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Zusammenfassung

Zu einer der groRten Herausforderungen der modernen Medizin gehort die Entwicklung
neuer antibiotischer Wirkstoffe, welche gegen eine wachsende Anzahl, zum Teil multire-
sistenter, pathogener Keime, wirken. Eine in diesem Zusammenhang vielversprechende
Substanzklasse ist die der Lantibiotika. Dabei handelt es sich um ribosomal-
synthetisierte Peptide, die zur Klasse | der Bacteriocine gehoren und eine breite antibio-
tische Wirksamkeit gegen Gram-positive Bakterien besitzen. Die Kombination aus ver-
schiedenen antimikrobiellen Wirkmechanismen als auch die bisher kaum beobachtete
Resistenzbildung macht Lantibiotika zu einem interessanten Forschungsgegenstand. Ihr
prominentester Vertreter ist Nisin, ein in seiner maturen Form 34 Aminosauren umfas-
sendes, naturlicherweise in Lactococcus lactis synthetisiertes und posttranslational mo-
difiziertes Polypeptid. Zur Erweiterung des antimikrobiellen Spektrums von Nisin, sowie
zur Anpassung seiner pharmakologischen Eigenschaften, ist die ko-translationale Inkor-
poration von nicht-kanonischen Aminosauren (nkAS) eine sehr vielversprechende Mog-
lichkeit.

In vorangegangenen Experimente unserer Arbeitsgruppe konnte gezeigt werden, dass
diese Inkorporation zwar prinzipiell moglich ist, jedoch abhangig von der ausgewahlten
Aminosaureposition der Einbau der nkAS lediglich mit einer sehr niedrigen Effizienz er-
folgt. Zur relativen Quantifizierung der Einbaueffizienz von nkAS in Nisin wurde ein, in
unserer Arbeitsgruppe entwickelter, auf einem Nisin-GFP-Fusionsprotein basierender
Assay (im Folgenden ,Suppressionseffizienzassay“ genannt) verwendet. Unabhangig
von der Anwesenheit der nkAS konnte eine Proteinexpression beobachteten werden,
obwohl bei Fehlen der nkAS theoretisch ein Translationsabbruch und somit keine Prote-
inexpression stattfinden sollte. Dieses Problem galt es, mit dem Ziel die Suppressionsef-
fizienz zu verbessern, zu adressieren. Im Falle einer hohen (verbesserten) Suppressi-
onseffizienz, wurde man folglich keine Proteinexpression bei Fehlen der nkAS, bezie-
hungsweise eine starke Expression bei Vorliegen der nkAS im Suppressionseffizienzas-
say beobachten. Wir postulierten die Entstehung von Nebenprodukten durch interne
Ribosomen-Bindungsstellen innerhalb von Nisin als Ursache fiur die verminderte Supp-



ressionseffizienz, welche zur Verbesserung der Einbaueffizienz von nkAS in Nisin zu-
nachst vermindert bzw. unterdrickt werden sollte. Hierfur wurden zwei Losungsansatze
verfolgt: (i) Anderung der Gensequenz der postulierten internen Ribosomen-
Bindungsstelle mit dem Ziel ihre Ribosomen-Bindungsstarke abzuschwachen, (ii) Ersatz
der beiden Methionine (ATG) an Position 17 und 21 durch geeignete Codons anderer
Aminosauren, um ihre Funktion als interne Translationsstarter auszuschlieflen. Lo-
sungsansatz (i) wurde Uber die Optimierung der naturlich vorkommenden Gensequenz
(,Codon-Optimierung®) von Nisin A fur den Zielorganismus Escherichia coli mit Hilfe des
GeneOptimzer Algorithmus (1) realisiert. AnschlieRend konnte mit Hilfe des RBS calcu-
lator (2) in silico die Verringerung der Bindungsstarke von jeder in der naturlichen
Gensequenz existierenden internen ribosomalen Bindungsstellen gegenuber der Co-
don-optimierten Gensequenz gezeigt werden. Im Suppressionseffizienzassay zeigte
sich jedoch keine wesentliche Verbesserung der Suppressionseffizienz im Vergleich zur
Variante mit der naturlich Gensequenz. FiUr Losungsansatz (ii) wurde auf Basis von
publizierten Ergebnissen beschlossen das Methionin an Position 21 durch Lysin zu er-
setzen, wodurch die antimikrobielle Aktivitdt von Nisin nicht vermindert wird. Fir das
Methionin an Position 17 lagen keine eindeutigen Daten vor, weshalb hier je eine Vari-
ante mit jeder der 19 verbleibenden naturlichen Aminosauren kloniert wurde. Um sicher
zu gehen, dass die entstandene Nisin-Varianten mit den zwei ausgetauschten Methioni-
nen mit der besten antimikrobiellen Aktivitat fur die weiterfihrenden Suppressionseffizi-
enzexperimente ausgewahlt wird, wurden alle 19 Varianten in Lactococcus lactis expri-
miert und mit Hilfe verschiedener Assays auf ihre Aktivitat im Vergleich zum naturlich
vorkommenden Nisin A untersucht. Nisin M17WM21K (Methionin an Position 17 zu Tryp-
tophan und Methionin an Position 21 zu Lysin ausgetauscht) zeigte die starkste antimik-
robielle Aktivitat und fuhrte im anschliellenden Suppressionseffzienzassay zu einer
deutlichen Steigerung der Suppressionseffizienz. Durch eine Kombination aus Losungs-
ansatz (i) und (ii), also ein Codon-optimiertes M17WM21K Nisin, konnte dabei keine zu-
satzliche Steigerung der Suppressionseffizienz im Vergleich zum nicht-Codon-
optimierten M17WM21K Nisin erzielt werden.

Weiterhin wurde im Rahmen der Arbeit ein heterologes Expressionssystem fur Nisin in
E. coli erfolgreich etabliert. Da E. coli der am besten studierte und meist genutzte Orga-



nismus fur den Einbau von nkAS ist, bietet sich bei dessen Nutzung auch die vielfaltigs-
te und Bandbreite an biotechnologischen Werkzeugen. Zur Nisin-Expression wurden
zunachst verschiedene E. coli-Stamme hinsichtlich ihrer Produktionsrate Uber Agar-
Well-Diffusion-Assays relativ miteinander verglichen und anschliefend wurde ein geeig-
netes Reinigungsprotokoll, bestehend aus einer Kombination von Metall-
Affinitatschromatographie, Gelfiltration und Chromatographie durch hydrophobe Wech-
selwirkungen, fur das post-translational modifizierte Nisin ausgearbeitet. Das so gewon-
nen Nisin konnte mit Hilfe eines antimikrobielle Aktivitatsassay, Massenspektrometrie
sowie Peptide Mass Fingerprinting charakterisiert werden und Uber einen Minimal Inhi-
bitory Dilution Assay die Ausbeute bestimmt werden. Zur zukunftigen Vereinfachungen
der Nisin-Produktion in E. coli wurde ein erstes Set an orientierenden Experimenten zur
Funktionalitat des L. /actis eigenen Nisin-Transporters NisT in E. coli durchgefuhrt. Die
Ergebnisse lassen die Funktionalitat des Transporters in E. coli vermuten.

Im Zuge dieser Arbeit konnten Methionin-Codons (ATG) innerhalb der Gensequenz von
Nisin als alternative Translationsinitiatoren, welche die Einbaueffizienz von nkAS ver-
mindern, identifiziert werden und das Problem durch einen Austausch der Methionin-
Codons mit alternativen Aminosaure-Codons weitgehend geldst werden. Fur zuklnftige
Arbeiten, die sich mit dem Einbau von nkAS in Methionin-haltige Peptide und Proteine
beschaftigen, stellt diese Erkenntnis einen wichtigen Hinweis zur Vermeidung der Bil-
dung von verkurzten Translationsprodukten dar. Daruberhinaus konnte die Expression
von Nisin in E. coli in unserer Arbeitsgruppe erfolgreich etabliert werden, was weiterfuh-
renden Experimente zur Modifikation von Nisin mit nkAS den Weg ebnet.



Al Introduction

A Introduction

A.1 Antibiotic resistance — an emerging problem

Antibiotics are an indispensable part of modern medicine. Together with vaccination,
they have saved millions of lives and formerly lethal diseases, such as bacterial meningi-
tis, can be cured nowadays (3). The history of modern antibiotics began with the discov-
ery of penicillin by Sir Alexander Fleming in 1928, for which he was awarded with the
Nobel Prize in Physiology and Medicine in 1945 (4,5). Only 22 years after penicillin’s
description, resistance of Streptococcus pneumoniae was described, threatening the
advances which had been made and turning antibiotic resistance into a substantial clini-
cal problem (6).

Easy access, overuse and availability of few new substances prompted bacteria to deve-
lop resistance to multiple antimicrobial substances, consequently turning antimicrobial
resistance (AMR) into a global concern (7,8). The World Health Organization (WHO)
declared AMR to be a ‘serious threat [that] is no longer a prediction for the future, it is
happening right now in every region of the world and has the potential to affect anyone,
of any age, in any country’ (9). In the European Economic Area, infections with multidrug
resistant bacteria accounted for approximately 33.110 deaths and 874.541 disability-
adjusted life-years in 2015 (10). The estimated economic loss of infections with solely
six selected antibiotic-resistant bacteria in the European Union (including Iceland and
Norway) in 2007 amounted 1.5 billion Euro. In this context, organ transplant patients and
oncological patients are particularly vulnerable to acquire multidrug-resistant bacterial
infections (11).

Until the 1970s, several new antibacterial drugs were developed, but in the last three
decades the number of discovered antibiotics steadily decreased. Compared to 19 anti-
biotics which have been approved for clinical use between 1980 and 1984, only three
new substances could be registered between 2005 and 2009, showing drastically the
resulting discovery void (6,12). Reasons for this development are manifold, e.g. low
economic benefit, since antibiotics are often curative and only used for short periods, or
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economic uncertainty due to eventual and hardly predictable resistance
development (6,8).

Without resolute action, medical and economic consequences will be inevitable. Besides
globally organized monitoring of resistance development, increasing awareness and
supporting antimicrobial stewardship efforts are urgently needed. Other than that, re-
search and discovery of novel antibiotic substance classes or vaccines are the most im-
portant building blocks of the wall which needs to be drawn around AMR (8,9,13,14).

A.2 The SYNPEPTIDE project

The EU-funded research collaboration SYNPEPTIDE brings together five academic
groups and three enterprises from Austria, the Netherlands, Switzerland and Germany
to identify novel antimicrobial peptides (AMP) (15). AMPs are ribosomally synthesized,
highly conserved peptides, which can be found in a vast number of organisms, playing
an important role in innate immunity (16,17). Over the last decade, peptide research has
gained importance as peptide-based drugs offer several interesting features: high target
specificity through tight target binding, generally low toxicity due to easy metabolism,
and increasing acceptance by physicians and patients (17). Peptide-based drugs repre-
sent a rapidly growing sector of the pharmaceutical market: in 2016, more than 50 pep-
tides were already on the global market, about 170 substances were tested in clinical
trials and more than 200 others at preclinical stages (18). Within the SYNPEPTIDE pro-
ject, a naturally occurring class of ribosomally synthesized polypeptides, called lantibiot-
ics, is investigated. By means of synthetic biology and high-throughput screening, natu-
rally occurring lantibiotics shall be expanded by new chimeric, recombinant and modified
variants, aiming at the generation and identification of novel antimicrobial active pep-
tides. Rational synthetic peptide design and integration of chemical diversity shall be
achieved by pursuing two independent pathways: [1] translational integration of chemi-
cally suitable non-canonical amino acids for posttranslational in vivo and in vitro modifi-
cation; [2] systematic recruitment of selected highly relevant posttranslational modifica-
tions (PTM) from natural peptide synthesis routes into the design process (15). This the-
sis is a contribution to pave the way for implementing approach [1] for the lantibiotic

nisin.
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A.3 Lantibiotics — a unique class of antibiotics

Lantipeptides are ribosomally synthesized polypeptides, which contain the thioether-
cross-linked amino acids (meso-)lanthionine and ((2S,3S,6R)-3-)methyllanthionine, that
form characteristic ring structures (Figure 1 A). Frequently, didehydroalanine (Dha)
and/or didehydrobutyrine (Dhb) residues (Figure 1 B) can be found (19-21). The atypical
amino acid lanthionine consists of two alanine residues that are crosslinked on their 3-
carbon atoms by a thioether linkage (Figure 1 A), thus, forming the typical lanthionine
rings and resulting in an increased stability of the lantipeptides towards proteolytic deg-
radation (20,22).

A

0] 0 o] B 0 NH
H H H .
N, N, N, ©) v
e A . b 5 HN 5/_>:O
N .
RY “OH RY “OH SH

Meso-lanthionine

R=H, Me

Dt;hydration lo ) S

(25,35,6R)-3-
methyllanthionine

SO
;J“\H,Lr(“m

2,3-Didehydro-
alanine

0
0 Lanthionine/ (2)-2,3-didehydro-
methyllanthionine butyrine

Figure 1. (A) Mechanism of thioether cross-link formation in lantipeptides. First, serine/threonine
residues are dehydrated to the a,B-unsaturated didehydroalanine (Dha) and didehydrobutyrine (Dhb),
followed by a Michael addition of a thiol side chain from cysteine, creating a thioether bridge.
(B) Typical modified amino acids found in lantipeptides. (figure adapted from KNERR and VAN DER
DonNk (20))
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Lantipeptides that show antibacterial activity are named lantibiotics and belong to the
family of bacteriocins. Bacteriocins are antimicrobial peptides, which are synthesized by
gram-positive as well as gram-negative bacteria. The analysis of 238 genomes of lactic
acid bacteria revealed the presence of 785 putative bacteriocin gene clusters (23). Lan-
tibiotics represent one of the numerous subclasses of bacteriocins, which are catego-
rized in two main groups. The diverse group of class | bacteriocins is characterized by
extend post-translational modifications and includes, besides eleven other subclasses,
lantibiotics. In class Il bacteriocins, significant modification is absent (24). Lantibiotics
possess potent activity against mostly gram-positive bacteria, including clinical relevant
and partly drug-resistant strains of Staphylococcus, Streptococcus, Enterococcus and
Clostridium, as well as against selected gram-negative bacteria, such as Neisseria gon-
orrhoeae and Helicobacter pylori (21,24).

A.4 Classification of Lantipeptides

Lantipeptides are subclassified in four different classes (I-1V), depending on the en-
zymes involved in post-translational modifications (19). Class | lantipeptides are charac-
terized by their modification via two distinct enzymes, the lantibiotic dehydratase (LanB)
and the lantibiotic cyclase (LanC). In contrast to class |, the dehydration and cyclization
step is carried out by a bifunctional lantipeptide synthetase (LanM) in class Il. LanM
shows no structural homology to LanB enzymes, however, it has a C-terminal LanC-like
domain, which includes three zinc-binding ligands (20,21). Class Il lantipeptides are
processed by a trifunctional synthetase, which takes the phosphorylation/B-elimination
pathway to form Dha and Dhb, bears a N-terminal lyase and a C-terminal cyclase do-
main that shows limited homology to LanM. Finally, the recently identified class IV syn-
thetase, LanL, contains a N-terminal lyase and a central serine/threonine kinase domain
as discovered in class lll, but its C-terminal cyclase domain resembles LanC, as well as
LanM, including the characteristic zinc-binding motif (20).

In all four classes of lantipeptides the genes encoding the lantibiotic-precursor as well as
the PTM enzymes are mostly localized within one single gene cluster. Antimicrobial ac-
tivity has only been observed for class | and Il lantipeptides so far (19).
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A.5 The prototype for lantibiotics: Nisin

In 1928, ROGERS and WHITTIER firstly described an antimicrobial substance which shows
antibacterial activity against selected strains of Lactococcus lactis in fermentation cul-
tures, later on referred to as nisin (25). Nisin is 34 amino acids long, has a molecular
weight of 3.35 kDa and a net positive charge (+4) (Figure 2). It belongs to class | lanti-
peptides and is naturally produced by some strains of L. /actis. Its antimicrobial activity
against various gram-positive bacteria arises from the characteristic five (me-
thyl-)lanthionine rings (referred to as ring A-E) and three dehydrated amino acids (one
Dhb and two Dha residues) (26-28). The N-terminal rings A, B and C are connected
with the C-terminal rings D and E by a flexible, short hinge region (asparagine-
methionine-lysine (N-M-K)), which most probably plays a crucial role in pore formation
(29,30). There are nine naturally occurring nisin variants currently known of which
nisin A and nisin Z are most frequently found (31,32). Differing only by the 27" amino
acid (histidine in nisin A and asparagine in nisin Z), they exhibit similar antimicrobial ac-
tivity against gram-positive organisms within a nanomolar range (31,33). Nisin has a
strong amphiphilic character, having many hydrophilic residues at the C-terminal side
and several hydrophobic residues at the N-terminal part, enabling the peptide to interact
with phospholipid head-groups of the cellular membrane (29). Interestingly, nisin shows
enhanced thermal stability with decreasing pH, which can be explained by the naturally
occurring thioether bridges that close the lanthionine rings (34).

10 : 35 S a0
lle Dha "Leu

. : Pro | Giy Gly c Bly | o aafabu) E (aa Y ser | e Y His
H— lle th-_#lﬁ A [ Ala || Abu B Ala Lys__. Abu [ Ala | Asn Y et | Lys | Abu D [ Ala | Asn \iad
s s s Oha
MH- Lys. 34
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Figure 2. Schematic presentation of fully modified nisin A. Dha: didehydroalanine, Dhb: didehydro-
butyrine. Ring structures are denominated consecutively with A to E. Adapted from HARMSEN et al. (35).
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Nisin offers numerous advantages over conventional antibiotics, turning it into a highly

interesting research subject. The most important benefits are the following:

i.  Scarcely reported resistance development
ii. Low toxicity

iii.  Amenability for bioengineering

Nisin was approved as a food preservative by the Food and Agriculture Organization of
the United Nations (FAQO) in 1969 and extensively used ever since (36). It may be added
to food in a maximal concentration of 12,5 mg/kg to prevent growth of Listeria mono-
cytogenes and Clostridium botulinum (34). Despite of being used for more than half a
century, development of resistance mechanisms has only been observed once so far. In
2016, KHosA, FRIEGE et al. firstly described the structure of a nisin resistance protein
(NSR) isolated from Streptococcus agalactiae (22). NSR is a protease that cleaves nisin
between the 28™ and 29" residue. The leftover 28 amino acid long fragment showed
reduced affinity towards cellular membranes and lower bactericidal activity (22,26,37).

Another grand benefit of many bacteriocins is the low toxicity they show against hu-
mans. Due to their polypeptide nature, bacteriocins can naturally be degraded by the
body’s own proteases. The degree of toxicity of class Il bacteriocins has been examined
in a few studies, revealing no or only low cytotoxic effects when applied in distinct higher
concentrations than needed for antibacterial activity (24).

Owing to the ribosomal synthesis pathway, nisin and other bacteriocins can easily be
modified using genetic manipulation strategies as well as manipulation of the natural
translation machinery. Being highly promiscuous, lantibiotic modification enzymes allow
procession of synthetic analogs, which can then be further investigated upon their activi-
ty (38,39). A promising strategy to alter pharmacokinetic and pharmacodynamic proper-
ties of nisin is the co-translational introduction of non-canonical amino acids (ncAA). Re-
garding the whole reservoir of organic chemistry possibilities, introduction of ncAAs

would allow addition of diverse supplementary chemical functions to nisin.
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A.5.1 Biosynthesis of Nisin

Mature nisin is produced in a five-step process: translation of prenisin, dehydration, for-
mation of (methyl-)lanthionine-crosslinks, secretion and eventually cleaving off the lead-
er peptide (20,40). The genes for prenisin (nisA), the PTM machinery (nisBTC and nisP),
as well as immunity mediating (nisFEG and nisl) and gene regulating enzymes (nisRK)
are organized in a single gene cluster under the control of four different promotors
(19,23). The precursor peptide consists of a 23 amino acid long N-terminal leader and
the 34 amino acid long C-terminal core peptide.

The leader peptide contains a highly conserved -FNLD-motif, which is recognized by the
N-terminal domain of the lantibiotic dehydratase NisB by hydrophobic interactions, and
is essential for the glutamylation activity of NisB, but does not seem to be crucial for glu-
tamate elimination (19,38,41). Attached to its leader, nisin’s antimicrobial activity is abol-
ished, concordant with a self-protective mechanism of the producer strain (42). Only
when the leader of the prepeptide is cleaved off in the extracellular space, nisin unfolds
its antimicrobial activity.

The homodimer NisB catalyzes the dehydration of serine and threonine residues in a
tRNA-dependent two-step mechanism. First, nisin gets glutamylated by tRNA®" bound
to NisB, followed by dehydration via the elimination domain in a N- to C-terminal direc-
tionality (38).

Dehydrated nisin, including its leader peptide, is then bound to NisC to generate thi-
oether rings, which vary from four to seven amino acids, in an ATP-independent Mi-
chael-addition reaction. The proposed mechanism for the cyclization includes the coor-
dination of the sulfur atom of a cysteine residue towards the Zn** ion. Deprotonation to a
thiolate occurs, which is subsequently attacking the 3-carbon of Dhb as a nucleophile to
generate an enolate intermediate (41). Finally, the intermediate is protonated and the
fully processed ring is completed.
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Figure 3. (A) Biosynthesis of nisin. NisB dehydrates Ser/Thr residues in the core peptide of nisin A
(NisA). NisC catalyzes the ring formation and NisP removes the leader peptide (43). (B) Dehydration
and cyclization steps. Ser/Thr residues are dehydrated to Dha and Dhb, respectively. Subsequent in-
tramolecular Michael addition of the thiols of Cys residues to Dha and Dhb results in (methyl-
)lanthionines.

NisB and C do not modify prenisin separately, but instead form a quadripartite PTM-
complex, consisting of a NisB dimer, one NisC monomer and one prenisin mole-
cule (19). After procession by the membrane-bound PTM-complex, nisin is getting ex-
ported by the peptide transporter NisT. NisT is an ATP-binding cassette (ABC) trans-
porter, which is predominantly located at the cellular membrane. It appears to exhibit
high substrate promiscuity, as lantibiotics could successfully be exported when bioengi-
neered variants were attached to the leader peptide (20). Other than for modification,
export is possible when the -FNLD-maotif is not present in the leader (44).

Following export of the modified peptide from the producer cell, the leader peptide is
cleaved off by a protease, transforming nisin into its final antimicrobial active form (45).
This last step is catalyzed by the serine protease NisP, which is an extracellular, mem-
brane-anchored enzyme with a molecular weight of 75 kDa (26,40).

A.5.2 Nisin possesses diverse antibacterial mechanisms

Only little resistance development against nisin has been reported until today (compare
A.5). This uncommon property of an antibiotic is thought to be explainable by nisin’s
multifaceted mode of action (38,46). First, nisin is able to form a ‘cage-like’ structure with
its A, B and C ring, sequestering the pyrophosphate moiety of the membrane precursor
molecule lipid I, which leads to inhibition of cell wall synthesis. Lipid Il, which carries a
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disaccharide-peptide unit that is integrated into the growing peptidoglycan chain, can be
described as the bottleneck of cell wall biosynthesis due to its limited availability. Hence,
it represents a highly attractive and accessible target for antibiotics. Lipid Il has a strong
amphipathic character and consists of a pentapeptide subunit linked to a polyisoprenoid
element via a pyrophosphate linker, which integrates the molecule into the bacterial
membrane (47). In contrast to the commonly in clinic used antibiotic vancomycin, which
interacts with the d-Ala-d-Ala motif of the lipid II-pentapeptide chain, nisin targets the
phosphate group on the opposite side of the molecule (48,49). As a second antibacterial
mechanism, nisin is able to form pores in the cell membrane in a lipid Il-dependent
manner, resulting in rapid efflux of ions and small cytoplasmic components (46). MuL-
HOLLAND et al. proposed a mechanism where pore formation is permitted by the assem-
bly of four ternary complexes, each consisting of two nisin and one lipid Il molecules
(30). Hydrogen bond analysis revealed interaction of the N-termini of both nisin mole-
cules with the pyrophosphate and the pentapeptide chain of lipid Il. The analysis also
indicates the existence of a second binding site on lipid Il for nisin, which is located at
the C-terminal region of the first Dha residue (5th position) (30). Moreover, antimicrobial
effects such as inhibition of spore outgrowth, activation of autolytic enzymes and lipid II-
independent pore formation have been described for nisin (30,46,49-51).

Despite nisin’s versatile modes of tackling its opponents it shows only poor activity
against gram-negative bacteria. The reason can be found in their differing cell architec-
ture: the outer membrane (OM) of the gram-negative cell wall acts as a natural barrier
for the access of peptides to the cytoplasmic membrane (46). Still, some lantibiotics sur-
prisingly show little activity against selected gram-negatives. A hypothesis for this obser-
vation is the ‘self-promoted uptake pathway’ of cationic peptides, where the peptide
binds with high affinity to the negatively charged lipopolysaccharide, causing the dis-
placement of divalent cations (Mg®* and Ca®*), which destabilizes the OM and finally
leads to cell death (21,52). This phenomenon and the discovery of several synthetic
nisin derivatives give hope for future expansion of the activity spectrum of
lantibiotics (53).
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Figure 4. (A) Schematic presentation of the mode of action of a class | lantibiotic. Class | lantibiot-
ics act as antimicrobial substances through two main mechanisms: inhibition of peptidoglycan synthesis
and formation of pores. Figure adopted from COTTER et al. (24). (B) Structure of the ternary
nisina:lipid Il complex formed by docking nisinz (pink carbon atoms) onto the 3-isoprenyl- lipid Il/nisin,
(shown in grey) complex (30).

A.5.3 Biomedical application of nisin

Clinical studies which evaluate the treatment of infections, using solely nisin, are mostly
limited to topical applications (31). FERNANDEZ et al. showed that nisin is an efficient drug
to treat staphylococcal mastitis, leading to the complete eradication of clinical signs in
the nisin treated group within one week (54). Furthermore, nisin’s potential as oral anti-
biotic has been investigated in vitro and in animal models, confirming its capacity to pre-
vent biofilm formation (31,55). Kim et al. demonstrated in a mice model that the lantibiotic
BPscsk, which is similar to nisin A, can reverse antibiotic-induced susceptibility to van-
comycin-resistant Enterococcus faecium infections (56). To render nisin less sensitive
for protease degradation, KOOPMANS et al. created semisynthetic nisin-lipopeptides,
which showed potent inhibition of bacterial growth (including VRE and MRSA) (57). An-
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other promising applicability is a nisin-eluting nanofiber wound dressing, which signifi-
cantly reduced Staph. aureus colonialization and accelerated wound healing of exci-

sional wounds in mice (58).

Clinical testing of nisin or nisin derivatives has been focused on its anti-gram-positive
properties so far. But the current AMR situation calls for both: new drugs against gram-
negative germs, which are of rapidly growing concern, as well as novel treatments for
increasingly resistant gram-positive pathogens (13,59). Multiple studies examined the
synergistic effects of nisin with other antibiotics, whereby the observation of highly syn-
ergistic effects of nisin-ceftriaxone and nisin-cefotaxime against clinical isolates of Sal-
monella enterica serovar Typhimurium shall be highlighted (60-62). Bioengineered nisin
variants did not only show antibacterial activity against a wide range of gram-positive
bacteria, including methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-
resistant enterococci (VRE): mutation variants of nisin Z (N20K and M21K) also showed
antimicrobial activity against pathogenic gram-negative bacteria, such as Salmonella,
Shigella and Pseudomonas species (29,63).

In 2012, a completely new chapter was opened: Joo et al. firstly reported an apoptogen-
ic effect of nisin on head and neck squamous cell carcinoma (HNSCC) cells in cell cul-
ture, which was further confirmed in subsequent mouse trials. Here, reduction of tumor-
igenesis in vivo was observed and long-term treatments with nisin Z prolonged survival
(64,65).

A.6 Expanding the genetic code

Because of its ribosomal synthesis pathway, nisin is easily accessible for genetic engi-
neering during the translation process. Due to the post-translational modification pro-
cesses that nisin undergoes during its biosynthesis, solid phase peptide synthesis ap-
proaches are strictly limited. Co-translational bioengineering would therefore be an ele-
gant and easy to handle method. Moreover, in vivo production of modified lantibiotics
offers further benefits, such as: less downstream processing steps, high product yields
and generation of the correct stereochemistry (66). A particular versatile approach for
the introduction of novel chemical functions into proteins is the expansion of the genetic
code by introducing non-canonical amino acids (ncAAs) (67,68). This technology has
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made remarkable progress in the last decades and has allowed introduction of various
functional groups e.g. fluorophores, photo-crosslinkers, isotope-marked amino acids for
NMR-studies into proteins and has been used in vaccine design, too (67,69-71). Re-
garding AMPs, for example, the introduction of unnatural proline-based amino acids into
proline-rich peptides increased their antimicrobial activity against Listeria, Brucella or
MRSA and enhanced their stability against proteolytic degradation by trypsin (72).

Two methods are currently used for ncAA incorporation: selective pressure incorporation
(SPI) and stop codon suppression (SPS). The former allows installation of isostructural
variants of canonical amino acids by replacing a selected natural amino acid in an auxo-
trophic strain through a ncAA (69). In SPS technology (Figure 5 A) the regular function
of a specific codon is overwritten and instead used for the incorporation of any desired
ncAA, which does not require structural relation to a canonical amino acid. For this pur-
pose one of the three stop codons can be used, as all other codons are reserved for the
coding of a natural amino acid. In general, the UAG (amber) stop codon (also: nonsense
codon) is preferably reassigned, as it terminates only ~7 % of E. coli genes (73). Due to
the fact that UAA (ochre) is the most common stop codon, it is rarely used for reassign-
ment (74).

A codon for residue of interest B
CCA

site-directed g
mutagenesis O
oo~ Ao

HN (@)
Lo
Me
\K M e
~——— UAG ——~———— transcription

mRNA

N-Boc L-lysine

translatlon

mutant protein

Figure 5. (A) Principle of the site-specific incorporation of a ncAA into the protein of interest.
First, side-directed mutagenesis is performed, replacing the codon for the residue of interest by the am-
ber stop codon (TAG), which now codes for the ncAA. Second, the plasmid is transcribed to mRNA and
finally translated to the mutant protein by aid of aaRS/tRNAncAA. Adopted and modified from Wang et
al. (75). (B) Structure of N-Boc L-lysine (BocK).
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The following criteria must be met by the modified translation machinery for SPS tech-
nology:

i. An orthogonal aminoacyl-tRNA-synthetase (aaRS)tRNA"* pair is needed,
meaning that the aaRS specifically charges a cognate tRNA, but may not charge

AncAA

any endogenous tRNA present in the host organism (vice versa tRN may not

be aminoacylated by any endogenous aaRS) (76,77).

i. The tRNA"**must recognize a unique codon (e.g. UAG), which may not be used
by any endogenous tRNA (75).

iii.  The ncAA has to be tolerated by the ribosome as well as by EF-Tu, needs to be
stable towards metabolism and must be cell-permeable (76).

The most frequently used orthogonal aaRS/ARNA pair is pyrrolysyl-tRNA-
synthetase/tRNA™' (PyIRS/tRNA™) from Methanosarcina strains (M. barkeri and
M. mazei), which offers two main advantages compared to other aaRS/tRNA pairs. First,
ncAAs can be encoded in prokaryotic as well as eukaryotic model organisms and se-
cond, destruction of the natural synthetase activity is unnecessary since PyIRS is not
specific for one of the 20 canonical amino acids (69,76,78). Moreover, tRNA™'is a natu-
ral amber suppressor and the wildtype PyIRS has a deep hydrophobic binding pocket,
allowing the incorporation of bulky Ne-carbamate linked lysine derivatives into proteins
(76,79). Y384F is a frequently occurring mutation in the flexible loop region of PyIRS,
which plays an important role in the binding of the substrate to the active site and shows
enhanced aminoacylation of N-Boc L-lysine (BocK) (Figure 5 B) and pyrrolysine (79,80).
Therefore, PyIRS(Y384F) was used in this thesis.
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A.7 Objective

Incorporation of ncAAs into peptides and proteins is a promising strategy to enhance
their diversity, functionality and multiple other parameters (76). To combine advantages
of the potent nature of the lantibiotic nisin and expansion of the genetic code, the path

for an efficient system which allows ncAA incorporation into nisin needs to be cleared.

Previous experiments indicated that BocK and p-benzoyl-phenylalanine (pBF) as two
model ncAAs could successfully be incorporated at every single position of the 34 amino
acid long polypeptide nisin using amber SPS technology. To facilitate quantification of
the ncAA incorporation efficiency, a so-called amber suppression efficiency screening
was set up by linking a GFP gene to nisin, which harbors an amber codon at a selected
position (Figure 6). By using this fusion assay, rapid scanning of different positions upon
their ncAA incorporation strength is realizable through deduction of the amount of suc-
cessfully ncAA-modified nisin from the measured GFP fluorescence strength.

A without BocK, with aaRS/tRNA, TAG22-Nisin variant B with BocK, with aaRS/tRNA, TAG22-Nisin variant
Z
MRNA = o e o o UAG = = o E> O] | ee—————— UAG==== E> E
protein ccnkSTOP GCNK BOCKTATmm
Nisin .
t Nisin t

Figure 6. Principle of the nisin-GFP fusion assay. (A) Translation is interrupted in the presence of
the suppressor pair (aaRS/tRNA) and in absence of BocK once the ribosome encounters the amber
(TAG/UAG) codon (exemplarily position TAG22 is shown). No fluorescence increase is observable (FI
is fluorescence intensity). (B) The full-length fusion protein is getting translated upon a successful BocK
incorporation event, leading to an increasing FI.

Unexpectedly, GFP fluorescence was also observable in the absence of the ncAA when
translation should be interrupted once the ribosome had encountered the internal amber
codon. This first set of data suggests the presence of cryptic translation reinitiation sites,
which reduces the yield of modified, mature nisin drastically by bypassing the amber
stop codon. As a result of this ‘leak expression’ phenomenon, the hypothesis was pro-
posed that unwanted N-terminally truncated products are getting translated, which com-
promise the homogeneity of ncAA-modified nisin. Therefore, the project’'s focus was to

investigate and overcome this obstacle, hence, delivering a ‘tight’ recombinant expres-
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sion system, which allows ncAA incorporation into nisin to gain a homogenous ncAA-
modified product.

To allow full exploitation of SPS technology, establishment of a recombinant expression
strategy of fully processed and active nisin in Escherichia coli was expedient. E.coli pre-
sents the most frequently used host organism for ncAA incorporation and offers the ad-
vantage of availability of a genetic toolbox for co-translational bioengineering. Although
efforts have been made to allow SPI of ncAAs by ZHou et al. and BAUMANN et al., only
one report of successful stop codon suppression in L. /actis exists (66,81,82). Based on
a publication of SHI et al., who successfully prepared fully post-translationally modified
nisin in E. coli, the second goal of this work was the establishment of E.coli as nisin ex-
pression host in our lab to allow for utilization of SPS technology for the incorporation of
ncAA into nisin.
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B Methods

B.1 Microbiological techniques

B.1.1 Cultivation and selection of E. coli and L. lactis

Bacterial strain Genotype

E. coli

BL21(DE3) hsdS gal (Aclts857) ind1 Sam7 nin5 lacUV5-T7 gene 1

F~ endA1 deoR" recA1 galE15 galK16 nupG rpsL A(lac)X74 ¢@80lacZAM15

E. coli DH108 araD139 A(ara,leu)7697 mcrA A(mrr-hsdRMS-mcrBC) StrR A~ (83)

gyrA462 endA1 A(sr1-recA) mcrB mrr hsdS20 ginV44 (=supE44) ara14

E. coli DB3.1 galK2 lacY1 proA2 rpsL20 xyl5 leuB6 mtl1 (84)
E. coliMC1061 araD139, A(ara, leu)7697, AlacX74, galU-, galK-, hsr-, hsm+, strA (85)
E. coli T7 Ex- F’ proAB’ lacl%zzf:: Tn10(Tet?)/fhuA2 lacZ::T7 gene1 [lon] ompT gal sulA11
' press I° R(mcr-73:: miniTn10--Tet®)2 [decm] R(zgb-210::Tn10--Tet®) endA1 A(mcrC-
mrr)114::1S10 (86)
L. lactis NZ9000 Derivative of L. lactis subsp. cremoris MG1363, pepN::nisRK (87)

Table 1. Genotypes of utilized E. coli and L. lactis strains.

Cultivation of E. coli strains DH10B, DB3.1, MC1061 and T7 Express |9 (T7 Exp) was
performed at 37°C, 220 rpm shaking in lysogeny broth (LB) medium (0.5 % (w/v) yeast
extract, 1 % (w/v) tryptone, 1 % (w/v) NaCl). For selection of transformed cells antibiotics
were added to the medium in the following concentrations: ampicillin 100 pg/ml, kana-
mycin 50 pg/ml, streptomycin 50 pyg/ml, erythromycin 250 ug/ml, chloramphenicol
33 pg/ml.

L. lactis strain NZ9000 was cultivated at 30°C, without shaking in GM17 medium (ascor-
bic acid, 0.5 g/l lactose, 5 g/l magnesium sulfate, 0.25 g/l meat extract, 5 g/l meat pep-
tone (peptic), 2.5 g/l sodium glycerophosphate, 19 g/l soya peptone (papainic), 5 g/l tryp-
tone, 2.5 g/l yeast extract, 2.5 g/l, 5 g/l glucose). For selection, erythromycin (Ery,
10 pg/ml) and/or chloramphenicol (Cam,10 uyg/ml) was added to the medium. GM17
medium with Cam and Ery was stored at +4°C for a maximum of seven days.
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Agar plates were prepared by dissolving 15 g/l agarose in GM17 medium, adding the
appropriate antibiotic in the same concentrations as in liquid medium, unless otherwise
stated, and pouring approximately 16 ml of the 45°C warm solution into sterile petri
dishes.

B.1.2 Preparation of chemically competent Escherichia coli cells

Chemically competent E. coli cells were prepared according to a modified protocol of
INOUE et al. (88). First, an overnight culture of a single colony was diluted 100-fold in 100
to 1000 ml of SOB medium (Super Optimal Broth, yeast extract 0,5 % (w/v), tryptone
2 % (w/v), NaCl 10 mM, KCI 2,5 mM, MgCl, 10mM, MgSO4 10 mM) supplemented with
20 mM glucose, 10 mM CaCl, and the appropriate antibiotic. The culture was grown to
an ODggo of 0,4-0,6 at 37°C, 220 rpm shaking. Cells were harvested in 50 ml falcon
tubes by centrifuging at 2500xg, 4°C for 10 min. Each cell pellet was resuspended in
16 ml ice-cold transformation buffer | (RbCl 100 mM, MnCl,*4H,O 50 mM, CH3;COOK
30 mM, CaCly*2H,0 10 mM, 15 % glycerol, adjusted to pH 5,8 with acetic acid) and
incubated on ice for 15 min. The cells were again centrifuged at 1000xg, 4°C for 5 min.
Next, the cell pellets were resuspended in 4 ml ice-cold transformation buffer Il
(MOPS (0,5 M, pH 6,8) 10 mM, RbCI 10 mM, CaCl;*2H,O 75 mM, 15 % glycerol, ad-
justed to pH 6,8 with NaOH). Aliquots (a 200 ul) were snap-frozen in liquid nitrogen and

stored at -80°C for a maximum of six months.
B.1.3 Preparation of electrocompetent L. Jactis cells

Electrocompetent L. /actis cells were prepared according to a modified protocol of HoLO
AND NESs (89). Initially, an overnight culture of a single colony in GM17 medium was di-
luted 10-fold in SMGG medium (GM17 medium with 0.5 M sucrose, 1 % glycine), sup-
plemented with the appropriate selection antibiotic. The culture was grown until ODsggg
reached 0,3-0,4 at 30°C, without shaking and was then transferred into 50 ml falcon
tubes. Next, cells were harvested at 4500 rpm, 4°C for 25 min. The pellets were then
resuspended in 50 ml wash buffer | (sucrose 0,5 M and 10 % glycerin in H2O) per 50 ml
falcon tube and centrifuged (4500 rpm, 4°C, 25 min). In the following step, the superna-

tant was discarded and cell pellets were resuspended in 25 ml wash buffer Il (0.5 M su-
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crose, 10 % glycerin, 50mM EDTA in H2O) per 50 ml falcon tube, kept on ice for 15 min
and centrifuged (4500 rpm, 4°C, 25 min). In a final washing step, pellets were washed
with 12,5 ml of wash buffer | and centrifuged (4500 rpm, 4°C, 20 min). The cell pellets
were then resuspended in 0,5 ml wash buffer I, aliquots a 50 pl were filled in 200 ul PCR
tubes, frozen using dry ice and stored at -80°C for a maximum of six months.

B.1.4 Transformation of chemical competent Escherichia coli bacteria

For transformation of chemical competent E. coli the heat shock method was applied.
200 pl aliquots of bacteria were thawed on ice and either 20 pl of the ligation mixture or
1-100 ng of plasmid DNA were added to the cells. The cells were then incubated on ice
for 30 min, followed by a 30 sec heat shock at 42°C and a final 5 min incubation step on
ice. The transformation mixture was supplemented with 800 pl LBy medium and incubat-
ed at 37°C, 220 rpm shaking for 60 min. Finally, 100 ul of the 10 % and 90 % concen-
trated transformed competent cells were plated on LB-agar containing the selection an-
tibiotics and left grown overnight.

B.1.5 Transformation of electrocompetent L. /actis bacteria

For transformation of electrocompetent L. lactis (89), 50 pl aliquots of competent bacte-
ria were thawed on ice. 50-200 ng plasmid DNA was added to the cell suspension and
immediately transferred to an ice-cooled electroporation cuvette (2 mm electrode gap).
The cells were exposed to a single electrical pulse, which was delivered by a Gene-
Pulser device (Bio-Rad) that was set to 2,5 kV, 25 yF and 200 Q (setting option Ec2).
Immediately after the pulse, 950 pl of room-temperature warm SMG17MC medium
(GM17 with sucrose 0,5 M, MgCI2 20 mM, CaCl2 2 mM) were added to the suspension
and incubated for 2 h at 30°C, 200 rpm. The cells were then centrifuged at 4000 rpm,
5 min. 900 pl of the supernatant were discarded and the cell pellet was resuspended in
the remaining 100 yl medium. The complete 100 yl were then spread on a M17 agar
plate, containing Cam and/or Ery at a concentration of 5 uyg/ml. Colony growth was read
out after 48 h of incubation at 30°C.
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B.2 Molecular biology techniques

B.2.1 General cloning strategy

Inserts for cloning were obtained by reverse transcription polymerase chain reaction
(RT-PCR), overlap extension PCR, PCR like reaction or via digestion of the gene of in-
terest containing plasmid. PCR products were purified by agarose gel electrophoresis in
1xTBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA-Naz, pH 8.0), using ethidium
bromide (50 ng/ml gel) as a dsDNA intercalating fluorescence dye to visualize the DNA
when observed under a bluescreen tansilluminator, followed by DNA extraction using
the QIAquick Gel Extraction Kit (QIAGEN Inc.) according to the manufacturer’s guide-
lines (90). Restriction digestions of vector and insert (500 ng to 5 uyg DNA) were con-
ducted at 37°C for 1-3 h, using appropriate restriction enzymes (20 U) and buffers
(1 x concentrated) according to the manufacturer’s instructions (91). The vector was
subsequently treated for 1-2 h with 0.5 U/ul Calf Intestinal Phosphatase (CIP) to mini-
mize recircularization of the vector. Digested products were purified by agarose gel elec-
trophoresis and extracted with the QIAquick Gel Extraction Kit. For ligation, the Quick
Ligation Kit (NEB) was used. The reaction was carried out at room temperature for 5-
15 min using 1x Quick Ligation Reaction Buffer, Quick Ligase 1 pl/20 pl reaction assay,
vector (50 ng) and a triple to fivefold molar excess of insert DNA (molar ratio of vec-
tor:insert, 1:3-5). Transformation was performed as described in B.2.1.4.

Analyzation of transformants was done by colony PCR and analytic digestion. For colo-
ny PCR, one transformant was inoculated with 50 ul of LB, containing the selection anti-
biotic, and incubated at 37°C, 220 rom for 1 h. The reaction (1xGoTaq Green Master
Mix, 10 uM of respective forward and reverse primers, 1 pl of the inoculated trans-
formant per 20 pl total reaction volume and nuclease-free water) was prepared and the
DNA amplified using the following thermocycler conditions: initial denaturation (94°C, 10
min), 32 amplification cycles (each: 94°C for 30 sec, 55°C for 30 sec, 72°C for 30-
60 sec) and final extension (72°C, 10 min). For analytic digestion, 300-500 ng DNA were
incubated at 37°C, 1 h, with restriction enzymes (20 U) and buffers (1x concentrated)
according to the manufacturer’s guidelines (91), followed by DNA length separation via
gel electrophoresis and documentation with the Alphalmager HP Transiluminator.
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B.2.2 Construction of pScreen_M21K _ nisA

The M21K point mutated nisA gene (GenBank: HM219853.1) was generated by aligning
and elongating oligonucleotide M21K_nisA_fw and M21K_nisA_rev using the following
conditions: denaturation (98°C, 5,5 min), annealing (65°C, 30 sec) and extension (72°C,
60 min). The reaction included 1x Phusion HF buffer, 10 mM dNTPs, Phusion HF DNA
polymerase (0,04 U/ul), oligonucleotides M21K_nisA_fw and M21K_nisA_rev (10 nM)
and nuclease-free water. The DNA fragments were run on a 2 % agarose gel and the
products were extracted using a QIAquick Gel Extraction Kit. The resulting mutant nisA
DNA fragment was digested with Nhel and Hindlll at 37°C for 2 h using 1x CutSmart
Buffer. The vector pScreen_ccdB was digested with Nhel and Hindlll at 37°C for 2 h,
using 1x CutSmart Buffer and adding CIP (0.5 U/ul) after 60 min. The digests were run
on a 1 % agarose gel and the products were purified using a QIAquick Gel Extraction
Kit. The resulting digested mutant nisA gene was inserted into the respective digested
vector pScreen_ccdB between the Nhel and Hindlll restriction sites. Ligation and trans-
formation with chemically competent DB3.1 cells were carried out as described above.
The cells were plated on LBamp agar plates and grown at 37°C for 16 h. Three colonies
were picked and incubated in 5 mL LBamp at 37°C for 16 h, followed by analyzation of
the cloned plasmid (analytic digestion) and plasmid isolation using a GeneJET Plasmid
Miniprep Kit (Thermofisher). Sequence verification was performed via Sanger DNA se-
quencing by GATC Biotech (Konstanz, Germany) using the appropriate primers.

B.2.3 Construction of pScreen_M17XM21K_final_nisA(co-LlI)

Plasmid DNA pSEVA_M21K_nisA(co-LI) (cloned with the same protocol as
pScreen_M21K_nisA(co-Ll), but with pSEVA_silent as vector) was used as a template
for introducing the site specific M17X randomized mutation by overlap extension using
PCR (92). In a first step, two PCR reactions were prepared. PCR 1 contained forward
primer M17X_nisA_fw, binding in the nisA gene of pSEVA_M21K_nisA(co-LI), harboring
the desired NNK-mutation at amino acid position 17 and a 3’ overhang complementary
to the sequence of nisA, and reverse primer PS2, binding outside of the gene. PCR 2
included forward primer PS1 and M17X_nisA_rev, binding directly in front of the muta-
tion site and creating a 20 bp overlap with the product of PCR1. The conditions for
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PCR1 and 2 were the following: initial denaturation (94°C, 5 min), 30 amplification cycles
(each: 94°C for 30 sec, 55°C for 30 sec, 72°C for 1 min) and final extension (72°C,
10 min). The reaction included 1x Phusion HF buffer, 10 mM dNTPs, Phusion HF DNA
polymerase (0,04 U/pl), 160 ng plasmid DNA, 10 uM forward and reverse primer, and
nuclease-free water. Amplified products were purified on a 2 % agarose gel and extract-
ed using a QlAquick Gel Extraction Kit, yielding 2,9 ug of DNA fragment from PCR1
(198 bp) and 1,5 uyg DNA from PCR2 (250 bp). Both PCR products were combined as
templates in a third PCR amplification step (PCR1+2) with primers PS1 and PS2. Here,
the same PCR cycler conditions as described above were applied. The reaction included
1x Phusion HF buffer, 10 mM dNTPs, Phusion HF DNA polymerase (0,04 U/ul), 100 ng
DNA of PCR1 and 2, and nuclease-free water. The final PCR product, encompassing
the mutated nisA, was again purified by gel electrophoresis, giving 4,5 ug of DNA
(428 bp), followed by digestion with Nhel, Hindlll and Spel to obtain the 118 bp long mu-
tated nisA gene. The digested vector pSEVA (Nhel, Hindlll) and the insert were ligated
and transformed into DB3.1 cells (see B.2.2.1 and B.2.1.4). A colony PCR was per-
formed and all positive transformants were inoculated in 5 mL LBam, at 37°C for 16 h,
followed by isolation of the plasmids using a GeneJET Plasmid Miniprep Kit. The integri-
ty of the plasmid and the identity of the different mutants were verified via Sanger DNA
sequencing by GATC Biotech wusing the appropriate primers. The pSE-
VA_M17XM21K_nisA(co-LI) plasmid was then again digested with Nhel and Hindlll, as
well as pScreen_ccdB. Complete cutting of the insert was ensured by doing so. Finally,
ligation and transformation into DB3.1 cells was conducted and the plasmid
pScreen_M17XM21K_nisA(co-LI) was sequenced.

B.2.4 Site-directed mutagenesis to obtain variants M17TH, W, Y, C, E, T and
M17IM21K

For construction of the seven missing variants site-directed mutagenesis was performed
using the corresponding primers M17H_nisA_fw to M171_nisA_fw and pNZ_rev (compare
table in section E.1.3.1) for part 1 of the overlap extension PCR and pNZ_fw and
M17X_nisA_rev (Xis H, W, Y, C, E, T, I) for part 2 of the PCR. The reaction mixture in-

cluded the same components and PCR conditions were consistently applied as de-
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scribed in B.2.3, whereas pScreen_M21K_nisA was used as template DNA. A third PCR
(PCR 1+2) combined the obtained DNA pieces from PCR 1 and 2, using primers
pNZ_fw and pNZ_rev. The final products were subsequently digested with Nhel and
Hindlll, ligated into pScreen_ccdB and transformed into E. coli MC1061 (compare
B.2.3).

B.2.5 Confirm presence and integrity of plasmid in L. lactis

To confirm the presence of the respective plasmid (pScreen, containing the NisA deriva-
tive) in L. lactis, plasmid DNA was isolated using the GeneJET Plasmid Miniprep Kit
from a 10 ml overnight culture. Prior treatment with 30 mg/ml lysozyme (disruption of the
gram positive cell membrane) did not improve yields significantly. Therefore, the manu-
facturer’s protocol for DNA preparation from E.coli was followed. The obtained DNA was
subsequently used as template DNA for PCR, aiming at the amplification of the se-
quence section of interest. The conditions for PCR were as follows: 1xGoTaq Green
Master Mix, 10 uM of forward (pNZ forward) and reverse (pNZ reverse) primers, 1 pl
plasmid DNA and nuclease-free water (ad. 20 ul). Components were mixed and the re-
spective DNA sequences were amplified (95°C 5 min, 35x (95°C 30 sec, 55°C 30 sec,
72°C 1 min), 72°C 10 min, 4°C infinite hold). Subsequently, the PCR products were se-
quenced at GATC Biotech (Konstanz) or Seqlab (Gottingen).

B.3 Protein biochemistry techniques

B.3.1 Nisin expression and purification from Escherichia coli

BL21(D3) or T7 Exp cells were transformed with the respective plasmids (pRSFDu-
et _nisBC (codon optimized for E. coli (co-Ec) sequences) and pET21a_His6_leader_
nisA(wt or co-Ec DNA sequence)), containing the gene sequences for the proteins of
interest. A single clone was picked to inoculate LB medium with selection antibiotics
(Kana, Amp) for 16 h at 220 rpm shaking. The overnight culture was diluted 1:100 in
Terrific Broth (TB) medium (1,2 % tryptone, 2,4 % yeast extract, 0,5 % glycerol, 89 mM
phosphate buffer, H,O) containing the respective selection antibiotics. Protein expres-

sion was induced with 0,5 mM IPTG when ODggo 0,3-0,5 was reached. The cells were
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then incubated for 16-18 h at 18°C and harvested by centrifugation at 4500 rpm, 4°C, for

15 min.

Protein purification was carried out in a modified procedure according to SHi et al. (93).
Cell pellets were thoroughly resuspended in 5 ml start buffer (20 mM Tris, pH 8,0,
500 mM NaCl, 10 % glycerol, containing a protease inhibitor cocktail from Roche Ap-
plied Science) per gramm cell pellet and homogenized by sonication for approximately
15 min using a Branson sonifier 450 device (0,5 ms pulse, 0,5 ms pause, level 5). The
samples were centrifuged at 21.000-24.000%g for 30 min at 4°C. Purification of the pep-
tide using a His Gravi/SpinTrap TALON column (GE Healthcare) was done according to
the producer’'s manual. First, the supernatant was loaded onto the His-trap column,
which was pre-equilibrated with start buffer. Following loading, the column was washed
with wash buffer (start buffer+30 mM imidazole). The peptide was eluted from the col-
umn using elution buffer (start buffer+1 M imidazole). Further concentration of the sam-
ple was performed by applying the solution on an Amicon Ultra 3K centrifugal filter
(Merck). Prior to further purification via high-performance liquid chromatography, buffer
exchange was achieved by gel filtration using 10 ml NAP columns (GE Healthcare) to
100 mM acetic acid/ammoniumacetat (pH 3,9) according to the manufacturer’s protocol.

B.3.2 Reverse phase high-performance liquid chromatography (RP-HPLC)

An Agilent 1100 series HPLC system connected to an Agilent Zorbax Eclipse XDB C8
column (4.6 x 150 mm, 5 ym) was used to further purify protein samples. The column
was pre-equilibrated with 100 % H20 + 0,1 % (v/v) TFA (solvent A). The run started with
100 % solvent A for 5 min. Afterwards a gradient of 0-100 % acetonitrile + 0,1 % (v/v)
TFA (solvent B) was steadily built up in a 30 min time period to elute the different sample
compounds. Finally, 100 % solvent B (5 min) was used to elute all remaining protein
from the column. Protein or peptide elution was monitored at 210, 220 and 280 nm.
Modified prenisin began to elute at 60 % solvent B. Fractions were analyzed by agar
well diffusion assay and 16,5 % Tricin-SDS-PAGE.

28



B| Methods

B.3.3 Mass spectrometry

Mass spectrometric analysis of samples was kindly provided by Eduard Hochmuth (AG
Meister, University of Regensburg). Potential contaminations of HPLC-purified proteins
were excluded by low flow liquid chromatography, using the Ultimate 3000 RSLC nano
system (Thermo Scientific), prior to matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) with a 4800 Plus MALDI TOF/TOF Analyzer

and a connected Maxis 4G electron spray device (Bruker).
B.3.4 SDS-PAGE

Proteins were separated according to their size via sodium dodecy! sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE). Protein samples were mixed with 2x boiling mix
(10 % (v/v) mercaptoethanol, 2 % (v/v) SDS, 0,5 mM EDTA, 10 % (v/v) glycerol,
0,005 % (w/v) bromphenol blue, 62,5 mM Tris/HCI pH 6,8), boiled at 95°C for 10 min
and centrifuged (1 min, 4000 rpm). The stacking gel was prepared by mixing 0,33 ml
30 % acrylamide, 0,4 ml stacking gel buffer (0,625 M Tris, pH 6,5), 0,4 ml 0,5 % SDS,
0,86 ml H20, 1,7 yl TEMED and 10 pl 10 % APS. A prestained protein ladder (Precision
Plus Protein Dual Xtra Standards) as reference and protein samples were loaded on a
15 % SDS gel (30 % acrylamide 3,1 ml, separation gel buffer (1,88 M Tris/HCI, pH8,8)
1,2 ml, SDS 0,5 % (w/v) 1,2 ml, H,O 0,55 ml, TEMED 4,6 pl, APS 10 % (w/v) 31 pyl >
giving a total volume of 6 ml) and electrophoresis was performed at 90 V for ca. 20 min
until the samples reached the separation gel (migration could be observed by addition of
bromphenol blue). Proteins were separated at 130 V for ca. 60 min using the Mighty
Small Il system (8x7cm; Serva Electrophoresis).

B.3.5 Tricin-SDS-PAGE

By using a Tris-Tricin-buffer system, proteins/polypeptides in the range of 1-100 kDa can
be separated in superior quality to glycine-SDS-PAGE systems. According to an
adapted protocol from SCHAGGER AND JAGOW, the anode buffer (0,2 M Tris/HCI, pH 8,9)
and cathode buffer (12,11 g Tris, 17,92 g Tricin, 10 ml 10 % (w/v) SDS ad 1| H2O; can
be stored for a maximum of one month at 4°C) were prepared (94,95). Protein samples

were prepared by mixing the sample with 2x sample buffer (1 ml 1 M Tris/HCI, pH6,8,
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0,8 g SDS, 3 g glycerol, 0,31 g dithiothreitol (DTT), 2 mg Coomassie blue R-250 ad
10 ml H20) and boiled at 100°C for 5 min. The samples were loaded onto a stacking gel
(for one gel: 0,33 ml 30 % acrylamide, 0,4 ml stacking gel buffer (0,625 M Tris, pH 6,5),
0,4 ml 0,5 % SDS, 0,86 ml H,O, 1,7 yl TEMED, 10 pl 10 % APS) and a 16,5 % separa-
tion gel (for one gel: 4,04 ml 30 % acrylamide, 2,5 ml separation gel buffer (3 M Tris/HCI,
pH 8,45), 75 yl 10 % SDS, 90 pl H,0, 25 pl 10 % APS, 5yl TEMED). The cathode
buffer was filled into the upper chamber and the anode buffer into the lower chamber of
the Mighty small Il electrophoresis system (Serva Electrophoresis). Stacking of the pro-
tein samples was performed at 90 V for 20 min and separation was accomplished by
increasing the tension to 130 V for 60 min.

B.3.6 Coomassie staining

Proteins were visualized by incubation of the SDS gels with Coomassie staining solution
(1.25 % (w/v) Coomassie Brilliant Blue R-250, 50 % (v/v) ethanol, 7 % (v/v) acetic acid)
for 15 min. Gels were destained by incubation with H,O at room temperature for several
hours (up to 48 h).

B.3.7 Silver staining

Silver staining of SDS gels was performed according to an adapted procedure from
SWITZER et al. (96). Gels were first incubated for 60 min in 25 ml fixation solution (50 %
methanol, 12 % acetic acid, 12,5 pl 37 % formaldehyde). The gel was then washed in
50 % (v/v) ethanol for 10 min, followed by another washing step in 30 % (v/v) ethanol for
another 10 min. To reduce unspecific background binding of silver ions, the gel was in-
cubated for 1 min in 25 ml sodium thiosulfate (0,2 g/l) and washed three times with 25 ml
H>O each time for 20 sec. In the next step, the gel was incubated for 20 min in 25 ml
staining solution (0,1 % (w/w) AgNO3;, 18,75 ul 37 % formaldehyde) and afterwards
washed three times with 25 ml H,O, each time for 20 sec. Protein bands were visualized
by reduction of Ag® to Ag using 25 ml developing solution (6 % (w/w) Na,COs, 12,5
37 % formaldehyde, 50 pl sodium thiosulfate (0,2 g/l)). The reaction was stopped by in-
cubation with 25 ml 5 % (v/v) acetic acid for 5 min once protein bands reached the de-
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sired intensity (maximum 10 min incubation in developing solution). Finally, gels were

washed twice with H,O, each time for 10 min.
B.3.8 TCA precipitation

One volume 100 % trichloroacetic acid (TCA) (prepared by dissolving 10 g TCA in 7 ml
H20O, stored at room temperature) was added to four volumes of protein sample, incu-
bated for 120 min at -20°C and centrifuged at 14.000 rpm, 5 min, 4°C. The supernatant
was removed and the pellet was washed with 200 ul ice-cold acetone/ml sample and
once more centrifuged at 14.000 rpm, 5 min, 4°C. Finally, the pellet was completely
dried by incubation at 50°C for 10 min and dissolved in 0,05 % acetic acid (if the protein

was nisin).

B.3.9 Amber suppression reporter assay/ amber suppression efficiency

screening

Nisin and nisin variant expression was relatively quantified by measuring the fluores-
cence of the reporter protein eGFP (enhanced green fluorescent protein). For this pur-
pose, NisA variants were cloned into the pET21a_His6_leader_nisA_PLrigid_egfp (=
pET_nisA_egfp) vector from Miriam Thewes’ project using standard cloning techniques
(compare B.2.1) and the Xhol and Ndel restriction sites. Fluorescence measurements
were performed using an Infinite 200 Pro microplate reader (Tecan) and the correspond-
ing Magellan software (Tecan) in a 24-well plate format (Greiner Bio-one, Austria). The
excitation wavelength was 480 nm (bandwidth: 9 nm) and the emission wavelength
510 nm (bandwidth: 20 nm, 5 flashes, top mode, 20 ps integration time and O uys lag
time, 3x3 reads per well in a square file type). The optical density was measured at the
same time by determining the absorbance at 600 nm (3x3 reads per well in a square file
type, 2 flashes). The device’s (bottom and lid) temperature was kept between 36,5 and
37,5°C and the lid was sealed with parafilm to prevent loss of fluid due to evaporation
(weight loss before to after measurement was less than 0,25 %). The first measure-
ments were performed after 20 sec of shaking (amplitude 3 mm). Subsequently, 40 ki-
netic cycles were measured. Each cycle started with 600 sec of shaking (amplitude
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3 mm) and was continued by absorbance and fluorescence intensity measurements as

described in detail above.

Bacterial cultures were prepared by diluting an overnight culture (LBcam/amp Supplement-
ed with 1 % glucose to suppress any kind of leak expression) of T7 Exp cells containing
pTB290 (encoding the PyIRS(Y384F)tRNA™' orthogonal suppressor pair) and the re-
spective pET21a plasmid, by 1:100 in LBcamamp Supplemented with 1 % glucose (addi-
tion of 200 pl 25 % glucose stock solution to 5 ml LB medium). Overnight cultures were
inoculated from glycerol stocks. Each biological replicate was inoculated from a different
glycerol stock (except for wt TAG variants, as these were taken over from Miriam
Thewes’ project and here only one glycerol stock per variant was available). Cultures
were then left grown to a steady state (ca. 5-9 h) and again diluted 1:25 in LBcamamp
without glucose in a screw cap tube to reach an ODgyo of ~0,1 (here: 200 pl bacterial
culture in 5 ml LBcamamp). When ODeggoo reached 0,5-1,0, samples were transported to
the Tecan plate reader (transportation time approximately 10 min) and normalized to an
ODggp of 0,25. 0,02 % (w/w) Arabinose (1,5 pl from a 20 % stock solution per 1,5 ml total
volume), 1 mM IPTG (1,5 pl from a 1 M stock solution), and 1 mM BocK (30 pl from a
50 mM BocK in 50 mM NaOH stock solution) were added, giving a total volume of 1,5 ml
per well (24-well-plates were used). Addition of water instead of BocK served as nega-
tive control. In case of measurement of controls, where bacteria did not possess an am-
picillin and/or chloramphenicol resistance gene, the respective antibiotic was abolished
from the medium and LBamp, LBcam Or LBo was used.

B.4 Antimicrobial activity assays

B.4.1 Production of prenisin by L. lactis

Variants of nisA (on plasmid pScreen_nisA) were transformed into the producer strain
L. lactis harboring a pScreen plasmid, which carried the DNA sequence of the NisA vari-
ant and plL_BTC for the PTM machinery (compare B 1.5). A culture was inoculated for
48 h from 20 picked clones and glycerol stocks were prepared by centrifuging the cells
at 4000 rpm, 10 min, diluting the cell pellet in GM17 medium with 50 % (v/v) glycerol and
storage at -80°C until further utilization. The glycerol stocks were used to inoculate

overnight cultures of the producer strain and diluted 1:20 on the next morning. Cells
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were left grown to an ODeqgo of 0,4-0,6 at 30°C without shaking, normalized to an ODggo
of 0,4 and induced by adding 1 mM IPTG (binds to lac repressor, which consequently
releases the lacO site) and 5 ng/ml nisin (prepared from a 1 mg/ml nisin (Sigma Aldrich)
in 0,05 % acetic acid stock solution). Cultures were then incubated for another 3 h at
30°C, normalized to an ODggo of 1,5 and harvested by centrifugation at 4500 rpm for
10 min. The supernatant was sterile-filtered and stored at -20°C for a maximum of six

weeks.
B.4.2 Agar well diffusion assay

Agar plates were prepared by heating sterile GM17 supplemented with 15 g/l agarose in
a microwave until the medium was completely fluid. The solution was then held at 45°C
in a water bath for a minimum of 30 min. Next, 10 yg/ml Cam and 10 pg/ml Ery and
1 % (v/v) of a L. lactis (containing plL253, harboring the Cam®, and pNZ_nisP, which
encodes the NisP protease) (L. /actis [plL,pNZ]) overnight culture were added and gently
mixed. The warm, fluid agar was poured in 9 cm petri dishes until the bottom was com-
pletely covered and left to dry (takes about 3-5 min). In the next step, four wells with
7 mm diameter were made in each quarter of the plate using the bottom of a 200 pl pi-
pette tip. 25-30 yl of the prenisin containing supernatant (compare B.4.1) were pipetted
in each well and plates were incubated overnight at 30°C. Documentation was done with
the Alphalmager HP Transiluminator (Proteinsimple, United States).

B.4.3 Minimal inhibitory concentration and dilution assay

For comparative estimation of the antimicrobial activity of the different NisA variants, the
minimal inhibitory concentration or dilution assay (MID/MIC) was applied. Principally, this
assay tests the antimicrobial activity of the supernatant of nisin producing bacteria or
commercial nisin against a specific sensor strain (L. /actis [plL,pNZ]).

Prenisin containing supernatant (compare B.4.1) or freshly prepared nisin stock solu-
tions (each 1 mg/ml in H2O, sterile-filtered) were diluted as required with GM17 medium
(containing Cam and Ery) in a 96-well plate (total volume of each dilution step: 100 pl).
An overnight culture of the sensor strain was diluted 1:20 and left grown to an ODggo Of
0,5-0,8 (logarithmic growth phase, takes approximately three to four hours). Next, the
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sensor was diluted to an ODeggo of 0,1 and thoroughly mixed in equal parts (100 ul) with
the diluted supernatant or the commercial nisin, resulting in an overall ODggg of 0,05.
Bacterial growth was monitored using the Tecan Infinite 200 Pro by applying the follow-
ing conditions: temperature 30°C, each cycle: 120 sec shaking, 6 mm amplitude (corre-
sponds to 142 rpm, orbital mode), followed by immediate absorbance measurement at
600 nm (bandwidth: 9 nm, three flashes) and 18 min waiting time (no shaking). 72 repe-

titions were measured and the MIC/MID values were read out after ten hours.
B.4.4 Growth curve analysis

To further analyze and reveal the subtle differences between the different variants, the
prenisin containing supernatants of L. /actis (B.4.1) were subjected to a growth curve
analysis. Different dilutions of the supernatant were prepared by mixing the supernatant
with GM17 medium and 100 pl were pipetted into a 96-well plate (flat bottom with lid,
Sarstedt, Germany). An overnight culture of the sensor strain (L. /actis [plL,pNZ]) was
diluted 1:20. Once an ODeggo of 0,5 was reached, it was normalized to an ODggo of 0,1
and 100 pl were added to the dilutions of the supernatant. Same measurement condi-
tions as described in B.4.3 were applied, using the Tecan Infinite 200 Pro. Depending on
the time period of interest, cycles were repeated 42-72 times.

B.5 Statistical analyses

Statistical analyses were performed using Microsoft Excel 2010 and GraphPad Prism. If
statistical significance of the comparison of two values was calculated, the Shapiro-Wilk
test of normality was performed prior to further analyses (97). In case of a Gaussian dis-
tribution, a paired Student’s t-test was applied. For samples with non-Gaussian distribu-
tion, the Mann-Whitney U-test was applied. Significance levels of p<0,05, p<0,01 and
p<0,001 were marked with (*), (**) and (***), respectively. The standard error of the
mean (SEM) is indicated as parameter for sampling distribution. In case of growth curve
analysis, FI measurements and protein expression, measurement differences which
could occur because of clonal variations were assumed to be negligible. Data fitting was
performed using GraphPad Prism version 5.01 (GraphPad Software, 2007). All experi-
ments were performed in technical and biological triplicates unless otherwise stated.
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C Results

Two major goals were pursued:

[11 Investigation of the reasons for the occurrence of GFP-harboring products in
the absence of BocK (‘Leak expression’) (C.1).

[2] Establishment of a stable expression system for nisin in E. coli (C.2).

C.1 Translation reinitiation leads to leak expression of the report-

er when incorporating ncAAs into nisin

C.1.1 Leak expression can be observed in the amber suppression efficiency
screening of NisA(wt)

To investigate the position-dependency of the efficiency of ncAA incorporation into nisin,
a nisin-GFP fusion assay for relative protein quantification was established in the group
of Prof. Dr. Ralf Wagner by Maximilian Fischer (98) and Miriam Thewes.

The principle of the amber suppression reporter assay is shown in Figure 7 with nisin A
(NisA), harboring a TAG codon at position 22, as an example of a nisin TAG variant.
Basically, nisA is linked to an enhanced green fluorescence protein (eGFP) gene, which
allows indirect monitoring of successful protein expression via measurement of the fluo-
rescence intensity (FIl). Without addition of the ncAA, the TAG codon works as a stop
signal, terminating translation ahead of the eGFP gene and consequently no increase of
fluorescence is measurable (Figure 7 A). In case of presence of: [1] the orthogonal sup-
pressor pair, [2] the plasmid which carries nisA, with an amber codon at a selected posi-
tion, linked to egfp and [3] the ncAA, the full length fusion protein NisA-eGFP is translat-
ed and one can observe an increasing fluorescence over the time that has passed since
induction of protein expression (Figure 7 B). Depending on the selected TAG position
within nisin, different strong amber suppression is expected. The expression ‘amber
suppression efficiency’ means the efficiency by which the amber stop codon’s (TAG)
function is successfully replaced by not interrupting translation but instead coding for a
ncAA. The amber suppression reporter assay is therefore used to perform the ‘amber

suppression efficiency screening’. As suppression rate was the focus of this experiment,
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it was decided to use the extensively studied, commercially available BocK as model for
a ncAA.

A TAG22-Nisin variant, with aaRS/tRNA, without BocK
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Figure 7. Principle of the amber suppression reporter assay. (A) When BocK is not present, the
TAG codon functions as a stop signal for translation and no fluorescence can be observed, as no fused
eGFP is expressed. Exemplarily, the mRNA of nisA with the TAG codon at position 22 is schematically
shown as a dashed blue line, connected via the linker (yellow) to egfp (green). (B) When BocK is pre-
sent, the full length fusion protein is translated and increasing fluorescence can be observed after in-
duction of expression.

To introduce the required genetic information into bacteria, plasmids pET_nisA_egfp
(Figure 8 A), which was constructed within Miriam Thewes and Maximilian Fischer’s pro-
jects, and pTB290 (Figure 8 B), harboring the elements for the modified translation ma-
chinery, were utilized.

pET21a is a commercial vector (Merck), carrying an AmpR, a pBR322 ori, a T7 promot-
er, followed by a lacO site and the lac repressor Lacl that allows induction of protein ex-
pression with IPTG (99). For our purposes, the nisA (GenBank: HM219853.1), including
its leader peptide, was N-terminally fused to a 6xHis-Tag by a small linker (complete
encoded amino acid sequence: MGSSHHHHHHSQDP) and linked to egfp via the PLrig-
id sequence (based on a previously characterized a-helix motif published by YAN et al.
(92)). PLrigid consists of a repetitive EAAAR-motif forming an inflexible 20 amino acid
long ((EAAAR),) a-helix, which is expected to separate nisin and eGFP to minimize ste-
rical hindrances that could otherwise affect protein translation and folding (100). The
TAG codon was then integrated into nisin at the position of interest by common cloning
strategies (B.2.1). To introduce the necessary elements for the modified translation ma-
chinery, the pTB290 plasmid (kindly provided by Dr. Tobias Baumann and Prof. Dr.

Nedeljko Budisa, TU Berlin) was used. pTB290 contains an E. coli codon optimized (co-
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Ec) version of pyrrolysyl-aaRS from M. mazei with an Y384F point mutation (compare
A.6), gInS, which encodes the glutamine tRNA ligase, and tRNA™' under the control of
the tryptophan promoter (Trp promoter). Replication is enabled by a p15a ori and Cam®
allows bacterial selection.

A B

His6 tag leader nisA

eGFP
Trp promot-e: tRNAPY
T7/ p15a V =~

- PyIRS(Y384F
v, N pTB290 Yy (co(-Ec) )
3.608 bp
CamR\ _
pET _nisA_eGFP
6.369 bp ) Amp" ginS

e
pBR322 ori

Figure 8. Schematic vector map of (A) pET_nisA_eGFP and (B) pTB290. For abbreviations of
components compare E 4.

A set of eight pET_nisA_egfp variants (TAG codon at position 5, 8, 12, 13, 17, 22, 29
and 32) was used to measure the amber suppression efficiency at selected positions
covering different segments of the nisin molecule. Besides their distribution which spans
nearly the complete polypeptide chain, TAG positions were selected based on first re-
sults from an activity screening, which was conducted by the group of Prof. Dr. Budisa
((82) and unpublished data). Here, nisin modified with BocK at position 12, 17 and 22
maintained its antimicrobial activity. T7 Exp cells, harboring pTB290, were individually
transformed with the eight TAG variants of pET_nisA_egfp and subjected to the amber
suppression reporter assay (compare B.3.9). Addition of arabinose induced expression
of the suppressor pair while addition of IPTG was used to regulate induction of NisA-
eGFP protein expression. IPTG is a molecular mimic of the lac repressor binding sub-
stance allolactose that, in turn, controls the lac promoter in front of the T7 RNA polymer-
ase gene (101). T7 Exp cells steadily overexpress the lac repressor (Lacl), leading to a
tightly controlled expression system (86).

Prior to screening, controls were made to verify that the gathered data and its evaluation
are valid. These controls included: check if [1] inoculation of overnight cultures from
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glycerol stocks stored at -80°C instead of freshly transformed cells, [2] glucose addition
to medium of the overnight culture, [3] taking single clones or a pool of 20 clones for in-
oculation has an impact on protein expression (see Supplementary Figure S2). Moreo-
ver, growth rates of the different variants were compared at the time when FI and OD

values were taken for analysis to make sure that they were all in a similar stage.

Repetition of the same experiment on different days and with different bacterial clones
showed a high reliability of the measurements (Figure 9 A). No difference between the
mean of OD measurements of the control with (OD [+BocK]) and without BocK
(OD [-BocK]) and a difference of less than 5 % of the mean of Fl with and without BocK
indicated that the presence of BocK does not influence the unmodified NisA-eGFP ex-
pression. As an example for the obtained raw data, TAG variant 29 of NisA(wt) is shown
in Figure 9 B. All growth and FI curves can be found in Supplementary Figure S1. Six
hours post induction was determined as time for data analysis, because steady bacterial
growth was reached and differences in fluorescence intensities were well observable by
then. For data evaluation Fl values of the TAG variant were normalized to the respective
OD values, which were measured concurrently. The obtained FI/OD of every biological
replicate was then divided by the FI/OD of the control construct (wildtype NisA without
amber codon), which was in each case measured simultaneously, to yield the relative
increase or decrease of FI compared to the control. This allowed reduction of growth
and FI variations of replicates and gave a valid entity for the comparison of different
constructs to each other (important in C.1.6 and C.1.7). The obtained unit is defined as
effective Fl (Fleseciive) (Formula 1).

. _ Fls100m(TAG variant X, +/—ncAA) /ODgoonm (TAG X, +/—ncAA)
effective = Bl onm(Without TAG, +/—ncAA) /0D gyonm (Without TAG, +/—ncAA)

Formula 1. Calculation of Fleffective- The Fls1onm is normalized to the respective ODgoonm and divided by
the normalized FI of the control (without TAG) to yield the relative increase or decrease of FI compared
to the control. X stands for 5,8,12,13,17,22,29 or 32. Depending on the investigated measurement, the
Fl and OD values either with (+ncAA), or without ncAA (-ncAA) are used.

Results of the amber suppression efficiency screening are shown in Figure 9 C (please
note that these measurements have been commenced by Miriam Thewes and can
therefore also be found in parts in her thesis). For TAG position 5, 8 and 12 the effective
Fl [+BocK] lay between 83 % and 125 % of the FI of the control. Whereas position 17
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showed a similar Flefrective [+BOCK] to position 13 (120 % and 137 %, respectively), the
Flefreciive [*BOCK] dramatically dropped to values smaller than 53 % for position 22, 29
and 32. Contrary to expectations, the Flesecive [[BOCK] does not show a consistent level
for all variants, but instead varies largely in the range of 14-138 %, suggesting the ex-
pression of eGFP even when the reassigned TAG codon should theoretically have

served as a stop signal.

A NisA(wt) without TAG B TAG29 NisA(wt)
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Figure 9. (A) Retest reliability of the experimental setup using the example of the control construct
NisA(wt) without amber codon. The mean of ODggo and Flsigp as 6 h post induction [+/-BocK] of nine
independent experiments is shown. Error bars indicate the standard deviation of three independent
experiments. (B) Growth and Fl curves of TAG29 NisA(wt) as an example of the obtained raw data.
Error bars indicate the SEM. (C) Amber suppression efficiency screening of eight selected TAG
positions of NisA(wt). Flesective Was calculated according to Formula 1. Eight TAG variants of NisA(wt)
were measured (+/-BocK). Error bars indicate the SEM. Significance of difference of measurements +/-
BocK was calculated in a two-sided t-test with equal variance (Student's t-test).

In summary, a clear trend was visible: the two front and three middle positions (5, 8, 12,
13, 17) showed generally higher Flefreciive [tBOCK] values, which varied between 84-
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153 %, whereas the three rear positions (22, 29, 32) showed lower Flefreciive [+BOCK] val-
ues of 22-52 %. Remarkably, Flegecive [-BOCK] values vary widely from 57-138 % for the
just named five anterior positions, but reached a consistently low level of 15 % for all
three rear positions. The fact that the Flefeciive [-BOCK] of variant TAG13 and 17 even
exceeds the Fl of the control construct without amber codon particularly indicates that
unexpected translation mechanisms beyond the theoretical considerations affect the
experiment’'s outcome. Due to this incongruence of expected and observed results in
regard to Flesective [-BOCK] we aimed for uncovering the underlying mechanisms of this
observation. To assess the amber suppression efficiency, which had been the original
interest of the assay, the relative suppression efficiency SEeiative Was specified for every
TAG variant. It can be obtained by calculating the difference between the Flefeciive With
ncAA and without ncAA (AncAA), which is in turn divided by the Flefreciive Without NncAA
(Formula 2). Accordingly, SEeiative describes the rise of Flegeciive in percent, which stems
solely from the ncAA-modified NisA-eGFP protein.

SE [ %] Flgffective (TAG variant X, + ncAA) — Flgffective (TAG X, — ncAA) 100
; o] = y
retane Fleffective (TAG X, — TlCAA)
FIeffective (AHCAA)

B Fleffective (TAG X, - nCAA)

x100

Formula 2. Calculation of SEgjative [ %] from the Fleseciive Values in the presence and absence of the
ncAA (here: BocK).

Comparing the SEative among the different variants can consequently give information
about the relative protein yields, which stem from a successful amber suppression and

incorporation event of BocK.

All eight variants of nisA(wt) were analyzed upon their SE ¢:ive (Figure 10). The highest
increase of the normalized Fl by addition of BocK was observed for variant 29, where
the SE/eaiive is on average 230 %. All other variants showed very low (SE/eative <17 %)
(variant 13, 17) or low (SE/e/ative >17 % and <82 %) (variant 5, 8, 12, 22, 29, 32) relative
suppression efficiencies. Obviously, the SE.ive Was not as high as desired for an effi-
cient amber suppression based incorporation system for ncAA. Hence, re-evaluation of
the reliable functioning of the ncAA incorporation system was necessary.
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Figure 10. Relative suppression efficiency as a measure for the rise of Flesrective [ %], which stems
solely from the ncAA-modified NisA-eGFP protein calculated (Formula 2) for the eight TAG variants
of NisA(wt). Wildtype nisA (without a TAG codon) served as control (zero-height bar, due to no differ-
ence of FI/OD values with or without addition of BocK). Error bars indicate SEM.

The widely varying values for the measurements without BocK suggest the presence of
translation products, which are created without the ncAA, contain the eGFP part of the
protein and are formed more or less likely dependent on which position in nisin is re-
placed by TAG. One explanation could be the presence of unexpected cryptic internal
translation starts, which lead to truncated translation products. Thus, limiting the incorpo-
ration of ncAA into nisin by bypassing the suppressed amber codon which leads to an
additional undesired ‘background fluorescence’ and an inhomogeneous product mix.

C.1.2 Deletion of enigmatic internal translation starts

Two different explanations for the internal translation start were assumed: [i] enigmatic
ribosome binding sites (RBS), also called Shine-Dalgarno sequence in prokaryotes, or
[ii] methionines (M) at position 17 and 21 in the nisin sequence that serve as alternative

translation (re)initiation sites.

In order to test both hypotheses, the following experiment was designed (Figure 11). To
address hypotheses [i], an E. coli codon optimized (co-Ec) NisA variant was created,
which aimed at general reduction of internal RBSs’ binding strength. Based on the
NisA(co-Ec) basic construct, eight NisA(co-Ec) TAG variants (again 5, 8, 12, 13, 17, 22,
29, 32) were cloned into the vector pET_nisA_egfp. Originating from the hypothesis that
M17 and M21 are responsible for the occurrence of leak expression products, methio-
nine amino acid substitution (M-aaS) variants of NisA were designed by replacing
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M17/21 with other selected amino acids. As we were interested in maintaining NisA's
antimicrobial activity, we subjected all designed M-aaS NisA variants to antimicrobial
activity tests to isolate the M-aaS NisA variant with the highest activity. Once this goal
was fulfilled, the amber codon at the above-mentioned eight positions was introduced
into M-aaS NisA(wt) and cloned into the vector pET_nisA_egfp. Last, both approaches
were combined in a M-aaS NisA(co-Ec) construct. Here again, eight TAG variants were
created, leading to eight TAG pET_M17XM21X_nisA(co-Ec)_egfp constructs and one
control construct without amber codon.

Hypothesis 1: Hypothesis 2:
enigmatic Shine-Dalgarno M17 and M21

sequences @

Isolate methionine amino acid
substitution variant with
highest activity

< e

Generate methionine amino

Genera;[]?smvannu an[tw nized acid substitution
nisin variant
co-Ec M7 Mo1— NISA wt Mi7X M21X— NisA
co-Ec M17X M21X— NisA

$

Generate eight TAG variants (position 5, 8, 12, 13, 17, 22, 29, 32)
of each construct

\ 4

Perform amber suppression efficiency screening and
test hypotheses for leak expression

Figure 11. Design of experiment to test the hypotheses for the putative internal translation
starts. The workflow for the investigation of the reasons for leak expression when incorporating ncAAs
into nisin in E. coli is shown. The background color indicates the host organism for the respective ex-
perimental step: blue — E. coli, yellow — L. lactis. Orange indicates that wildtype (wt) DNA has been
used for the respective construct. Green visualizes the use of the on E. coli codon optimized (co-Ec)
DNA.
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The total of 24 variants (eight TAG variants of pET_nisA(co-Ec)_egfp, pET_M17XM21X_
nisA(wt)_egfp and pET_M17XM21X_nisA(co-Ec)_egfp, respectively) were then used for
the same amber suppression efficiency screening as performed with NisA(wt) (C.1.1)
and described in B.3.9.

C.1.3 Generation of a codon-optimized NisA variant

To reduce the presence of enigmatic Shine-Dalgarno (SD) sequence motifs within the
nisA sequence, a codon optimized variant for E. coli was designed. Owing to the redun-
dancy of the genetic code, it is possible to alter the gene’s sequence while maintaining
the corresponding amino acid sequence. Although most amino acids are encoded by
more than one codon, not all of them are used with equal frequency (102). The term ‘co-
don usage’ describes the frequency of occurrence of a certain codon in a large set of
analyzed genes from the organism of interest. One possibility to reduce the occurrence
of internal RBSs is the use of statistical optimization methods which exchange synony-
mous codons to avoid those (103). In our case, it was decided to apply the GeneOpti-
mizer algorithm (1). The most relevant optimization parameters are listed in Table 2. The
GeneOptimizer tool does not solely take into account ribosomal entry sites, but also op-
timizes, among others, the codon usage to increase the total protein yield. Depending
on the organism’s codon usage, tRNA levels differ which comes along with the possibil-
ity of influencing the protein expression yield through varying the DNA composition.

Transcriptional level mRNA level Translational level

+ GC content

» Consensus splice sites
» Codon usage

» Cryptic splice sites * RNA instability motifs )
_ _ » Premature poly(A) sites
+ SD sequences * Ribosomal entry sites . .
B * Ribosomal entry sites
» TATA boxes * Repetitive sequences

L . » Secondary structures
* Termination signals

» Artificial recombination sites

Table 2. Selected parameters optimized by the GeneOptimizer algorithm (1,103).
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C.1.4 Generation and cloning of NisA M17XM21K derivatives

To tackle the second possibility (hypothesis [ii]), M-aaS derivatives of nisin were de-
signed.

M21 is the second residue in the three amino acids long hinge region (N-M-K) of nisin.
The hinge region is a flexible region within the polypeptide, which enables the molecule
to form pores via conformational changes (104). Studies showed that mutations within
this segment do not lead to a dramatic decrease of antimicrobial activity in vivo.
N20/M21 mutated nisin derivatives could still bind to lipid Il, thus, inhibiting the bacterial
cell wall synthesis, but lacked the ability to form pores in the cellular membrane (40).
Previous studies revealed that nisin A M21K showed enhanced anti-gram-negative ac-
tivity and FIELD et al. demonstrated that nisin A M21K has equal activity to the wildtype
nisin against L. lactis HP and Staph. aureus RF122 (29,53). Therefore, we decided to
replace M21 by lysine (K). Amino acid M17, has only rarely been a target in mutagene-
sis studies (33,105). M17 is located in the C ring of nisin, suggesting less variability, due
to its position within the delicate lanthionine ring system. Thus, it was decided to ran-
domize M17, replacing it by every other canonical amino acid to prevent exclusion of a
potent M17X mutant.

pScreen was used as host vector for cloning for M-aaS NisA variants for activity tests.
pScreen is a shuttle vector replicating in E. coli and L. lactis, which was designed by Dr.
Manuel Montalban-Lopez (Kuipers lab, University of Groningen) and further improved by
Anh Le (Wagner lab). Based on the pSH71 vector, pScreen replicates by a rolling circle
replication mechanism and offers a broad range of potential host organisms (106). A
lacO site in between the PnisA promoter and the beginning of the leader peptide allows
improved expression control. Furthermore, a multiple cloning site (MCS) offers the pos-
sibility to introduce additional gene sequences.

By codon optimizing nisA for L. lactis (co-LI) we intended to improve peptide yields and
thereby reveal subtle activity differences between the M-aaS NisA variants. Therefore,
all 19 variants were cloned into pScreen_nisA(co-LI) (compare B.2.3 and B.2.4). All 19
plasmids were then quality controlled upon their purity and integrity by analytic digestion
and sequencing of the section of interest (B.2.5).
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C.1.5 Antibacterial efficacy analysis of NisA(co-LI), M21K NisA and
M17XM21K NisA derivatives

The designed NisA M17XM21K derivatives were subjected to an assay for investigation of
antimicrobial activity in order to identify the most potent variant which could subsequent-
ly be used for the amber suppression efficiency screening.

For the comparative analysis of nisin variants, bacterial susceptibility to the respective
antibiotic needed to be determined. Various techniques can be used for the specification
of the antibiotic’s potency, including agar diffusion methods, broth dilution assays and
Etests (107). Variations of the agar diffusion and broth dilution assay were carried out to
acquire information about the different candidates. As antibacterial activity was not the
only parameter which was of interest for the identification of the most promising NisA
M17XM21K candidate, but also parameters like production, modification and secretion
rate, it was decided to carry out the same expression protocol for all variants (B.4.1) and
test the cell-free supernatants against a selected sensor strain. Hence, it was not only
possible to study the combined effect on the antimicrobial activity of all factors men-
tioned above (summarized under the term antibacterial ‘efficacy’), but also to perform a
rapid screening of the variants, enabling us to proceed with the best one.

It is important to note that cell-free supernatants of expression cultures for the antimicro-
bial activity tests were gained from L. lactis cultures. At this point, nisin expression in E.
coli was not established, which was achieved later on (C.2), leaving L. /actis as the only

and commonly used host organism for nisin production.
C.1.5.1 Agar well diffusion assay

The agar well diffusion assay is based on the principle that a sensor strain, which is as-
sumed to be susceptible to the antibiotic to be tested, is equally seeded onto an agar
plate at a certain concentration. Small cavities, wells, are punched out of the agar allow-
ing the application of a small volume of a solution which contains the antibiotic. The agar
plates are then incubated, enabling the growth of the sensor strain and the diffusion of
the antibiotic into the surrounding agar. Afterwards growth inhibition can be read out by
measuring halo diameters or areas around the wells (according to (108)).
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Figure 12. (A) Schematic workflow of the agar well diffusion assay. The sensor strain L. lactis was
co-transformed with plL253 (containing the Cam )and pNZ_nisP, cultivated and diluted in GM17 agar.
The medium was poured in Petri dishes and four wells were punched out. Sterile filtered supernatant of
L. lactis [pIL_BTC, pScreen_NisA] cultures producing nisin A variants was given into the wells. Plates
were then inoculated at 30°C, overnight and halos were read out. (B) Agar well diffusion assay of
nisin A variant m17Xm21K (X stands for K, L, N or P).

Here, we utilized L. lactis (containing plL253, which harbors a Cam®, and pNZ_nisP,
encoding NisP) (L. /actis [plL,pNZ]) as sensor strain. Since all nisin variants were ex-
pressed in their inactive, leader-containing form, the sensor was required to express the
leader-cleaving protease NisP. Co-transformation with plL253 was necessary to facili-
tate selection of bacteria to erythromycin and chloramphenicol, which was especially
useful for the growth curve assay (C.1.5.2) Cell-free supernatants of the 19 M17XM21K
nisin A variants, NisA (co-Ll) and NisA (wt), each with and without M21K mutation, and
pScreen_without _nisA were applied to the wells. Halo radii were measured with ImageJ
and normalized to the radius of NisA(co-LlI).

Figure 13 A shows the size of the halo radius measured around the respective well
(A.U.). It can be seen that codon optimization of NisA for L. lactis or/and introduction of
mutation M21K did not show an effect on the halo size compared to NisA(wt). In Figure
13 B the two controls (M21K NisA(co-LI) and NisA(co-Ll)) and the sizes of the halo radii
of all 19 M17XM21K variants NisA(co-LI) normalized to the control NisA(co-LI), which was
set to 100 %, are shown. This facilitates comparison of their antibacterial efficacy to the
control's one. For 15 out of the 19 M17XM21K variants no significant difference to
NisA(co-LI)’s halo size could be found, while at first glance drastically downturned anti-
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bacterial efficacy of variants M17D, and M17EM21K can be seen. No halo at all could be
observed for these two variants. M17PM21K NisA(co-LI) also performed worse than the
control, while showing strongly variations between the independently performed experi-
ments. However, three variants with larger halo radii could be identified: M17FM21K
(137 %), M17VM21K (118 %) and M17WM21K (131 %). Other than expected a small halo
(33 %) could also be observed when the supernatant of L. lactis (containing pIL3BTC
and pScreen_without _nisA) was applied.
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Figure 13. Agar well diffussion assay with L. lactis [plL, pNZ] as sensor and cell-free superna-
tants of L. lactis (containing pIL3BTC and different variants of pScreen_nisA). (A) Comparison of
mean halo radii around wells loaded with cell-free supernatants of (M21K) NisA(wt) and (M21K)
NisA(co-LI), measured after a 24 h growth period with Imaged. Expression was carried out for all vari-
ants with an identical protocol. Error bars indicate the SEM. (B) Scattered dot blot of halo radii of the
variants normalized to the value of the halo radii of NisA(co-LI) (109). Statistical significance was calcu-
lated by comparison of the respective values to NisA(co-LI). Error bars indicate the SEM.
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Although agar-based diffusion assays are the most commonly used tests for determina-
tion of the antibacterial activity and facilitate the study of surface-active compounds, they
are accompanied by several drawbacks, which are mainly linked to the differing diffusion
properties of particularly hydrophobic or amphiphilic molecules, such as nisin (compare
A.5) (63,107). To ensure the correctness of the findings and exclude deviations due to
altered diffusion rates, a second broth-dilution based efficacy test was implemented.

C.1.5.2 Broth-dilution based growth curve tests

Compared to agar-based activity assays, broth-dilution based growth curve tests cir-
cumvent a diffusion-related bias and reveal subtle differences in bacterial growth under
the influence of the antibiotic of interest. Again, cell-free supernatants of standardized
expression experiments (compare C.1.5.1) were tested against L. lactis [plL,pNZ].
Growth was monitored for 24 h in a 20-minutes interval using a Tecan Infinite 200 Pro
device. All growth curves can be found in Supplementary Figure S3.

To reduce the collected data to its quintessence, a threshold was set to 50 % of the
maximum sensor growth (ODeoo(t=24.13 h)) under the influence of the cell-free superna-
tant of an L. lactis (containing pIL3BTC and pScreen_without_nisA) expression culture.
Subsequently, all variants were analyzed upon the last point in time at which the sensor
growth under the influence of the respective nisin candidate underwent this threshold.
The later the threshold was reached, the longer the cell-free supernatant of the variant
was able to suppress the sensor’s growth. The combined data of three independent ex-
periments is shown in Figure 14 A and B.

No significant difference between growth inhibition properties of Nis(co-LI), NisA(wt) and
the respective M21K variants could be found (Figure 14 A). Regarding the 19 M17XM21K
variants, only four candidates could be identified, which showed different growth inhibi-
tion properties than NisA(co-LI). Replacing M17 by aspartic acid (D) or proline (P) lead
to virtually uninhibited sensor growth, so that both variants reached the threshold at the
same time at which the growth control (sensor supplemented with cell-free supernatant
of L. lactis (containing pIL3BTC and pScreen_withoutnisA)) reached it. Corresponding to
the agar well diffusion assay, variant M17WM21K (21,98 h) prolonged growth inhibition
significantly compared to NisA(co-LI) (14,72 h). Furthermore, cell-free supernatant of an
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expression culture of M17QM21K NisA(co-LI) inhibited sensor growth to 50 % for an av-
erage of 20,96 h from the start of the measurement.
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Figure 14. Broth-dilution based growth curve tests with L. lactis [pIL,pNZ] as sensor and cell-
free supernatants of L. lactis (containing pIL3BTC and different variants of pScreen_nisA). (A)
Growth curve analysis of (M21K) NisA(wt) and (M21K) NisA(co-LIl). The time when sensor growth
supplemented with the respective supernatants reaches 50 % of the ODggo of the 24,13 h value of L.
lactis [pIL,pNZ], supplemented with the cell-free supernatant of L. lactis (containing pIL3BTC and
pScreen_withoutnisA), was determined. Corresponding growth curves which were taken for data evalu-
ation can be found in the supplements. Error bars indicate SEM. If sensor growth of 50 % of the growth
control was not reached until the end of the measurement, the last time point (24,13 h) was taken for
analysis. (B) Growth curve analysis of all 19 mM17Xm21K NisA(co-Ll) candidates and controls
(NisA(co-LI) and M21K NisA(co-LI)). (C) Selected growth curves of controls and
pScreen_m17Xm21K_nisA(co-LI) variants. The sensor was equally mixed with either GM17 medium or
cell-free supernatants of L. Jactis (containing pIL3BTC and pScreen_without _nisA or
pScreen_m17D/E/Q/WM21K_nisA(co-LI) as indicated in the legend. Error bars represent the SEM.
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Although not significantly different to NisA(co-LI), two other variants shall be highlighted.
Examining the sensor’s growth properties under the influence of M17EM21K, one can see
that in the first three hours of measurement no inhibition at all is observed (Figure 14 C).
Afterwards growth is steadily inhibited, but not to full extent, leading to a flattened growth
curve, comparable to the one of M17DM21K, which reaches the same ODggp value as the
growth control after 17,33 h. Moreover, variant M17Q and M17WM21K were able to inhibit
50 % of sensor growth for on average 20,96 h and 21,98 h, but values of the individual

experiments varied strongly.

Furthermore, an inhibition effect on sensor growth could be observed when the sensor is
supplemented with supernatant from L. /actis producing cells, harboring pIL3BTC and
pScreen_without_nisA. As shown in Figure 14 C, the growth rate is unexpectedly lower
when compared to the one of sensor supplemented with plain GM17 medium.

Therefore, a control experiment was set up to investigate the effect of the presence of
none, one (pIL3BTC, plL253, pScreen_nisA(co-LIl), pScreen_without_nisA) or two
(pIL253 + pNZ_nisP, pIL3BTC + pScreen_without_nisA) plasmids in the producer strain
on the sensor growth (Figure 15).

When GM17 medium was added, L. /actis [pIL,pNZ] maintained the same growth rate as
under the influence of cell-free supernatants of L. /actis, independent of transformation
with none or one plasmid. Only when the producer strain was transformed with two
plasmids, an inhibition of growth was monitored, commencing after four hours. After 24
hours this effect lead to a 36 % smaller ODggoo value for L. /actis (containing pIL3BTC
and pScreen_without_nisA) compared to addition of GM17 medium and to 20 % inhibi-
tion for L. lactis [plL,pNZ]. A possible explanation of this phenomenon could be an en-
hanced metabolism in the two plasmid containing bacterium, which reduces the nutrients
in the growth medium. This lack of essential compounds for bacterial growth can then be
recognized by reaching the stationary phase at an earlier stage. Moreover, residues of
the selection antibiotic(s) used for growth of L. lactis harboring one or two plasmid(s) still
remained in the cell-free supernatants, leading to different concentrations of the antibi-
otic in the growth medium, which could affect bacterial growth.
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Figure 15. Control experiment for the investigation of the effect of the presence of none (A), one (B)
(pIL3BTC, plL253, pScreen_nisA(co-LI), pScreen_without nisA) or two (B) (plL253 + pNZ_nisP,
pIL3BTC + pScreen_without_nisA) plasmids in the producer on sensor growth (L. lactis [plL,pNZ]).
Growth curves are mean values of technical triplicates with errors bars indicating the SEM. (D) Com-
bined data.

C.1.6 Amber suppression efficiency screening of nisA(co-Ec)

Aiming at the reduction of leak expression, hypothesis [i]: translation (re)initiation
through internal RBSs, was tested by performing a relative amber suppression reporter
assay with the E. coli codon optimized nisin A sequence. Eight TAG variants were con-
structed on the basis of pET_nisA(co-Ec)_egfp and the screening was carried out ac-
cording to B.3.9. All experimental conditions, except for the DNA sequence of NisA,
were kept consistent to the suppression efficiency screening in C.1.1. Results are shown
in Figure 16.
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Figure 16. Amber suppression efficiency screening of eight selected TAG positions of
NisA(co-Ec). Flefreciive Was calculated according to Formula 1. Eight TAG variants of NisA(co-Ec) were
measured (+/-BocK). Error bars indicate the SEM. Significance of difference of measurements +/-BocK
was calculated with Student's t-test.

Contrary to an expected rise of the control's FI due to an expected higher protein yield
through codon optimization, similar values as for NisA(wt) were measured (compare
Supplementary Figure S3). Similar to the pattern of the amber suppression efficiency
screening of NisA(wt) shown in Figure 9, the Flegeciive [-BOCK] varied strongly from values
of 20-174 % between front and middle positions (5, 8, 12, 13, 17), and less (15-17 %) for
the three rear TAG codons (22, 29, 32). Compared to NisA(wt), the Flefrective Was gener-
ally lower for amber codons lying in the anterior part (5, 8, 12, 13) and equally high in the
rear part (22, 29, 32). Noticeably, Flesective Values [+BocK] and [-BocK] for variant TAG17
were outstandingly high (174 % and 175 %) and no influence of ncAA addition at all
could be observed for this specific variant. However, stronger differences between
measurements with and without BocK could be observed in several cases (TAG 5, 8,12,
22, 32) when compared to the amber suppression screening of NisA(wt).

Nevertheless, codon optimization did not reduce leak expression.

C.1.7 Amber suppression efficiency screening of M17WM21K NisA(wt) and
M17WM21K NisA(co-Ec)

According to the results of the agar well diffusion assay (Figure 13) and the growth curve
analysis (Figure 14), nisin variant M17WM21K was identified as the most active M-aaS
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NisA variant and cloned into pET_nisA(wt)_egfp and pET_nisA(co-Ec)_egfp. Eight TAG
variants of each construct were generated and subjected to an amber suppression effi-

ciency screening.

First, the isolated effect of the M-aaS on basis of NisA(wt) was studied (Figure 17 A).
Compared to NisA(wt), very similar Fl values were reached for the control construct
(M17WM21K NisA(wt)) which does not carry any TAG mutation and is therefore equally
expressed independent of BocK addition (compare Supplementary Figure S4). In con-
trast to NisA(wt) with M17/M21 (Figure 17 B), a dramatic decline of Flegecive [-BOCK] to a
constant level of on average 16,5 %, with little variation (13,6-18,9 %), for every single
TAG variant of M17WM21K NisA(wt) could be observed. Now, all variants showed signifi-
cant differences between measurements [+BocK] and [-BocK], indicating an improved
tightness of the amber suppression system and improved fidelity of ncAA incorporation.
Generally, a lower Flefeciive [+BOCK] was now observed for the front and middle positions
(5, 8, 12, 13, 17), suggesting the omission of fluorescence from side products which
originated from ‘leak expression’. Moreover, strong variations between the effective Fl of
the eight variants were no longer visible. Except for variant TAG8 (75 %) and TAG32
(23 %), the SE eiative lay in a small range of 145-206 % (Figure 17 C).
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Figure 17. (A) Amber suppression efficiency screening of eight selected TAG positions of
M17Wm21K NisA(wt). Flefrective Was calculated according to Formula 1. Eight TAG variants of M17WM21K
NisA(wt) were measured (+/-BocK). Error bars indicate the SEM. Significance of difference of
measurements +/-BocK was calculated with Student's t-test. (B) Amber suppression efficiency
screening of eight TAG positions of NisA(wt). (C) Relative suppression efficiency calculated
(Formula 2) for the eight TAG variants of M17WM21K_nisA(wt).

Second, a combination of hypothesis [i] and [ii] was tested by replacing M17/21 through
tryptophan and lysine in NisA (co-Ec) (Figure 18). The overall picture of the measure-
ments widely resembled the one for M17WM21K NisA(wt) (Figure 17 A). However, two
differences were remarkable: first, Flefecive [-BOCK] of TAG17 was 12 % higher than the
Flefrective [-BOCK] of the other seven constructs and second, Flefrecive [tBOCK] of TAG22
was 19 % lower for NisA(co-Ec) than for NisA(wt).
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Figure 18. Amber suppression efficiency screening of eight selected TAG positions of M17WMm21K
NisA(co-Ec). Same experimental conditions and statistical evaluation as designated in Figure 17 were
applied.

C.1.8 Investigating the cause of fluorescence in the absence of the non-

canonical amino acid

Three questions remained after performance of all amber suppression efficiency screen-
ings: [1] Where does the constant Flesecive [-BOCK] (‘background fluorescence’) in the
screening of M17WM21K NisA(wt) and M17WM21K NisA(co-Ec) come from, [2] how high
is this background for NisA(wt) and NisA(co-Ec), which does not stem from translation
reinitiation at M17/21, and [3] where does the comparably high background of TAG17
M17WM21K NisA(co-Ec) come from?

First, a contribution of LB medium, BocK and pTB290 to the measured Fl was investi-
gated with a set of control experiments (Figure 19 B.1-B.4). A basal level of fluorescence
was traced back to the growth medium (102 A.U.) with little increase (48 A.U.), originat-
ing from addition of T7 Exp cells (Figure 19 B.1 and B.2). By subtracting the Fl of T7 Exp
cells, every Flerective Value is consistently getting reduced by ~6 % (+/-1 %, depending on
the individual variant). No Fl change was observed when pTB290 was transformed into
cells, when BocK was added or with higher cell density (B.2 and B.3). The growth rate
was very similar for all constructs and their variants independent of BocK addition
(Supplementary Figure S6). However, the increasing Fl over the time of T7 Exp with
pET_M17WM21K_nisA(wt)_egfp harboring TAG5, but missing pTB290, was not explain-

able by these findings (B.4). In contrast to M17WM21K NisA(wt), the same experimental
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constellation with pET_nisA(wt)_egfp did not show such an Fl increase while having the

same growth properties (B.5), and consequently, the deduced Flesective [-BOCK] was low-

er, too (A.1 and A.2).
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Figure 19. Control experiments for investigating the background fluorescence. (A) Flefrective Of S€-
lected TAG variants of the four different constructs (A.1-A.4). Except for a missing pTB290 plasmid,
same experimental and evaluation conditions as designated in Figure 17 for the amber suppression
efficiency screening were applied. (B) Selected FI and OD curves of controls. Individual constellations
are indicated above the respective diagram. All experiments were performed in technical and biological
triplicates, except for LB medium [-BocK], M17WM21K NisA(wt) TAG17 and 29, which were only meas-

ured in technical triplicates.

The mean Flefrective [-BOCK] of T7 Exp with pET_M17WM21K_nisA(wt)_egfp harboring
TAGS, 17 or 29, but missing pTB290 (Figure 19 A.1), was 17,9 % with little variation
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(<3,6 %) between the TAG variants. This value corresponded to the background fluo-
rescence of the same TAG variants in the amber suppression efficiency screening of
M17WM21K NisA(wt), which was on average 17,2 % (compare Figure 17 A), indicating
high fidelity of the orthogonal suppressor pair PyIRS(Y384F)ARNA™. If
PyIRS(Y384F)#tRNA™ worked nonspecifically, meaning it bound also canonical amino
acids, a gap between the measurement with and without pTB290 would be expected.

For M17WM21K NisA(co-Ec) TAGS, a gap of 12,3 % was found between the Flegective
[-BocK] with and without pTB290 (A.3 and Figure 18). Surprisingly, the higher Flesfective
[-BocK] was found without pTB290, which excluded an explanation of a nonspecific
synthetase and left the question open if this is explained by experimental variability or
other unidentified reasons. For the higher Flegecive [[BOCK] of TAG variant 17, the same

question remained open.
C.1.9 Conclusion

The aim of solving the problem of ‘leak expression’, which was first observed in the am-
ber suppression efficiency screening of NisA(wt), could successfully be reached by re-
placing M17/21 in the NisA sequence. Codon optimization did not show a beneficial ef-
fect in this context. The remaining ‘background fluorescence’ was not caused by a non-
specific orthogonal suppressor pair.

Concerning the substitution of M17/21, a replacement by tryptophan at position 17 and
lysine at position 21 showed the best results in two different antimicrobial activity tests.
Next, the establishment of E. coli as recombinant expression host for post-translationally
modified and active nisin was the subject of interest.
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C.2 Heterologous expression, purification and characterization of

mature nisin from E. coli

For decades, L. lactis has been the only producing organism for nisin and is still used in
industrial production nowadays. The first full-length mature nisin production in E. coli has
not been reported earlier than 2011 by SHi et al. (93). In vitro reconstitution of an active
LanB dehydratase, which is crucial for the biosynthesis of fully modified nisin, has not
been successful so far (110). Thus, in vivo approaches represent the only possibility for
the production of nisin to date. Using E. coli as nisin expression host would allow the full
exploitation of in vivo introduction of ncAAs as SPS technology is not available for most
lantibiotic expression hosts (93).

In this work, an expression system for nisin in E. coli was established in the lab, based
on the work of SHI et al. and by using an E.coli codon optimized version of nisB and nisC
and the wildtype or E.coli codon optimized sequence of nisA.

C.2.1 Choice of E. coli expression host strain

First, BL21 (D3) and T7 Exp expression cell strains containing pET21a_nisA(wt) (includ-
ing the leader sequence) and pRSFDuet_nisBC(co-Ec) (Figure 20) were compared upon
their nisin production rate by carrying out the same expression protocol concurrently and
performing an antimicrobial activity test (agar well diffusion assay).

A B
His6 tag leader  nisA
i ———(wi/co-Ec) T7 promoter
~ _— nisC(co-Ec)
T7 promoter
] \T7p
RSF ori ( pRSF_nisBC(co-Ec)
7.933 bp
pET21a_nisA R
5.583 bp Amp
R
Kana nisB(co-Ec)
™
pBR322 ori

Figure 20. (A) Schematic vector map of pET21a_nisA and (B) pRSF_nisBC(co-Ec). For abbrevia-
tions of components compare E.4.
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pET21a and pRSFDuet are both commercially available vectors from Merck.
pET21a_nisA(wt) was similar to the one described in C.1.1, except for the lack of the
PLrigid and eGFP fusion part. Instead, translation of His6-tagged nisA was terminated
by a stop codon directly adjacent to the NisA sequence. pRSFDuet was designed for
coexpression of two target ORFs, which allow insertion of the desired genes (here: nisB
and nisC) through two MCS sites. Both MCS are preceded by a T7/ac promoter and a
ribosome binding site (RBS). Moreover, the vector carries a RSF1030-derived RSF re-
plicon, which is compatible with pET21a’s origin of replication, /acl and a kanamycin re-
sistance gene (99,111).

Peptide expression was carried out simultaneously after a simplified protocol of SHi et al.
in a 50 ml scale (93). The schematic workflow is shown in Figure 21 A. The cell-free ly-
sate was first applied to affinity chromatography columns (HisTrap) and subsequently
used for the performance of an agar well diffusion assay, allowing comparative estima-
tion of the amount of antimicrobial active compounds in the purified cell-lysate (see
B.4.2) and facilitating the choice of the potentially more productive host strain for future

expression experiments.
BL21(D3) E. coli
s EO
- pRSFDuet_nisBC(co-Ec)
ﬁ pET21a_nisA(wt)
/ T\

ﬂ
dss —

Figure 21. (A) Workflow of the expression experiment for the choice of nisin expression host
strain. Both, BL21(D3) (colored in brown) and T7 Exp (blue-green) were co-transformed with pRSFDu-
et_nisBC(co-Ec) and pET21a_nisA(wt). Cell lysis was achieved via sonication. Peptides were purified
by affinity chromatography (HisTrap) and subsequently used for activity tests. (B) Comparative agar
well diffusion assay of purified T7 Exp and BL21 (D3) cell lysates. 30 pl purified and cell-free eluate
was applied in each well. Technical duplicates were performed. L. lactis [plL, pNZ] was used as sensor
strain.
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Here, the size of the halo diameter around the well which contained the purified cell ex-
tract of T7 Exp cells was twice as large as the one around the well with BL21(D3) cell
lysate (Figure 21 B). Consequently, T7 Exp cells were used for further experiments and
pET21a_nisA(co-Ec) was cloned, aiming at the optimization of product yields in succes-
sive experiments by codon optimizing the nisA sequence for E. coli.

C.2.2 Establishment and optimization of the purification protocol

Next, nisin expression in T7 Exp cells was carried out accordingly in a 250-ml scale,
yielding 2,09 g wet biomass for NisA(wt) and 1,01 g for NisA(co-Ec). SDS-PAGE of the
purified cell extracts showed a thick band in the low molecular weight range (expected
size: 7,6 kDa) for NisA(wt) and NisA(co-Ec), each including the leader sequence and the
His6-tag, which was accompanied by several larger compounds (Figure 22 A). The
same band was not visible in the negative control, which contained the cell extract of T7
Exp cells, including the pRSF_nisBC(co-Ec) plasmid, but missing nisA in pET21a. Esti-
mation of the amount of His6-tagged prenisin by comparison of the band intensity with a
BSA dilution series via Imaged gave an amount of 237 pg His6-prenisin/g wet cell pellet
for NisA(wt) and 306 pg/g for NisA(co-Ec) (109). In a second large-scale expression,
17,4 g wet biomass could be obtained from a two-liter culture for T7 Exp, containing
pRSFDuet_nisBC(co-Ec) and pET21a_nisA(wt), and 11,9 g cell pellet from the two-liter
expression with pET21a_nisA(co-Ec). Further purification was achieved by reverse
phase high performance liquid chromatography (RP-HPLC) connected to metal affinity
chromatography and buffer exchange via gel filtration (NAP column) (Figure 22 B
and C). Due to the high resolution of tricine-SDS electrophoresis in the low molecular
range, a clear shift to ~12 kDa from the expected 7,6 kDa was now visible, demanding
further confirmation via protein analytic tools (e.g. mass spectrometry).
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A BSA NisA NisA(wt) NisA(co-Ec)

- 7,6 kDA His6_
leader_NisA

B NisA(wt) NisA(co-Ec) without NisA

250

NisB (co-Ec) + + +
NisC (co-Ec) + + +
NisA - wt co-Ec

Figure 22. Purification steps of nisin A overexpressed in E. coli. (A) Coomassie stained SDS-
PAGE (15 %) of a BSA dilution series as reference for the quantification via densitometry. Five dilution
steps of the HisTrap purified NisA(wt) and NisA(co-Ec), obtained from a 250 ml expression are shown.
Each undiluted lane was loaded with the equal amount of purified cell extract from 3,33 pg wet cell
mass. (B) Silverstained tricine-SDS-PAGE (16,5 %) of the eluate and flowthrough of the HisTrap and
NAP column. NisA(wt) and NisA(co-Ec) were obtained from a 2 | expression. (C) Silverstained tricine-
SDS-PAGE (16,5 %) of further HPLC purified samples of NisA(wt), NisA(co-Ec) and negative control
(without nisA).
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Attempts to purify nisin by size exclusion chromatography failed, but hydrophobic inter-
action chromatography proved to be an efficient method for purification. Elution profiles
are shown in Figure 23. Purified NisA(wt) showed an asymmetric peak with a maximum
of 1390 mAU at a retention time of 17,5 min, with peak fronting beginning at 17 min and
an additional front shoulder. For NisA(co-Ec) the picture seemed more inhomogeneous.
A total of four peaks in the intensity range of 619 to 741 mAU appeared at a retention

time of 17,2 to 17,6 min, suggesting the presence of several similar components.
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Figure 23. HPLC elution profile of modified and prepurified nisin A, expressed in E. coli. T7 Exp
co-transformed with pET21a_ nisA(co-Ec and wt) and pRSFDuet_nisBC(co-Ec) were used for expres-
sion of nisin A. pET21a (without nisA) served as negative control. Cell lysates were prepurified by metal
affinity chromatography. Buffer exchange was achieved using gel filtration prior to purification on an C8
column (Agilent Zorbax Eclipse XDB C8 (4.6 x 150 mm, 5 ym)) operated on an Agilent HPLC system.
Pre-equilibration with 100% H20 + 0,1% (v/v) TFA (solvent A). Minute 0-5: 100% solvent A. Minute 5-
35: Constant gradient of 0-100 % acetonitrile + 0,1 % (v/v) TFA (solvent B). Minute 35-40: 100% solvent
B. (A) Complete elution profiles of the negative control, NisA(wt) and NisA(co-Ec). (B) Detail of the
elution profile (15 to 20 min). The three curves (negative control, wt and co-Ec) are overlayed.

C.2.3 Characterization and quantification of nisin A from E. coli

To confirm the identity of the purified peptides, mass spectrometric and antimicrobial
activity analysis was used. An easy to handle and rapid method for the determination of
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the presumably nisin-containing HPLC-fraction is the qualitative agar well diffusion as-
say. Solely fraction number two (retention time: 16,5 to 18,5 min) showed a halo in the
activity test of NisA(wt) and NisA(co-Ec), corresponding to the peak observation in the
HPL elution profiles (Figure 24).

negative control nisA (wt) nisA (co-Ec)

Figure 24. Agar well diffusion activity test of HPLC fractions of prepurified T7 Exp cell lysate.
L. lactis [pIL, pNZ] was used as sensor strain. Retention times were: 1,5 to 3,5 min, 16,5 to 18,5 min,
28,0 to 29,7 min and 30,0 to 32,0 min for fraction one, two, three and four, respectively (compare Figure
23). A small halo, caused by an unintentionally spilled drop of fraction 2 of NisA(wt) is marked with an
asterisk.

Since the antimicrobial activity test substantiated the supposition that fraction number
two contained nisin, mass spectrometric analysis of HPLC fraction two of NisA(wt) and
NisA(co-Ec) samples was conducted next. Peptide Mass Fingerprinting (PMF) after di-
gestion of our samples with trypsin and comparison of peptide fragment masses to the
Swiss-Prot database confirmed that peptide fragments belonged to the His6-tagged
(leader including) prepeptide nisin A (data not shown). However, several differently mod-
ified species of the molecule could be detected. Further confirming the identity of nisin
and nisin subspecies, a total mass of 7366,6 g/mol for NisA(co-Ec) and 7331,1 g/mol for
NisA(wt) was detected with tandem mass spectrometry (Figure 25). Again, more sub-
species and modifications of nisin were found, when the codon optimized sequence was

used for expression (Figure 25 C and D).
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Figure 25. TOF/TOF linear mass spectrum of nisin A from E. coli. (A) Full spectrum of nisin A, ex-
pressed using the wildtype DNA sequence. (B) Detail of the spectrum of NisA(wt) from 7100 to 7800
[m/z]. (C) Full spectrum of NisA, expressed using the E. coli codon optimized DNA sequence. (D) Detail
of the spectrum of NisA(co-Ec).
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Deviations of observed and calculated masses were in the range of 1,63 to 9,96 kDa
and mapping of dehydration status to the species found in the spectrum was therefore
difficult. An overview of dominant subspecies and distribution of the amount of modifica-
tion variants can still be given (Table 3).

Dehydrations Calculated Observed [Da] for NisA (wt) Observed [Da] for NisA (co-
[Da] (relative intensity [ %]) Ec) (relative intensity [ %])

8 7300,33 7298,7 (47 %) -

7 7318,35 7315,0 (84 %) 7316,4 (39 %)
6 7336,37 7331,5 (100 %) 7333,0 (67 %)
5 7354,38 7348,5 (87 %) 7350,1 (89 %)
4 7372,40 7365,4 (65 %) 7367,1 (100 %)
3 7390,41 7382,6 (43 %) 7384,2 (96 %)
2 7408,43 7399,6 (31 %) 7401,1 (82 %)
1 7426,44 7417,0 (23 %) 7436,4 (77 %)
0 744446 - 7452,7 (65 %)

Table 3. Analysis of masses and relative intensities of NisA(wt) and NisA(co-Ec) obtained with tan-
dem TOF/TOF mass spectrometry.

Quantification of nisin represented an immense challenge, because common protein
quantification assays, such as Bradford, Pierce 660 mm or DC protein assay (Biorad),
are biased by the extremely low molecular weight and the uncommon ring structure of
nisin.

As nisin does not possess any tryptophan residue, quantification via the molar extinction
coefficient at 280 nm is no reliable method. Instead, calculation of the molar extinction
coefficient at 205 and 214 nm according to published formulas was done (112,113).
Here again, quantification was not reliably possible which is why this option was eventu-
ally rejected. Another possibility would be comparison of the area under the curve at
226 nm measured via HPLC of samples and a nisin standard series (114). As nisin
standard including the leader peptide was unavailable, this method was non applicable
for our purposes, too.

Another option for the estimation of the nisin concentration in E. coli expressed purified

cell lysates was the inference from its antimicrobial activity compared to a known
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amount of nisin. For the determination of the amount of active nisin A in the cell extract,
a MID assay (B.4.3) was performed and the observed minimal inhibition dilution step
was compared to a MIC assay, which was done with commercial nisin (Figure 26). The
same sensor as before, L. lactis [plL, pNZ], was used. The growth control, which moni-
tored the uninhibited bacterial growth showed the typical logarithmic curve (see Supple-
mentary Figure S7). The MICsg 9 (meaning that 50 % of the normal cell growth, without
added antibiotic, is inhibited) of commercial nisin A and nisin ZP were determined to
125 ng/ml and 1 pg/ml, respectively (compare Figure 26 A). Both commercial substanc-
es were of >95 % purity according to the manufacturer’s specifications. Compared to
literature, which reports same MICs for nisin A against L. lactis subsp. cremoris BA3 of
50 ng/ml or against L. lactis HP of 108 ng/ml, the MICsq «, of nisin A from Cayman Chem-
icals found in our setting was more congruent with literature values and was therefore
used for calculation of concentrations (115,116).

The last dilution step of the MID assay, where growth was inhibited to 50 %, was deter-
mined to 1/800 for NisA(co-Ec) and 1/3200 for NisA(wt). These dilutions were then taken
to determine the amount of active nisin to 0,33 mg/g (co-Ec) and 1,79 mg/g (wt) crude
wet cell pellet, by comparison with the MICs ¢, value for nisin A (Cayman Chemicals)
(compare Figure 26 B).
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Figure 26. Minimal inhibitory concentration/dilution assay for the concentration determination of
nisin A from E. coli. (A) MIC assay testing the potency of commercial nisin A and nisin Z. (B) MID as-
say for the quantification of NisA (wt) and NisA (co-Ec). The dilution level of the HPLC purified NisA ob-
tained from expression in E. coli is indicated on the x-axis. The horizontal black dashed line indicates
the inhibition of 50 % of the positive control (sensor without any nisin added). Error bars indicate the
standard deviation of three technical replicates.
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C.2.4 NisT - functionality of a gram-positive transporter in a gram-negative

organism

To further facilitate nisin testing systems and nisin production in E. coli, a huge benefit
could be drawn from the establishment of a fully functioning nisin-export machinery in
E. coli. Cell lysis and separation from intracellular proteins, which both leads to losses in
nisin purification would then be unneeded. No attempts to encode the L. /actis specific
transporter NisT in a gram-negative organism have been reported to date. To provide a
first glimpse into the operating mode of NisT encoded in E. coli, different combinations of
Nisin A, B/C and T were tested upon the amount of antimicrobial active nisin in the cell-
free supernatants of the respective E. coli expression cultures (compare Figure 27 A).

Different hypothesis were tested with these constructs. Those were:

[11 No antimicrobial acitivity in the cell-free supernatant is visible when nisA is not
present on the plasmid (compare red couloured data in Figure 27).

[2] Addition of a His6-tag to nisA for simplified purification hampers the transporta-
tion of prenisin by NisT. Thus, lower antimicrobial acitivity is visible when a His6-
tag is attached to nisA (compare greenish data in Figure 27).

[3] A stronger antimicrobial activity is observed in case NisT is encoded. The oppo-
site is true if nisT is not present on the plasmid (compare bluish data in Figure
27).

[4] In the event of a NisT transport function over the inner but not outer membrane
of E. coli, addition of PMBN as an outer-membrane disorganizing agent leads to
higher levels of nisin in the medium (117-119). As shown by DEs FIELD et al.,
addition of PMBN increases the sensitivity of gram-negative targets to nisin by
abolishing the impenetrable barrier function of the outer membrane (53). There-
fore, a vice versa effect of PMBN was postulated and examined in the experi-
ment (experimental groups marked on the bottom of Figure 27 B).

Figure 27 A provides an overview of the different characteristics of the pETDuet vector:
presence or absence of either His6-tagged or untagged nisA and nisT. Moreover, the
genes for the posttranslational modification enzymes nisB and nisC were needed to ob-

tain fully-modified and antimicrobial active nisin A. Therefore, nisB and nisC were cloned
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into a second commercial vector system (pRSFDuet). Both vector systems, pETDuet
and pRSFDuet, include a dual expression cassette under T7 promoter control. Hence,
unbalanced, equally strong gene expression of all genes is induced by addition of IPTG.
All genes (nisABCT) were codon optimized for E. coli, aiming at maximizing the peptide
yield. T7 Exp cells were co-transformed with pRSFDuet_nisBC(co-Ec) and the respec-
tive pETDuet construct. The influence of PMBN was studied by addition of 20 ug/ml
PMBN when expression was induced. After expression (B.3.1), the crude, cell-free su-
pernatant was subjected to an agar well diffusion assay (Figure 27 B).

A —
Construct | NisBC NisA NisT | His6-tag
X - X
X X X
X X X X
X X -
X X X
B 150- ,
g ns p=0,0797 ns p=0,0575 [ | pETDuet_msT
< Bl pETDuet_nisA(tagged)
S 100- T B pETDuet_nisA(tagged) nisT
o B pETDuet_nisA(untagged)
§ Bl pETDuet_nisA(untagged)_nisT
S 501
N T
n
0 [ =
no PMBN PMBN added
added at induction

Figure 27. Results of the NisT experiment. (A) Overview of the tested combinations. The colour
code represents the respective combination of constructs. Red stands for T7 Exp cotransformed with
pRSFDuet_nisBC(co-Ec) and pETDuet_without nisA_nisT(co-Ec). The green/blue combinations contain
His6-tagged/untagged nisA(co-Ec) on the pETDuet vector. Dark green/blue includes nisT(co-Ec), light
green/blue is lacking nisT. (B) Comparison of halo sizes measured with ImageJ after a 24 h growth
period. Same conditions for the expression were applied for all combination of constructs. The cell-free
supernatants were subjected to an agar well diffusion assay. Two conditions were investigated [1] no
polymyxin B nonapeptide (PMBN) was added, [2] PMBN was added at induction. Error bars indicate the
SEM.

No antimicrobial activity could be found for pETDuet_nisT, demonstrating the necessity
of nisA for nisin’s production and proving that hypothesis [1] is true. Coherently, halos
were observed for the four other constructs, which included nisA. Comparing the halo
sizes of the setup with His6-tagged nisA (light green) and the one which additionally in-
cluded nisT (dark green), no significant difference could be found. In the absence of nisT
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a slight tendency towards larger halos could be observed. Looking at the small halos for
His6-tagged nisA, there is reason to suspect a negative influence of the His6-tag for
nisin’s capability to be transported via NisT, supporting hypothesis [2]. The picture differs
completely, when the His6-tag is omitted. Here, considerably larger halos could be seen
when nisT was included (dark blue) compared to its absence (light blue), encouraging
the assumption that NisT is capable to transport active nisin A over the membrane of
E. coli and supporting hypothesis [3]. Addition of PMBN did not show any noteworthy
effect on the halo size in all five tested constructs, suggesting that the release of active
nisin to the supernatant is not depending on PMBN. Hence, hypothesis [4] can be re-
jected.

C.2.5 Conclusion

Mature nisin A could successfully be produced, using the expression host E. coli T7 Exp.
Purification of the crude product was achieved by metal affinity chromatography, gel fil-
tration and hydrophobic interaction chromatography. Whereas densitometry revealed a
higher yield of nisin when nisA(co-Ec) was used for expression, activity tests showed
more antimicrobial activity when nisA(wt) was used. HPLC and mass spectrometry both
indicated the presence of an inhomogeneous product mix when the codon optimized
NisA sequence was employed. The results of the NisT experiment suggest functionality
of the transporter in the gram negative bacterium E. coli when untagged NisA is used for
peptide expression.
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D Discussion

Antimicrobial resistance is one of the biggest challenges modern medicine faces and will
face in the near future. Only by discovering new classes of antibiotics, doctors will have
a chance to successfully treat threatened patients (8). In this context, lantibiotics, which
are ribosomally synthesized and posttranslationally modified bacteriocins, represent
auspicious candidates for a completely new class of antibiotics in human medicine. De-
spite the considerable number of 15 PTMs, being reported in various family members,
the introduction of specifically tailored chemical modifications would open up a vast new
pool of possibilities to enhance the properties of lantibiotics (42,120). Enhancing e.g. the
stability of lantibiotics towards intestinal proteases would bring researchers one step
closer to application of lantibiotics in medicine. To benefit in full extent from ncAA-
technology, nisin and nisin expression systems need to be engineered to ensure high
fidelity and efficiency of ncAA incorporation, thereby obtaining a homogenous product.

D.1 Leak expression of truncated side-products strongly com-

promises the amber suppression efficiency

In the scope of this project, elimination of truncated side-products which strongly biased
the observed fluorescence intensity in the absence of the ncAA was a major concern. A
first set of data, screening eight selected positions in nisin with and without addition of
the model ncAA BocK, showed only little or no FI difference between the two measure-
ments at almost all positions investigated (Figure 9 and 10). Other than expected, GFP
fluorescence could be observed even when BocK was not present in the reaction mix-
ture, indicating either unspecific work of the tRNA-synthetase or presence of truncated
products, which include the C-terminal eGFP part, hence, contributing to a stronger fluo-
rescence. Closer investigation of the expression products by Western blot analysis with
an anti-GFP (C-terminus) and anti-His6 (N-terminus) antibody revealed strong product
bands, which were only stained by anti-GFP, but not by anti-His6 antibodies (data not
shown, details can be found in Miriam Thewes’ thesis). These product bands appeared
in the size range which would be expected for proteins, which included the C-terminal
PLrigid-eGFP part, but lacked the N-terminal part concordant with translation termination
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at the TAG codon. These observations support the assumption that not an unspecifically
working aaRS was the reason for the limited suppression efficiency, but the presence of
N-terminally truncated expression products. In case that aaRS works unspecifically, ca-
nonical amino acids would be incorporated into the nascent peptide and the full-length
protein would get translated. Accordingly, these products would get stained by both: an-
ti-His6 and anti-GFP antibodies.

Two hypotheses were deduced from the mentioned results: [i] enigmatic RBS sequenc-
es (Shine-Dalgarno sequences) and/or [ii] M17/21 in the nisin sequence serve as alter-
native translation initiators and thus, lead to observation of truncated products. To ad-
dress both working hypothesis, the experiment was designed as shown in Figure 11.

The Shine-Dalgarno (SD) sequence is a short, highly conserved RNA motif (with the
MRNA sequence 5...AGGA GGU...3’) which is located in the 5’ untranslated region of
prokaryotic mRNA and interacts with a 3’-terminal ‘anti-SD’ sequence of the 16S rRNA
of the prokaryotic ribosome to form a stable translation initiation complex (121). Apart
from the SD sequence, other mRNA elements can affect formation of the initiation com-
plex. The most important ones among them are: hybridization between the start codon
and the tRNA™®! anti-codon, nucleotides adjacent of SD and initiation codon, secondary
structure elements of the mRNA and spacing region between SD and initiation codon
(2,122). By nature, prokaryotes in contrast to eukaryotes possess mRNAs with several
sequential open reading frames (ORF), which are therefore called ‘polycistronic’ mRNAs
(123). This leads to occurrence of a phenomenon which is called ‘translational coupling’
and is defined as ‘the interdependence of translation efficiency of neighboring genes
encoded by the same polycistronic mRNA'’, adding another level of complexity to the,
already highly sophisticated, translation mechanism (124).

To reduce the influence of one, or even various, of the mentioned genetic elements and
mechanisms acting together to influence the translation initiation, a codon optimization
algorithm was used (Table 2). Verification of a beneficial effect of the codon optimization
upon the ribosome binding strength at undesired positions was done by means of the
RBS calculator (Salis lab, Penn State University). This web-based tool predicts the rate
of translation initiation rate (TIR) for every start codon in an mRNA transcript, based on a
statistical thermodynamic model of bacterial translation initiation which takes into ac-
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count the 35 nucleotides before and after the start codon (2). The Gibbs free energy of
ribosome binding is related to a protein coding sequence's translation rate, predicting
the TIR on a linear proportional scale, provided that all other conditions are equal, from
0.001 to 100.000 A.U.

Entering the wildtype nisA sequence yields 21261 A.U. for base the start codon at posi-
tion 1 corresponding to a comparably very strong TIR (Figure 28 B). The desired start
codon right in front of the His6-tagged nisA is referred to as position 1. Comparing the
TIR between the wildtype and codon-optimized NisA sequence reveals that the TIR
could be reduced in every single case where a RBS was present in nisA(wt) and
nisA(co-Ec) by codon-optimization (Figure 28 A and B). By changing base pairs in the
codon optimization process, four RBSs (64, 70, 175, 186) were deleted, while four new
ones (79, 152, 172, 203) were created. All of the newly created ones showed weak TIRs
(<56 A.U.). The TIR for the desired start codon starting at position 1 was boosted by
40 % in nisA(co-Ec).

A -29 43 79 98 1%9 1?21@91@0&51‘72 203
Promoter to His6-tag > His6-tag> Leader nisA pLrigid
88 bp 42 bp 69 bp 102 bp 69 bp

B

Start Position -29 1 43 64 70 98 129 159 160 165 175 186
nisA (wt) 58,5 212619 567,5 20,2 3,7 2389 186 1499 393 39,6 78
M17WM21K_nisA (wt) 58,5 212619 567,5 20,2 3,7 2389 1104 301 107,2 11,5
TAG17_nisA (wt) 58,5 212619 567,5 20,2 3,7 2389 1104 1404 73,6 34
Start Position -29 1 43 79 98 129 152 159 160 165 172 203
nisA (co-Ec) 289 297983 228 413 223 2,0 1,2 4.8 06 32,7 1,7
M17WM21K_nisA (co-Ec) 289 297983 228 413 223 21 3,0 136 3,8 1,2
TAG17_nisA (co-Ec) 289 297983 228 413 223 21 1,6 28ll 553 2,8
Translation initiation rate [a.u.] <10 " 1025 25-50 50-150  150-300 300-600 >600

Figure 28. Influence of codon optimization upon the RBS strength. (A) The anterior gene elements
of the His6-tagged nisA-eGFP fusion protein are shown. Their respective length is given and all RBSs
calculated from the RBS calculator (Salis lab, Penn State University) are marked in black (occurring in
wt and co-Ec variant), orange (only detectable in wt) or green (only in co-Ec). (B) Three different con-
structs of the wt and co-Ec variant were selected and their translation initiation rate for each RBS was
calculated. Depending on the binding strength, values are highlighted in different colors (red indicates a
very low translation initiation rate and green a strong one) (2,125)
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Codon optimization of the gene’s sequence did not show any reduction effect on the oc-
currence of biasing side-products in our amber suppression efficiency screening using
eGFP fusion proteins (Figure 16). Results of the screening with NisA(wt) (Figure 17 B)
and NisA(co-Ec) both did not show the FI reduction in the absence of BocK we aimed at.
Other than expected, overall Flesrective Values were higher in 6 out of the 8 studied TAG
positions when the wildtype gene sequence was used. The higher protein yield which
was postulated to be achieved by codon optimization was not experimentally reproduci-
ble. A possible explanation for this observation might be a phenomenon described as
‘ribosome collisions and queues’, which is fueled by the enhanced TIR that was reached
through codon optimization (compare Figure 28 B) (126,127). A stronger TIR correlates
with a faster recruitment of ribosomes at the translation start. That this is not always to
be equated with a higher protein expression, was shown by TULLER et al.. They identified
an evolutionary conserved profile of translation efficiency along mRNAs, which shows
that the first 30-50 codons are on average translated with a low efficiency. Hence, they
suggest that ‘the slow ‘ramp’ at the beginning of mMRNAs serves as a late stage of trans-
lation initiation, forming an optimal and robust means to reduce ribosomal traffic jams,
thus minimizing the cost of protein expression’ (128). As this was neglected in our opti-
mized sequence, codon optimization, although being a powerful tool to increase protein
expression in several other cases, might not have had the desired effect in our setup.

Consequently we turned our attention to hypothesis [ii]. Based on the presumption that
M17/M21 represent alternative start codons, translation could reinitiate and N-terminally
truncated products would be formed. In 1990, ADHIN et al. proposed a scanning-like
movement of the ribosome, which occurs upon premature termination, and leads to
translation reinitiation at the closest found start codon (129). In our case, applicability of
this model is reinforced by the distribution pattern of the amber suppression reporter as-
say (Figure 9). eGFP fluorescence at the different positions was variably strong observ-
able, even when BocK was absent. This phenomenon was particularly dominant for the
TAG positions closer to the N-terminus, and noticeably weaker observable for TAG posi-
tion 22, 29 and 32. Seeing a constant low fluorescence level for the three C-terminal
positions, an explanation could be the absence of N-terminally truncated expression
products. Whereas at positions which are closer to the N-terminus (Figure 29 A) the ri-

bosome is stalled when it reaches a TAG codon and hence, ‘jumps’ to the next Met in
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proximity to TAG to restart translation (‘translational reinitiation’), this phenomenon can-
not happen at TAG position 22, 29 and 32 (Figure 29 B) as there does not exist an al-

ternative translation start in form of Met at the C-terminus of nisin.
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Figure 29. (A) Expected translational events and products for a TAG variant lying 5’ of M17/21
(TAG12 is exemplarily shown) when pTB290 and BocK are present. (A.1) Successful incorporation
of BocK at the reassigned TAG-codon leads to the full-length nisin-eGFP fusion protein. (A.2) Transla-
tion termination at the TAG codon leads to the C-terminally truncated Nisin without eGFP, showing no
fluorescence. (A.3) Interruption of translation at the TAG-codon leads to translation reinitiation at
M17/21, yielding an N-terminally truncated nisin-eGFP fusion protein. (B) Expected translational
events and products for a TAG variant lying 3’ of methionine 17 or 21 (TAG22 is exemplarily
shown). (B.1) Incorporation of BocK at the reassigned TAG leads to the full-length fusion protein. (B.2)
Translation termination at the TAG codon leads to the C-terminally truncated Nisin. In this case no
translation reinitiation can occur, as no methionine lies C-terminal of the TAG codon.
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Gratifyingly, a clear effect in the amber suppression efficiency screening of the M-aaS
NisA(wt) and NisA(co-Ec) was visible (Figure 17 and 17). Consistent with our hypothe-
sis, the effective Fl in the absence of BocK now dropped to a constant basal level and a
SE ciative Of at least 145 % could be reached for all wildtype variants, except for the con-
structs with TAG 5 and TAG 32 (Figure 17). For these two variants, usual reasons which
influence the suppression efficiency might play a role (see D.2).

Nonetheless, the questions remained where the background fluorescence in the screen-
ing of M-aaS NisA(wt) and NisA(co-Ec) originated from and why it differed from TAG
position 5 to 17 for M17WM21K NisA(co-Ec) (Figure 19 A). Approximately one third of this
background can be explained by fluorescence from the growth medium and the cells
themselves (Figure 19 B.1 to B.3). The other two thirds can rationally only be explained
by two theories: [1] a canonical tRNA recognizes the amber codon as anticodon and
introduces its associated amino acid or [2] truncated expression products harboring the
eGFP are expressed.

If the tRNA anticodon has two nucleotides, which are identical with the amber stop co-
don, this tRNA is a near-cognate sense codon (130). These tRNA species can misread
an amber codon as their individual sense codon with a frequency in the range of
1,1x10™ to 7,0x103, depending on the adjacent downstream nucleotides (130,131). Ac-
cordingly, this ‘readthrough’ could contribute to translation of GFP and a related fluores-
cence increase, thereby providing one explanation ([1]) for the remaining background

fluorescence.

Interestingly, KALSTRUP and BLUNCK observed leak expression through translation reiniti-
ation at non-canonical start codons when ncAAs were incorporated into the 70 aa com-
prising N-terminal part of the so-called ‘Shaker’ voltage-gated potassium channel in
Xenopus laevis oocytes. Contrary to nisin, no methionine is present in the first 70 aa of
the Shaker channel protein. There are seven (eight for M17WM21K NisA(wt)) non-
canonical start codons present in the NisA(wt) sequence (Figure 30), which could con-
tribute to a detectable extent to leak expression and thereby explain the remaining two
thirds of the background fluorescence. Of course, it is also possible that translation rei-
nitiation at M17/21 contributes to Fleseciive in the absence of the ncAA for NisA(wt) and
NisA(co-Ec).
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1 ATGGGCAGCAGCCATCACCATCATCACCACAGCCAGGATCCGATG

55 TTGCATITG AAG

112 ATTACAAGTATTTCGCTATGTACACCCGGTTGTAAAACAGGAGCTCTGTGGGGTTG
168 TAACAAGAAAACAGCAACTTGTCATTGTAGTATTCACGTAAGCAAA

Figure 30. DNA sequence of nisin with highlighted non-canonical start codons. DNA sequence of
His6-tagged (black letters), M17Wm21K_nisA(wt) (red) with leader (grey). The non-canonical start codons
are highlighted bold and underlined in black. The italic AAG codon is the lysine codon at position 21,
which replaces M21.

To the best of our knowledge, no leak-expression of N-terminally truncated products in
E. coli which are formed through translation reinitiation at an internal methionine, when
ncAAs are incorporated, has been reported so far. Our findings therefore show that
careful examination of the protein to be modified with amber SPS upon internal methio-

nines is essential and provide an approach to reduce leak expression.
D.2 Limits of amber suppression

Whilst incorporation of ncAA using amber stop codon reassignment is a useful technolo-
gy to engineer peptides and proteins in vivo and has made outstanding progress in the
past, efficient modification is hampered by low suppression efficiencies (67,132). Vari-
ous reasons have been identified as barriers which can compromise amber suppression:
inherent competition of amber-recognizing release factor protein 1 (RF1) and tRNA"AA,
local sequence context, and suboptimal design and copy number of suppressor
pairs (73,74,133-135).

If both, RF1 and tRNA"**, are present in the cell, 80 % of translation terminate at the
amber codon and only 20 % vyield the full-length ncAA-modified protein (132,136). Pro-
karyotic cells rely on RF1 to terminate translation at UAA (ochre) and UAG (amber),
while RF2 recognizes the UAA and UGA (opal) stop codons (73). Though RF1 has long
been accepted as essential in E. coli, MUKAI et al. firstly succeeded in creating a RF1
deficient, viable E. coli strain, hence, turning UAG into an unused sense codon
(74,137,138). Following this breakthrough, RF1 deficient E. coli strains B-95, where 95
of 273 UAG codons were replaced synonymously, and C321.AA, carrying only UAA in-
stead of UAG codons, were designed (139,140). Poor viability, productivity and in-
creased near-cognate suppression of RF1 knockout strains, however, outweigh their

advantages largely (134,135). Influences of the mRNA secondary structure is still little
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understood and studied until now. Looking at the mRNA context, a few factors which
vary the suppression efficiency could be revealed. Showing no distinct dependence on
the ncAA structure, a few general design rules for the determination of preferential sites
and/or the exploitation of codon degeneracy for the design of flanking codons were iden-
tified. Apparently composition of the two codons up- and downstream of the nonsense
codon affects amber suppression strongly, with a preference for a low GC- and high A-
content, especially at position +4 (133,141). Moreover, it has been studied that the iden-
tity of the nucleotide directly downstream of the stop codon (the ‘4™ nucleotide’) is of par-
ticular importance and supports a suppression instead of a termination event in the hier-
archy A>G>C>U (127).

Additionally, amber suppression can be weakened by translation of by-products through
e.g. translation reinitiation at non-canonical start codons (compare (134)) and internal
methionines. The latter could be proved with our experimental data.

Taken together, all the mentioned factors influence the amber suppression efficiency to
a varying extent, depending on the position of TAG within the protein. Therefore, it would
be highly interesting to screen every single amino acid position of nisin upon its individ-
ual suppression efficiency to reveal if ncAAs are especially efficient incorporable into
distinct parts of nisin. Regarding our reduced methionine-deficient TAG position panel,
incorporation into the N-terminal (TAGS) and more C-terminal (TAG12-29) part seems to
work almost equally well, while variants with TAG8 and 32 did not yield as many expres-
sion products (compare Figure 17 A and Figure 18).

However, given the in vivo nature of the amber suppression methodology, overall yield
of recombinant ncAA modified protein has not been reported to exceed 50 % compared
to the wildtype protein (135). Considering this, the suppression efficiencies reached in
our M-aaS NisA(wt) and NisA(co-Ec) screenings are comparably high.

D.3 Towards an effective methionine deficient nisin variant

Before proceeding with suppression efficiency screenings was rational, identification of a
methionine deficient nisin variant, which was comparably active to wildtype nisin, was a
main objective that needed to be reached. No such variant was found in literature, de-
spite for several mutagenesis studies conducted with nisin (105). However, a solid set of
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data which showed equal activity to wildtype nisin against L. /actis and even enhanced
activity against selected gram negative bacteria was available for nisin M21K (29,53).
For the rational design of a M-aaS nisin variant, bioinformatic tools could be used.
Based on the work of DAYHOFF et al., these tools provide information about the probabil-
ity and even about the effects of amino acid exchanges. The so-called original Dayhoff
matrix analyzes the number of accepted point mutations from 1572 closely related se-
quences, hereby giving a mutation probability. For M17, the four highest scoring substi-
tutions are in order of decreasing probability: leucine, lysine, valine and isoleucine (142).
A more recent approach is the Protein Variation Effect Analyzer (PROVEAN). It gener-
ates an alignment based score, which provides information about the probable effect on
the protein’s functionality based on a BLAST search (143). According to the PROVEAN
web server tool, the predicted effect of an amino acid substitution at position M17 on the
functionality would be deleterious for every single amino acid (144). Nonetheless, func-
tionality prediction is particularly hard for a small, extensively modified and versatile
molecule such as nisin (49).

As rational design proved difficult and literature data was rare, substitution of M17 by
each of the remaining 19 amino acids was the logical consequence. Relative activity
comparison via growth curve analysis (Figure 14) and agar well diffusion assay (Figure
13) gave the consistent, but unexpected result of variant M17WM21K as best in class.
Because of its bulky aromatic indole sidechain tryptophane was expected to disturb
nisin’s activity. When comparing the results of the two activity assays, one needs to
keep in mind that observations might be altered by the nature of the performed activity
assays. Diffusion rate, solubility and surface activity play a role in both tests and even
one amino acid substitution can influence these parameters, thereby disguising the sub-
stitution’s influence on the antimicrobial activity. However, consistent results of our nisin
M21K activity tests with other studies and demonstration of the confirmable gain of in-
formation from comparative agar well diffusion assays by FIELD et al. support the reliabil-
ity of our findings (53). Identification of nisin variants with enhanced activity and novel
properties represents a tough challenge, where only little progress has been made so
far. Novel variants with an activity better than the wildtype peptide could possibly be ef-
fective against other interesting germs and therefore, might represent urgently needed

new opportunities.
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To prove the obtained results from the comparative activity assays, absolute determina-
tion of activity (MIC) for variant M21K and wildtype (as references), M17FM21K,
M17QM21K, M17WM21K (as promising candidates) and M17EM21K (exemplarily bad can-
didate) would be the next step. This was not achieved within this project, because quan-
tification of variants was a tremendous obstacle. To enable quantification in future exper-
iments, a leader with lysine mutated to tryptophan at position -8 was cloned into
pScreen_nisA vectors, carrying the respective variant. The K-8W_leader was identified
earlier in the group as the best leader to yield fully modified and active nisin, allowing
precise quantification through absorbance measurement at 280 nm (145). Furthermore,
cleavage of the leader peptide monitored by HPLC and comparison with a synthetically
produced leader peptide of known concentration would be a very exact option for future
quantification attempts.

Activity of the identified and exactly quantified nisin A variants against antibiotic-resistant
pathogens of the WHO's ‘global priority list’, such as Enterococcus faecium, Staphylo-
coccus aureus and members of the Enterobactericeae family, would be of special inter-
est for future experiments (146).

D.4 Production of nisin in Escherichia coli

Expression of the nisin precursor peptide was achieved by KARAKAS-SEN et al., and
ZAMBALDO et al. were able to confirm the expression and purification protocol estab-
lished by SHI et al. (93,147,148). Here, we were able to gain pure modified nisin A from
an E. coli expression culture, using T7 Exp and a modified protocol of SHi et al.. Contra-
ry to SHi et al. we used T7 Exp instead of BL21(D3) for our experiments. In a compara-
tive experiment for the choice of the expression strain, peptide expression was carried
out simultaneously using exactly the same protocol. Due to a larger halo observed
around the purified cell-lysate of T7 Exp, these cells were used for subsequent experi-
ments (Figure 21). Although expression conditions were identical for both cell strains,
cell density was not measured here. To address the hypothesis that T7 Exp is the more
efficient host for nisin production than BL21(D3), and higher activity is not only explaina-
ble by a stronger growth rate of T7 Exp, a similar experiment should be set up with an
additional normalization step on the obtained biomass after expression.
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Peptide yields were in the range of 8-63 % (depending on expression scale and quantifi-
cation method) for nisin A (wt) compared to the reported 24 mg nisin per liter of culture
obtained by SHI et al., despite of using the potentially more productive T7 Exp instead of
DH10B (compare Figure 22 and Figure 26) (93). Indicating the yield in mg per liter of
culture, however, is not the best unit to compare yields, since it does not specify which
cell density, meaning what biomass, was obtained. Cell density is an important parame-
ter which can easily influence the protein yield and can be increased by optimized
growth conditions. Differences between the yields could be explained by modification of
the purification protocol. Product loss could be due to omission of the denaturation step,
which aims at extraction of peptide from inclusion bodies, and/or because of introduction
of a gel filtration step (NAP column), which was necessary for buffer exchange prior to
HPLC purification. Further improvement of yields of fully dehydrated nisin could be
achieved by overexpression of tRNA®Y/GIuRS, which is needed for dehydration by NisB,
thereby increasing NisB'’s efficiency (compare A.5.1) (38,148).

Within the Synpeptide project it was planned to test antibiotic candidates using a high-
throughput nanoliter-reactor (nl-reactor) assay (149). In principle this assay works by co-
incubating one bacterium, which produces an antibiotic variant, and one target bacte-
rium in a nanoliter droplet. Next, this droplet is getting checked for the ‘winner’ — antibi-
otic producer or bacterium — by e.g. fluorescence signals, which differ depending on the
battle’s outcome (150). For this purpose, the ultimate goal for expression of (modified)
lantibiotic variants in E. coli would be the establishment of a system which fulfills all re-
quirements from end to end. This means: [i] efficient production and, if required, modifi-
cation, [ii] full post-translational processing and, eventually, [iii] expeditious export from
the producer cell. Observation of higher antimicrobial activity in the cell supernatant of
nisA/B/C and nisT harboring cells, compared to the setup without nisT (Figure 27), leads
to the intriguing conclusion that NisT might actually be able to transport nisin from the
inside to the outside of the cell. This would be a huge step on the way to realize [iii] ex-
peditious export and would facilitate the use of the nl-reactor assay. Efforts to achieve
cell lysis, which is needed to get to the intracellular produced antibiotic, would then be

redundant.

On the basis of the found results, further experiments with untagged nisA, nisB/C and

nisT should be carried out to corroborate the positive transportation effect of NisT sug-
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gested by the results of the pilot experiment. In particular, exact quantification of nisin in
the supernatant of E. coli and L. lactis expression cultures encoding nisT, would be high-
ly interesting.

D.5 Prospects for the incorporation of non-canonical amino acids
into nisin

The ultimate goal for the incorporation of ncAA into nisin is quality enhancement, which
can generally be achieved through engineering of either its pharmacokinetic and/or
pharmacodynamic properties. The concept of pharmacokinetics includes bio-physical
parameters, such as resistance towards proteolytic degradation, heat stability and solu-
bility at physiological pH, whereas pharmacodynamics describes the component’s mode
of action, action profile and dose-response relationship (151). Improving these parame-
ters would help to produce the first generation of peptide-based antibiotics for clinical

use.

Enhancing a substance’s potency is certainly the most tempting approach for drug engi-
neering. Extensive mutagenesis studies have been conducted so far, including hinge
region residues (compare C.1.4) and randomisation of serine at position 29 (152). The
latter revealed nisin derivate S29G and S29A, which were active against gram positive
and negative bacteria (53). However, a major breakthrough is still outstanding. Introduc-
ing point mutations into nisin might not be the suitable answer to augment nisin’s poten-
cy. Instead, we propose to target its mode of action. Here, the following is conceivable:
[i] increasing nisin’s affinity towards lipid Il or [ii] facilitating recruitment of the lipid Il:nisin
complex components for accelerated pore formation. A nisin derivative with increased
affinity to lipid Il would be highly desirable, because of a double effect: more effective
disruption of cell wall synthesis and enhanced pore formation. But design of such a de-
rivative is also very challenging, as nisin already shows extremely high-affinity binding to
lipid 11 (2x107 M'1) and as interaction of nisin’s first two lanthionine rings with lipid II's py-
rophosphates is an intricate arrangement, which is most probably already close to per-
fect (48,153). Contrary, concept [ii] can be addressed in a more straightforward manner.
One pore consists of four subunits, which are characterized by two nisins that bind one
lipid 1l molecule. Based on the composition of a nisin-induced pore, one rational design
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approach is to link either two or eight nisin molecules via a flexible linker, in order to fa-
cilitate complex formation (compare Figure 32.2). A suitable glycine- and/or serine-rich
linker, which does not hamper the protein function and shows good solubility in aqueous
solutions, could easily be introduced by combining ncAA technology and ‘click chemistry’
(70,154,155). ‘Click chemistry’ describes reaction types, which combine small, modular
‘building blocks’ via a heteroatom link (C-X-C) in a very efficient, stereospecific manner
(156). Examples for such reactions are oxime bond forming reactions of ketone-
containing ncAAs with alkoxy-amine derivatives (Figure 31 A) or cycloadditions of an
azide and an activated alkyne (Figure 31 B) (157).
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containing ncAA
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Figure 31. Examples of click chemistry reactions with ncAAs used for site-specific protein conjuga-
tion. Figure adapted from Kim et al. (157).

In the case of nisin, not only potency increase is of interest, but an even equally intri-
guing question is: How can we use its high potency and render it active against gram
negative bacteria, too? Clearly, antibiotics against gram negative bacteria are most ur-
gently needed, and nisin’s natural target spectrum does not include those (146). Fighting
gram negative targets can be facilitated by combining cell-permeabilizing ‘warheads’
with nisin in a two-component drug, hence, ensuring that nisin can traverse the outer
membrane and may bind to lipid Il (Figure 32.3). In this regard, a promising substance is
polymyxin B nonapeptide (PMBN), which is an outer membrane-disorganizing peptide
that has already been tested once in combination with nisin, turning naturally resistant
targets sensitive to treatment with nisin (53). Other outer membrane permeabilization
agents are EDTA, lysine polymers or aminoglycosides (158). A major drawback of nisin,
as for most peptide drugs, is it's susceptibility to the action of human intestinal proteases
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and a resulting low serum half-life (120,159). This pharmacokinetic property can be im-
proved through site-specific conjugation with polyethylene glycol (PEG), which has al-
ready been successfully conducted with human growth hormone and fibroblast growth
factor 21 (Figure 32.1). Here, minimal loss of biological activity combined with enhanced
pharmacokinetic properties could be demonstrated (157).
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application
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e \/} O

7 0 n serum half-life
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. . Pre-formation of nisin
2 linker — — link
inker —(G G G G Sy —linker dimers for enhanced

biological activity
flexible glycine/serine linker

Enhanced activity
3 linker against gram negative
bacteria

| N warhead (e.g. PMBN, EDTA, etc.)

nisin with R \\\,/\\ linker Investigation of
site-specific ncAA AN ) 4 polypeptide dynamics,
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5 linker antibiotic Design of antibiotic
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other antibiotic (e.g. ceftriaxone,

cefotaxime)

Figure 32. Prospects for the incorporation of ncAAs into nisin. (1) PEG-/PASylation of nisin for
plasma half-life extension (160). (2) Coupling of two (or more) nisin molecules via a flexible gly-
cine/serine linker to facilitate and accelerate pore formation. (3) Conjugation to a ‘warhead’, e.g. PMBN,
EDTA, to penetrate the membrane of gram negative bacteria. (4) Conjugation to a fluorophore so study
the peptide dynamics and for high throughput screenings. (5) Linkage to other antibiotics to create a
combination drug.

In conclusion, the potential applications of ncAA incorporation into nisin are vast and
bear a tremendous potential for bioengineering approaches. Overcoming the obstacle of
leak expression through internal methionines and establishing E. coli as expression host
for nisin was therefore only a first modest step into the direction of turning nisin applica-
ble in medicine. Clearly, further research is necessary to figure out if a ncAA can fulfill
the desired goals.
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E Appendix
E.1 Material

E.1.1 Consumables

All consumables (reaction cups, plastic dishes, pipette tips, falcon tubes, electroporation
cuvettes etc.) were purchased from Biozym Biotech (Austria), BD Bioscience (United
States), Eppendorf (Germany), Peqglab (Germany), or Sarstedt (Germany).

E.1.2 Chemicals

All required chemicals were obtained from Merck (Germany), Roth (Germany) and Sig-

ma-Aldrich (Germany), unless otherwise stated.

E.1.3 DNA

E.1.3.1 Primer sequences

Primers were ordered at Eurofins (Luxembourg).

Primer name

Function

Primer sequence (5‘-3f)

AmpR (#180)

Sequencing of pScreen

CTGTCAGACCAAGTTTACT

InsertNdel_pETDuet
(#468)

Insert Ndel to cut out His6-
Tag

GATCGACATATGAGCACCAAAGAT-
TTC

M17X_nisA_fw

Introduction of NNK muta-
tion at position M17

GGTTGTAAAACTGGTGCTCTTNN-
KGGTTGTAAT

M17X_niSA_rev

Introduction of NNK muta-
tion at position M17

AGAGCACCAGTTTTACAACCTGG

M17H_nisA_fw

M17H mutation nisA(co-LlI)

GGTT-
GTAAAACTGGTGCTCTTCATGGTT-
GTA

M17W_nisA_fw

M17W mutation nisA(co-LI)

GGTTGTAAAACTGGTGCTCTTT-
GGGGTTGTA
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M17Y_nisA_fw

M17Y mutation nisA(co-LI)

GGTT-
GTAAAACTGGTGCTCTTTATGGTT-
GTA

M17C_nisA_fw

M17C mutation nisA(co-LlI)

GGTTGTAAAACTGGTGCTCTTT-
GTGGTTGTA

M17E_nisA_fw

M17E mutation nisA(co-LI)

GGTTGTAAAACTGGTGCTCTT-
GAAGGTTGTA

M17T_nisA_fw

M17T mutation nisA(co-LlI)

GGTT-
GTAAAACTGGTGCTCTTACAGGTT-
GTA

M171_nisA_fw

M17] mutation nisA(co-LI)

GGTT-
GTAAAACTGGTGCTCTTATTGGTT-
GTA

M21K_nisA(wt)_fw

Introduce M21K mutation

AGCTCTGATGGGTTGTAACAA-

in nisA(wt) GAAAACAGC
M21K_nisA(wt)_rev Introduce M21K mutation GTTACAACCCATCAGAGCT
nisA(co- '”;ﬂgfgﬁesﬁﬂh"giﬁg i?d GTGGTGCTCGAGTTATTT-
Ec)_TAA_Xho1_rev , GCTAACATGAATGCT
nisA(co-Ec)
Fw primer for introduction
nisA(co-Ec)_fw of stop and Xhol into GATCGACATATGGGTAGC
nisA(co-Ec)
NisT(co-ec)_rev Amplify Nis 1 Sigonucleo- CGATCAAGCTTTCATTCATC
NisT(co-ec)_fw Amplity Nist oligonucleo- GATCGCCATGGATGAAGTG
NisT(co-ec)_1_fw Sequencing of pETDuet GAGCGAGAATAACATTAGC
pET21a_His6_PLrigid_
_ Sequencing of pET21a ATTCGCCACAACATTGAA
nisA_egfp_seq1
pET21a_His6_PLrigid_
_ Sequencing of pET21a TTTATTTTTCTAAATACA
nisA_egfp_seq2
pET21a_His6_PLrigid_
Sequencing of pET21a AGACAGATCGCTGAGATA

nisA_egfp_seq3

86




E| Appendix

pET21a_His6_PLrigid_

_ Sequencing of pET21a GTATTACCGCCTTTGAGT
nisA_egfp_seq4
pET21a_His6_PLrigid_
_ Sequencing of pET21a CGTATCGGTGATTCATTC
nisA_egfp_seq5
pET21a_His6_PLrigid_
_ Sequencing of pET21a TGAGATATTTATGCCAGC
nisA_egfp_seq6
pNZ_fw (#61) Sequencing of pScreen CATGCAGGAATTGACGATTT

pNZ_rev (#62)

Sequencing of pScreen

TATCAATCAAAGCAACACGTGC

pNZ_Primer 1 (#152)

Sequencing of pScreen

CATAATCGTTAAAACAGGCG

pNZ_Primer 2 (#153)

Sequencing of pScreen

GCTCGCGTTTTTAGAAGGAT

pNZ_Primer 3 (#154)

Sequencing of pScreen

TGAATAAATAAAAGCCCCCCTG

pNZ_Primer 4.2 (#179)

Sequencing of pScreen

CACGTGTTGCTTTGATTGATAG

pNZ_Primer 5 (#156) Sequencing of pScreen TTCAAGTAGTCGGGGATGTC
pNZ_Primer 6 (#204) Sequencing of pScreen CATGCAGGAATTGACGATTT
PS1 (#28) Fw primer for Overlap Ex- AGGGCGGCGGATTTGTCC
tension PCR
Rev primer for Overlap
PS2 (#29) Extension PCR GCGGCAACCGAGCGTTC
. . TCCGCGTATTACCAG-
TAG5_nisA(co-Ec)_fw Introduce mutation TAG5 CATTTAGCTGTGTAC

TAG5_nisA(co-Ec)_rev

Introduce mutation TAG5

AATGCTGGTAATACGCGGACTTG

TAG8_nisA(co-Ec)_fw

Introduce mutation TAGS8

TACCAGCATT-
AGCCTGTGTTAGCCGGGTTG

TAG8_nisA(co-Ec)_rev

Introduce mutation TAGS8

ACACAGGCTAATGCTGGTAATAC

TAG12_nisA(co-Ec)_fw

Introduce mutation TAG12

CCTGTGTACACCGGGTTGTTAGAC-
CGGTGC

TAG12_nisA(co-Ec)_rev

Introduce mutation TAG12

ACAACCCGGTGTACACAGGCTAA

TAG13_nisA(co-Ec)_fw

Introduce mutation TAG13

GTGTACACCGGGTTGTAAA-
TAGGGTGCACT

TAG13_nisA(co-Ec)_rev

Introduce mutation TAG13

TTTACAACCCGGTGTACACAGGC
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TAG17_nisA(co-Ec)_fw

Introduce mutation TAG17

TTGTAAAACCGGTGCACTG-
TAGGGTTGTAA

TAG17_nisA(co-Ec)_rev

Introduce mutation TAG17

CAGTGCACCGGTTTTACAACCCG

TAG22_nisA(co-Ec)_fw

Introduce mutation TAG22

ACTGATGGGTTGTAATATGTAGAC-
CGCAAC

TAG22_nisA(co-Ec)_rev

Introduce mutation TAG22

CATATTACAACCCATCAGTGCAC

TAG29_nisA(co-Ec)_fw

Introduce mutation TAG29

AACCGCAACCTGTCATTGCTAGAT-
TCATGT

TAG29_nisA(co-Ec)_rev

Introduce mutation TAG29

GCAATGACAGGTTGCGGTTTTCA

TAG32_nisA(co-Ec)_fw

Introduce mutation TAG32

CTGTCATTGCAGCATTCATTAGAG-
CAAAGG

TAG32_nisA(co-Ec)_rev

Introduce mutation TAG32

ATGAATGCTGCAATGACAGGTTG

M17WM21K_TAG22_
nisA(co-Ec)_fw

Introduce mutation TAG22

ACTGTGGGGTTGTAATAAGTAGAC-
CGCAAC

M17WM21K_TAG22_
nisA(co-Ec)_rev

Introduce mutation TAG22

CTTATTACAACCCCACAGTGCAC

M17WM21K_TAG29_
nisA(co-Ec)_rev

Introduce mutation TAG29

GCAATGACAGGTTGCGGTTTTCT

Introduce M17WM21K mu-

GAGCTCTGTGGGGTTGTAACAA-

M17WM21K_nisA(wt)_ fw tation into nisA(wt) GAAAACAG
M17WM21K_nisA(wt)_ Introduce M17WM21K mu- GTTGCTGTTTTCTT-
rev tation into nisA(wt) GTTACAACCCCACAGA

TAG22_nisA(wt)_fw_M1
7WM21K

Introduce mutation TAG22
into M17WM21K_nisA(wt)

CTGTGGGGTTGTAACAAGTAGA-
CAGCAACT

TAG22_nisA(wt)_rev_M1
7WM21K

Introduce mutation TAG22
into M17WM21K_nisA(wt)

CTTGTTACAACCCCACAGAGCTC

TAG29_nisA(wt)_fw_M1
7WM21K

Introduce mutation TAG29
into M17WM21K_nisA(wt)

ACAGCAACTTGTCATTGTTAGAT-
TCACGTA

TAG29_nisA(wt)_rev_M1
7WM21K

Introduce mutation TAG29
into M17WM21K_nisA(wt)

ACAATGACAAGTTGCTGTTTTCT
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TAG32_nisA(wt)_fw_M1
7WM21K

Introduce mutation TAG32 TGTCATTGTAGTATTCACTAGAG-
into M17WM21K_nisA(wt) CAAAGGC

TAG32_nisA(wt)_rev_M1
7WM21K

Introduce mutation TAG32 GTGAATACTACAATGACAAGTTG

E.1.3.2 Oligonucleotide sequences

Oligonucleotides were ordered at Eurofins (Luxembourg), GeneArt Gene Synthesis

(Germany) or at Ella Biotech (Germany).

Oligonucleotide name

Oligonucleotide sequence (5°-3°)

M17WM21K_nisA(co-
Ec)_fw

GTACCGGTGCACTGTGGGGTTGTAATAAGAAAACCGCAAC-
CTGTCATTGC

M17WM21K_nisA(co-
Ec)_rev

GATCATGCGGCCGCCTTTGCTAACATGAATGCTG-
CAATGACAGGTTGCGG

M21K_nisA(co-LI)_fw

GTCGGTGCTAGCCCACGTATTACTTCAATTTCACTTT-
GTACTCCAGGTTGTAAAACTGGTGCTCTTATGGGTTGTAAT

M21K_nisA(co-LI)_rev

GCCGTTCAAAGAAAGCTTATCATTTTGAAACATGAATT-
GAACAATGACAAGTAGCAGTTTTCTTATTACAACCCATAAGAG-
CAC

M17WM21K_nisA(co)_
fw

GTACCGGTGCACTGTGGGGTTGTAATAAGAAAACCGCAAC-
CTGTCATTGC

M17WM21K_nisA(co)_
rev

GATCATGCGGCCGCCTTTGCTAACATGAATGCTG-
CAATGACAGGTTGCGG

nisA(co-Ec)

GATCGACATATGGGTAGCAGCCATCAC-
CATCATCATCATAGCCAAGATCCGATGAGCACCAAAGAT-
TTCAATCTGGATCTGGTTAGCGTGAGCAAAAAAGATAGCGGTG-
CAAGTCCGCGTATTACCAGCATTAGCCTGTGTACACCGGGTT-
GTAAAACCGGTGCACTGATGGGTTGTAATATGAAAACCGCAAC-
CTGTCATTGCAGCATTCATGTTAGCAAAGGCGGCCGCGATCG

nisT(co-Ec)

GATCGCCATGGATGAAGTGAAAGAGTTTACCAGCAAACAG-
TTTTTTAACACCCTGCTGACCCTGCCGAGCACACTGAAACTGAT-
TTTTCAACTGGAAAAACGC-
TATGCCATCTATCTGATTGTTCTGAATGCAATTACCGCATTT-
GTTCCGCTGGCAAGCCTGTTTATCTATCAGGATCTGATTAA-
TAGCGTGTTAGGTAGCGGTCGTCATCTGATCAACATTATCATCAT
CTATTTTATCGTGCAGGTCATTACCACCGTTCTGGGTCAGCTG-
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GAAAGCTATGTTAGCGGTAAATTTGATATGCGTCTGAGC-
TATAGCATTAACATGCGCCTGATGCGTACCACCAGTAGCCTG-
GAACTGAGCGATTATGAACAGGCAGATATGTATAACATCATCGA-
GAAAGTTACCCAGGACAGCACCTATAAAC-
CGTTTCAGCTGTTTAATGCCATTATTGTTGTGCTGAG-
CAGCTTTATTAGCCTGCTGAGTAGCCTGTTTTTTATCGGCAC-
CTGGAATATTGGTGTT-
GCAATTCTGCTGCTGATTGTGCCGGTTCTGAGCCTGGTTCTGTTT
CTGCGTGTTGGCCAGCTGGAATTTCTGATTCAGTGGCAGCGTG-
CAAGCAGCGAACGTGAAACCTGGTATATTGTTTATCTGCTGAC-
GCACGATTTCAGCTTCAAAGAAATTAAGCTGAACAACATCAG-
CAACTATTTCATCCACAAATTCGGCAAACTGAA-
GAAGGGCTTTATTAACCAGGATCTGGCAATTGCAC-
GCAAAAAAACCTATTTCAACATCTTCCTGGACTTTATCCTGAAC-
CTGATTAACATCCTGACCATCTTTGCAATGAT-
TCTGAGCGTTCGTGCCGGTAAACTGCTGATCGG-
TAATCTGGTTAGCCTGATTCAGGCAATTAGCAAAATTAACAC-
CTATAGCCAGACCATGATCCAGAACATCTACATTATCTATAACAC-
CTCGCTGTTTATGGAACAACTGTTCGAGTTTCTGAAACGTGAAA-
GCGTTGTGCATAAAAAGATCGAAGATACCGAAATCTGCAACCAG-
CATATTGGCACCGTTAAAGTTATTAACCTGAGC-
TATGTTTACCCGAACAGCAATGCATTT-
GCCCTGAAAAACATTAATCTGAGCTTTGAAAAAGGTGAGCTGAC-
CGCAATTGTTGGTAAAAATGGTAGTGGTAAAA-
GCACCCTGGTGAAAATTATCAGCGGTCTG-
TATCAGCCGACAATGGGTATTATTCAGTATGATAAAATGCGCAG-
CAGCCTGATGCCGGAAGAATTTTATCAGAAAAA-
TATCTCCGTGCTGTTCCAGGACTTTGTGAAATATGAACTGAC-
CATTCGCGAAAATATTGGTCTGAGCGATCTGAGCAGCCAGTGG-
GAAGATGAAAAAATCATTAAAGTGCTGGATAACCTGGGCCTT-
GATTTTCTGAAAACCAATAATCAGTACGTCCTGGATACCCAG-
TTAGGCAATTGGTTTCAA-
GAAGGTCATCAGCTGAGCGGTGGCCAGTGGCAGAAAATTGCAC-
TGGCACGTACATTTTTCAAAAAGGCCAGCATTTATATCCTG-
GATGAACCGAGCGCAGCACTGGACCCGGTTGCAGAAAAA-
GAAATCTTTGATTATTTTGTGGCCCTGAGCGAGAATAACATTAG-
CATTTTTATCAGCCATAGCCTGAATGCAGCACGTAAA-
GCAAACAAAATTGTGGTGATGAAAGATGGCCAGGTTGAA-
GATGTGGGTAGCCATGATGTTCTGCTGCGTCGTTGTCAG-
TATTATCAAGAACTGTATTATAGCGAGCAGTACGAGGATAAC-

GATGAATGAAAGCTTGATCG
E.1.3.3 Plasmids
Plasmid Characteristic Reference
pScreen_final_ccdB mCherry, ccdB box, AmpR, EryR Wagner lab
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pIL3BTC nisBTC, EryR van Heel et al. (2013) (104)
pNZ_nisP(8K) nisP, Cam® Kuipers lab
pSEVA _silent ccdB. KanaR Standard European Vector

Architecture (SEVA)

pET21a_nisA(wt)

nisA(wt), Amp~

David Peterhoff (Wagner lab)

pETDuet dual T7 expression cassette, Amp~ Merck (Merck)
pRSFDuet dual T7 expression cassette, Kana® Merck (Merck)
0TB290 pyIRS(Y384F) (co-Ec), CamR Dr. Tobias Baumann (Budisa

lab, TU Berlin)

E.1.4 Enzymes, proteins and other

Name

Supplier

100bp Standard

New England Biolabs (Cat. No.: N3231)

1kb Standard

New England Biolabs (Cat. No.: N3232)

Agarose

Bio&Sell (Cat. No.: BS20.46.500)

Bglll

New England Biolabs (Cat. No.: R0144S)

Calf Intestinal Alkaline Phosphatase

New England Biolabs (Cat. No.: M0290L)

Coomassie Brilliant Blue R-250

AppliChem (Cat. No.: A1092)

10x CutSmart Buffer

New England Biolabs (Cat. No.: B7204S)

dNTPs

New England Biolabs (Cat. No.: NO447)

Gel Loading Dye, Purple (6X)

New England Biolabs (Cat. No.: B7024S)

GeneJET Plasmid MiniPrep Kit

Thermo Scientific (Cat. No.: K0503)

GoTaq Green Master Mix

Promega (Cat. No.: M7121)

Hindlll-HF

New England Biolabs (Cat. No.: R0104S)

His GraviTrap Talon

GE Healthcare (Cat. No.: 29-0005-94)

Low Molecular Weight Standard

New England Biolabs (Cat. No.: N0474S)
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M17 broth Sigma-Aldrich (Cat. No.: 56156)
lllustra NAP-10 columns GE Healthcare (Cat. No.: 170854-01)
Nhel-HF New England Biolabs (Cat. No.: R3131S)
Nisin from L. lactis Sigma-Aldrich (Cat. No.: N5764)
Nisin A Cayman Chemicals (Ca_t. No.: 16532) (german distribu-
tor: Biomol GmbH)
Nisin ZP Handary (Code: 0304)

Precision Plus Protein Dual Xtra

Standards Bio Rad (Cat. No.: 161-0377)

Protease Inhibitor Cocktail cOm-
plete™ ULTRA Tablets, Mini, EASY- | Sigma-Aldrich/Roche (Cat. No.: 000000005892970001)

pack
5x Phusion HF Buffer New England Biolabs (Cat. No.: B0518S)
Phusion HF DNA Polymerase New England Biolabs (Cat. No.: 0530L)
QIAGEN Plasmid Plus Midi Kit QIAGEN (Cat. No.: 12945)
QIAquick Gel Extraction Kit QIAGEN (Cat. No.: 28704)
Quick Ligation Kit New England Biolabs (Cat. No.: M2200L)
Spel New England Biolabs (Cat. No.: R3133S)
T4 DNA Ligase New England Biolabs (Cat. No.: M0202L)
T4 DNA Ligase Buffer New England Biolabs (Cat. No.: B0202S)

E.1.5 Instruments

Name Manufacturer
Alphalmager HP System ProteinSimple
BioShake iQ thermomixer Quantifoil Instruments GmbH

Centrifuge 5810R eppendorf
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Centrifuge 5417R

eppendorf

MicroPulser™ Electroporator

Bio-Rad

Incubator Heraeus Instruments
Incubation shaker Multitron Standard InforsHT
Nano Drop ND-1000 Peqlab
PCR-thermocycler T100 gradient Bio-Rad
PCR-thermocycler MyCycler Bio-Rad

Rotixa 50 RS Hettich Zentrifugen
SmartSpec Plus spectrophotometer Bio-Rad
Infinite 200 microplate reader Tecan

E.2 Plasmid maps

mCherry

terminator

Leader-Peptide (Codon-Optimized ...
lacO

Nis promoter

terminator

terminator

EmR

pScreen_final (nisA)_codon optimiz...

QA repC

repA

Plasmid map 1. pScreen_ nisA
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T7_promoter
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T7_transl_en_RBS
"tet (300 - 563)" His6-Tag
— NisAleader (wt sequence)
NisA (wt sequence)
PLrigid-linker
eGFP

lacl

Qiﬁ_terminator

pET21a_His6_linker_PLrigid_NisA_eGFP

"tet (576 - 851)" 6.369bp

= AmpR_promoter

"ROP" \
pBR322_origin @

Plasmid map 2. pET_nisA_egfp

CmR

repE
plL3btc

11.060bp

Plasmid map 3. pIL3BTC
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Plasmid map 3. pET_nisA(here: wt)

T7-Promoter-primer
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NisA (wt sequence)
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pET21a_His6_PIrigid_NisA _eGFP_se...
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— 4000

Plasmid map 4. pRSF_nisBC(co-Ec)

pRSFDuet_up1 (#052_DP )

—a lacO
T7 promoter | ] 1ag
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T7 promoter
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AmpR promoter ——= Bglll
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i
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T7T primer (#051_DP)

q
o
2
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NisAPromoter

[Bgiif Pstl
EcoRI
CmR

nisP8Hsol

pNZnisP8H
5.055bp

coRI
indll,

Hindlll]

m

T

repA

Misc. signal
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repC C\\—I

Plasmid map 6. pNZ_nisP
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EmR

plL253
4.963bp

Plasmid map 7. plL253
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E.3 Supplementary data
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Supplementary Figure S1. OD and FI curves of NisA(wt). T7 Exp cells were transformed with
pTB290 (orthogonal suppressor pair) and pET_nisA(wt)_egfp, which harbored an amber stop codon
(TAG) at a selected position (as indicated above the diagrams). NisA(wt) without TAG served as con-
trol. Cultures were diluted to OD 0,2 after their growth rate was synchronized and expression was in-
duced with IPTG and arabinose. BocK was added simultaneously. Addition of water served as negative
control (-BocK). Bacterial growth and fluorescence from eGFP was monitored for 8 h with the Tecan In-
finite Pro 200. Error bars indicate the SEM of three independent experiments.
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Supplementary Figure S2. Control experiment for amber suppression efficiency screening. T7
Exp cells were transformed with pTB290 (orthogonal suppressor pair) and pET_nisA(wt)_egfp. Cultures
were diluted to OD 0,2 after their growth rate was synchronized and expression was induced with IPTG
and arabinose. BocK was added simultaneously. Addition of water served as negative control (-BocK).
Growth and fluorescence was monitored for 8 h with the Tecan Infinite Pro 200. Here, the Fl values 6 h
post induction are divided by the respective OD. The left diagram shows the results when bacterial
clones were used to inoculate overnight cultures straight after transformation, while overnight cultures
for the right diagram were inoculated from glycerol stocks. The first three groups are independent ex-
periments (1, 2, 3, each performed in technical triplicates) with pET_nisA(wt)_egfp with NisA(wt) con-
taining no TAG codon. Here, overnight cultures were inoculated from a single bacterial colony. Group
number four and five are single experiments (performed in technical triplicates) with the same construct
but with overnight cultures inoculated from 20 bacterial colonies. Once (group 4) no glucose was added
to the medium of the overnight culture and once (group 5) this was done. Groups 6-12 show the same
settings as groups 1-6, but with NisA(wt) harboring a TAG codon at position 13.

98



E| Appendix

0.8

100 pl GM17 + 100 pl sensor
= 100 pl supernatant of L.l.+pIL3BTC+pScreen_without nisA + 100 pl sensor
074 — M21Kwt
— M21K co-LI

0.6

0.5

0.4

AGOO nm

0.3

MIDs0, |
0.2]

0.1

0.0

Supplementary Figure S3. Growth curves of the sensor L. Jactis [plL,pNZ] under the influence of
cell-free supernatants of M17Xm21K NisA(co-LI) expression cultures. The OD which corresponds to
50 % of the maximal OD of L. lactis [plL,pNZ], supplemented with the cell-free supernatant of L. lactis
(containing pIL3BTC and pScreen_withoutnisA), was determined and is indicated by the red dashed
line. In the diagram on top all controls are shown. Each experiment was performed by mixing equal vol-
umes (100 pl) of the sensor culture, diluted to OD 0,1, and cell-free supernatants of L. lactis (pIL3BTC
and pScreen harboring the respective NisA variant) and subsequent measurement of the OD at 600 nm
with the Tecan Infinite 200 Pro. The one letter code for abbreviation of amino acids shows by which
M17 was replaced in pScreen_m17XM21K_nisA(co-LI) (five smaller diagrams). Error bars indicate SEM
of three independent experiments.

99



E| Appendix

NisA(co-Ec) without TAG TAGS

5000-
4000- 28
3
£ 30004
=]
[Ye)
T 2000-
1000-
c T T T T T T T 0-0
0 1 2 3 4 5 6 7 8
t [h]
8
OD600 without BocK g
—— ODgqp With BocK g
Fls10 without BocK
—— Flg4q With BocK
TAG 13 TAG 17

TAG 12

5000

3000

FI510 nm
wu 0090
F|51D nm
w0090

2000

1000

TAG 22 TAG 29 TAG 32

T T
e o
> o
wu 00900

Supplementary Figure S3. OD and FI curves of NisA(co-Ec). Same experimental and evaluation
conditions as for Supplementary Figure S1 applied.
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Supplementary Figure S4. OD and Fl curves of M17WM21K NisA(wt). Same experimental and evalu-
ation conditions as for Supplementary Figure S1 applied.
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Supplementary Figure S5. OD and Fl curves of M17WM21K NisA(wt). Same experimental and evalu-
ation conditions as for Supplementary Figure S1 applied.
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Supplementary Figure S6. Control experiments for the amber suppression efficiency screening.
Tested plasmid combinations are indicated above the diagrams. Other than that, same experimental

and evaluation conditions as for Supplementary Figure S1 applied.
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Supplementary Figure S7. Growth curves for the MIC/MID assay to determine the nisin concen-
tration. Each experiment was performed by mixing equal volumes (100 pl) of the sensor culture (L. lac-
tis [pIL,pNZ]) diluted to OD 0,1 and samples to be tested. Subsequent OD measurement was done with
the Tecan Infinite 200 Pro. A positive control (growth control) with the sensor strain L. /lactis [plL,pNZ]
supplemented with plain GM17 medium was made to determine the ideal MID readout time. As bacteria
had maintained a steady growth rate for ca. 3 h, the readout time was set to 10 h (as indicated on the x-
axis). The two diagrams in the middle show the growth curves of the MIC assay, where a dilution series
of the two commercial nisin variants (Nisin A from Cayman Chemicals and Nisin ZP from Handary) was
tested. The two diagrams on the bottom show growth curves of the MID assay, where a dilution series
of HPLC purified samples of nisin A expressed in E. coli (once with the wt and once with the co-Ec se-

quence) was tested. Error bars indicate the SEM.

104



E.4 Abbreviations

E| Appendix

Amino acids were abbreviated with the one letter code according to IUPAC criteria.

A

aa
aaRS

Amp

A.U.

BLAST

BocK

bp

cam®

Cat. No.

ccdB

CIP

co-Ec

co-LI

DNA

dNTP
dsDNA
E. coli
EDTA

Ery

Adenine, alanine

amino acid

aminoacyl-tRNA-synthetase

ampicillin (resistance)

arbirtary unit

bases

Basic Local Alignment Search Tool
N-Boc L-lysine

base pair

cytosine

chloramphenicol (resistance)

catalog number

control of cell death B gene
Calf Intestinal Alkaline Phosphatase

codon optimized DNA sequence for E.
coli

codon optimized DNA sequence for L.
lactis

deoxyribonucleic acid

deoxynucleotide triphosphate
double stranded DNA
Escherichia coli
ethylenediaminetetraacetic acid

erythromycin

105

FAO

Fl
fMet

fw

ginS

Glu, E

(e)GFP

(e)gfp

HF

Hisb6-tag

HNSCC

IPTG

K
Kana®

ko

LB

Farad
phenylalanine

Food and Agriculture Organization
of the United Nations

fluorescence intensity
N-formylmethionine

forward

guanine

gramm, g-force

glutamate tRNA ligase gene
glutamate

(enhanced) green fluorescent
protein

(enhanced) green fluorescent
protein gene

hour
high-fidelity

protein tag with the amino acid
sequence (H)es

head and neck squamous cell
carcinoma

isopropyl B-D-1-
thiogalactopyranoside

lysine

kanamycin (resistance)
knockout

liter

Lysogeny broth



lacl

lacO

leader

L. lactis

L. lactis [plL,
PNZ]

m

M

MCS

M-aaS

MIC/MID

min

mRNA

N

ncAA

nisA/B/C/T/P

nisA/B/C/T/P

nisA
nisB
nisC
nisP
nisT

oM

gene of the inhibitor protein (lacl) of the
lac operon

regulatory DNA-binding site for lacl

23 amino acid long nisin leader peptide
(compare A.5.1)

Lactococcus lactis NZ9000

L. lactis harboring pIL253 and pNZ_nisP

meter

molar, methionine

multiple cloning site

methionine amino acid substitution

minimal inhibitory concentration/dilution
assay

minute

messenger RNA

asparagine

non-canonical amino acid

nisin A/B/C/T/P gene

nisin A/B/C/T/P protein

prepeptide of nisin A (prenisin A)
lantibiotic dehydratase
nisin cyclase

nisin leader peptidase

ATP binding casette transporter

outer membrane
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pBR322/p15a/

RSF ori

PBS

PEG

PLrigid

PROVEAN

PTM

PyIRS(Y384F)

RT-PCR

RBS

rev

rem

rRNA

sec

SD

SDS-PAGE

SEM
Staph. aureus

T

T7

T7 Exp

TAG
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pBR322/p15a/RSF origin of
replication

phosphate buffered saline
polyethylene glycol

rigid a-helical linker with the
sequence (EAAAR)4 (compare
(100))

Protein Variation Effect Analyzer

post-translational modification

pyrrolysyl-tRNA-synthetase with an
Y384F mutation

reverse transcription polymerase
chain reaction

ribosome binding-site
reverse

rounds per minute
ribosomal RNA

mass unit (non-linear Svedberg
centrifugation coefficient)

second

standard deviation, Shine-Dalgarno
sequence

sodium dodecyl sulfate polyacryla-
mide gel electrophoresis

standard error of the mean
Staphylococcus aureus
thymine, threonine

promoter sequence for T7 RNA
polymerase

T7 Express |9 cells

amber stop codon



TCA

TIR
tRNAY

Trp promoter
trunc. prod.
u

\Y

viv

trichloroacetic acid
translation initiation rate
(pyrrolysyl-) transfer RNA
tryptophan promoter
truncated products

unit, uracile

volt

volume per volume
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wiv
wiw
WHO
wit

Q
[+BocK]

[-BocK]
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weigth per volume

weigth per weigth

World Health Organization
wildtype DNA sequence
Ohm

in the presence of BocK

in the absence of BocK
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