plasmid was transformed using electrocompetent L. lactis NZ9000 cells and a pulse
setting of 1 kV, 25 uF, 200 Q, for 4.5-5.0 ms to electroporate the cells (23). Afterwards 950 pul GM17 media
was added and the cells incubated for 3h at 30 °C. At last the cells were plated on SMGG-agar plates

containing 5 pg/ml erythromycin and chloramphenicol, respectively.

Purification of nisin

Nisin was purified as previously described using a cation exchange chromatography (24). To obtain the
concentration the peptide was analyzed with RP-HPLLC as described previously (25). Briefly a
water/acetonitrile gradient, acidified with 0.1 % TFA, was used from 10 % acetonitrile to 64 % acetonitrile.

Growth inhibition assay

To verify the nisin concentration used for the specific growth inhibition an assay similar to the previously

described ICso assay was performed (21). Briefly nisin was diluted in a 96-well plate and the strains L. lactis
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NZ9000, L. lactis NZ9OOONSR and L. [actis NZ9OOONsrFP were added. After incubation at 30°C for 5 hours

the ODsos was measured and normalized.

Specific growth inhibition assay

To screen the natural compounds on their ability to specifically inhibit the growth of SaNSR or SaNsrFP
expressing strains the cells were grown in GM17 medium with 3 pg/ml erythromyecin or chloramphenicol and
1 ng/ml nisin overnight. The cells were diluted in fresh media to an ODsos of 0.1 and incubated for 30 min at
30 °C. In a 96 well plate 50 pl of the natural substances and the DMSO control were added. 150 ul L. lactis
cells were added to natural substances. Each resistance protein expressing strain, L. lactis NZ9000 pNZ-SV-
SaNSR and L. lactis NZ9000 plL-SV-SaNsrFP was sublemented with 30 nM nisin and compared to the
corresponding sensitive strain, L. lactis NZ.9000 pNZ-SV-Erm and L. lactis NZ9000 pIL-SV-Clm. Cells were

grown at 30°C for 5 hours and ODsos was measured.

Natural compounds

The natural compounds were obtained from Prof. Dr. Proksch, Insitute for pharmaceutical biology and
biotechnology of the Heinrich-Heine-University Diisseldorf. They are dissolved in DMSO at a concentration
of 10 mM and stored at -20 °C until further usage. For the specific growth inhibition assay the compounds

were diluted with water. A list with all compounds is found in the appendix of this chapter.

Results

Conditions for the screening of natural compounds

To verify if a compound specifically inhibits the resistance proteins all compounds were used at the same
concentration of 100 uM for the control strain and the resistance strain. Hence it can be visualized whether a
compound has an unspecific inhibition effect, which would result in an decreased optical density for both
strains. Further the nisin concentration depending growth for all strains was determined (Figure 1). For the
resistance strains L. lactis NZ9OOONSR (blue) and L. lactis NZ90OONsrFP (red) the growth curve is shifted to
higher nisin concentrations than for L. lactis NZ9000 (black). The dotted line marks a nisin concentration of
30 nM (log = 1.48), here the growth for the resistant strains is still 100 % whereas the sensitive cells are dead.
This concentration of 30 nM nisin was used for the further assays to see whether the compounds specifically
inhibit the resistance protein, which would result in a drop of the growth of /.. lactis NZ90OOONSR and L. lactis
NZ9000NsrFP, respectively.
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Figure 1: Growth curves in the presence of nisin. Normalized ODsos against logarithmic nisin concentrations [nM] for the strains
L. lactis NZ9000 (black), L. lactis NZ9OOONSR (blue) and L. lactis NZ90OONsrEP (red). The dotted line at log 1.48 demonstrates

a nisin concentration of 30 nM, which 1s used in further assays.
Screening of natural compounds against SaNSR and SaNsrFP

120 natural compounds provided by the research group of Prof. Dr. Proksch, Insitute for pharmaceutical
biology and bioteclnology of the Heinrich-Heine-University Disseldorf were screened on their ability of
specific growth inhibition against SaNSR and SaNsrFP expressing cells. Therefore, the ODsos was measured
in presence of 100 uM compound and normalized against the DMSO control. Further the normalized ODs for
the resistance protein expressing strains were divided by the normalized ODs for the sensitive strains and
subtracted from 100 % to gain the specific growth inhibition of L. /actis NZ9000 pNZ-SV-SaNSR and L.
lactis NZ9000 pIL-SV-SaNsrFP. The threshold was set to 40 % specific growth inhibition since 100 pM
compound were used and lower inhibition than 40 % is rather due to random binding or weak affinity than
due to a specific inhibition of the resistance protein. Figure 2 and 3 show the results for all natural compounds
sereened for SaNSR and Figure 4 and 5 for SaNsrFP.

For the SaNSR expressing strain some compounds like dibromhemibastadin-1, W493 B and homosekikaic
acid showed a slightly growth inhibition but did not reach the threshold of 40 %.

For L. lactis NZ9000 pNZ-SV-SaNSR no specific inhibitor was recognized by the screening of 120
compounds (Figure 2 and 3).

For the ABC-transporter expressing strain some compounds showed a high inhibitory effect over 40 % and
were further analyzed. Those compounds were bakuchiol, sekikaic acid, Cercbroside C, callyaerin G,

callyaerin E, gl114 and alterporriol E (Figure 4 and 5).
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Figure 2: Natural compound screen on L. lactis NZ9000 pNZ-SV-SaNSR. First set of 60 compounds [100 pM] screened on their
ability to specifically inhibit the growth of L. lactis NZ9000 pNZ-SV-SaNSR in the presence of 30 nM nisin. Line at 40 % specific

growth inhibition shows threshold for further studies. Compounds with no inhibitional effect are shown with no bar.
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Figure 3: Natural compound screen on L. lactis NZ9000 pNZ-SV-SaNSR. Second set of 60 compounds [100 uM] screened on
their ability to specifically mhibit the growth of L. lactis NZ9000 pNZ-3V-SaNSR 1in the presence of 30 nM nisin. Line at 40 %

specific growth inhibition shows threshold for further studies. Compounds with no inhibitional effect are shown with no bar.
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Figure 4: Natural compound screen on L. lactis NZ9000 pIL-SV-SaNsrFP. First set of 60 compounds [100 pM] screened on

their ability to specifically inhibit the growth of L. lactis NZ9000 pIL-SV-SaNstFP in the presence of 30 nM nisin. Line at 40 %

specific growth inhibition shows threshold for further studies. Compounds with no inhibitional effect are shown with no bar.
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Figure 5: Natural compound screen on L. lactis NZ9000 pIL-SV-SaNsrFP. Second set of 60 compounds [100 uM] screened on
their ability to specifically inhibit the growth of L. lactis NZ9000 pIL-SV-SaNsrFP in the presence of 30 nM nisin. Line at 40 %
specific growth inhibition shows threshold for further studies. Compounds with no inhibitional effect are shown with no bar.
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The promising compounds were investigated against L. Jactis NZ900ONstFP in the same assay like mentioned
above resulting in 8.7 + 5.5 % specific inhibition for sekikaic acid and 1.4 + 0.6 % for callyaerin G. More
interesting results were obtained for alterporriol E with 19.0 + 5.6 %, callyaerin E with 27.0 + 6.5 % and g114
with 38.7 + 4.7 % specific growth inhibiton of L. lactis NZ900ONsrFP. The highest inhibition was detected
with Cerebroside C ., which gained an value of 83.2 = 1.0 % specific inhibition, when 100 uM compound were

present (Table 1, Figure 6).

Table 1: Measured specific growth inhibition in % of the natural compounds sekikaic acid, Cerebroside C, callyaerin G,

callyaerin E, g114 and alterperriol E for L lactis NZ9000 pIL-SV-SaNsrFP.

I Sekikaic acid ‘ Cerebroside C | Callyaerin G ‘ Callyaerin E | gll4 ‘ Alterporriol E

Specific growth
inhibition [%]

8.7+55 ‘ 83.2+1.0

14+06 ‘ 27.0+£6.5

38.7+47 ‘ 19.0£56

— 100+
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specific growth inhibition [%
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Figure 6: Measured specific growth inhibition in % of the natural compounds sekikaic acid, cerebroside C, callyaerin G,
callyaerin E, g114 and alterperriol E for L. lactis NZ9000 pIL-SV-SaNsrFP. All values were obtained from at least 4 independent

measurements.
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Since Cerebroside C gained the highest specific growth inhibition of L. lactis NZ900ONsrFP it was further

analyzed and compared to Cerebroside D, which only differs in one double bond (Figure 7).

A
(0]
HO H@JWVWW\/\CH3
0%20 é QQ/W\/\/\/\/CH
H 3
HO—~51, il ks
OH CHs

B
o

H@MA/\MAMCHG

HO Y
HO%EO : %\/\(\/\/\/\/CH
3
WIS YSS
OH CHj
Figure 7: Structures of A) Cerebroside C and B) Cerebroside D.

The growth of L. lactis NZ900ONsIFP strain was observed in presence of 30 nM nisin and further compared
to the growth of L.lactis NZ9000 cells at different concentrations of the Cerebroside variants (Figure 8).
Interestingly Cerebroside D (black bars) showed no specific growth inhibition whereas Cerebroside C (blue

graph) inhibits the growth of L. lactis NZ900OONsrFP even at a concentration of 6,3 uM.

100~
80+
60
404

20+

specific growth inhibition [%]

O

compound [uM]

Figure 8: Specific growth inhibition of L. lactis NZ9000NsrFP. Normalized and specific growth of L. lactis NZ90OONstFP
compared to L. lactis NZ9000 treated with 30 nM nisin against different concentrations of Cerebroside C (blue) and Cerebroside D
(black).

Those results indicate that the inhibition of SaNsrFP is specifically due to Cerebroside C. Cerebroside C,
provided by Prof. Dr. Proksch, was analyzed on its purity via HPLC-MS measurement (Data not shown). Five

different masses where found in the sample, none of them fitting to the mass of Cerebroside C. As the sample

10
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is isolated decades ago, it is thought that the compound degraded over the time. Nevertheless, the sample of

Cerebroside C shows a high specific inhibition of the resistance transporter SaNsrFP.

Discussion

Sekikaic acid, which is found in some lichens, was not able to inhibit the nisin resistance ABC-transporter
SaNsrFP. Neither was callyaerin G, a cyclic peptide found in Callyspongia aerizusa extract, able to inhibit
the resistance mediated by SaNsrFP (26). On the contrary callyaerin E, which just differs in three residues in
the peptide, gained an specific growth inhibition of 27 %, suggesting that those small differences influence
the inhibition property of the peptide (Table 1) (26). The ring structure of the peptide callyaerin E holds a
valine residue whereas callyaerin G at this position has a leucine residue. As those amino acids are quite
similar, it is very unlikely that this difference influences the inhibition of SaNsrFP. In the peptide side chain
two isoleucins in callyaerin E are substituted by a proline and a phenylalanine in callyaerin G resulting in a
huge sterically difference which can influence the affinity of the peptide to SaNsrFP. As screenings with the
same setup but with SaNSR instead of SaNstFP resulted in no specific growth inhibition (Figure 2 and 3)
mediated by the callyaerins it is very unlikely that callyaerin binds to nisin. To optimize the specific growth

inhibition by callyaerins also other nautral variants (A-M) could be tested (26).

The application of alterporriol E resulted in a L. lactis NZ9000 pIL-SV-SaNsrFP growth inhibition of 19 %
(Table 1). The bianthraquinone from Alternaria porri is one of five natural variants, therefore the other natural
variants also have to be tested on their ability to inhibit the growth of the SaNsrFP expressing cells (27).

G114, a tricarbocyclic diterpene, causes 39 % inhibition of the L. lactis NZ.9000 pIL-SV-SaNsrFP growth
compared to the control cells. As there is no inhibition for the 1. lactis NZ9000 pNZ-SV-SaNSR cells it is
very likely that g114 binds to the ABC-transporter and thereby interrupts the resistance against nisin. Previous
studies suggested an exporting mechanism for SeNstFP, which led to the assumption that nisin has to be bind
by the transporter and therefore g114 could also bind to the same binding site, thereby inhibiting the export

of nisin (21). Nevertheless also of this compound more derivates have to be tested.

The best inhibiting compound for the SaNsrFP expressing strain is Cerebroside C with 83 % at a concentration
of 100 uM. Cerebrosides consist of a fatty acid and a sphingosine, which together form the ceramide and
further a monosaccharide. The ABC-transporter is a membrane protein and Cerebroside C has a high affinity
to the membrane because of its lipid structure. It can be assumed that Cerebroside C also has a high affinity
to the ABC-transporter. However, Cerebroside D with a similar structure showed no inhibitional effect which

indicates rather a specific binding of SaNsrFP.

11
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SaNstFP is a BeeAB-type trangporter and several mechanisms have been postulated for this type of
transporter. An antimicrobial peptide removal from the membrane (28), an exporting mechanism (21) and a
flipping mechanism of undecaprenyl pyrophosphate (29). Although the resistance mechanism of the ABC-
transporter family remains unsolved putative inhibition mechanism of Cerebroside C are conceivable. The
removal of nisin from the membrane could be disturbed by the lipid-like structure and its affinity to the
membrane and eventually to the transporter. This is quite unlikely as Cerebroside D should have the same
effect. An exporting mechanism of SaNsrFP could be inhibited by specific binding of Cerebroside C to either
the active site of the transporter, resulting in an competitive inhibition, or binding to the non-active part and
thereby changing the conformation of SaNsrFP, subsequently affecting the binding of the substrate. For the
third putative mechanism of Bee AB-type transporter the inhibitional effect of Cerebroside C could be similar
to the last mentioned one, except of the substrate. Nevertheless, more ceramide compounds have to be tested

on specific growth inhibition.

Conclusively promising candidates of natural compounds where found during this study, ranging from cyclic
peptides over diterpenes to ceramides. With a compound concentration of 100 uM specific growth inhibitions
from 19 to 83 % could be obtained, showing the high potential of those compounds. Though other derivates

of the tested natural compounds have to be investigated.
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4. Discussion

In this thesis the nisin resistance proteins NSR and NsrFP of the human pathogenic strain
S. agalactiae were investigated. Both resistance proteins are encoded on one operon together
with a response regulator and a histidine kinase, combined forming a resistance mechanism
(Chapter II).

This operon is also found in many other firmicute bacteria, mostly a BceAB-type ABC
transporter is associated and coevolved with a TCS (136). Interestingly those BceAB-type
transporter contain a large extracellular domain (ECD), whereas the kinase encoded on the
same operon lacks an extracellular sensing domain (1, 7, 146). Since this large ECD is unusual
for ABC transporter it is assumed, that the transporter fulfills a dual function: On the one hand
it acts as a sensor and on the other hand it mediates the resistance against AMPs (168).
Surprisingly, those characteristic ECDs of the BceAB-type transporter share no sequence

identities, which raises the question of their function.

Unlike other immunity and resistance transporter BceAB-type transporter confer resistance
against structurally very diverse AMPs (Chapter II and (150)). As they are evolutionary
connected and fulfill the same function in different bacteria, it is of great interest to solve the
overall mechanism of this type of ABC transporter.

In lantibiotic producers a similar operon, named LanFEG, composed of a lipoprotein, a TCS
and an ABC transporter is present. The best studied operon is NisFEG of the nisin system, with
the lipoprotein Nisl, the TCS NisRK and the ABC transporter NisFEG. It was shown that
NisFEG is a nisin exporter (158), whereas the lipoprotein Nisl binds nisin (157, 169). Further
it was shown that the lipoprotein Nisl plays a more effective role and is assumed to be the first

line of defense, whereas the transporter is the second line (170-172).

Encoded in Bce-like operons just a few additional membrane anchored proteins are known like
NSR of S. agalactiae or VraH from S. aureus (1, 10). Those type of proteins are very interesting
since they only confer resistance against one target in contrast to the corresponding transporter.
Here it has to be elucidated whether the membrane anchored protein or the ABC transporter

operates as the first line of defense.
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In this thesis the mechanism of resistance of the ABC transporter SaNsrFP was elucidated.
Furthermore, two approaches to overcome the resistance in SaNSR were identified. Here we
discuss the achieved findings and their relevance on the previous described context. We will
discuss which of the resistance proteins functions as the first line of defense or the second line

and further consider the role of the extracellular domain.

4.1. Characterization of SaNsrFP

The ABC transporter NsrFP from Streptococcus agalactiae belongs to the BceAB-type
transporter (6) and was known to confer resistance against the lantibiotic nisin (1). Several
BceAB-type transporter are known which confer resistance against more than one
antimicrobial peptide (7-10). Here we first discovered the spectrum of resistance mediated by
SaNsrFP. Further the mechanism of the transporter was solved since, although there have been
a lot of studies about BceAB-type transporter and it has been assumed that they are involved
in antimicrobial peptide removal from the membrane (150), operate as an exporter (147) or flip
undecaprenyl pyrophosphate (151), the resistance mechanism of the ABC transporter family

remains unsolved.

Resistance of the ABC transporter SaNsrFP

In Chapter I and VI a broad substrate specificity of SaNsrFP was demonstrated. First it was
thought the transporter recognizes the N-terminal part of nisin since it confers resistance to all
tested nisin variants and also against gallidermin, which is similar in the first lanthionine rings
A and B of nisin (Chapter I). Further nisinis, the product of the protease SaNSR was tested
against NsrFP and resulted in an even higher fold of resistance than wildtype nisin, suggesting
that both proteins of the nsr operon work together. Additionally, also nisinczgp was tested,
which is able to bypass the protease SaNSR (Chapter III) and is less effective against the
transporter SaNsrFP.

In Chapter VI other AMPs targeting lipid I or UDP were tested, demonstrating that SaNsrFP
confers resistance against all tested substances but especially against bacitracin, a cyclic
peptide able to bind and sequester UPP and thereby prevents the recycling of the lipid carrier
and interrupts the lipid II synthesis cycle (Figure 8).
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Figure 8: Schematic representation of antibiotics targeting lipid II and UPP.

A) Schematic view of lipid II, anchored to the membrane (yellow) with its undecaprenyl-pyrophosphate (blue),
N-acetyl muramic acid (red), N-acetyl glucosamine (turquoise) and the pentapeptide Ala-Glu-Lys-(Asn)-Ala-Ala
(orange). Highlighted are the target regions of the nisin and gallidermin (bold), ramoplanin and lysobactin
(dashed) and vancomycin (plain). B) Schematic view of undecaprenyl-pyrophoshphate with its phosphates (blue),
anchored to the membrane (yellow) and highlighted target region of bacitracin (bold) (Taken from Chapter VI).

Interestingly, also other BceAB-type ABC transporter confer a high resistance against
bacitracin. In Listeria monocytogenes the transporter AnrAB was detected, which was first
thought to confer resistance against nisin. AnrAB was tested against other AMPs and showed
resistance also against the lantibiotic gallidermin and the highest resistance, of all tested
substances, against bacitracin (173). The ABC transporter BceAB of B. subtilis showed,
besides resistance against nisin and gallidermin, as well the highest resistance against
bacitracin (8). Also studies with VraDE of S. aureus showed resistance against nisin and
gallidermin and also against bacitracin mediated by this transporter (9, 10). As all mentioned
transporter confer resistance against the lantibiotic nisin and the cyclic peptide bacitracin,
while that share neither structural nor target similarities, it can be assumed that the transporter
must share a mechanism involving the lipid II recycling process. In the next part we will discuss

the putative mechanism of the BceAB-type transporter.

141



Discussion

Mechanism of the ABC transporter SaNsrFP

As mentioned above a common mechanism for BceAB-type ABC transporter is very likely.
Here we use NsrFP from S. agalactiae as a model system to elucidate their mechanism. In
Chapter VI we hypothesize that SaNsrFP flips lipid II back in the cytoplasm, founded by
several experimental indications (Figure 9). The first hint was the broad spectrum of antibiotics
against which SaNsrFP, and also other BceAB-type transporter, confer resistance. Here it was
noticeable that those antibiotics either target lipid II directly or target molecules inside of the
lipid II recycling process. Based on these findings we checked the peptidoglycan composition
of the SaNsrFP expressing strain, which is altered in the cross-linking bridge compared to our
control strains, suggesting a modification of lipid II while flipping inside of the cells.

Since the peptidoglycan synthesis should be disturbed by flipping lipid II inside of the cells an
altered growth behavior of the SaNsrFP expressing cells was expected. Our results showed
decelerated growth of those cells compared to the control strains, confirming our thesis.
Additionally, cell growth was observed in the presence of 100 nM bacitracin, which did not
influence the growth of the SaNsrFP expressing cells but result in a breakdown of the control
cells growth, supporting the lipid II flipping postulation since the target of bacitracin UPP is
absent in SaNsrFP expressing cells (Figure 2).
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Figure 9: Postulated mechanism of SaNsrFP.

Schematic view of peptidoglycan synthesis Synthesis. Phosphates are marked with a P, undecaprenyl as a black
curved line, uridine phosphate (UDP) in light blue, GIcNAc in blue, MurNAc in red and aminoacids of the
pentapeptide in orange. The transporter SaNsrFP is demonstrated in blue with a highlighted arrow for the
postulated flippase mechanism of lipid II inside of the cytoplasm (Taken from Chapter VI).
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Since all these results would influence the lipid II synthesis, it was of major interest to check
the proteome of the cells. Interestingly almost all proteins involved in cell wall synthesis are
downregulated in SaNsrFP expressing cells (Figure 9: MurA, MurC, MurD, MurE, MurF).
Based on the thesis of lipid II flipping subsequently more lipid II is in the cytoplasm and less
lipid II has to be synthesized, which would result in less expression rate of the involved

proteins.

Overcoming the resistance mediated by SaNsrFP

Since the overall aim is to fight human pathogenic bacteria it is of major interest to overcome
the resistance mechanism in those strains. In Chapter VII we demonstrated that natural
compounds and derivatives from fungi and marine organisms are able to inhibit the resistance
ABC transporter SaNsrFP. The best mhibiting compound was found to be Cerebroside C
(Figure 10A), composed of a fatty acid and a sphingosine, which together form the ceramide
structure and further a monosaccharide. Since Cerebroside D (Figure 10B), which only differs
in one double bound, causes no inhibition of SaNsrFP expressing cells it can be assumed that
the effect of Cerebroside C is rather specific than caused by membrane affinity because of its
lipid structure.
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Figure 10:Structures of A) Cerebroside C and B) Cerebroside D (Taken from Chapter VII).

Two putative mechanisms of inhibition were elucidated in Chapter VII. The first one is based
on an proposed exporting mechanism of SaNsrFP (147) (Chapter I), which could be inhibited
by a specific binding of Cerebroside C to the active site, resulting in competitive inhibition or

by binding to the non-active part of the protein and thereby changing its conformation and
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preventing substrate binding. Another postulated mechanism of the BceAB-type transporter is
a flipping mechanism of undecaprenyl pyrophosphate (151). Here the same putative effects of
Cerebroside C are possible, just differing in the substrate of the transporter. Considering
Chapter VI and our new postulated mechanism for SaNsrFP it can be assumed that
Cerebroside C can not only function as a competitive inhibitor or binding to the non-active part
of the transporter but also could be a potential substrate of the ABC transporter due to its
structural similarity to lipid II. Nevertheless, this would not explain the specific inhibition of
Cerebroside C compared to Cerebroside D. Conclusively the inhibitional effect of this natural
compound remains unsolved but creates a great basis for further studies to overcome the

resistance mediated by SaNsrFP.

4.2. Overcome the nisin resistance of SaNSR

The nisin resistance protein SaNSR is a C-terminal processing peptidase (CTP) with a specific
catalytic dyad mechanism, consisting of a serine and a histidine residue (2, 3). The crystal
structure of SaNSR shows a 10 A width tunnel, which is negatively charged, hydrophobic and
binds the last two (methyl-) lanthionine rings D and E of nisin (3). SaNSR confers resistance
against nisin by degrading the lantibiotic at its C-terminus, directly after ring E between

MeLan28 and Ser29, resulting in a 100 fold less active nisinj_»g fragment (4, 5).

Bypassing SaNSR with an effective nisin derivate

The first approach to overcome this nisin resistance mediated by SaNSR was to find a nisin
variant which is still active but cannot be cleaved by SaNSR (Chapter III). We investigated the
nisin variant nisincasp, lacking the last lanthionine ring E by substituting the cysteine at position
28 with a proline, and thereby introducing a small ring-like structure which sterically is rather

rigid (Figure 11).
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N-terminus hinge C-terminus

Nisin
(wildtype)

Nisingygp

Figure 11: Schematic view of nisin A wildtype and nisincase.
Introduced mutation at position 28 is highlighted in blue. The (methyl-) lanthionine rings, formed by a cysteine
residue sidechain and a dehydrated amino acid residue are highlighted in orange and yellow (rings A, B, C, D and

E) (Taken from Chapter III).

Nisincasp was applied to a L. lactis strain expressing the wildtype SaNSR protein as well as to
a control strain carrying an empty plasmid and to SaNSRs236a expressing cells, an inactive
mutant where the serine of the catalytic dyad is substituted by an alanine. /n vivo assays showed
that nisincasp is still active in a low nanomolar range and further that the nisincagp fold of
resistance of NZ9000SaNSR as well as of NZ9000SaNSRs2364 against the sensitive strain are
similar to the nisin fold of resistance of the NZ9000SaNSRs236a. These studies suggest that
SaNSR is also still able to bind the nisin variant in vivo but is not able to cleave it. In
comparison to the SaNSRs236a mutant, which is able to bind nisin but not to cleave off the last
six amino acids. This assumption also fits to the molecular dynamic studies which showed the

interactions between the catalytic domain in SaNSR and the rings D and E of nisin (174).

In vitro assays showed that nisincagp is still able to form pores in L. lactis NZ9000 cells. Further
it was shown that the nisin variant forms pores in L. lactis NZ900ONSR cells at a concentration
of 30 nM, whereas the wildtype nisin shows no pore forming effect at this concentration. In
addition it was indicated that pore formation starts slowly when nisincagp is used, which is
consistent with showing that the rings D and E of nisin are, together with the hinge region,

responsible for the flipping inside the membrane to form the pores (175).

Compared to previous studies on nisin derivates, the only known mutations leading to a

decreased resistance of SaNSR are the results of the nisincasp variant depicted here and further
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the Ser29Pro mutations by Field ef al. (2018) (176). This study presents a highly potent, pore
forming nisin variant as an alternative lantibiotic to bypass SaNSR. Here we detected a
lantibiotic with a three times higher activity against SaNSR-expressing L. lactis cells than

nisin.

Small-molecule inhibitors of SaNSR

The second approach to overcome the nisin resistance mediated by SaNSR was to identify
first-in-class small-molecule inhibitors by virtual screening based on a previously derived
structural model of the complex of SaNSR with nisin (Chapter V). During this virtual screening
first compounds were selected based on shape similarities with the parts of nisin, lanthionine
rings D and E as well as Ser29 and Ile30, involved in recognition by SaNSR. Subsequently the
best fitting compounds were further analyzed by molecular docking studies to predict their
configuration in the binding site of SaNSR and to rank them in accordance with their potential
molecular interactions. In the first screening 11 compounds were selected for further testing.
In the second screening, with two additional filters, 23 compounds were selected. With those
34 compounds a biological activity assay was performed to gain the specific growth inhibition
of the L. lactis NZ90OONSR cells mediated by the compounds. The best specific growth
inhibition was shown by the compound NPG9, with 58 % at a concentration of 150 uM. NPG9
1s a halogenated phenyl-urea derivative. Further a reduced half maximal inhibitory
concentration of nisin was measured in presence of 120 pM NPG9 (Figure 12) and results in

50.5 % compared to L. lactis NZ900OONSR cells without the compound.

OH

Br

Cl

Figure 12: Structure of NPG9Y.
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Based on this derivatives of NPG9 were searched focusing on bioisosteric replacements of
halogen atoms or variations of the two hydroxyl groups. None of the 12 NPG9 derivatives
shows a higher activity against SaNSR than NPG9.

Molecular docking studies showed that the tunnel of SaNSR is frequently accessible for NPG9.
Further STD NMR measurements demonstrate that NPG9 is able to bind the resistance
proteins, consistent with the binding mode model. Conclusively the first-in-class small-
molecule inhibitor of SaNSR was identified and till date no other biological activities have
been reported.

After revealing a strategy to bypass the SaNSR protein with the first approach of this thesis,
the second approach shows a direct binding of the resistance protein and thereby an inhibition

of its activity, making wildtype nisin more suitable again.

4.3. The nisin resistance machinery in S. agalactiae

In this thesis we elucidated the mechanism of the nisin resistance ABC transporter NsrFP from
S. agalactiae and further exemplified different approaches to overcome SaNsrFP and the serine
protease SaNSR.

The serine protease SaNSR is very specific, resulting in inefficient cleavage of nisin derivates
like nisincagp (Chapter III). Further natural, structural unrelated compounds are not able to
inhibit this protein (Chapter VII) whereas nisin based modelled small-molecule inhibitors show
an inhibitional effect on the serine protease (Chapter V).

In contrast the ABC transporter SaNsrFP confers resistance against lantibiotics, glycopeptides,
lipoglycodepsipeptides, acylcyclodepsipeptides and cyclcic peptides, which target either the
cell wall precursor lipid II or the peptidoglycan sub product undecaprenyl pyrophosphate
(Chapter I and VI). Further we demonstrated that SaNsrFP can be specifically inhibited by

some natural compounds, including cyclic peptides, diterpenes and ceramides (Chapter VII).

In Chapter IV we investigated on nisin hinge-region variants, where this region is either
partially deleted (A21MK22), extended within the hinge-region or at the C-terminus of the
hinge-region (20NIVMKo24 and 20NMKIV24) (Figure 13). We tested all three variants on the
immunity proteins Nisl and NisFEG as well as on the resistance proteins SaNSR and SaNsrFP.
The nisin hinge-region variant 20NIVMK24 shows a higher fold of resistance compared to nisin
against the immunity proteins Nisl and NisFEG, whereas the resistance proteins seemed not to

be influenced. On the other hand the nisin variant A21MK»; showed a decreased fold of
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resistance against the resistance proteins SaNSR and SaNsrFP, whereas the immunity proteins,
especially the lipoprotein Nisl are not highly influenced by this mutation. Those studies
indicate a different mechanism and substrate recognition between the immunity and the
resistance system for both, the lipoproteins NisI and SaNSR and the ABC transporter NisFEG
and SaNsrFP. Further the nisin variant 20NMKIV24 showed to be less recognized by all tested
proteins, demonstrating a great approach for further studies to overcome lantibiotic immunity

and resistance, by showing just a slight decrease of pore forming an antimicrobial activity.

Insert hinge Insert hinge
+ 131, Vaa + 133, Vg

Core peptide

delta hinge
A MZ].: KZZ

N - terminus hinge region C-terminus ——

Figure 13: Schematic representation of nisin hinge-region variants.

The (methyl-)lanthionine rings, formed by a cysteine residue side chain and a dehydrated amino acid residue are
highlighted in yellow and green. The (methyl-)lanthionine rings A, B, C, D and E are depicted in red (Taken from
Chapter 1V) Introduced mutations are indicated in green (extension inside hinge-region), red (extension after

hinge-region) and blue (partially deletion of the hinge-region).

Considering both resistance proteins as a resistance machinery a few findings stand out. The
nisin cleavage product of SaNSR is nisinig and it was shown that SaNsrFP still shows
resistance against this nisin variant, even with a higher fold than against wildtype nisin,
suggesting that both resistance proteins of the nsr operon work together and complement each
other. This complementation was also observed for some immunity operons like the nisin
operon of L. lactis and the subtilin operon in B. subtilis (152, 177). Interestingly, nearly all
lantibiotic immunity systems are composed out of a lipoprotein Lanl, like NisI and Spal, and
an ABC transporter LanFEG, like NisFEG and SpaFEG, independent of their produced
lantibiotic (156). The membrane associated Lanl lipoproteins confer resistance against just a
few substrates by for example binding or sequestering nisin (Nisl) or subtilin (Spal) (157, 169,
177). The immunity ABC transporter NisFEG and SpaFEG are known to transport the substrate
(nisin/subtilin) into the extracellular space (152, 177). The only known three-component ABC
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transporter, which confers lantibiotic resistance is CprABC from C. difficile (148). Together
with the TCS CprRK it confers resistance against nisin, gallidermin, subtilin, mutacin 1140
and cinnamycin (155), therefore also showing a broad substrate specificity. Directly in front of
this operon a gene encoding a lipoprotein can be found. Although it is uncharacterized yet, it
1s assumed that it could confer lantibiotic resistance (148, 155).

However, BceAB-type resistance systems almost always lack this lipoprotein, which is
assumed to be the first line of defense in lantibiotic immunity systems (170-172). One
lipoprotein can be found in the nisin resistance system of S. agalactiae (Chapter I1I-V).
Another membrane anchored protein, which is additional to a BceAB-type transporter is VraH
of S. aureus forming a functional complex with the transporter VraDE. Again the transporter
confers resistance against a few antibiotics like gallidermin, nisin and bacitracin, whereas the
additional protein VraH only confers resistance against gallidermin and seems to be very

substrate specific like SaNSR and the Lanl proteins (10) (Chapter II).

Conclusively it can be assumed that in Bce-systems rather the ABC transporter is the first line
of defense, protecting the cell against a broad spectrum of antimicrobial peptides with a specific
mechanism of flipping the cell wall precursor lipid II and thereby extracting the target from
the extracellular space. The characteristic, uncommon large extracellular domain plays a great
role in this mechanism, which still has to be elucidated. In contrast to the lantibiotic immunity
system the lipoprotein is assumed to be the second line of defense. Since this protein is lacking
in many Bce-systems it demonstrates the high effectiveness of the mechanism of the BceAB-

type ABC transporter (Figure 14).
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1. Line of defense (2. Line of defense)

histidine kinase BceAB-type transporter (lipoprotein)

ECD

extracellular

cytoplasm '

response regulator m

ATP ADP

Figure 14: Schematic representation of the proteins encoded on bce-like operons.

The TCS with its histidine kinase (red) and response regulator (green) as well as the BceAB-type transporter with
the permease domain (blue) and the NBD (orange) form the first line of defense. The mechanism of Bce AB-type
transporter is demonstrated by the flipping of lipid II (highlighted in blue). The additional second line of defense

with the lipoprotein (purple) is demonstrated as an eventuality, lacking in most of the bee-like operons.

The role and function of the characteristic extracellular domain of BceAB-type ABC
transporter is still unknown. They are supposed to recognize the AMPs extracellularly and
subsequently induce the TCS-dependent signal transduction within the cell, therefore being
crucial for the resistance (9, 146). Further an initial substrate binding of the ECD was
postulated based on indirect knockout mutant studies (165). Interestingly, as shown in Figure

15, those ECDs share almost no sequence identity.
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VraE = ——-—- TNTKSLPNIINIHLNKDLVVKGTKNETFRVTQEDKGRVYPLNLSFN---SPVVEV 137
- * - - . - . * . .
NsrP FANNKQIDNIRKAYLPYTKNINTFPKTFKAYLDLNSQEINSISK-NDIIEVDGKYVGNIS 208
BceB --DDSLFKQLDKDKDPRI - --QLAQSTFIG---VNVKHDDOMERANELFQOVNKKNEHL- 201
VrakE --SPEKYQQLK-—-——— T-——QNNVHTFYG---YDIKQTSQKEKAQAIAKQFGDKVITY- 182
- . . * * . - * . - .

NsrP TKQSFLKEGYQ-——-—— 219

BceB ---SRLDTSAAQKSLFG 215

VrakE -—--DEMKKEVD--ATNG 194

Figure 15: Alignment of representative ECDs.

Alignment of the ECDs of NsrP from S. agalactiae, BceB from B. subtilis and VraE from S. aureus as
representatives for BceAB-type ECDs. (Taken from
https://www.ebi.ac.uk/Tools/services/web/toolresult.ebi?jobld=clustalo-120191018-113235-0389-35180401-
plm,21.10.2019)

Nevertheless, a structural or functional similarity for those characteristic domains is very
likely. If this domain acts as a sensor the question arises whether it recognizes just one type of
AMPs or several and how does this recognition part look like. Further, if it is responsible for
the resistance against diverse AMPs the functional mechanism of this domain has to be
elucidated and is of major interest to investigate on novel antibiotics to overcome the resistance

mechanisms and to treat infections with related human pathogens.
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